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ABSTRACT

This study uses statistical modeling to examine whether particulate matter pollution is related to

premature or low weight births using birth certificate and particulate matter measurements taken over three

years in the Denver area. Generalized linear models were used to test for these relationships. A variety of

simulations were run to examine the accuracy of various types of models in this situation.
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CHAPTER 1

INTRODUCTION

Particulate matter (PM) is a mixture of small solid and liquid particles that are 10 microns

or less in diameter. It is well documented that PM can cause serious health effects [3]. This study

uses statistical modeling to examine whether PM pollution is related to premature or low weight

births.

We have birth certificate data and PM measurements taken over three years in the Denver area.

The birth certificate data was spatially and temporally combined with the pollution measurements

to compute several long-term averages of exposure to particulate matter. Each of these averages

was input into a variety of statistical models.

A generalized linear model of the binomial type was used to test for a relationship between

each measure of PM exposure and the probability of having a premature birth. A similar model

was used for the probability of having low birth weight. We also fit linear models to examine the

relationship between PM and the child’s weight at birth.

To examine the accuracy of the models, we ran a variety of simulations. Data was simulated

under the assumption that a woman who is a certain number of weeks pregnant has a fixed prob-

ability of giving birth each day. For some of the simulations, this probability was modified by her

exposure to PM.

The first simulation examined whether the methods used to analyze the true data gave correct

coefficient estimates under these assumptions. Further simulations were run to test a variety of

models that more closely matched the actual data generation process.
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CHAPTER 2

DATA

This study used birth certificate data and PM measurements taken over three years in the

Denver area. The birth certificate data was combined with the pollution measurements to compute

several long-term averages of exposure to particulate matter.

2.1 Birth Data

We used birth certificate data from six Colorado counties (Adams, Arapahoe, Denver, Douglas,

Jefferson, and Weld) for the years 2009 through 2011. All multiple births (twins, triplets, etc.) were

removed from the data. The final data set contains 104,727 births.

The following variables were available as part of the data set: Date of birth; infant sex;

maternal age; categorical income; maternal level of education; prenatal care indicator; the month

of the pregnancy that care began; the number of prenatal visits; the mother’s weight prior to

pregnancy; the mother’s weight at delivery time; how many previous children the mother had; the

number of terminated pregnancies the mother had had; the number of cigarettes smoked per day

before her pregnancy, during trimester 1, trimester 2, and trimester 3; the number of alcoholic

drinks consumed per week before her pregnancy, during trimester 1, trimester 2, and trimester 3;

the child’s weight at birth in grams; the estimated length of the pregnancy in weeks; the county

the birth occurred in; the race of the mother; and the mother’s zip code.

Various indicators of pregnancy risk factors were also available. These included diabetes pre-

gestation, diabetes during gestation, hypertension pre- and during gestation, eclampsia, HELLP,

whether previous pre-term births had occurred, previous births over 4 kg, previous “poor outcome”

pregnancies, the pregnancy resulted from infertility treatment, whether infertility drugs were used,

whether assisted reproductive technology was used, whether a previous Cesarean section had oc-

curred, asthma, and herpes. Most of these risk factors had few positives in our dataset. The risk

factor affecting the greatest percentage of births was previous Cesarean at 11.5%. No other risk

factor affected more than 6% of the births.

We additionally created indicator variables for whether or not the mother had ever had a

terminated pregnancy; whether the mother smoke/drank before pregnancy, during pregnancy, or
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at any time; and for the presence of any risk factor. We also calculated an estimated date of

conception, based on the estimated length of the pregnancy and the date of birth.

For our response variables, we created two further indicators. A baby is considered premature

if the estimated gestation time is less than 37 weeks. A baby is considered low weight if it weighed

less than 2500 grams at birth.

We took the following steps to clean the birth data. Any indicator of missing data (i.e. “?”,

“99”, “U”), or any data that the researchers could not make sense of was coded as an NA. Any

covariate values that seemed highly unusual (for example, age = 68) were also coded as NA. For

number of prenatal visits, blanks were coded as zeros. If prenatal visits = 0 and the indicator

for prenatal care occurring was True, then prenatal care was recorded as NA. For any True/False

indicator variable, coding of the “False” response appears to have been inconsistent, so we changed

blanks to “False.” In the risk factor indicators, if the “no risk factor” indicator was coded as

“True” but another risk factor indicator was also coded as “True,” the other category was changed

to NA. Additionally, if the “unknown risk factor” was recorded as “True,” all other risk factor

indicators were changed to NA. Blanks in variables other than the risk factors and prenatal visits

were changed to NA. The maternal race variable was collapsed to the following categories: White,

Black, Hispanic, or Other. Zip codes that did not exist were changed to NA.

All births with estimated gestation time of less than 29 weeks were removed from the dataset.

We suspect that extremely premature births are due to factors other than air pollution. (See section

2.3 for more information.) Since births at less than 29 weeks contained fewer than three weeks in

the final trimester, we could not compute a meaningful average exposure over this time period.

Births with a gestation time of less than 29 weeks made up 0.58% of the total dataset and 7.93%

of premature births.

2.2 Exposure Data

Particulate matter (PM) is classified in two varieties: coarse and fine. Fine PM is any inhalable

coarse particle with diameter of 2.5 microns or smaller. Coarse PM is any inhalable coarse particle

with diameter larger than 2.5 microns but smaller than 10 microns [3].

Data on fine PM was available for most of the study period at three sites: Alsup Elementary

School in Commerce City (ALS), Edison Elementary School in Denver (EDI), and Maplewood
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Elementary School in Greeley (MAP). Fine PM data was also available from McAuliffe Elementary

School in Greeley for the beginning of 2009; these data were highly correlated with the Maplewood

data and were used only to impute missing values in the Maplewood Data. Total PM measurements

(fine PM + coarse PM) were available from ALS, EDI, and MAP. We also had total PM data from

the Denver Municipal Animal Shelter site (DMAS) maintained by the Colorado Department of

Public Health.

Fine and total PM data were available at stations ALS, EDI, and MAP from January 1, 2009

through February 29, 2012, although many missing values were spread throughout. 35% of values

were missing for both ALS and EDI. For MAP, 29% of total PM and 24% of fine PM (after the

interpolation described above) were missing. The analysis was originally performed using only the

ALS/EDI/MAP data, but later began using data from DMAS because it had fewer missing values.

Total PM data from DMAS was available from January 1, 2009 through April 30, 2012, with only

19% missing.

Temperature and relative humidity data were available from stations ALS, EDI, and MAP

over the same time period as the PM data. 35% of the temperature data was missing at ALS, 44%

at EDI, and 24% at MAP. 37% of the humidity data was missing at ALS, 48% at EDI, and 28%

at MAP.

Because of the large amount of missing data in the temperature and humidity data, we also

obtained temperature data from the National Oceanic and Atmospheric Administration’s National

Climatic Data Center [4]. Relative humidity data was not available but we were able to obtain

temperature data with fewer missing values. The temperature data was obtained at five Colorado

weather stations located at: Denver International Airport, Grand Junction Regional Airport, Col-

orado Plains Regional Airport, Limon Municipal Airport, and Centennial Airport. Each of these

stations had at most 4% of the data missing.

2.3 Matching Birth Data with Exposure

In order to calculate the exposure to particulate matter of each birth in our dataset, we had

to match each birth to the nearest air station out of the set ALS, EDI, and MAP. Every birth

certificate records the county in which the birth took place. 75.4% of the records also contained the

mother’s zip code. Each record that contained zip code information was matched to a latitude and
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longitude using the zipcode package in R [1]. The remaining records were matched to a latitude

and longitude using the county. County latitude and longitude data was obtained from the Census

Bureau [8]. Next, the great circle distance between each record’s geographic location and each of

the three fine PM stations (ALS, EDI, and MAP) was calculated using the rdist.earth function in

the R package fields [2]. The station with the minimum distance to the record was assigned to

that record. A similar process was used to match births to each of the five stations at which we

obtained temperature data.

Since it is not known which part of the pregnancy (if any) is most susceptible to particulate air

pollution, we calculated five average exposures to examine the effects of this pollution on premature

or low weight births. These were average exposure over the total length of pregnancy, average

exposure over each of the three trimesters, and average exposure over the last twelve weeks of the

pregnancy. The three trimesters were defined as the first thirteen weeks of pregnancy, the second

thirteen weeks of pregnancy, and the remaining length of the pregnancy respectively. In some

cases, the third trimester exposure is taken over a period of less than the full thirteen weeks. The

exposure over the last 12 weeks of pregnancy was included as a proxy for the third trimester in

cases where the birth occurred early.

The averages were computed over all the available PM measurements at the assigned station in

each time period. However, if more than half of the PM measurements within the time period were

missing, the average was replaced by an NA. This was especially of concern for births that occurred

in early 2009 since we had no PM data for the majority of the gestation time. Additionally, the

third trimester exposure was coded as missing if the gestation time was less than thirty weeks.

Since the DMAS station in Denver had a much lower percentage of missing values than any

of the other PM monitoring stations, we created a second set of calculated exposures. In this set,

the records previously assigned to the other Denver stations, ALS and EDI, were instead assigned

to DMAS. Records assigned to station MAP in Greeley remained the same.

The above process was also used to calculate exposure to temperature and humidity from the

original PM monitoring stations. Note that we did not have any temperature or humidity data

from DMAS. A similar process was used to calculate exposure to the downloaded temperature data,

with records matched to the five measuring stations instead of ALS, EDI, or MAP. We therefore

had ten measurements of temperature (five averages each for both the downloaded temperature
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data and that obtained from the PM stations) and five average measures of humidity.
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CHAPTER 3

MODELS

The study goal was to examine the effects of both total and fine PM pollution on premature

and low weight births. We thus considered three response variables: an indicator for the occurrence

of a premature birth (1), an indicator for the occurrence of a low weight birth (2), and birth weight

in grams (3). For both fine and total PM, we paired each of the three response variables with each

of the five PM exposure averages described in section 2.3 above. For the total PM models, we ran

every model described above first with the exposures calculated from stations ALS, EDI, and MAP,

and a second time for the exposures calculated from stations DMAS and MAP.

Since premature births would more frequently be of low weight, we expected a confounding

effect. Thus models (2) and (3), where weight is the response variable, use a reduced dataset

containing only non-premature births.

3.1 Variable Selection Process

The covariates considered for inclusion in each model were as follows: birth year, birth month,

infant sex, maternal age, income, education, prenatal care indicator, number of prenatal visits,

mother’s weight prior to pregnancy, number of previous births, indicator for previous termination,

indicator for consumption of cigarettes at any time, indicator for alcoholic drink consumption

during pregnancy, indicator for a previous cesarean section, indicator for any risk factor occurring,

county, and the general ethnic/racial variable.

The above list accounts for every variable in our original dataset, with the exception of the

month prenatal care began and the mother’s weight at delivery. The month prenatal care began

was highly correlated with the prenatal care indicator and the number of prenatal visits. We

suspected that the mother’s weight at delivery was an effect of the baby’s gestation time and birth

weight, rather than a cause. Please note that some of the variables in the original dataset were

condensed before being added to the model (e.g. the number of alcoholic drinks consumed during

each period of the pregnancy was condensed into an indicator for alcoholic drink consumption at

any time during pregnancy).

Some temperature or humidity averages appeared to be highly significant in many of the
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models, however the large amount of missing values was of concern. We therefore ran three types

of models for each response/exposure pair: The first contained only the covariates listed above.

The second contained the covariates listed above plus the downloaded temperature data, averaged

over each of the five time periods discussed above. The third contained the covariates listed above

plus the temperature and humidity data collected at the same stations as the PM data, averaged

over each of the five time periods. Results for each of these models are presented below.

Models were chosen by backwards selection starting from these lists of potential covariates.

We ran each model with all its potential covariates and the covariate with the highest p-value was

selected for elimination. For categorical variables, only the category with the smallest p-value was

considered when choosing variables to eliminate. We then ran the model again with the eliminated

covariate missing and the next covariate was selected for elimination from this model. This process

was repeated until all the covariates in the model had p < 0.10.

3.2 Premature Birth Models

For these models, the response was a binary indicator variable, coded as 1 if the birth took

place at less than 37 weeks. We therefore chose to use a generalized linear model from the binomial

family.

Let p be the probability that a birth is premature. Then the logistic model is defined as

log
p

1− p
= β0 + β1x+ γt

where x is exposure and t is a vector of covariate values. β0, β1 and γ contain coefficients. The

process of choosing covariates was described above. These models were fit using the glm() function

in R version 3.0.0 [5].

Note that, given the model specification, a positive coefficient for exposure denotes that in-

creased exposure is related to increased risk of a premature birth, while negative coefficients show

that increased exposure is related to decreased risk.
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3.2.1 Total PM Exposure

Tables 1, 2, and 3 display results for the backwards-selected models using exposure to total

PM from stations ALS, EDI, and MAP. Table 1 contains results for the model using only the basic

set of covariates, Table 2 for the model including downloaded temperature data, and Table 3 for the

model including temperature and humidity data. A point estimate for the coefficient of exposure

(β1) for each model is displayed as well as its standard error, a 95% confidence interval, and its

p-value. For a list of the covariates in each model, please see section A.1.1.

Table 1: Total PM exposure coefficient results for the premature birth indicator models using the
basic covariate set and exposure from the ALS/EDI/MAP stations

Estimate SE 95% CI p

Trimester 1 -0.0117 0.0049 (-0.0213, -0.0020) 0.0175

Trimester 2 -0.0219 0.0041 (-0.0299, -0.0139) 0.0000

Trimester 3 -0.0141 0.0042 (-0.0224, -0.0059) 0.0008

Last 12 Weeks -0.0018 0.0042 (-0.0099, 0.0064) 0.6735

Total -0.0345 0.0051 (-0.0445, -0.0244) 0.0000

Exposure coefficients are significant at the 0.05 level for each of the models in Table 1 except

for the last twelve weeks model. Each of the four significant models had a negative coefficient for

exposure. Since a negative coefficient denotes that a higher exposure to particulate air pollution is

related to decreased risk of a birth being premature, these findings are counterintuitive. See section

3.5 for more discussion on this issue.

Table 2: Total PM exposure coefficient results for the premature birth indicator models including
downloaded temperature data and using exposure from the ALS/EDI/MAP stations

Estimate SE 95% CI p

Trimester 1 -0.0019 0.0051 (-0.0119, 0.0080) 0.7045

Trimester 2 -0.0098 0.0044 (-0.0184, -0.0012) 0.0255

Trimester 3 -0.0145 0.0045 (-0.0232, -0.0058) 0.0011

Last 12 Weeks 0.0001 0.0045 (-0.0087, 0.0088) 0.9838

Total -0.0448 0.0055 (-0.0555, -0.0341) 0.0000

Exposure coefficients are significant for the second & third trimester models and the total

exposure model presented in Table 2. All three of these models had a negative coefficient for

exposure. Like the basic covariate models, these show that higher exposure to pollution is related

to a lower risk of premature birth.

Of the models in Table 3, all but the last twelve weeks model had significant negative coefficients
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Table 3: Total PM exposure coefficient results for the premature birth indicator models including
temperature and humidity data and using exposure from the ALS/EDI/MAP stations

Estimate SE 95% CI p

Trimester 1 -0.1224 0.0118 (-0.1456, -0.0992) 0.0000

Trimester 2 -0.0339 0.0152 (-0.0637, -0.0041) 0.0257

Trimester 3 -0.0290 0.0135 (-0.0556, -0.0025) 0.0322

Last 12 Weeks -0.0136 0.0140 (-0.0412, 0.0139) 0.3309

Total -0.1387 0.0174 (-0.1729, -0.1045) 0.0000

for exposure. Like the other significant premature birth indicator models using data from stations

ALS, EDI, and MAP, these results are counterintuitive.

