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Abstract

Objectives This paper evaluates the changes in vehicle
exhaust and stroke mortality for the general public resid-
ing in the surrounding area of the light rail transit (LRT) in
Houston, Texas, after its opening.

Methods The number of daily deaths due to stroke for
2002-2005 from the surrounding area of the original LRT
line (exposure group) and the control groups was analyzed
using an interrupted time-series analysis. Ambient concen-
trations of acetylene before and after the opening of LRT
were also compared.

Results A statistically significant reduction in the average
concentration of acetylene was observed for the exposure
sites whereas the reduction was negligible at the control
site. Poisson regression models applied to the stroke mor-
tality data indicated a significant reduction in daily stroke
mortality after the opening of LRT for the exposure group,
while there was either an increase or a considerably smaller
reduction for the control groups.

Conclusions The findings support the idea that LRT sys-
tems provide health benefits for the general public and that
the reduction in motor-vehicle-related air pollution may
have contributed to these health benefits.
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Introduction

Interest in the effect of transportation-related air pollu-
tion on public health has increased dramatically in recent
years. It is now generally accepted that automobile pollu-
tion poses significantly more harmful health impacts than
previously realized. A comprehensive review of the health
effects of transport-related air pollution edited by Krzyz-
anowski et al. (2005) concluded that transport-related air
pollution contributes to an increased risk of death from car-
diopulmonary causes and increases the risk of respiratory
symptoms and diseases. Krzyzanowski et al. (2005) advo-
cate the promotion of highly efficient, service-oriented,
and clean public transport and improvements in the flow of
traffic.

More recently, the effect of air pollution on stroke has
received increasing attention in air pollution epidemiology.
According to the Centers for Disease Control and Preven-
tion, stroke is the fifth leading cause of death in the United
States (Centers for Disease Control and Prevention 2015).
There is growing evidence of the association between air
pollution and stroke (Hong et al. 2002; Wellenius et al.
2012; Korek et al. 2015; Shah et al. 2015). Shah et al.
(2015) conducted a systematic review and meta-analysis on
short-term exposure to air pollution and stroke, and found
that admission to the hospital for stroke or mortality from
stroke was associated with an increase in the concentra-
tions of carbon monoxide, sulfur dioxide, nitrogen dioxide,
PM, 5, and PM,,,. A study by Wellenius et al. (2012) found
that ischemic stroke risk was 34% higher (95% confidence
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interval, 13-58%; P <0.001) on days with moderate PM, s
levels compared to days with low levels. These associations
are most strongly associated with pollution from local or
transported traffic emissions. A study by Hong et al. (2002)
also demonstrated an association between exposure to air
pollutants and stroke mortality, and showed that the elderly
and women carry greater risks of stroke mortality due to
the effect of particulate pollutants. Korek et al. (2015)
investigated the risk of stroke from long-term exposure to
air pollution from road traffic and found suggestive evi-
dence of an association even at comparatively low levels of
air pollution.

Despite extensive literature on the health effects of
air pollution, relatively few studies have investigated the
changes in health outcomes after interventions that led to
improved ambient air quality (see, e.g., Friedman et al.
2001; Dockery et al. 2013; Johnston et al. 2013). A recent
review by Henschel et al. (2012) concluded that there is
consistent evidence that decreased air pollution levels fol-
lowing an intervention in general resulted in health benefits
for the assessed population. Brauer et al. (2013) identified
two short-term mitigation strategies for reducing popula-
tion exposure to traffic-related air pollution, reducing vehi-
cle emissions, and modifying existing infrastructure, and
suggested that policies and regulations that target existing
infrastructure and vehicles are likely to be most effective
in reducing exposure because they operate at the popula-
tion level. In this respect, public transportation has received
increasing attention with the recognition of its widely
agreed benefits at the intersection of health and transporta-
tion. While providing mobility solutions for transportation,
new and expanded transit service improvements greatly
help in reducing vehicle emissions and traffic congestion,
and reaching out public health objectives.