Tables 4, 5, and 6 present similar results for the backwards-selected models using exposure to

total PM from stations DMAS and MAP. Table 4 contains results for the model using only the

basic set of covariates, Table 5 for the model including downloaded temperature data, and Table

6 for the model including temperature and humidity data. For a list of the covariates included in

each model, see section A.1.2.

Table 4: Total PM exposure coefficient results for the premature birth indicator models using the
basic covariate set and exposure from the DMAS/MAP stations

Estimate SE 95% CI p

Trimester 1 -0.0426 0.0100 (-0.0621, -0.0231) 0.0000

Trimester 2 -0.0235 0.0089 (-0.0409, -0.0062) 0.0079

Trimester 3 0.0387 0.0099 ( 0.0193, 0.0581) 0.0001

Last 12 Weeks 0.0261 0.0099 ( 0.0067, 0.0455) 0.0082

Total 0.0242 0.0131 (-0.0015, 0.0498) 0.0647

All of the models in Table 4 had exposure coefficients that were significant at the 0.05 level

except for the total exposure model. The coefficients for the first and second trimester models were

significantly negative. These results are counterintuitive since a negative coefficient denotes that

higher exposure to particulate matter is related to a lower probability of a birth being premature.

For more discussion on this issue, see section 3.5. The exposure coefficients for the trimester three

and last twelve weeks models were significantly positive. These results were similar to what was

expected, with higher exposure to particulate matter pollution being related to a higher probability

of a birth being premature.

The first and third trimester models in Table 5 are have significant exposure coefficients. The

coefficient for the first trimester is negative, which is counterintuitive. The coefficient for the third
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Table 5: Total PM exposure coefficient results for the premature birth indicator models including
downloaded temperature data and using exposure from the DMAS/MAP stations

Estimate SE 95% CI p

Trimester 1 -0.0315 0.0108 (-0.0526, -0.0104) 0.0034

Trimester 2 -0.0180 0.0093 (-0.0363, 0.0004) 0.0549

Trimester 3 0.0301 0.0112 ( 0.0082, 0.0521) 0.0071

Last 12 Weeks -0.0082 0.0102 (-0.0282, 0.0119) 0.4257

Total -0.0174 0.0145 (-0.0459, 0.0110) 0.2303

is positive, as expected.

Table 6: Total PM exposure coefficient results for the premature birth indicator models including
temperature and humidity data and using exposure from the DMAS/MAP stations

Estimate SE 95% CI p

Trimester 1 -0.0942 0.0270 (-0.1472, -0.0412) 0.0005

Trimester 2 0.2708 0.0299 ( 0.2121, 0.3295) 0.0000

Trimester 3 0.1079 0.0264 ( 0.0561, 0.1598) 0.0000

Last 12 Weeks 0.0437 0.0260 (-0.0073, 0.0947) 0.0933

Total -0.1040 0.0368 (-0.1760, -0.0319) 0.0047

All of the models in Table 6 are significant at the 0.05 level except the last twelve weeks

model. The first trimester and total exposure coefficients are negative while the other coefficients

are positive.

3.2.2 Fine PM Exposure

Tables 7, 8, and 9 display results for the backwards-selected models using exposure to total

PM from stations ALS, EDI, and MAP. Table 7 contains results for the model using only the basic

set of covariates, Table 8 for the model including downloaded temperature data, and Table 9 for the

model including temperature and humidity data. A point estimate for the coefficient of exposure

(β1) for each model is displayed as well as its standard error, a 95% confidence interval, and its

p-value. For a list of the covariates in each model, please see section A.1.3.

All of the exposure coefficients presented in Table 7 are significant except for the third trimester

coefficient. Of the significant coefficients, only the last twelve weeks coefficient is positive. Negative

coefficients are counterintuitive since they denote that higher fine PM exposure is related to a

decreased risk of premature birth. For more discussion on this issue see section 3.5.
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Table 7: Fine PM exposure coefficient results for the premature birth indicator models using the
basic covariate set

Estimate SE 95% CI p

Trimester 1 -0.0131 0.0064 (-0.0257, -0.0006) 0.0405

Trimester 2 -0.0219 0.0054 (-0.0324, -0.0114) 0.0000

Trimester 3 -0.0039 0.0055 (-0.0147, 0.0069) 0.4764

Last 12 Weeks 0.0135 0.0055 ( 0.0027, 0.0242) 0.0143

Total -0.0334 0.0065 (-0.0460, -0.0207) 0.0000

Table 8: Fine PM exposure coefficient results for the premature birth indicator models including
downloaded temperature data

Estimate SE 95% CI p

Trimester 1 -0.0204 0.0069 (-0.0339, -0.0069) 0.0030

Trimester 2 -0.0190 0.0058 (-0.0303, -0.0078) 0.0009

Trimester 3 0.0016 0.0060 (-0.0101, 0.0134) 0.7828

Last 12 Weeks 0.0221 0.0060 ( 0.0103, 0.0339) 0.0002

Total -0.0533 0.0069 (-0.0669, -0.0397) 0.0000

Adding downloaded temperature as a possible covariate did not change the results much.

Again, every coefficient is significant except for that of the third trimester, and all the significant

coefficients are negative except for that of the last twelve weeks model.

Table 9: Fine PM exposure coefficient results for the premature birth indicator models including
temperature and humidity data

Estimate SE 95% CI p

Trimester 1 -0.1704 0.0168 (-0.2033, -0.1376) 0.0000

Trimester 2 -0.0921 0.0192 (-0.1299, -0.0544) 0.0000

Trimester 3 -0.0675 0.0180 (-0.1027, -0.0323) 0.0002

Last 12 Weeks -0.0432 0.0188 (-0.0801, -0.0064) 0.0214

Total -0.1962 0.0229 (-0.2410, -0.1514) 0.0000

Every coefficient of exposure from the models in Table 9 is significant and negative. Like in

the other models, these results are counterintuitive.

3.3 Low Birth Weight Indicator Models

For these models, the response was a binary indicator variable, coded as 1 if birth weight was

less than 2500 grams. This data set excluded all premature births. Again, we used the logistic

generalized linear model from the binomial family.
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Let p be the probability of having a low weight birth. Then the model is defined as

log
p

1− p
= β0 + β1x+ γt

where x is exposure and t is a vector of covariate values. β0, β1 and γ contain coefficients. The

process of choosing covariates was described above. These models were fit using the glm() function

in R version 3.0.0 [5].

Note that, given the model specification, a positive coefficient for exposure denotes that in-

creased exposure is related to increased risk of a low weight birth, while negative coefficients show

that increased exposure is related to decreased risk.

3.3.1 Total PM Exposure

Tables 10, 11, and 12 display results for the backwards-selected models using exposure to total

PM from stations ALS, EDI, and MAP. Table 10 contains results for the model using only the

basic set of covariates, Table 11 for the model including downloaded temperature data, and Table

12 for the model including temperature and humidity data. A point estimate for the coefficient of

exposure (β1) for each model is displayed as well as its standard error, a 95% confidence interval,

and its p-value. For a list of the covariates in each model, please see section A.2.1.

Table 10: Total PM exposure coefficient results for the low weight birth indicator models using the
basic covariate set and exposure from the ALS/EDI/MAP stations

Estimate SE 95% CI p

Trimester 1 0.0003 0.0061 (-0.0117, 0.0123) 0.9606

Trimester 2 -0.0157 0.0064 (-0.0282, -0.0032) 0.0140

Trimester 3 -0.0176 0.0059 (-0.0290, -0.0061) 0.0027

Last 12 Weeks -0.0134 0.0059 (-0.0249, -0.0019) 0.0225

Total -0.0204 0.0081 (-0.0364, -0.0045) 0.0121

The coefficients of exposure are significant at the 0.05 level for every model in Table 10 except

for the first trimester model. Each of these significant coefficients is negative. These findings are

counterintuitive since a negative coefficient shows that higher exposure to particulate matter is

related to a lower probability of a birth being low weight. For more discussion on this issue, see

section 3.5.

Only the total exposure model shown in Table 11 was significant. Since this coefficient is
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Table 11: Total PM exposure coefficient results for the low weight birth indicator models including
downloaded temperature data and using exposure from the ALS/EDI/MAP stations

Estimate SE 95% CI p

Trimester 1 0.0041 0.0073 (-0.0103, 0.0185) 0.5782

Trimester 2 -0.0125 0.0065 (-0.0252, 0.0003) 0.0560

Trimester 3 -0.0127 0.0068 (-0.0261, 0.0006) 0.0612

Last 12 Weeks -0.0080 0.0068 (-0.0213, 0.0053) 0.2374

Total -0.0234 0.0084 (-0.0399, -0.0069) 0.0054

negative, the results are counterintuitive, just like in the basic covariate models.

Table 12: Total PM exposure coefficient results for the low weight birth indicator models including
temperature and humidity data and using exposure from the ALS/EDI/MAP stations

Estimate SE 95% CI p

Trimester 1 -0.0234 0.0145 (-0.0518, 0.0050) 0.1057

Trimester 2 0.0167 0.0173 (-0.0171, 0.0505) 0.3337

Trimester 3 -0.0190 0.0171 (-0.0525, 0.0145) 0.2671

Last 12 Weeks -0.0220 0.0164 (-0.0542, 0.0102) 0.1804

Total -0.0268 0.0131 (-0.0525, -0.0011) 0.0407

Of the models in Table 12, only the total exposure coefficient is significant. Again, the result is

counterintuitive since the coefficient is negative, showing that higher exposure is related to a lower

probability of a low weight birth.

Tables 13, 14, and 15 present similar results for the backwards-selected models using exposure

to total PM from stations DMAS and MAP. Table 13 contains results for the model using only the

basic set of covariates, Table 14 for the model including downloaded temperature data, and Table

15 for the model including temperature and humidity data. For a list of the covariates included in

each model, see section A.2.2.

Table 13: Total PM exposure coefficient results for the low weight birth indicator models using the
basic covariate set and exposure from the DMAS/MAP stations

Estimate SE 95% CI p

Trimester 1 0.0060 0.0139 (-0.0213, 0.0333) 0.6650

Trimester 2 -0.0365 0.0138 (-0.0636, -0.0094) 0.0083

Trimester 3 -0.0089 0.0139 (-0.0361, 0.0183) 0.5209

Last 12 Weeks -0.0039 0.0108 (-0.0250, 0.0172) 0.7162

Total 0.0117 0.0178 (-0.0231, 0.0465) 0.5109

In the models displayed in Table 13, only the second trimester exposure coefficient is significant.

The coefficient is negative, which is again counterintuitive.
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Table 14: Total PM exposure coefficient results for the low weight birth indicator models including
downloaded temperature data and using exposure from the DMAS/MAP stations

Estimate SE 95% CI p

Trimester 1 0.0449 0.0166 ( 0.0124, 0.0774) 0.0068

Trimester 2 -0.0260 0.0133 (-0.0521, 0.0001) 0.0509

Trimester 3 0.0134 0.0185 (-0.0229, 0.0496) 0.4693

Last 12 Weeks 0.0073 0.0178 (-0.0277, 0.0422) 0.6836

Total 0.0117 0.0178 (-0.0231, 0.0465) 0.5109

The first trimester coefficient shown in Table 14 is significant. It is positive, as is intuitive.

Table 15: Total PM exposure coefficient results for the low weight birth indicator models including
temperature and humidity data and using exposure from the DMAS/MAP stations

Estimate SE 95% CI p

Trimester 1 -0.0123 0.0197 (-0.0509, 0.0263) 0.5331

Trimester 2 0.0299 0.0355 (-0.0397, 0.0994) 0.4002

Trimester 3 0.0089 0.0303 (-0.0506, 0.0684) 0.7690

Last 12 Weeks 0.0014 0.0235 (-0.0446, 0.0474) 0.9525

Total -0.0757 0.0324 (-0.1391, -0.0123) 0.0193

In Table 15, only the total exposure coefficient is significant. This coefficient is negative which

is counter to expectation.

3.3.2 Fine PM Exposure

Tables 16, 17, and 18 display results for the backwards-selected models using exposure to total

PM from stations ALS, EDI, and MAP. Table 16 contains results for the model using only the

basic set of covariates, Table 17 for the model including downloaded temperature data, and Table

18 for the model including temperature and humidity data. A point estimate for the coefficient of

exposure (β1) for each model is displayed as well as its standard error, a 95% confidence interval,

and its p-value. For a list of the covariates in each model, please see section A.2.3.

Only the third trimester model displayed in Table 16 had a significant coefficient of exposure.

This coefficient is negative, meaning an increased exposure to particulate matter is related to a

lower probability of a birth being low weight. This result is quite counterintuitive. For more

discussion on this issue, see section 3.5.

For the models in Table 17, only the coefficient of exposure for total exposure was significant.
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Table 16: Fine PM exposure coefficient results for the low weight birth indicator models using the
basic covariate set

Estimate SE 95% CI p

Trimester 1 0.0001 0.0085 (-0.0165, 0.0168) 0.9870

Trimester 2 -0.0165 0.0085 (-0.0331, 0.0001) 0.0520

Trimester 3 -0.0196 0.0078 (-0.0349, -0.0043) 0.0122

Last 12 Weeks -0.0136 0.0078 (-0.0289, 0.0017) 0.0812

Total -0.0202 0.0104 (-0.0407, 0.0002) 0.0527

Table 17: Fine PM exposure coefficient results for the low weight birth indicator models including
downloaded temperature data

Estimate SE 95% CI p

Trimester 1 0.0043 0.0099 (-0.0152, 0.0237) 0.6659

Trimester 2 -0.0151 0.0086 (-0.0319, 0.0017) 0.0789

Trimester 3 -0.0102 0.0093 (-0.0284, 0.0080) 0.2711

Last 12 Weeks -0.0023 0.0093 (-0.0205, 0.0159) 0.8037

Total -0.0241 0.0108 (-0.0452, -0.0030) 0.0251

This coefficient is negative, which runs counter to expectation.

Table 18: Fine PM exposure coefficient results for the low weight birth indicator models including
temperature and humidity data

Estimate SE 95% CI p

Trimester 1 -0.0353 0.0190 (-0.0726, 0.0019) 0.0628

Trimester 2 0.0197 0.0230 (-0.0254, 0.0648) 0.3920

Trimester 3 -0.0244 0.0223 (-0.0682, 0.0194) 0.2748

Last 12 Weeks -0.0212 0.0217 (-0.0637, 0.0213) 0.3286

Total -0.0302 0.0165 (-0.0625, 0.0022) 0.0674

None of the coefficients for the models in Table 18 were significant at the 0.05 level.

3.4 Continuous Birth Weight Models

For this model, the response variable (weight in grams) was continuous. This data set excluded

all premature births. We used linear regression, with a model defined as

weight = β0 + β1x+ γt+ ε

where x is exposure, t is a vector of covariate values, and ε is the random error term. β0, β1 and

γ contain coefficients. This model was fit by ordinary least squares, using the lm() function in R
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version 3.0.0 [5].

Note that, given the model specification, a positive coefficient for exposure denotes exposure

is directly related to birth weight, while a negative one shows that exposure is inversely related to

birth weight.

3.4.1 Total PM Exposure

Tables 19, 20, and 21 display results for the backwards-selected models using exposure to total

PM from stations ALS, EDI, and MAP. Table 19 contains results for the model using only the

basic set of covariates, Table 20 for the model including downloaded temperature data, and Table

21 for the model including temperature and humidity data. A point estimate for the coefficient of

exposure (β1) for each model is displayed as well as its standard error, a 95% confidence interval,

and its p-value. For a list of the covariates in each model, please see section A.3.1.

Table 19: Total PM exposure coefficient results for the continuous birth weight models using the
basic covariate set and exposure from the ALS/EDI/MAP stations

Estimate SE 95% CI p

Trimester 1 0.6875 0.5128 (-0.3175, 1.692) 0.1800

Trimester 2 0.9250 0.4475 ( 0.0479, 1.802) 0.0387

Trimester 3 1.0402 0.4141 ( 0.2285, 1.852) 0.0120

Last 12 Weeks 0.6982 0.4126 (-0.1105, 1.507) 0.0906

Total 0.9590 0.5729 (-0.1639, 2.082) 0.0941

The second and third trimester coefficients shown in Table 19 are significant at the 0.05 level.

Each of these coefficients is positive. Since a positive coefficient shows that a higher exposure

to particulate matter pollution is directly related to a higher weight at birth, these results are

counterintuitive. For more discussion on this issue, see section 3.5. These results also support

those found in the low weight indicator models in section 3.3.

Table 20: Total PM exposure coefficient results for the continuous birth weight models including
downloaded temperature data and using exposure from the ALS/EDI/MAP stations

Estimate SE 95% CI p

Trimester 1 0.6588 0.4959 (-0.3132, 1.6308) 0.1841

Trimester 2 0.4611 0.4660 (-0.4522, 1.3744) 0.3224

Trimester 3 0.2413 0.4779 (-0.6952, 1.1779) 0.6135

Last 12 Weeks -0.1145 0.4729 (-1.0413, 0.8123) 0.8087

Total 1.7930 0.6192 ( 0.5794, 3.0066) 0.0038
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Only the total exposure coefficient in Table 20 is significant. Since this coefficient is positive,

it shows that a higher exposure is related to a higher birth weight. This result is counter to our

expectations.

Table 21: Total PM exposure coefficient results for the continuous birth weight models including
temperature and humidity data and using exposure from the ALS/EDI/MAP stations

Estimate SE 95% CI p

Trimester 1 4.9485 1.1582 ( 2.678, 7.219) 0.0000

Trimester 2 -0.0301 1.2095 (-2.401, 2.340) 0.9801

Trimester 3 2.8327 1.2432 ( 0.396, 5.269) 0.0227

Last 12 Weeks 3.9479 1.2501 ( 1.498, 6.398) 0.0016

Total 4.8565 1.5741 ( 1.771, 7.942) 0.0020

All of the coefficients shown in Table 21 are significant except for that of the second trimester.

Each of these coefficients is positive, counterintuitively showing that more exposure to particulate

matter pollution is related to a higher weight at birth.

Tables 22, 23, and 24 present similar results for the backwards-selected models using exposure

to total PM from stations DMAS and MAP. Table 22 contains results for the model using only the

basic set of covariates, Table 23 for the model including downloaded temperature data, and Table

24 for the model including temperature and humidity data. For a list of the covariates included in

each model, see section A.3.2.

Table 22: Total PM exposure coefficient results for the continuous birth weight models using the
basic covariate set and exposure from the DMAS/MAP stations

Estimate SE 95% CI p

Trimester 1 1.7182 0.9741 (-0.1910, 3.6274) 0.0777

Trimester 2 2.4949 0.9512 ( 0.6306, 4.3591) 0.0087

Trimester 3 -1.5433 0.9286 (-3.3634, 0.2768) 0.0965

Last 12 Weeks -0.9973 0.9103 (-2.7814, 0.7869) 0.2733

Total -1.1706 1.2119 (-3.5459, 1.2047) 0.3341

Only the second trimester model presented in Table 22 has a coefficient of exposure that is

significant at the 0.05 level. This coefficient is positive, which denotes that a higher exposure to

particulate matter pollution is correlated with a higher weight at birth. This result is contrary to

intuition. For more discussion on this result, please see section 3.5.

Of the coefficients shown in Table 23, only the third trimester and last twelve weeks exposures

had significant coefficients. Both of these coefficients were negative, showing that higher birth
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Table 23: Total PM exposure coefficient results for the continuous birth weight models including
downloaded temperature data and using exposure from the DMAS/MAP stations

Estimate SE 95% CI p

Trimester 1 -1.3814 1.2185 (-3.7696, 1.007) 0.2569

Trimester 2 1.2706 1.0261 (-0.7405, 3.282) 0.2156

Trimester 3 -4.7302 1.2477 (-7.1757, -2.285) 0.0001

Last 12 Weeks -2.7670 1.1985 (-5.1160, -0.418) 0.0210

Total -1.1670 1.3385 (-3.7904, 1.456) 0.3833

weight is related to lower exposure to particulate matter pollution, as is to be expected.

Table 24: Total PM exposure coefficient results for the continuous birth weight models including
temperature and humidity data and using exposure from the DMAS/MAP stations

Estimate SE 95% CI p

Trimester 1 3.7187 2.2651 ( -0.7208, 8.158) 0.1006

Trimester 2 -3.4239 2.5734 ( -8.4676, 1.620) 0.1833

Trimester 3 -8.4570 1.9299 (-12.2395, -4.675) 0.0000

Last 12 Weeks -2.9352 2.0382 ( -6.9299, 1.060) 0.1498

Total 6.6557 2.9905 ( 0.7944, 12.517) 0.0260

Two of the coefficients presented in Table 24 were significant. These were the third trimester

and the total exposure coefficients. Against expectations, the total exposure coefficient is positive.

However, the third trimester coefficient is negative. This shows that higher exposure to particulate

matter during the third trimester is related to a lower birth weight.

3.4.2 Fine PM Exposure

Tables 25, 26, and 27 display results for the backwards-selected models using exposure to total

PM from stations ALS, EDI, and MAP. Table 25 contains results for the model using only the

basic set of covariates, Table 26 for the model including downloaded temperature data, and Table

27 for the model including temperature and humidity data. A point estimate for the coefficient of

exposure (β1) for each model is displayed as well as its standard error, a 95% confidence interval,

and its p-value. For a list of the covariates in each model, please see section A.3.3.

None of the models shown in Table 25, had significant coefficients of exposure at the 0.05

level.

Only the total exposure coefficient was significant out of the results shown in Table 26. This
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Table 25: Fine PM exposure coefficient results for the continuous birth weight models using the
basic covariate set

Estimate SE 95% CI p

Trimester 1 0.8664 0.6836 (-0.4734, 2.206) 0.2050

Trimester 2 0.4241 0.5909 (-0.7340, 1.582) 0.4729

Trimester 3 1.0556 0.5501 (-0.0226, 2.134) 0.0550

Last 12 Weeks 0.5154 0.5491 (-0.5608, 1.592) 0.3479

Total 0.5756 0.7296 (-0.8544, 2.006) 0.4302

Table 26: Fine PM exposure coefficient results for the continuous birth weight models including
downloaded temperature data

Estimate SE 95% CI p

Trimester 1 1.0316 0.6866 (-0.3141, 2.3774) 0.1330

Trimester 2 0.3437 0.6186 (-0.8687, 1.5562) 0.5784

Trimester 3 -0.2480 0.6525 (-1.5269, 1.0309) 0.7039

Last 12 Weeks -1.0265 0.6471 (-2.2947, 0.2417) 0.1127

Total 1.5502 0.7849 ( 0.0118, 3.0886) 0.0483

coefficient was positive, demonstrating that higher exposure to particulate matter pollution is

related to higher birth weight. This result is counterintuitive. For more discussion on this issue,

see section 3.5.

Table 27: Fine PM exposure coefficient results for the continuous birth weight models including
temperature and humidity data

Estimate SE 95% CI p

Trimester 1 7.7667 1.5143 ( 4.799, 10.735) 0.0000

Trimester 2 0.9969 1.6126 (-2.164, 4.158) 0.5364

Trimester 3 5.7912 1.7472 ( 2.367, 9.216) 0.0009

Last 12 Weeks 5.7337 1.6767 ( 2.447, 9.020) 0.0006

Total 7.2973 2.0294 ( 3.320, 11.275) 0.0003

All of the coefficients shown in Table 27 are significant except for that of the second trimester

exposure. Since each of these coefficients is positive, this demonstrates that higher birth weight is

related to a higher exposure to fine particulate matter. This result runs counter to our expecta-

tions.

3.5 Discussion

As shown in the other parts of chapter 3, the results of most of the models find protective

effects for both fine and total PM exposure. Although there are some exceptions, overall the models
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show that increased exposure is related to a lower probability of having a premature birth, a lower

probability of having a low weight birth, and an increased birth weight. These findings are the

opposite of what was expected. We suspect that this may have stemmed from the poor quality of

the data.

The particulate matter data we obtained contains many missing values. Depending on the

station, about a quarter to a third of the data is missing.

The temperature and humidity data are even worse than the particulate matter data. For some

stations, nearly half of the data is missing. We were able to somewhat mitigate this by obtaining

nearly complete temperature data from the National Climatic Data Center, but humidity averages

were not available from this source. The temperature and humidity averages were found to be

associated with premature births and low birth weights in nearly every model where they were

included. However, the large number of missing values cut down the amount of data we could

include when running the models.

The problem of missing values is further exacerbated by the difficulty of spatially matching the

birth records to air stations. For each set of models, there are at most three possible air stations.

Two are fairly close to each other in the Denver Metropolitan area while one is located farther

north, in Greeley. Given the spatial spread of the births, it is likely that the computed exposure

averages are inaccurate in many cases.

The zip codes may also not be a meaningful measure of a mother’s spatial location. It is

certainly possible that a mother lives in one zip code but spends most of her time in another one,

for instance at a job. Birth records that were matched by county (because of missing zip code

information) likely lack this problem, but create another with the further uncertainty derived from

the larger size of the counties.

Due to the large amount of missing data and uncertainty in spatial matching, it is possible

that the models we present do not capture the true reality of the situation. In any case, further

study is certainly called for.
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CHAPTER 4

SIMULATIONS

To examine the accuracy of the models presented in Chapter 3, we ran a variety of simulations.

Data was simulated under the assumption that a woman who is a certain number of weeks pregnant

has a fixed probability of giving birth each day, potentially modified by her exposure to PM. The

first simulation examines whether the methods used to analyze the true data gave correct coefficient

estimates under these assumptions. The other simulations test a variety of models that more closely

match the actual data generation process.

4.1 Data Generation Process

Exposure data from the DMAS station was used, since this station had the most complete data.

Total PM pollution data was available from January 1, 2009 through April 28, 2012, although many

missing values still existed between these dates. These missing values were linearly interpolated

using the na.approx function from the R package zoo [9]. This interpolation step gave us complete

data from January 2009 through April 2012. In order to cover the entire simulation period, we used

the sample function in R version 3.0.0 [5] to randomly draw from this dataset to fill in exposure

measures for 2008 and the remainder of 2012. We thus had complete exposure data for the years

2008 through 2012.

Models were simulated using two measures of exposure. The first was defined as the mean total

PM value computed over the first trimester (13 weeks) of the pregnancy. The second was defined

as the mean total PM value computed over the last 84 days (12 weeks) of the pregnancy.

Day 1 of our simulation was May 1, 2008. Conceptions began on this day and continued until

March 10, 2011. For each day in this set, 100 simulated conceptions occurred.

Next we computed the baseline probability of giving birth at a given pregnancy length. Let

D be the set of dates between the estimated first conception (March 13, 2008) and the final birth

(December 31, 2011) in the real dataset. On each of these days, let Ni be the number of women

who were i weeks pregnant and let Bi be the number of births that occurred at i weeks. Then, we
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estimated the baseline probability of giving birth at week i as

pi,base =

∑
D Bi∑
DNi

Note that all births that took place at less than 29 weeks were removed from our dataset before

this calculation, as were all births where the conception date could not be estimated. Therefore,

pi,base = 0 for i < 29. Additionally, the maximum estimated pregnancy length in our dataset was

45 weeks, so pi,base = 1 for i ≥ 45.

On day 203, the first women reached 29 weeks and births began to occur. For each birth/conception

pair in the simulated dataset, the exposure was calculated as described in section 2.3.

To simulate under the null model, where exposure does not affect the probability of a premature

birth, we did the following. For each day starting on day 203, let ni be the number of women at

i weeks pregnant. Then the number of births that occurred, bi, was calculated as a random draw

from a binomial(ni, pi,base) distribution, where pi,base is the baseline probability defined above. The

number of women still pregnant the next day was ni − bi.

We also simulated data where exposure affects the probability of giving birth. For the models

using exposure over the last twelve weeks, the true value in the simulation was β1 = 0.035. This

value is the rounded mean of the β̂1 fit to the true data in the models that used average exposure

over the last 12 weeks of pregnancy from stations DMAS and MAP, where β̂1 was significant. For

the first trimester exposure model, the true value was set to β1 = −0.046. Again, this is the

rounded mean of the significant estimated exposure coefficients in the models where the average

exposure over the first trimester from stations DMAS and MAP was used.

Given a certain pregnancy length and exposure, let

pi =
eβ0+β1x

1 + eβ0+β1x

where pi,base = eβ0 . For each day starting on day 203, let ni be the number of women at i weeks

pregnant with the same exposure. Then the number of births that occurred, bi, was calculated as

a random draw from a binomial(ni, pi) distribution. The number of women still pregnant the next

day was ni − bi.
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For each of the models run below, 1000 datasets were simulated and a model was fit to each

one. Summary results for each model are presented.

4.2 Incorrectly Specified Logistic Models

In order to examine the accuracy of the models we fit to the actual data (see chapter 3), we fit

a similar model to the simulated data. The simulated data assumes that a pregnant woman has a

set probability of giving birth each day of her pregnancy, dependent on the length of time she has

been pregnant. We suspect that the true physical process is similar to this.

When using simulated data, it is simple to calculate the number of women pregnant on each day

with a given pregnancy length. We can thus create models that accurately describe the underlying

situation. With actual data, where we can only estimate the conception time and thus length of

pregnancy, and with a myriad of confounding variables, modeling this underlying process becomes

unfeasible. The models computed from the actual data used the total probability of a birth being

premature as the response variable.

Let p be the probability of having a premature birth (premature defined as less than 37 weeks).

Then the model was defined as

log
p

1− p
= β0 + β1x

where x is exposure.

Thus, under the null model, β1 = 0 and β0 = log p
1−p , where p = 0.0679 is the probability of

having a premature birth in the simulation. Table 28 summarizes the results of the null model for

each type of simulated exposure over 1000 iterations.

Table 28: Results of the incorrectly specified null logistic model under simulated data
True Value Mean Estimate SD of Estimate RMS of SD p

Trimester 1

β0 -2.6197 -2.6209 0.1148 0.1155 0.7331

β1 0 −1.6308 ∗ 10−5 0.0047 0.0048 0.9133

Last 12 Weeks

β0 -2.6197 -2.4740 0.1086 0.1113 0

β1 0 -0.0060 0.0045 0.0046 0

For both types of exposure, the root-mean-square of the R-estimated standard deviation, shown
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in the second-to-last column of the table, was very close to the the actual standard deviation of

the estimates. The last column of the table shows the p-value for the hypothesis test H0 : mean

estimate = true value. For the first trimester models, p is large, so the model appears to be

estimating β0 and β1 correctly. The models using exposure over the last twelve weeks were not

nearly as accurate.

Table 29: Results of the incorrectly specified full logistic model under simulated data
True Value Mean Estimate SD of Estimate RMS of SD p

Trimester 1

β0 -2.6197 -2.6322 0.1859 0.1845 0.0331

β1 -0.0460 -0.0465 0.0078 0.0077 0.0563

Last 12 Weeks

β0 -2.6197 -2.4595 0.0790 0.0810 0

β1 0.0350 0.0303 0.0032 0.0033 0

The models affected by exposure are shown in Table 29. Again, the root-mean-square of the

R-estimated standard deviation was very close to the the actual standard deviation of the estimates.