Light rail transit (LRT) is a major green transportation
infrastructure. As shown by Puchalsky (2005), the emis-
sions from LRT are considerably less than those from auto-
mobiles. Similar emission reductions from LRT were also
confirmed in other studies (e.g., Chen and Whalley 2012;
Porter et al. 2012). The potential health benefits that LRT
may bring for its users have also been studied. For instance,
MacDonald et al. (2010) found a significant association
between the use of LRT systems and reductions in body
mass index over time and meeting weekly recommended
physical activity levels. On the other hand, quantification of
the links between air pollution and public health are quite
challenging since there are various uncertainties that might
influence the process (Battelle and TTI 2014). While it is
generally expected that LRT could bring air quality ben-
efit for general public, to the best of our knowledge, no
study has examined the potential health benefits that can
be achieved through the reduction of vehicular emissions
accompanied by the arrival of LRT.
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The main objective of this study is to provide a first step
in developing an evidence-based assessment of the health
benefits of an LRT line after its opening for general public.
This is achieved by evaluating the changes in stroke mor-
tality and automobile exhaust emissions in the surround-
ing area of the Metropolitan Transit Authority of Harris
County, Texas (Houston METRO) LRT line through an
interrupted time-series design and analysis with a control
group. It is important to note here that while automobile
exhaust represents a complex mixture of various air pol-
lutants including VOCs, PM, CO, NOx, etc., this study
focuses on the emission of acetylene to assess traffic-related
pollution. This is because acetylene is emitted mainly by
automobile exhaust, unlike other pollutants that are also
emitted by other pollution sources (e.g., industrial sources),
and the magnitude of the automobile emissions is propor-
tional to the emission of acetylene. Small other source of
acetylene, such as welding, certain chemical industries,
and fires, might also exist, but are expected to be of little
influence (Whitby and Altwicker 1978; Fortin et al. 2005;
Warneke et al. 2007).

In addition to providing important insights on the rela-
tive risk of stroke mortality associated with the opening of
LRT, this study contributes to the emerging evidence link-
ing health and traffic-related pollution.

Methods
Study population

The study population consisted of the residents of Har-
ris County, Texas. The area of interest was the surround-
ing area of the original Houston METRO LRT line. The
original 7.5 mile Red Line (or North Line) took place on
January 01, 2004 and ran from the Texas Medical Center to
Downtown, with 16 stations along its route.

Data used
Health data

We obtained mortality data from the Texas Department
of State Health Services Center for Health Statistics for
2002-2005. We extracted data concerning the number of
daily deaths due to stroke [World Health Organization’s
International Classification of Diseases, 10th revision
(ICD-10) code 160-169].

Decedents whose residences at the time of death were
near the LRT—whose information was extracted using
the 3-, 5-, and 10-mile buffers surrounding the LRT—
were selected as the LRT exposure group. Figure 1 shows
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Fig. 1 Map of the Houston
LRT Line and Air Pollution
Monitoring Stations in Harris
County, Texas, USA
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the location of the LRT and the buffer areas in a 3-, 5-,
and 10-mile radius.

For control groups unaffected by the intervention (the
non-LRT exposure group), we considered two groups of
population. The first group was those whose residences
at the time of death were in a northwest region consist-
ing of 67 census tracts (shaded in Fig. 1) that are distant
from the LRT (control group 1). The second group was
those whose residences at the time of death were outside
the 10-mile buffer area falling within the Harris County
(control group 2). The assignment of two control groups
was arranged to ensure that the results are not very sensi-
tive to the selection of a control group.

Weather data

We obtained meteorological data for 2002-2005 from
the National Oceanic and Atmospheric Administration’s
National Climatic Data Center. Specifically, we used
daily 24 h average temperature and dew point tempera-
ture data collected from the Automated Surface Observa-
tion System stations located at William P. Hobby Airport
and George Bush Intercontinental Airport in Houston in
the analysis. Figure 1 shows the location of two weather
stations. Daily 24 h average temperature and dew point
temperature for years 2002-2005 in Houston range from
34.5 to 89.3 (with mean 69.7 and standard deviation
12.5) and 9 to 77.5 (with mean 60.2 and standard devia-
tion 14.1), respectively.