The last column of the table shows the p-value for the hypothesis test H0 : mean estimate = true

value. For the first trimester models, p is relatively small, so the model may not be estimating β0

and β1 correctly. For the last twelve weeks models, p ≈ 0 so the model does not give the correct

estimates.

The main difference between the first trimester and last twelve weeks exposure measures is that

the latter is dependent on the length of the pregnancy, which is effectively the response variable

in the model. The first trimester exposure measure only depends on the day of conception, so

everyone who conceived on the same day has the same first trimester exposure. In contrast, the

last twelve weeks exposure depends only on the child’s day of birth, which is itself dependent on

exposure in the full models. This is likely why the first trimester models work much better than

the last twelve weeks models.

We are not overly concerned with the failure of the last twelve weeks models here, since this

model is incorrectly specified. However, since this type of model is the one used to analyze the

real birth certificate data, we should use caution when interpreting the results of the models with

time-dependent covariates in the previous section, namely the last twelve weeks and total exposure

models.
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4.3 Correctly Specified Logistic Models

We computed another type of logistic model using the simulated data. This model is true to

the process underlying the data in our simulation. The data is simulated under the assumption

that a pregnant woman has a set probability of giving birth each day of her pregnancy, dependent

on the length of time she has been pregnant. For this model, all non-premature (37 weeks or longer

gestation time) births were first removed from the dataset.

Let pi be the probability that a woman on a given day of week i of her pregnancy will give

birth. Then the model was defined as

log
pi

1− pi
= β0 + β1x+ γi

where x is exposure and γi is such that log pi
1−pi = β0 + γi correctly describes the probability of a

woman who is i weeks pregnant and has zero exposure giving birth. Note that β0 describes the risk

of giving birth at 29 weeks.

Results for null model, where β1 = 0 are shown in Tables 30 and 31.

Table 30: Results of the correctly specified null logistic model under simulated first trimester
exposure

True Value Mean Estimate SD of Estimate RMS of SD p

β0 -8.5825 -8.5854 0.1322 0.1335 0.4904

β1 0 1.4260× 10−5 0.0046 0.0046 0.9215

γ30 0.3005 0.3002 0.0964 0.0973 0.9103

γ31 0.5640 0.5690 0.0904 0.0924 0.0805

γ32 0.7530 0.7576 0.0921 0.0895 0.1106

γ33 1.2843 1.2926 0.0845 0.0834 0.0018

γ34 1.9117 1.9223 0.0810 0.0791 0

γ35 2.4349 2.4521 0.0791 0.0770 0

γ36 3.2098 3.2352 0.0769 0.0753 0

In both the first trimester exposure models and the last twelve weeks exposure models, the

root-mean-square of the R-estimated standard deviation was very close to the actual standard

deviation of the estimates. The last column of the table shows the p-value for the hypothesis test

H0 : mean estimate = true value. β0 is close to the true value for both models. In the first trimester

model, the estimate of β1 is very close to the true value. This is not the case for the last twelve

weeks model. In both models, all of the estimates of γi are significantly different from the true
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Table 31: Results of the correctly specified null logistic model under simulated last twelve weeks
exposure

True Value Mean Estimate SD of Estimate RMS of SD p

β0 -8.5825 -8.5757 0.1317 0.1303 0.1063

β1 0 -0.0004 0.0044 0.0044 0.0057

γ30 0.3005 0.3002 0.0964 0.0973 0.9107

γ31 0.5640 0.5690 0.0904 0.0923 0.0802

γ32 0.7530 0.7576 0.0921 0.0895 0.1101

γ33 1.2843 1.2926 0.0845 0.0834 0.0018

γ34 1.9117 1.9223 0.0810 0.0791 0

γ35 2.4349 2.4521 0.0791 0.0770 0

γ36 3.2098 3.2352 0.0769 0.0753 0

values, except for i = 30.

The models with β1 6= 0 are shown in Tables 32 and 33. In both of these models, the root-

mean-square of the R-estimated standard deviation was very close to the actual standard deviation

of the estimates. The last column of the table shows the p-value for the hypothesis test H0 : mean

estimate = true value. In the first trimester model, the estimate of β1 is very close to the true

value. This is not the case for the last twelve weeks model. In both models, the estimate of β0 is

also close to the true value. In the first trimester model, the estimates of γi for i = 30, 31, 32 are

close to the true value. All of the estimated γi are significantly different from the true values in the

last twelve weeks model, except for γ30.

Although the last twelve weeks exposure coefficient is significantly different from the true

value, practically there is very little difference. A small difference is expected, since these regression

methods are biased.

Table 32: Results of the correctly specified full logistic model under simulated first trimester expo-
sure

True Value Mean Estimate SD of Estimate RMS of SD p

β0 -8.5825 -8.5929 0.2168 0.2225 0.1288

β1 -0.0460 -0.0459 0.0077 0.0076 0.7592

γ30 0.3005 0.3030 0.1688 0.1701 0.6381

γ31 0.5640 0.5710 0.1582 0.1633 0.1649

γ32 0.7530 0.7599 0.1605 0.1563 0.1747

γ33 1.2843 1.2979 0.1441 0.1455 0.0028

γ34 1.9117 1.9262 0.1383 0.1381 0.0009

γ35 2.4349 2.4570 0.1324 0.1344 0

γ36 3.2098 3.2413 0.1302 0.1315 0
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Table 33: Results of the correctly specified full logistic model under simulated last twelve weeks
exposure

True Value Mean Estimate SD of Estimate RMS of SD p

β0 -8.5825 -8.5795 0.0906 0.0892 0.2964

β1 0.0350 0.0348 0.0030 0.0031 0.0310

γ30 0.3005 0.3017 0.0647 0.0636 0.5624

γ31 0.5640 0.5683 0.0609 0.0604 0.0264

γ32 0.7530 0.7587 0.0587 0.0585 0.0022

γ33 1.2843 1.2920 0.0547 0.0545 0

γ34 1.9117 1.9219 0.0531 0.0517 0

γ35 2.4349 2.4517 0.0510 0.0503 0

γ36 3.2098 3.2351 0.0506 0.0492 0

4.4 Poisson Models

We also computed a Poisson model using the simulated data. This model closely resembles

the actual data generation process, but is not entirely accurate. For this model, all non-premature

(37 weeks or longer gestation time) births were first removed from the dataset.

For a pregnancy with a length of i weeks, i ∈ {29, 30, . . . , 36}, the number of women expected

to give birth on each day was modeled as

λ = neβ0+β1x+γi

where n is the number of women at length i of their pregnancies, x is exposure, and γi is such

that the number of women expected to give birth at week i of their pregnancy is λ = neβ0eγi when

exposure is 0. Results for the null model, where β1 = 0 are shown in Tables 34 and 35.

Table 34: Results of the null Poisson model under simulated first trimester exposure
True Value Mean Estimate SD of Estimate RMS of SD p

β0 -8.5838 -8.5855 0.1319 0.1333 0.6731

β1 0 1.4274 ∗ 10−5 0.0046 0.0046 0.9212

γ30 0.3000 0.3001 0.0964 0.0973 0.9869

γ31 0.5630 0.5689 0.0904 0.0923 0.0408

γ32 0.7515 0.7574 0.0921 0.0895 0.0426

γ33 1.2808 1.2921 0.0844 0.0833 0

γ34 1.9042 1.9212 0.0810 0.0790 0

γ35 2.4213 2.4501 0.0791 0.0770 0

γ36 3.1791 3.2306 0.0769 0.0753 0
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In both the first trimester exposure models and the last twelve weeks exposure models, the

root-mean-square of the R-estimated standard deviation was very close to the actual standard

deviation of the estimates. The last column of the table shows the p-value for the hypothesis test

H0 : mean estimate = true value. In the first trimester model, the estimate of β1 is very close to

the true value. This is not the case for the last twelve weeks model, although the difference is of no

practical significance. The estimate of β0 is close to the true value in both models. In both models,

all of the estimates of γi are significantly different from the true values except for i = 30.

Table 35: Results of the null Poisson model under simulated last twelve weeks exposure
True Value Mean Estimate SD of Estimate RMS of SD p

β0 -8.5838 -8.5760 0.1315 0.1301 0.0599

β1 0 -0.0004 0.0044 0.0044 0.0057

γ30 0.3000 0.3000 0.0964 0.0973 0.9865

γ31 0.5630 0.5689 0.0904 0.0923 0.0407

γ32 0.7515 0.7574 0.0921 0.0895 0.0423

γ33 1.2808 1.2921 0.0844 0.0833 0

γ34 1.9042 1.9212 0.0810 0.0790 0

γ35 2.4213 2.4501 0.0790 0.0770 0

γ36 3.1791 3.2306 0.0768 0.0753 0

Table 36: Results of the full Poisson model under simulated first trimester exposure
True Value Mean Estimate SD of Estimate RMS of SD p

β0 -8.5838 -8.5941 0.2167 0.2224 0.1327

β1 -0.0460 -0.0459 0.0077 0.0076 0.6155

γ30 0.3000 0.3030 0.1688 0.1701 0.5807

γ31 0.5630 0.5709 0.1581 0.1613 0.1146

γ32 0.7515 0.7598 0.1605 0.1563 0.1024

γ33 1.2808 1.2977 0.1441 0.1456 0.0002

γ34 1.9042 1.9259 0.1383 0.1381 0

γ35 2.4213 2.4563 0.1324 0.1345 0

γ36 3.1791 3.2398 0.1302 0.1316 0

The models with β1 6= 0 are shown in Tables 36 and 37. In both of these models, the root-

mean-square of the R-estimated standard deviation was very close to the actual standard deviation

of the estimates. The last column of the table shows the p-value for the hypothesis test H0 : mean

estimate = true value. In the first trimester model, the estimates of β0 and β1 are very close to

the true values. This is not the case for the last twelve weeks model, however the difference is of

no practical significance. A small difference is expected, since these regression methods are biased.

In the first trimester model, the estimates of γi for i = 30, 31, 32 are close to the true value. All
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of the estimated γi are significantly different from the true values in the last twelve weeks model,

except for γ30.

Table 37: Results of the full Poisson model under simulated last twelve weeks exposure
True Value Mean Estimate SD of Estimate RMS of SD p

β0 -8.5838 -8.5744 0.0901 0.0890 0.0010

β1 0.0350 0.0346 0.0030 0.0031 0

γ30 0.3000 0.3015 0.0647 0.0636 0.4663

γ31 0.5630 0.5680 0.0608 0.0604 0.0104

γ32 0.7515 0.7582 0.0586 0.0585 0.0003

γ33 1.2808 1.2908 0.0547 0.0545 0

γ34 1.9042 1.9193 0.0531 0.0517 0

γ35 2.4213 2.4470 0.0510 0.0503 0

γ36 3.1791 3.2244 0.0506 0.0492 0

4.5 Cox Proportional Hazards Models

Using the simulated data, we computed a Cox proportional hazards model. This model was

developed for the field of Survival Analysis, a branch of statistics which analyzes the time it takes

for an event to occur. Time is regarded as a random variable. In this case, we are modeling the

time it takes for a birth to occur, with time 0 being the day of conception.

Let T be the number of days from conception to birth. Note that T is discrete. The hazard

function of T is defined as

λ(t) = P(T = t | T ≥ t).

The Cox proportional hazards model is a semiparametric model defined as

λ(t) = λ0(t)e
β1x

where x is exposure. λ0(t) is the baseline hazard, which occurs when x = 0. This function is a

nuisance parameter.

Since we are only interested in premature births, T can only take on values in the set {203, 204, . . . , 258}.

Any birth occurring after day 258 is modeled as right-censored. Let n be the number of births that

occur in our dataset. Let Ri be the risk set, which is the number of women who are at the week

in their pregnancy when subject i gave birth. Models are fit using the partial likelihood, which
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is
n∏
i=0

eβ1xi∑
j∈Ri

eβ1xj
.

β̂1 is the number which maximizes this function. It must be found numerically.

Table 38: Results of the Cox proportional hazards models
True Value Mean Estimate SD of Estimate RMS of SD p

Trimester 1 Null 0 1.440× 10−5 0.0046 0.0046 0.9206

12 Weeks Null 0 -0.0004 0.0044 0.0044 0.0058

Trimester 1 -0.0460 -0.0459 0.0077 0.0076 0.6850

12 Weeks 0.0350 0.0347 0.0030 0.0031 0.0008

Models were fit using the coxph function in the R package survival [6, 7]. Note also that

exposure over the last twelve weeks is a time-varying covariate.

Results are presented in Table 38. In all of these models, the root-mean-square of the R-

estimated standard deviation was very close to the actual standard deviation of the estimates. The

last column of the table shows the p-value for the hypothesis test H0 : mean estimate = true value.

In the first trimester models, the estimate of β1 is very close to the true value. The twelve weeks

models have coefficients that are statistically different from the true values. However, this difference

is of no practical significance.
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CHAPTER 5

CONCLUSION

This study used statistical modeling to examine whether particulate matter pollution is re-

lated to premature or low weight births. The data was compiled from birth certificates and PM

measurements over three years in the Denver area.

For each response variable, we ran generalized linear models that included a variety of both

measures of exposure and covariates pertaining to temperature and humidity. The results of these

models were inconclusive. In many cases, PM exposure was significantly related to premature or

low weight births. However, in most of the models, it appeared that a higher exposure to pollution

lead to a lower risk of a premature birth or low birth weight. This is highly counterintuitive, so we

suggest that further study is called for on this topic.

To further examine the accuracy of these models, we created a variety of simulations. Data was

created under the assumption that a woman who is a certain number of weeks pregnant has a fixed

probability of giving birth each day, potentially modified by her exposure to PM pollution.

The incorrectly specified logistic model in the simulations mimics our approach to analyzing the

birth certificate data. These models correctly estimated the coefficients in the case of first trimester

exposure, but did not work as well for exposure over the last twelve weeks of the pregnancy. This

is likely because last twelve weeks exposure is a covariate that depends on the date of birth, which

also directly affects the response variable. Caution should therefore be taken when examining the

results of the last twelve weeks and total exposure models on the birth certificate data.

The other types of simulations studied how well different types of models would work on our

data. These models performed relatively well. Again, the twelve week models did not perform as

well as the first trimester models. Even though there was a statistically significant difference be-

tween the estimated coefficients and the true values, there was very little practical difference.

Certainly, further research is called for in this topic. The accuracy of the results could be

increased by using a larger data set with fewer missing PM values. It would be useful to have more

pollution measurements in the area, since this would decrease the error from spatial matching. Our

study also showed that using a different type of model, such as a Poisson generalized linear model

or the Cox proportional hazards model, could improve accuracy.
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APPENDIX A

LIST OF COVARIATES

This appendix presents the list of final covariates in each backwards-selected model described

in chapter 3. Each model was backwards selected starting from a model containing the following

covariates: birth year, birth month, infant sex, maternal age, income, education, prenatal care

indicator, number of prenatal visits, mother’s weight prior to pregnancy, number of previous births,

indicator for previous termination, indicator for consumption of cigarettes at any time, indicator for

alcoholic drink consumption during pregnancy, indicator for a previous cesarean section, indicator

for any risk factor occurring, county, and the general ethnic/racial variable.

Certain models contained additional variables. The models with temperature and humidity

contained average temperature and humidity measurements from the particulate matter air stations

over each of the three trimesters, the last twelve weeks of the pregnancy, and the total length of the

pregnancy. The models with downloaded temperature data contained average temperature from

the National Climatic Data Center over each of the three trimesters, the last twelve weeks of the

pregnancy, and the total length of the pregnancy. The models with basic covariates did not contain

any temperature or humidity variables.

We ran each model with all its potential covariates and the covariate with the highest p-

value was selected for elimination. For categorical variables, only the category with the smallest

p-value was considered when choosing variables to eliminate. We then ran the model again with the

eliminated covariate missing and the next covariate was selected for elimination from this model.

This process was repeated until all the covariates in the model had p < 0.10.

A.1 Premature Birth Models

The following sections detail the list of variables contained in each model where the indicator

of having a premature birth was the response variable.
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A.1.1 Total PM for ALS/EDI/MAP Stations

This section contains the list of variables included in the premature birth models where expo-

sure was defined as the measurement of total PM from the ALS/EDI/MAP station set.

Trimester 1 with Temperature & Humidity

Birth year, birth month, maternal age, income, education, prenatal care indicator, number

of prenatal visits, mother’s weight prior to pregnancy, number of previous births, indicator

for previous cesarean section, indicator for any risk factor, county, average temperature over

trimester 1, average temperature over trimester 2, average temperature over trimester 3, aver-

age temperature over the last 12 weeks, average humidity over trimester 1, average humidity

over trimester 2, average humidity over trimester 3, average humidity over the last 12 weeks,

average humidity over the total pregnancy

Trimester 2 with Temperature & Humidity

Birth year, birth month, maternal age, income, education, prenatal care indicator, number

of prenatal visits, mother’s weight prior to pregnancy, number of previous births, indicator

for previous cesarean section, indicator for any risk factor, county, average temperature over

trimester 1, average temperature over trimester 2, average temperature over trimester 3, aver-

age temperature over the last 12 weeks, average humidity over trimester 1, average humidity

over trimester 2, average humidity over trimester 3, average humidity over the last 12 weeks,

average humidity over the total pregnancy

Trimester 3 with Temperature & Humidity

Birth year, birth month, infant sex, maternal age, income, education, prenatal care indicator,

number of prenatal visits, mother’s weight prior to pregnancy, number of previous births,

indicator for previous cesarean section, indicator for any risk factor, county, average tem-

perature over trimester 1, average temperature over trimester 2, average temperature over

trimester 3, average temperature over the last 12 weeks, average temperature over the total

pregnancy, average humidity over trimester 1, average humidity over trimester 2, average

humidity over trimester 3, average humidity over the last 12 weeks, average humidity over

the total pregnancy
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Last 12 Weeks with Temperature & Humidity

Birth year, birth month, maternal age, income, education, prenatal care indicator, number

of prenatal visits, mother’s weight prior to pregnancy, number of previous births, indicator

for previous cesarean section, indicator for any risk factor, county, average temperature over

trimester 1, average temperature over trimester 2, average temperature over trimester 3, aver-

age temperature over the last 12 weeks, average temperature over the total pregnancy, average

humidity over trimester 1, average humidity over trimester 2, average humidity over trimester

3, average humidity over the last 12 weeks, average humidity over the total pregnancy

Total with Temperature & Humidity

Birth year, birth month, infant sex, maternal age, income, education, prenatal care indicator,

number of prenatal visits, mother’s weight prior to pregnancy, number of previous births,

indicator for previous cesarean section, indicator for any risk factor, county, average tem-

perature over trimester 1, average temperature over trimester 2, average temperature over

trimester 3, average temperature over the last 12 weeks, average humidity over trimester 1,

average humidity over trimester 2, average humidity over trimester 3, average humidity over

the last 12 weeks, average humidity over the total pregnancy

Trimester 1 with Downloaded Temperature

Birth year, birth month, infant sex, maternal age, income, education, prenatal care indicator,

number of prenatal visits, mother’s weight prior to pregnancy, number of previous births,

indicator for consumption of cigarettes at any time, indicator for alcoholic drink consumption

during pregnancy, indicator for previous cesarean section, indicator for any risk factor, county,

the general ethnic/racial variable, average temperature over trimester 2, average temperature

over trimester 3, average temperature over the last 12 weeks, average temperature over the

total pregnancy

Trimester 2 with Downloaded Temperature

Birth year, birth month, infant sex, maternal age, income, education, prenatal care indicator,

number of prenatal visits, number of previous births, indicator for consumption of cigarettes at

any time, indicator for previous cesarean section, indicator for any risk factor, county, average

temperature over trimester 1, average temperature over trimester 2, average temperature over

trimester 3, average temperature over the last 12 weeks, average temperature over the total

pregnancy
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Trimester 3 with Downloaded Temperature

Birth year, birth month, infant sex, maternal age, income, education, prenatal care indi-

cator, number of prenatal visits, number of previous births, indicator for consumption of

cigarettes at any time, indicator for alcoholic drink consumption during pregnancy, indica-

tor for previous cesarean section, indicator for any risk factor, county, average temperature

over trimester 1, average temperature over trimester 2, average temperature over trimester

3, average temperature over the last 12 weeks, average temperature over the total pregnancy

Last 12 Weeks with Downloaded Temperature

Birth year, birth month, infant sex, maternal age, income, education, prenatal care indi-

cator, number of prenatal visits, number of previous births, indicator for consumption of

cigarettes at any time, indicator for alcoholic drink consumption during pregnancy, indica-

tor for previous cesarean section, indicator for any risk factor, county, average temperature

over trimester 1, average temperature over trimester 2, average temperature over trimester

3, average temperature over the total pregnancy

Total with Downloaded Temperature

Birth year, birth month, infant sex, maternal age, income, education, prenatal care indicator,

number of prenatal visits, number of previous births, indicator for previous cesarean section,

indicator for any risk factor, county, average temperature over trimester 1, average temper-

ature over trimester 2, average temperature over trimester 3, average temperature over the

last 12 weeks, average temperature over the total pregnancy

Trimester 1 with Basic Covariates

Birth year, birth month, infant sex, maternal age, income, education, prenatal care indicator,

number of prenatal visits, mother’s weight prior to pregnancy, number of previous births,

indicator for consumption of cigarettes at any time, indicator for alcoholic drink consumption

during pregnancy, indicator for previous cesarean section, indicator for any risk factor, county,

the general ethnic/racial variable

Trimester 2 with Basic Covariates

Birth year, birth month, infant sex, maternal age, income, education, prenatal care indicator,

number of prenatal visits, number of previous births, indicator for consumption of cigarettes

at any time, indicator for previous cesarean section, indicator for any risk factor, county
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Trimester 3 with Basic Covariates

Birth year, birth month, infant sex, maternal age, income, education, prenatal care indicator,

number of prenatal visits, number of previous births, indicator for previous termination,

indicator for consumption of cigarettes at any time, indicator for alcoholic drink consumption

during pregnancy, indicator for previous cesarean section, indicator for any risk factor, county

Last 12 Weeks with Basic Covariates

Birth year, birth month, infant sex, maternal age, income, education, prenatal care indicator,

number of prenatal visits, number of previous births, indicator for previous termination,

indicator for consumption of cigarettes at any time, indicator for alcoholic drink consumption

during pregnancy, indicator for previous cesarean section, indicator for any risk factor, county

Total with Basic Covariates

Birth year, birth month, infant sex, maternal age, income, education, prenatal care indicator,

number of prenatal visits, number of previous births, indicator for consumption of cigarettes

at any time, indicator for previous cesarean section, indicator for any risk factor, county

A.1.2 Total PM for DMAS/MAP Stations

This section contains the list of variables included in the premature birth models where expo-

sure was defined as the measurement of total PM from the DMASI/MAP station set.

Trimester 1 with Temperature & Humidity

Birth year, birth month, infant sex, maternal age, income, education, prenatal care indicator,

number of prenatal visits, number of previous births, indicator for previous cesarean section,

indicator for any risk factor, average temperature over trimester 1, average temperature over

trimester 2, average temperature over trimester 3, average temperature over the last 12 weeks,

average humidity over trimester 1, average humidity over trimester 2, average humidity over

trimester 3, average humidity over the last 12 weeks

Trimester 2 with Temperature & Humidity

Birth year, birth month, maternal age, income, education, prenatal care indicator, number

of prenatal visits, mother’s weight prior to pregnancy, number of previous births, indicator

for previous cesarean section, indicator for any risk factor, county, average temperature over

trimester 1, average temperature over trimester 2, average temperature over trimester 3, aver-
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age temperature over the last 12 weeks, average temperature over the total pregnancy, average

humidity over trimester 1, average humidity over trimester 2, average humidity over trimester

3, average humidity over the last 12 weeks, average humidity over the total pregnancy

Trimester 3 with Temperature & Humidity

Birth year, birth month, maternal age, income, education, prenatal care indicator, number

of prenatal visits, mother’s weight prior to pregnancy, number of previous births, indicator

for previous cesarean section, indicator for any risk factor, county, average temperature over

trimester 1, average temperature over trimester 2, average temperature over trimester 3, aver-

age temperature over the last 12 weeks, average temperature over the total pregnancy, average

humidity over trimester 1, average humidity over trimester 2, average humidity over trimester

3, average humidity over the last 12 weeks, average humidity over the total pregnancy

Last 12 Weeks with Temperature & Humidity

Birth year, birth month, infant sex, maternal age, income, education, prenatal care indicator,

number of prenatal visits, mother’s weight prior to pregnancy, number of previous births,

indicator for previous cesarean section, indicator for any risk factor, county, average tem-

perature over trimester 1, average temperature over trimester 2, average temperature over

trimester 3, average temperature over the last 12 weeks, average humidity over trimester 1,

average humidity over trimester 2, average humidity over trimester 3, average humidity over

the last 12 weeks, average humidity over the total pregnancy

Total with Temperature & Humidity

Birth year, birth month, maternal age, income, education, prenatal care indicator, number

of prenatal visits, mother’s weight prior to pregnancy, number of previous births, indicator

for previous cesarean section, indicator for any risk factor, county, average temperature over

trimester 1, average temperature over trimester 2, average temperature over trimester 3, aver-

age temperature over the last 12 weeks, average humidity over trimester 1, average humidity

over trimester 2, average humidity over trimester 3, average humidity over the last 12 weeks,

average humidity over the total pregnancy

Trimester 1 with Downloaded Temperature

Birth year, birth month, infant sex, maternal age, income, education, prenatal care indicator,

number of prenatal visits, number of previous births, indicator for consumption of cigarettes at
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any time, indicator for previous cesarean section, indicator for any risk factor, county, average

temperature over trimester 1, average temperature over trimester 2, average temperature over

trimester 3, average temperature over the last 12 weeks, average temperature over the total

pregnancy

Trimester 2 with Downloaded Temperature

Birth year, birth month, infant sex, maternal age, income, education, prenatal care indicator,

number of prenatal visits, number of previous births, indicator for consumption of cigarettes at

any time, indicator for previous cesarean section, indicator for any risk factor, county, average

temperature over trimester 2, average temperature over trimester 3, average temperature over

the last 12 weeks, average temperature over the total pregnancy

Trimester 3 with Downloaded Temperature

Birth year, birth month, infant sex, maternal age, income, education, prenatal care indicator,

number of prenatal visits, number of previous births, indicator for consumption of cigarettes at

any time, indicator for alcoholic drink consumption during pregnancy, indicator for previous

cesarean section, indicator for any risk factor, county, average temperature over trimester 2,

average temperature over trimester 3, average temperature over the last 12 weeks, average

temperature over the total pregnancy

Last 12 Weeks with Downloaded Temperature

Birth year, birth month, infant sex, maternal age, income, education, prenatal care indicator,

number of prenatal visits, number of previous births, indicator for previous termination,

indicator for consumption of cigarettes at any time, indicator for alcoholic drink consumption

during pregnancy, indicator for previous cesarean section, indicator for any risk factor, county,

average temperature over trimester 1, average temperature over trimester 2

Total with Downloaded Temperature

Birth year, birth month, infant sex, maternal age, income, education, prenatal care indicator,

number of prenatal visits, number of previous births, indicator for consumption of cigarettes at

any time, indicator for previous cesarean section, indicator for any risk factor, county, average

temperature over trimester 1, average temperature over trimester 2, average temperature over

trimester 3, average temperature over the total pregnancy
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Trimester 1 with Basic Covariates

Birth year, birth month, infant sex, maternal age, income, education, prenatal care indicator,

number of prenatal visits, number of previous births, indicator for consumption of cigarettes at

any time, indicator for alcoholic drink consumption during pregnancy, indicator for previous

cesarean section, indicator for any risk factor, county

Trimester 2 with Basic Covariates

Birth year, birth month, infant sex, maternal age, income, education, prenatal care indicator,

number of prenatal visits, number of previous births, indicator for previous termination,

indicator for consumption of cigarettes at any time, indicator for previous cesarean section,

indicator for any risk factor, county

Trimester 3 with Basic Covariates

Birth year, birth month, infant sex, maternal age, income, education, prenatal care indicator,

number of prenatal visits, number of previous births, indicator for previous termination,

indicator for consumption of cigarettes at any time, indicator for alcoholic drink consumption

during pregnancy, indicator for previous cesarean section, indicator for any risk factor, county

Last 12 Weeks with Basic Covariates

Birth year, birth month, infant sex, maternal age, income, education, prenatal care indicator,

number of prenatal visits, number of previous births, indicator for previous termination,

indicator for consumption of cigarettes at any time, indicator for alcoholic drink consumption

during pregnancy, indicator for previous cesarean section, indicator for any risk factor, county

Total with Basic Covariates

Birth year, birth month, infant sex, maternal age, income, education, prenatal care indicator,

number of prenatal visits, number of previous births, indicator for previous termination,

indicator for consumption of cigarettes at any time, indicator for previous cesarean section,

indicator for any risk factor, county

A.1.3 Fine PM

This section contains the list of variables included in the premature birth models where expo-

sure was defined as the measurement of fine PM from the ALS/EDI/MAP station set.
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Trimester 1 with Temperature & Humidity

Birth year, birth month, maternal age, income, education, prenatal care indicator, number

of prenatal visits, mother’s weight prior to pregnancy, number of previous births, indicator

for previous cesarean section, indicator for any risk factor, county, average temperature over

trimester 1, average temperature over trimester 2, average temperature over trimester 3, aver-

age temperature over the last 12 weeks, average temperature over the total pregnancy, average

humidity over trimester 1, average humidity over trimester 2, average humidity over trimester

3, average humidity over the last 12 weeks, average humidity over the total pregnancy

Trimester 2 with Temperature & Humidity

Birth year, birth month, maternal age, income, education, prenatal care indicator, number

of prenatal visits, mother’s weight prior to pregnancy, number of previous births, indicator

for previous cesarean section, indicator for any risk factor, county, average temperature over

trimester 1, average temperature over trimester 2, average temperature over trimester 3, aver-

age temperature over the last 12 weeks, average humidity over trimester 1, average humidity

over trimester 2, average humidity over trimester 3, average humidity over the last 12 weeks,

average humidity over the total pregnancy

Trimester 3 with Temperature & Humidity

Birth year, birth month, infant sex, maternal age, income, education, prenatal care indicator,

number of prenatal visits, mother’s weight prior to pregnancy, number of previous births,

indicator for previous cesarean section, indicator for any risk factor, county, average tem-

perature over trimester 1, average temperature over trimester 2, average temperature over

trimester 3, average temperature over the last 12 weeks, average temperature over the total

pregnancy, average humidity over trimester 1, average humidity over trimester 2, average

humidity over trimester 3, average humidity over the last 12 weeks, average humidity over

the total pregnancy

Last 12 Weeks with Temperature & Humidity

Birth year, birth month, infant sex, maternal age, income, education, prenatal care indicator,

number of prenatal visits, mother’s weight prior to pregnancy, number of previous births,

indicator for previous cesarean section, indicator for any risk factor, county, average tem-

perature over trimester 1, average temperature over trimester 2, average temperature over

trimester 3, average temperature over the last 12 weeks, average temperature over the total
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pregnancy, average humidity over trimester 1, average humidity over trimester 2, average

humidity over trimester 3, average humidity over the last 12 weeks, average humidity over

the total pregnancy

Total with Temperature & Humidity

Birth year, birth month, infant sex, maternal age, income, education, prenatal care indicator,

number of prenatal visits, mother’s weight prior to pregnancy, number of previous births,

indicator for previous cesarean section, indicator for any risk factor, county, average tem-

perature over trimester 1, average temperature over trimester 2, average temperature over

trimester 3, average temperature over the last 12 weeks, average humidity over trimester 1,

average humidity over trimester 2, average humidity over trimester 3, average humidity over

the last 12 weeks, average humidity over the total pregnancy

Trimester 1 with Downloaded Temperature

Birth year, birth month, infant sex, maternal age, income, education, prenatal care indicator,

number of prenatal visits, mother’s weight prior to pregnancy, number of previous births,

indicator for consumption of cigarettes at any time, indicator for alcoholic drink consumption

during pregnancy, indicator for previous cesarean section, indicator for any risk factor, county,

the general ethnic/racial variable, average temperature over trimester 1, average temperature

over trimester 3, average temperature over the last 12 weeks, average temperature over the

total pregnancy

Trimester 2 with Downloaded Temperature

Birth year, birth month, infant sex, maternal age, income, education, prenatal care indicator,

number of prenatal visits, number of previous births, indicator for consumption of cigarettes at

any time, indicator for previous cesarean section, indicator for any risk factor, county, average

temperature over trimester 1, average temperature over trimester 2, average temperature over

trimester 3, average temperature over the last 12 weeks, average temperature over the total

pregnancy

Trimester 3 with Downloaded Temperature

Birth year, birth month, infant sex, maternal age, income, education, prenatal care indi-

cator, number of prenatal visits, number of previous births, indicator for consumption of

cigarettes at any time, indicator for alcoholic drink consumption during pregnancy, indica-
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tor for previous cesarean section, indicator for any risk factor, county, average temperature

over trimester 1, average temperature over trimester 2, average temperature over trimester

3, average temperature over the last 12 weeks, average temperature over the total pregnancy

Last 12 Weeks with Downloaded Temperature

Birth year, birth month, infant sex, maternal age, income, education, prenatal care indi-

cator, number of prenatal visits, number of previous births, indicator for consumption of

cigarettes at any time, indicator for alcoholic drink consumption during pregnancy, indica-

tor for previous cesarean section, indicator for any risk factor, county, average temperature

over trimester 1, average temperature over trimester 2, average temperature over trimester

3, average temperature over the last 12 weeks, average temperature over the total pregnancy

Total with Downloaded Temperature

Birth year, birth month, infant sex, maternal age, income, education, prenatal care indicator,

number of prenatal visits, number of previous births, indicator for consumption of cigarettes at

any time, indicator for previous cesarean section, indicator for any risk factor, county, average

temperature over trimester 1, average temperature over trimester 2, average temperature over

trimester 3, average temperature over the last 12 weeks, average temperature over the total

pregnancy

Trimester 1 with Basic Covariates

Birth year, birth month, infant sex, maternal age, income, education, prenatal care indicator,

number of prenatal visits, number of previous births, indicator for consumption of cigarettes at

any time, indicator for alcoholic drink consumption during pregnancy, indicator for previous

cesarean section, indicator for any risk factor, county, the general ethnic/racial variable

Trimester 2 with Basic Covariates

Birth year, birth month, infant sex, maternal age, income, education, prenatal care indicator,

number of prenatal visits, number of previous births, indicator for consumption of cigarettes

at any time, indicator for previous cesarean section, indicator for any risk factor, county

Trimester 3 with Basic Covariates

Birth year, birth month, infant sex, maternal age, income, education, prenatal care indicator,

number of prenatal visits, number of previous births, indicator for previous termination,

indicator for consumption of cigarettes at any time, indicator for alcoholic drink consumption
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during pregnancy, indicator for previous cesarean section, indicator for any risk factor, county

Last 12 Weeks with Basic Covariates

Birth year, birth month, infant sex, maternal age, income, education, prenatal care indicator,

number of prenatal visits, number of previous births, indicator for previous termination,

indicator for consumption of cigarettes at any time, indicator for alcoholic drink consumption

during pregnancy, indicator for previous cesarean section, indicator for any risk factor, county

Total with Basic Covariates

Birth year, birth month, infant sex, maternal age, income, education, prenatal care indicator,

number of prenatal visits, number of previous births, indicator for consumption of cigarettes

at any time, indicator for previous cesarean section, indicator for any risk factor, county

A.2 Low Birth Weight Indicator Models

The following sections detail the list of variables contained in each model where the indicator

of having a low-weight birth was the response variable.

A.2.1 Total PM for ALS/EDI/MAP Stations

This section contains the list of variables included in the low weight indicator models where

exposure was defined as the measurement of total PM from the ALS/EDI/MAP station set.

Trimester 1 with Temperature & Humidity

Birth year, birth month, infant sex, income, education, prenatal care indicator, mother’s

weight prior to pregnancy, number of previous births, indicator for consumption of cigarettes

at any time, indicator for previous cesarean section, indicator for any risk factor, the gen-

eral ethnic/racial variable, average temperature over trimester 1, average temperature over

trimester 2, average temperature over the last 12 weeks, average humidity over trimester 2,

average humidity over trimester 3, average humidity over the last 12 weeks, average humidity

over the total pregnancy

Trimester 2 with Temperature & Humidity

Birth year, birth month, infant sex, income, education, prenatal care indicator, mother’s

weight prior to pregnancy, number of previous births, indicator for consumption of cigarettes
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at any time, indicator for previous cesarean section, indicator for any risk factor, the gen-

eral ethnic/racial variable, average temperature over trimester 1, average temperature over

trimester 2, average humidity over trimester 2, average humidity over trimester 3, average

humidity over the last 12 weeks, average humidity over the total pregnancy

Trimester 3 with Temperature & Humidity

Birth year, birth month, infant sex, income, education, prenatal care indicator, mother’s

weight prior to pregnancy, number of previous births, indicator for consumption of cigarettes

at any time, indicator for previous cesarean section, indicator for any risk factor, the gen-

eral ethnic/racial variable, average temperature over trimester 1, average temperature over

trimester 2, average temperature over the last 12 weeks, average humidity over trimester 2,

average humidity over trimester 3, average humidity over the last 12 weeks, average humidity

over the total pregnancy

Last 12 Weeks with Temperature & Humidity

Birth year, birth month, infant sex, income, education, prenatal care indicator, mother’s

weight prior to pregnancy, number of previous births, indicator for consumption of cigarettes

at any time, indicator for previous cesarean section, indicator for any risk factor, the gen-

eral ethnic/racial variable, average temperature over trimester 1, average temperature over

trimester 2, average temperature over the last 12 weeks, average humidity over trimester 2,

average humidity over trimester 3, average humidity over the last 12 weeks, average humidity

over the total pregnancy

Total with Temperature & Humidity

Birth month, infant sex, income, prenatal care indicator, mother’s weight prior to pregnancy,

number of previous births, indicator for consumption of cigarettes at any time, indicator

for previous cesarean section, indicator for any risk factor, county, the general ethnic/racial

variable, average temperature over trimester 2, average temperature over trimester 3, average

temperature over the last 12 weeks, average humidity over trimester 3, average humidity over

the last 12 weeks

Trimester 1 with Downloaded Temperature

Birth month, infant sex, income, prenatal care indicator, mother’s weight prior to pregnancy,

number of previous births, indicator for consumption of cigarettes at any time, indicator
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for alcoholic drink consumption during pregnancy, indicator for previous cesarean section,

indicator for any risk factor, county, the general ethnic/racial variable, average temperature

over trimester 1, average temperature over trimester 2, average temperature over trimester

3, average temperature over the last 12 weeks, average temperature over the total pregnancy

Trimester 2 with Downloaded Temperature

Birth month, infant sex, maternal age, income, education, prenatal care indicator, number

of prenatal visits, mother’s weight prior to pregnancy, number of previous births, indicator

for consumption of cigarettes at any time, indicator for alcoholic drink consumption during

pregnancy, indicator for previous cesarean section, indicator for any risk factor, county, the

general ethnic/racial variable, average temperature over trimester 1, average temperature

over trimester 2, average temperature over trimester 3, average temperature over the total

pregnancy

Trimester 3 with Downloaded Temperature

Birth year, birth month, infant sex, maternal age, income, prenatal care indicator, number of

prenatal visits, mother’s weight prior to pregnancy, number of previous births, indicator for

consumption of cigarettes at any time, indicator for previous cesarean section, indicator for

any risk factor, county, the general ethnic/racial variable, average temperature over trimester

1, average temperature over trimester 2, average temperature over trimester 3, average tem-

perature over the last 12 weeks, average temperature over the total pregnancy

Last 12 Weeks with Downloaded Temperature

Birth year, birth month, infant sex, maternal age, income, education, prenatal care indicator,

number of prenatal visits, mother’s weight prior to pregnancy, number of previous births,

indicator for consumption of cigarettes at any time, indicator for previous cesarean section,

indicator for any risk factor, county, the general ethnic/racial variable, average temperature

over trimester 1, average temperature over trimester 2, average temperature over trimester

3, average temperature over the last 12 weeks, average temperature over the total pregnancy

Total with Downloaded Temperature

Infant sex, income, prenatal care indicator, number of prenatal visits, mother’s weight prior

to pregnancy, number of previous births, indicator for consumption of cigarettes at any time,

indicator for alcoholic drink consumption during pregnancy, indicator for previous cesarean
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section, indicator for any risk factor, county, the general ethnic/racial variable, average tem-

perature over trimester 1, average temperature over trimester 2, average temperature over

trimester 3, average temperature over the last 12 weeks, average temperature over the total

pregnancy

Trimester 1 with Basic Covariates

Infant sex, income, prenatal care indicator, mother’s weight prior to pregnancy, number of

previous births, indicator for consumption of cigarettes at any time, indicator for alcoholic

drink consumption during pregnancy, indicator for previous cesarean section, indicator for

any risk factor, county, the general ethnic/racial variable

Trimester 2 with Basic Covariates

Birth month, infant sex, maternal age, income, education, prenatal care indicator, number

of prenatal visits, mother’s weight prior to pregnancy, number of previous births, indicator

for consumption of cigarettes at any time, indicator for alcoholic drink consumption during

pregnancy, indicator for previous cesarean section, indicator for any risk factor, county, the

general ethnic/racial variable

Trimester 3 with Basic Covariates

Birth month, infant sex, maternal age, income, education, prenatal care indicator, number of

prenatal visits, mother’s weight prior to pregnancy, number of previous births, indicator for

consumption of cigarettes at any time, indicator for previous cesarean section, indicator for

any risk factor, county, the general ethnic/racial variable

Last 12 Weeks with Basic Covariates

Birth month, infant sex, maternal age, income, education, prenatal care indicator, number of

prenatal visits, mother’s weight prior to pregnancy, number of previous births, indicator for

consumption of cigarettes at any time, indicator for previous cesarean section, indicator for

any risk factor, county, the general ethnic/racial variable

Total with Basic Covariates

Infant sex, income, prenatal care indicator, number of prenatal visits, mother’s weight prior

to pregnancy, number of previous births, indicator for consumption of cigarettes at any time,

indicator for alcoholic drink consumption during pregnancy, indicator for previous cesarean

section, indicator for any risk factor, county, the general ethnic/racial variable
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A.2.2 Total PM for DMAS/MAP Stations

This section contains the list of variables included in the low weight indicator models where

exposure was defined as the measurement of total PM from the DMAS/MAP station set.

Trimester 1 with Temperature & Humidity

Infant sex, income, prenatal care indicator, mother’s weight prior to pregnancy, number of

previous births, indicator for consumption of cigarettes at any time, indicator for previous

cesarean section, indicator for any risk factor, the general ethnic/racial variable, average

temperature over trimester 1, average temperature over trimester 2, average temperature

over the last 12 weeks, average temperature over the total pregnancy, average humidity over

trimester 3, average humidity over the last 12 weeks

Trimester 2 with Temperature & Humidity

Birth year, birth month, infant sex, income, education, prenatal care indicator, mother’s

weight prior to pregnancy, number of previous births, indicator for consumption of cigarettes

at any time, indicator for alcoholic drink consumption during pregnancy, indicator for previ-

ous cesarean section, indicator for any risk factor, county, the general ethnic/racial variable,

average humidity over trimester 1, average humidity over trimester 2, average humidity over

trimester 3, average humidity over the last 12 weeks, average humidity over the total preg-

nancy

Trimester 3 with Temperature & Humidity

Birth year, birth month, infant sex, income, prenatal care indicator, mother’s weight prior to

pregnancy, number of previous births, indicator for consumption of cigarettes at any time,

indicator for previous cesarean section, indicator for any risk factor, county, the general eth-

nic/racial variable, average temperature over trimester 2, average temperature over trimester

3, average temperature over the last 12 weeks, average humidity over trimester 1, average

humidity over trimester 3, average humidity over the last 12 weeks

Last 12 Weeks with Temperature & Humidity

Birth year, birth month, infant sex, income, prenatal care indicator, mother’s weight prior to

pregnancy, number of previous births, indicator for consumption of cigarettes at any time,

indicator for previous cesarean section, indicator for any risk factor, county, the general eth-

nic/racial variable, average temperature over trimester 2, average temperature over trimester
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3, average temperature over the last 12 weeks

Total with Temperature & Humidity

Birth month, infant sex, income, prenatal care indicator, mother’s weight prior to pregnancy,

number of previous births, indicator for consumption of cigarettes at any time, indicator

for previous cesarean section, indicator for any risk factor, county, the general ethnic/racial

variable, average temperature over trimester 2, average humidity over trimester 3, average

humidity over the last 12 weeks

Trimester 1 with Downloaded Temperature

Birth month, infant sex, maternal age, income, prenatal care indicator, number of prenatal

visits, mother’s weight prior to pregnancy, number of previous births, indicator for consump-

tion of cigarettes at any time, indicator for previous cesarean section, indicator for any risk

factor, county, the general ethnic/racial variable, average temperature over trimester 2, aver-

age temperature over the total pregnancy

Trimester 2 with Downloaded Temperature

Infant sex, maternal age, income, prenatal care indicator, number of prenatal visits, mother’s

weight prior to pregnancy, number of previous births, indicator for consumption of cigarettes

at any time, indicator for alcoholic drink consumption during pregnancy, indicator for previ-

ous cesarean section, indicator for any risk factor, county, the general ethnic/racial variable,

average temperature over trimester 1, average temperature over trimester 2, average temper-

ature over trimester 3, average temperature over the last 12 weeks, average temperature over

the total pregnancy

Trimester 3 with Downloaded Temperature

Birth year, birth month, infant sex, maternal age, income, prenatal care indicator, number

of prenatal visits, mother’s weight prior to pregnancy, number of previous births, indicator

for consumption of cigarettes at any time, indicator for alcoholic drink consumption during

pregnancy, indicator for previous cesarean section, indicator for any risk factor, county, the

general ethnic/racial variable, average temperature over trimester 1, average temperature

over trimester 2, average temperature over the total pregnancy
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Last 12 Weeks with Downloaded Temperature

Birth year, birth month, infant sex, maternal age, income, prenatal care indicator, number

of prenatal visits, mother’s weight prior to pregnancy, number of previous births, indicator

for consumption of cigarettes at any time, indicator for alcoholic drink consumption during

pregnancy, indicator for previous cesarean section, indicator for any risk factor, county, the

general ethnic/racial variable, average temperature over trimester 1, average temperature

over trimester 2, average temperature over trimester 3

Total with Downloaded Temperature

Infant sex, maternal age, income, education, prenatal care indicator, number of prenatal visits,

mother’s weight prior to pregnancy, number of previous births, indicator for consumption of

cigarettes at any time, indicator for alcoholic drink consumption during pregnancy, indicator

for previous cesarean section, indicator for any risk factor, county, the general ethnic/racial

variable

Trimester 1 with Basic Covariates

Birth month, infant sex, maternal age, income, prenatal care indicator, number of prenatal

visits, mother’s weight prior to pregnancy, number of previous births, indicator for consump-

tion of cigarettes at any time, indicator for previous cesarean section, indicator for any risk

factor, county, the general ethnic/racial variable

Trimester 2 with Basic Covariates

Birth month, infant sex, maternal age, income, prenatal care indicator, number of prenatal

visits, mother’s weight prior to pregnancy, number of previous births, indicator for consump-

tion of cigarettes at any time, indicator for alcoholic drink consumption during pregnancy,

indicator for previous cesarean section, indicator for any risk factor, county, the general eth-

nic/racial variable

Trimester 3 with Basic Covariates

Birth month, infant sex, maternal age, income, prenatal care indicator, number of prenatal

visits, mother’s weight prior to pregnancy, number of previous births, indicator for consump-

tion of cigarettes at any time, indicator for alcoholic drink consumption during pregnancy,

indicator for previous cesarean section, indicator for any risk factor, county, the general eth-

nic/racial variable
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Last 12 Weeks with Basic Covariates

Infant sex, maternal age, income, prenatal care indicator, number of prenatal visits, mother’s

weight prior to pregnancy, number of previous births, indicator for consumption of cigarettes

at any time, indicator for alcoholic drink consumption during pregnancy, indicator for previous

cesarean section, indicator for any risk factor, county, the general ethnic/racial variable

Total with Basic Covariates

Infant sex, maternal age, income, education, prenatal care indicator, number of prenatal visits,

mother’s weight prior to pregnancy, number of previous births, indicator for consumption of

cigarettes at any time, indicator for alcoholic drink consumption during pregnancy, indicator

for previous cesarean section, indicator for any risk factor, county, the general ethnic/racial

variable

A.2.3 Fine PM

This section contains the list of variables included in the low weight indicator models where

exposure was defined as the measurement of fine PM from the ALS/EDI/MAP station set.

Trimester 1 with Temperature & Humidity

Birth year, birth month, infant sex, income, education, prenatal care indicator, mother’s

weight prior to pregnancy, number of previous births, indicator for consumption of cigarettes

at any time, indicator for previous cesarean section, indicator for any risk factor, the gen-

eral ethnic/racial variable, average temperature over trimester 1, average temperature over

trimester 2, average temperature over the last 12 weeks, average humidity over trimester 2,

average humidity over trimester 3, average humidity over the last 12 weeks, average humidity

over the total pregnancy

Trimester 2 with Temperature & Humidity

Birth year, birth month, infant sex, income, education, prenatal care indicator, mother’s

weight prior to pregnancy, number of previous births, indicator for consumption of cigarettes

at any time, indicator for previous cesarean section, indicator for any risk factor, the gen-

eral ethnic/racial variable, average temperature over trimester 1, average temperature over

trimester 2, average temperature over trimester 3, average temperature over the last 12 weeks,

average humidity over trimester 2, average humidity over trimester 3, average humidity over
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the last 12 weeks, average humidity over the total pregnancy

Trimester 3 with Temperature & Humidity

Birth year, birth month, infant sex, income, education, prenatal care indicator, mother’s

weight prior to pregnancy, number of previous births, indicator for consumption of cigarettes

at any time, indicator for previous cesarean section, indicator for any risk factor, the gen-

eral ethnic/racial variable, average temperature over trimester 1, average temperature over

trimester 2, average temperature over the last 12 weeks, average humidity over trimester 2,

average humidity over trimester 3, average humidity over the last 12 weeks, average humidity

over the total pregnancy

Last 12 Weeks with Temperature & Humidity

Birth year, birth month, infant sex, income, education, prenatal care indicator, mother’s

weight prior to pregnancy, number of previous births, indicator for consumption of cigarettes

at any time, indicator for previous cesarean section, indicator for any risk factor, the gen-

eral ethnic/racial variable, average temperature over trimester 1, average temperature over

trimester 2, average temperature over the last 12 weeks, average humidity over trimester 2,

average humidity over trimester 3, average humidity over the last 12 weeks, average humidity

over the total pregnancy

Total with Temperature & Humidity

Birth month, infant sex, income, prenatal care indicator, mother’s weight prior to pregnancy,

number of previous births, indicator for consumption of cigarettes at any time, indicator

for previous cesarean section, indicator for any risk factor, county, the general ethnic/racial

variable, average temperature over trimester 2, average temperature over trimester 3, average

temperature over the last 12 weeks, average humidity over trimester 3, average humidity over

the last 12 weeks

Trimester 1 with Downloaded Temperature

Birth month, infant sex, income, prenatal care indicator, mother’s weight prior to pregnancy,

number of previous births, indicator for consumption of cigarettes at any time, indicator

for alcoholic drink consumption during pregnancy, indicator for previous cesarean section,

indicator for any risk factor, county, the general ethnic/racial variable, average temperature

over trimester 1, average temperature over trimester 2, average temperature over trimester
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3, average temperature over the last 12 weeks, average temperature over the total pregnancy

Trimester 2 with Downloaded Temperature

Birth month, infant sex, maternal age, income, education, prenatal care indicator, number

of prenatal visits, mother’s weight prior to pregnancy, number of previous births, indicator

for consumption of cigarettes at any time, indicator for alcoholic drink consumption during

pregnancy, indicator for previous cesarean section, indicator for any risk factor, county, the

general ethnic/racial variable, average temperature over trimester 1, average temperature

over trimester 2, average temperature over trimester 3, average temperature over the total

pregnancy

Trimester 3 with Downloaded Temperature

Birth year, birth month, infant sex, maternal age, income, prenatal care indicator, number of

prenatal visits, mother’s weight prior to pregnancy, number of previous births, indicator for

consumption of cigarettes at any time, indicator for previous cesarean section, indicator for

any risk factor, county, the general ethnic/racial variable, average temperature over trimester

1, average temperature over trimester 2, average temperature over trimester 3, average tem-

perature over the last 12 weeks, average temperature over the total pregnancy

Last 12 Weeks with Downloaded Temperature

Birth year, birth month, infant sex, maternal age, income, education, prenatal care indicator,

number of prenatal visits, mother’s weight prior to pregnancy, number of previous births,

indicator for consumption of cigarettes at any time, indicator for previous cesarean section,

indicator for any risk factor, county, the general ethnic/racial variable, average temperature

over trimester 1, average temperature over trimester 2, average temperature over trimester

3, average temperature over the last 12 weeks, average temperature over the total pregnancy

Total with Downloaded Temperature

Infant sex, income, prenatal care indicator, number of prenatal visits, mother’s weight prior

to pregnancy, number of previous births, indicator for consumption of cigarettes at any time,

indicator for alcoholic drink consumption during pregnancy, indicator for previous cesarean

section, indicator for any risk factor, county, the general ethnic/racial variable, average tem-

perature over trimester 1, average temperature over trimester 2, average temperature over

trimester 3, average temperature over the last 12 weeks, average temperature over the total
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pregnancy

Trimester 1 with Basic Covariates

Infant sex, income, prenatal care indicator, mother’s weight prior to pregnancy, number of

previous births, indicator for consumption of cigarettes at any time, indicator for alcoholic

drink consumption during pregnancy, indicator for previous cesarean section, indicator for

any risk factor, county, the general ethnic/racial variable

Trimester 2 with Basic Covariates

Birth month, infant sex, maternal age, income, education, prenatal care indicator, number

of prenatal visits, mother’s weight prior to pregnancy, number of previous births, indicator

for consumption of cigarettes at any time, indicator for alcoholic drink consumption during

pregnancy, indicator for previous cesarean section, indicator for any risk factor, county, the

general ethnic/racial variable

Trimester 3 with Basic Covariates

Birth month, infant sex, maternal age, income, education, prenatal care indicator, number of

prenatal visits, mother’s weight prior to pregnancy, number of previous births, indicator for

consumption of cigarettes at any time, indicator for previous cesarean section, indicator for

any risk factor, county, the general ethnic/racial variable

Last 12 Weeks with Basic Covariates

Birth month, infant sex, maternal age, income, education, prenatal care indicator, number of

prenatal visits, mother’s weight prior to pregnancy, number of previous births, indicator for

consumption of cigarettes at any time, indicator for previous cesarean section, indicator for

any risk factor, county, the general ethnic/racial variable

Total with Basic Covariates

Infant sex, income, prenatal care indicator, number of prenatal visits, mother’s weight prior

to pregnancy, number of previous births, indicator for consumption of cigarettes at any time,

indicator for alcoholic drink consumption during pregnancy, indicator for previous cesarean

section, indicator for any risk factor, county, the general ethnic/racial variable
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A.3 Continuous Birth Weight Models

The following sections detail the list of variables contained in each model where weight at birth

was the response variable.

A.3.1 Total PM for ALS/EDI/MAP Stations

This section contains the list of variables included in the linear birth weight models where

exposure was defined as the measurement of total PM from the ALS/EDI/MAP station set.

Trimester 1 with Temperature & Humidity

Birth year, birth month, infant sex, income, education, prenatal care indicator, number of

prenatal visits, mother’s weight prior to pregnancy, number of previous births, indicator for

consumption of cigarettes at any time, indicator for previous cesarean section, indicator for

any risk factor, county, the general ethnic/racial variable, average temperature over trimester

1, average temperature over trimester 2, average temperature over trimester 3, average tem-

perature over the last 12 weeks, average humidity over trimester 2, average humidity over

trimester 3, average humidity over the last 12 weeks, average humidity over the total preg-

nancy

Trimester 2 with Temperature & Humidity

Birth year, birth month, infant sex, income, education, prenatal care indicator, number of

prenatal visits, mother’s weight prior to pregnancy, number of previous births, indicator for

consumption of cigarettes at any time, indicator for previous cesarean section, indicator for

any risk factor, the general ethnic/racial variable, average temperature over trimester 1, aver-

age temperature over trimester 2, average temperature over trimester 3, average temperature

over the last 12 weeks, average temperature over the total pregnancy, average humidity over

trimester 2, average humidity over trimester 3, average humidity over the last 12 weeks,

average humidity over the total pregnancy

Trimester 3 with Temperature & Humidity

Birth year, birth month, infant sex, income, education, prenatal care indicator, number of

prenatal visits, mother’s weight prior to pregnancy, number of previous births, indicator for

consumption of cigarettes at any time, indicator for previous cesarean section, indicator for
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any risk factor, the general ethnic/racial variable, average temperature over trimester 1, aver-

age temperature over trimester 2, average temperature over trimester 3, average temperature

over the last 12 weeks, average temperature over the total pregnancy, average humidity over

trimester 2, average humidity over trimester 3, average humidity over the last 12 weeks,

average humidity over the total pregnancy

Last 12 Weeks with Temperature & Humidity

Birth year, birth month, infant sex, income, education, prenatal care indicator, number of

prenatal visits, mother’s weight prior to pregnancy, number of previous births, indicator for

consumption of cigarettes at any time, indicator for previous cesarean section, indicator for

any risk factor, county, the general ethnic/racial variable, average temperature over trimester

1, average temperature over trimester 2, average temperature over trimester 3, average tem-

perature over the last 12 weeks, average temperature over the total pregnancy, average hu-

midity over trimester 2, average humidity over trimester 3, average humidity over the last 12

weeks, average humidity over the total pregnancy

Total with Temperature & Humidity

Birth year, birth month, infant sex, income, education, prenatal care indicator, number of

prenatal visits, mother’s weight prior to pregnancy, number of previous births, indicator for

consumption of cigarettes at any time, indicator for previous cesarean section, indicator for

any risk factor, county, the general ethnic/racial variable, average temperature over trimester

1, average temperature over trimester 2, average temperature over trimester 3, average tem-

perature over the last 12 weeks, average humidity over trimester 2, average humidity over

trimester 3, average humidity over the last 12 weeks, average humidity over the total preg-

nancy

Trimester 1 with Downloaded Temperature

Birth year, infant sex, income, education, prenatal care indicator, number of prenatal visits,

mother’s weight prior to pregnancy, number of previous births, indicator for consumption of

cigarettes at any time, indicator for alcoholic drink consumption during pregnancy, indicator

for previous cesarean section, indicator for any risk factor, county, the general ethnic/racial

variable, average temperature over trimester 3, average temperature over the last 12 weeks,

average temperature over the total pregnancy
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Trimester 2 with Downloaded Temperature

Birth year, birth month, infant sex, income, education, prenatal care indicator, number of

prenatal visits, mother’s weight prior to pregnancy, number of previous births, indicator

for consumption of cigarettes at any time, indicator for alcoholic drink consumption during

pregnancy, indicator for previous cesarean section, indicator for any risk factor, county, the

general ethnic/racial variable, average temperature over trimester 1, average temperature

over trimester 2, average temperature over trimester 3, average temperature over the last 12

weeks, average temperature over the total pregnancy

Trimester 3 with Downloaded Temperature

Birth year, birth month, infant sex, income, education, prenatal care indicator, number of

prenatal visits, mother’s weight prior to pregnancy, number of previous births, indicator

for consumption of cigarettes at any time, indicator for alcoholic drink consumption during

pregnancy, indicator for previous cesarean section, indicator for any risk factor, county, the

general ethnic/racial variable, average temperature over trimester 1, average temperature

over trimester 2, average temperature over trimester 3, average temperature over the last 12

weeks, average temperature over the total pregnancy

Last 12 Weeks with Downloaded Temperature

Birth year, birth month, infant sex, income, education, prenatal care indicator, number of

prenatal visits, mother’s weight prior to pregnancy, number of previous births, indicator for

consumption of cigarettes at any time, indicator for previous cesarean section, indicator for

any risk factor, county, the general ethnic/racial variable, average temperature over trimester

1, average temperature over trimester 2, average temperature over trimester 3, average tem-

perature over the last 12 weeks, average temperature over the total pregnancy

Total with Downloaded Temperature

Birth year, birth month, infant sex, income, education, prenatal care indicator, number of

prenatal visits, mother’s weight prior to pregnancy, number of previous births, indicator

for consumption of cigarettes at any time, indicator for alcoholic drink consumption during

pregnancy, indicator for previous cesarean section, indicator for any risk factor, county, the

general ethnic/racial variable, average temperature over trimester 1, average temperature

over trimester 2, average temperature over trimester 3, average temperature over the last 12

weeks, average temperature over the total pregnancy
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Trimester 1 with Basic Covariates

Birth year, birth month, infant sex, income, education, prenatal care indicator, number of

prenatal visits, mother’s weight prior to pregnancy, number of previous births, indicator

for consumption of cigarettes at any time, indicator for alcoholic drink consumption during

pregnancy, indicator for previous cesarean section, indicator for any risk factor, county, the

general ethnic/racial variable

Trimester 2 with Basic Covariates

Birth month, infant sex, income, education, prenatal care indicator, number of prenatal visits,

mother’s weight prior to pregnancy, number of previous births, indicator for consumption of

cigarettes at any time, indicator for alcoholic drink consumption during pregnancy, indicator

for previous cesarean section, indicator for any risk factor, county, the general ethnic/racial

variable

Trimester 3 with Basic Covariates

Birth month, infant sex, income, education, prenatal care indicator, number of prenatal visits,

mother’s weight prior to pregnancy, number of previous births, indicator for consumption of

cigarettes at any time, indicator for alcoholic drink consumption during pregnancy, indicator

for previous cesarean section, indicator for any risk factor, county, the general ethnic/racial

variable

Last 12 Weeks with Basic Covariates

Birth month, infant sex, income, education, prenatal care indicator, number of prenatal visits,

mother’s weight prior to pregnancy, number of previous births, indicator for consumption of

cigarettes at any time, indicator for previous cesarean section, indicator for any risk factor,

county, the general ethnic/racial variable

Total with Basic Covariates

Infant sex, income, education, prenatal care indicator, number of prenatal visits, mother’s

weight prior to pregnancy, number of previous births, indicator for consumption of cigarettes

at any time, indicator for alcoholic drink consumption during pregnancy, indicator for previous

cesarean section, indicator for any risk factor, county, the general ethnic/racial variable
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A.3.2 Total PM for DMAS/MAP Stations

This section contains the list of variables included in the linear birth weight models where

exposure was defined as the measurement of total PM from the DMAS/MAP station set.

Trimester 1 with Temperature & Humidity

Birth year, birth month, infant sex, income, education, prenatal care indicator, number of

prenatal visits, mother’s weight prior to pregnancy, number of previous births, indicator

for consumption of cigarettes at any time, indicator for alcoholic drink consumption during

pregnancy, indicator for previous cesarean section, indicator for any risk factor, county, the

general ethnic/racial variable, average temperature over trimester 2, average temperature over

trimester 3, average temperature over the last 12 weeks, average temperature over the total

pregnancy, average humidity over trimester 1, average humidity over trimester 3, average

humidity over the last 12 weeks

Trimester 2 with Temperature & Humidity

Birth year, birth month, infant sex, income, education, prenatal care indicator, number of

prenatal visits, mother’s weight prior to pregnancy, number of previous births, indicator

for consumption of cigarettes at any time, indicator for alcoholic drink consumption during

pregnancy, indicator for previous cesarean section, indicator for any risk factor, the gen-

eral ethnic/racial variable, average temperature over trimester 1, average temperature over

trimester 2, average temperature over trimester 3, average temperature over the total preg-

nancy, average humidity over trimester 1, average humidity over trimester 2, average humidity

over trimester 3, average humidity over the last 12 weeks, average humidity over the total

pregnancy

Trimester 3 with Temperature & Humidity

Birth year, birth month, infant sex, income, education, prenatal care indicator, number of

prenatal visits, mother’s weight prior to pregnancy, number of previous births, indicator

for consumption of cigarettes at any time, indicator for previous cesarean section, indicator

for any risk factor, the general ethnic/racial variable, average temperature over trimester 2,

average temperature over trimester 3, average temperature over the last 12 weeks, average

humidity over trimester 2, average humidity over trimester 3, average humidity over the last

12 weeks, average humidity over the total pregnancy
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Last 12 Weeks with Temperature & Humidity

Birth year, birth month, infant sex, income, education, prenatal care indicator, number of

prenatal visits, mother’s weight prior to pregnancy, number of previous births, indicator for

consumption of cigarettes at any time, indicator for previous cesarean section, indicator for

any risk factor, county, the general ethnic/racial variable, average temperature over trimester

2, average temperature over trimester 3, average temperature over the last 12 weeks, average

humidity over trimester 2, average humidity over trimester 3, average humidity over the last

12 weeks, average humidity over the total pregnancy

Total with Temperature & Humidity

Birth year, birth month, infant sex, income, education, prenatal care indicator, number of

prenatal visits, mother’s weight prior to pregnancy, number of previous births, indicator for

consumption of cigarettes at any time, indicator for previous cesarean section, indicator for

any risk factor, county, the general ethnic/racial variable, average temperature over trimester

1, average temperature over trimester 2, average temperature over trimester 3, average tem-

perature over the last 12 weeks, average temperature over the total pregnancy, average hu-

midity over trimester 2, average humidity over trimester 3, average humidity over the last 12

weeks, average humidity over the total pregnancy

Trimester 1 with Downloaded Temperature

Birth year, birth month, infant sex, income, education, prenatal care indicator, number of

prenatal visits, mother’s weight prior to pregnancy, number of previous births, indicator

for consumption of cigarettes at any time, indicator for alcoholic drink consumption during

pregnancy, indicator for previous cesarean section, indicator for any risk factor, county, the

general ethnic/racial variable, average temperature over trimester 1, average temperature

over trimester 2, average temperature over trimester 3, average temperature over the last 12

weeks, average temperature over the total pregnancy

Trimester 2 with Downloaded Temperature

Birth year, birth month, infant sex, income, education, prenatal care indicator, number of

prenatal visits, mother’s weight prior to pregnancy, number of previous births, indicator

for consumption of cigarettes at any time, indicator for alcoholic drink consumption during

pregnancy, indicator for previous cesarean section, indicator for any risk factor, county, the

general ethnic/racial variable, average temperature over trimester 1, average temperature
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over trimester 2, average temperature over trimester 3, average temperature over the last 12

weeks

Trimester 3 with Downloaded Temperature

Birth year, birth month, infant sex, income, education, prenatal care indicator, number of

prenatal visits, mother’s weight prior to pregnancy, number of previous births, indicator

for consumption of cigarettes at any time, indicator for alcoholic drink consumption during

pregnancy, indicator for previous cesarean section, indicator for any risk factor, county, the

general ethnic/racial variable, average temperature over trimester 2, average temperature

over trimester 3, average temperature over the last 12 weeks, average temperature over the

total pregnancy

Last 12 Weeks with Downloaded Temperature

Birth year, birth month, infant sex, income, education, prenatal care indicator, number of

prenatal visits, mother’s weight prior to pregnancy, number of previous births, indicator

for consumption of cigarettes at any time, indicator for alcoholic drink consumption during

pregnancy, indicator for previous cesarean section, indicator for any risk factor, county, the

general ethnic/racial variable, average temperature over trimester 2, average temperature

over trimester 3, average temperature over the last 12 weeks, average temperature over the

total pregnancy

Total with Downloaded Temperature

Infant sex, income, education, prenatal care indicator, number of prenatal visits, mother’s

weight prior to pregnancy, number of previous births, indicator for consumption of cigarettes

at any time, indicator for alcoholic drink consumption during pregnancy, indicator for previ-

ous cesarean section, indicator for any risk factor, county, the general ethnic/racial variable,

average temperature over trimester 1, average temperature over trimester 2, average temper-

ature over the last 12 weeks, average temperature over the total pregnancy

Trimester 1 with Basic Covariates

Birth month, infant sex, income, education, prenatal care indicator, number of prenatal visits,

mother’s weight prior to pregnancy, number of previous births, indicator for consumption of

cigarettes at any time, indicator for alcoholic drink consumption during pregnancy, indicator

for previous cesarean section, indicator for any risk factor, county, the general ethnic/racial
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variable

Trimester 2 with Basic Covariates

Birth month, infant sex, income, education, prenatal care indicator, number of prenatal visits,

mother’s weight prior to pregnancy, number of previous births, indicator for consumption of

cigarettes at any time, indicator for alcoholic drink consumption during pregnancy, indicator

for previous cesarean section, indicator for any risk factor, county, the general ethnic/racial

variable

Trimester 3 with Basic Covariates

Birth month, infant sex, income, education, prenatal care indicator, number of prenatal visits,

mother’s weight prior to pregnancy, number of previous births, indicator for consumption of

cigarettes at any time, indicator for alcoholic drink consumption during pregnancy, indicator

for previous cesarean section, indicator for any risk factor, county, the general ethnic/racial

variable

Last 12 Weeks with Basic Covariates

Birth month, infant sex, income, education, prenatal care indicator, number of prenatal visits,

mother’s weight prior to pregnancy, number of previous births, indicator for consumption of

cigarettes at any time, indicator for alcoholic drink consumption during pregnancy, indicator

for previous cesarean section, indicator for any risk factor, county, the general ethnic/racial

variable

Total with Basic Covariates

Infant sex, income, education, prenatal care indicator, number of prenatal visits, mother’s

weight prior to pregnancy, number of previous births, indicator for consumption of cigarettes

at any time, indicator for alcoholic drink consumption during pregnancy, indicator for previous

cesarean section, indicator for any risk factor, county, the general ethnic/racial variable

A.3.3 Fine PM

This section contains the list of variables included in the linear birth weight models where

exposure was defined as the measurement of fine PM from the ALS/EDI/MAP station set.
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Trimester 1 with Temperature & Humidity

Birth year, birth month, infant sex, income, education, prenatal care indicator, number of

prenatal visits, mother’s weight prior to pregnancy, number of previous births, indicator for

consumption of cigarettes at any time, indicator for previous cesarean section, indicator for

any risk factor, county, the general ethnic/racial variable, average temperature over trimester

1, average temperature over trimester 2, average temperature over trimester 3, average tem-

perature over the last 12 weeks, average humidity over trimester 2, average humidity over

trimester 3, average humidity over the last 12 weeks, average humidity over the total preg-

nancy

Trimester 2 with Temperature & Humidity

Birth year, birth month, infant sex, income, education, prenatal care indicator, number of

prenatal visits, mother’s weight prior to pregnancy, number of previous births, indicator for

consumption of cigarettes at any time, indicator for previous cesarean section, indicator for

any risk factor, the general ethnic/racial variable, average temperature over trimester 1, aver-

age temperature over trimester 2, average temperature over trimester 3, average temperature

over the last 12 weeks, average humidity over trimester 2, average humidity over trimester 3,

average humidity over the last 12 weeks, average humidity over the total pregnancy

Trimester 3 with Temperature & Humidity

Birth year, birth month, infant sex, income, education, prenatal care indicator, number of

prenatal visits, mother’s weight prior to pregnancy, number of previous births, indicator for

consumption of cigarettes at any time, indicator for previous cesarean section, indicator for

any risk factor, county, the general ethnic/racial variable, average temperature over trimester

1, average temperature over trimester 2, average temperature over trimester 3, average tem-

perature over the last 12 weeks, average humidity over trimester 2, average humidity over

trimester 3, average humidity over the last 12 weeks, average humidity over the total preg-

nancy

Last 12 Weeks with Temperature & Humidity

Birth year, birth month, infant sex, income, education, prenatal care indicator, number of

prenatal visits, mother’s weight prior to pregnancy, number of previous births, indicator for

consumption of cigarettes at any time, indicator for previous cesarean section, indicator for

any risk factor, county, the general ethnic/racial variable, average temperature over trimester
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1, average temperature over trimester 2, average temperature over trimester 3, average tem-

perature over the last 12 weeks, average humidity over trimester 2, average humidity over

trimester 3, average humidity over the last 12 weeks, average humidity over the total preg-

nancy

Total with Temperature & Humidity

Birth year, birth month, infant sex, income, education, prenatal care indicator, number of

prenatal visits, mother’s weight prior to pregnancy, number of previous births, indicator for

consumption of cigarettes at any time, indicator for previous cesarean section, indicator for

any risk factor, county, the general ethnic/racial variable, average temperature over trimester

1, average temperature over trimester 2, average temperature over trimester 3, average tem-

perature over the last 12 weeks, average humidity over trimester 2, average humidity over

trimester 3, average humidity over the last 12 weeks, average humidity over the total preg-

nancy

Trimester 1 with Downloaded Temperature

Birth year, birth month, infant sex, income, education, prenatal care indicator, number of

prenatal visits, mother’s weight prior to pregnancy, number of previous births, indicator

for consumption of cigarettes at any time, indicator for alcoholic drink consumption during

pregnancy, indicator for previous cesarean section, indicator for any risk factor, county, the

general ethnic/racial variable, average temperature over trimester 3, average temperature

over the last 12 weeks, average temperature over the total pregnancy

Trimester 2 with Downloaded Temperature

Birth year, birth month, infant sex, income, education, prenatal care indicator, number of

prenatal visits, mother’s weight prior to pregnancy, number of previous births, indicator

for consumption of cigarettes at any time, indicator for alcoholic drink consumption during

pregnancy, indicator for previous cesarean section, indicator for any risk factor, county, the

general ethnic/racial variable, average temperature over trimester 1, average temperature

over trimester 2, average temperature over trimester 3, average temperature over the last 12

weeks, average temperature over the total pregnancy
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Trimester 3 with Downloaded Temperature

Birth year, birth month, infant sex, income, education, prenatal care indicator, number of

prenatal visits, mother’s weight prior to pregnancy, number of previous births, indicator

for consumption of cigarettes at any time, indicator for alcoholic drink consumption during

pregnancy, indicator for previous cesarean section, indicator for any risk factor, county, the

general ethnic/racial variable, average temperature over trimester 1, average temperature

over trimester 2, average temperature over trimester 3, average temperature over the last 12

weeks, average temperature over the total pregnancy

Last 12 Weeks with Downloaded Temperature

Birth year, birth month, infant sex, income, education, prenatal care indicator, number of

prenatal visits, mother’s weight prior to pregnancy, number of previous births, indicator for

consumption of cigarettes at any time, indicator for previous cesarean section, indicator for

any risk factor, county, the general ethnic/racial variable, average temperature over trimester

1, average temperature over trimester 2, average temperature over trimester 3, average tem-

perature over the last 12 weeks, average temperature over the total pregnancy

Total with Downloaded Temperature

Birth year, birth month, infant sex, income, education, prenatal care indicator, number of

prenatal visits, mother’s weight prior to pregnancy, number of previous births, indicator

for consumption of cigarettes at any time, indicator for alcoholic drink consumption during

pregnancy, indicator for previous cesarean section, indicator for any risk factor, county, the

general ethnic/racial variable, average temperature over trimester 1, average temperature

over trimester 2, average temperature over trimester 3, average temperature over the last 12

weeks, average temperature over the total pregnancy

Trimester 1 with Basic Covariates

Birth year, birth month, infant sex, income, education, prenatal care indicator, number of

prenatal visits, mother’s weight prior to pregnancy, number of previous births, indicator

for consumption of cigarettes at any time, indicator for alcoholic drink consumption during

pregnancy, indicator for previous cesarean section, indicator for any risk factor, county, the

general ethnic/racial variable
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Trimester 2 with Basic Covariates

Birth month, infant sex, income, education, prenatal care indicator, number of prenatal visits,

mother’s weight prior to pregnancy, number of previous births, indicator for consumption of

cigarettes at any time, indicator for alcoholic drink consumption during pregnancy, indicator

for previous cesarean section, indicator for any risk factor, county, the general ethnic/racial

variable

Trimester 3 with Basic Covariates

Birth month, infant sex, income, education, prenatal care indicator, number of prenatal visits,

mother’s weight prior to pregnancy, number of previous births, indicator for consumption of

cigarettes at any time, indicator for alcoholic drink consumption during pregnancy, indicator

for previous cesarean section, indicator for any risk factor, county, the general ethnic/racial

variable

Last 12 Weeks with Basic Covariates

Birth month, infant sex, income, education, prenatal care indicator, number of prenatal visits,

mother’s weight prior to pregnancy, number of previous births, indicator for consumption of

cigarettes at any time, indicator for previous cesarean section, indicator for any risk factor,

county, the general ethnic/racial variable

Total with Basic Covariates

Infant sex, income, education, prenatal care indicator, number of prenatal visits, mother’s

weight prior to pregnancy, number of previous births, indicator for consumption of cigarettes

at any time, indicator for alcoholic drink consumption during pregnancy, indicator for previous

cesarean section, indicator for any risk factor, county, the general ethnic/racial variable
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