Traffic-related pollution data

We used the ambient concentrations of acetylene to esti-
mate changes in automobile exhaust emissions. As afore-
mentioned, it is well known that acetylene is emitted mainly
by automobile exhaust and the magnitude of the automo-
bile emissions is proportional to the emission of acetylene
(see, e.g., Fortin et al. 2005; Warneke et al. 2007). As a
result, acetylene has often been used as a tracer for automo-
bile exhaust. Figure 1 shows ten monitoring sites in Harris
County, Texas, collecting 24 hour canister volatile organic
compound (VOC) data (acetylene is one of the measured
species) every 6 days.

Out of the ten VOC monitoring sites shown in Fig. 1, the
nine sites (excluding the Northwest Harris County monitor-
ing site) are considered exposure sites in this study. These
nine VOC monitoring sites are close to major highways
and are likely affected by changes in automobile emissions
accompanied by the opening of the LRT. Since the most
predominant wind in the Houston area is from the south-
east, automobile emissions from the VOC monitoring sites
located in the east of the LRT buffer areas in addition to
those belonging to the 10 mile buffer area in Fig. 1 may
also affect the LRT buffer areas.

A distant monitoring site, the Northwest Harris County
station, was set aside to be used as a control site for traffic-
related pollution. The Northwest Harris County monitoring
site is located farthest from the buffer areas and from major
highways, and automobile emissions from that site are not
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likely to affect the buffer areas considering that the most pre-
dominant wind in the Houston area is from the southeast.

Statistical analysis

Several analyses were performed to examine the changes in
automobile exhaust emissions and stroke mortality before
and after the opening of LRT. To assess the change in expo-
sure to vehicle exhaust for the LRT exposure group, we first
calculated the spatial average of acetylene levels across the
nine monitoring sites (excluding the control site of North-
west Harris County). We then compared the average concen-
trations of acetylene and the log of acetylene for the 2-year
before and after the intervention periods for the exposure
and control sites. We defined the 2-year before period to be
January 1, 2002, through December 31, 2003, and the after
period to be January 1, 2004, through December 31, 2005.
We also computed the average number of daily deaths due
to stroke for before and after the intervention periods for the
LRT exposure and control groups. To investigate whether
the effect of LRT on stroke mortality changes with shorter
before and after periods, the 3-month before period (October
2003-December 2003) and the 3-month after period (January
2004—March 2004) were also considered in the analysis.

To further assess the effect of the intervention on stroke
mortality, we performed interrupted time-series analysis
(see, e.g., Campbell and Stanley 1966; Campbell and Russo
1999) for each LRT exposure group defined by 3-, 5-, and
10-mile buffers surrounding the LRT based on daily mortal-
ity time-series data from 2002 to 2005. We employed Pois-
son regression models to estimate the percent change in the
relative risk for stroke mortality associated with the opening
of LRT while controlling for seasonal and long-term trends,
day of the week (weekday versus weekend), and the effects
of meteorology. The periods before and after the intervention
were included as an indicator variable, smoothing terms for
calendar time, temperature, and dew point temperature using
natural spline smoothers. Indicator variables for weekday
(coded as 1 for weekdays and O for weekend) and extreme
temperature (coded as 1 for values less than the 5th percentile
or greater than the 95th percentile, and O for all other temper-
ature values) were also included in the model. Specifically,
we considered the following model:

y;, ~ Poisson(4,),

log ( ,1[) = B, + B, X Intervention, + f, X WorkDay,
+ p; X ExtremeTemp,
+ By x ns(DATE,, dfparr:) + Bs
x ns(TEMP,, dfrpvp) + Bs
X ns(DEWP,, dfpewp ),

@ Springer

Table 1 Average acetylene concentrations for each year during the
study period (2002-2005) in Harris County, Texas, USA

Area Period Year  Average
acetylene
level (in
parts per
billion
carbon-
ppbC)

Exposure sites  Before 2002  1.49

2003  1.50
After 2004 141
2005  1.17
Percent change (average) —13%
Control site Before 2002 0.79
2003  0.83
After 2004  0.82
2005  0.78
Percent change (average) —-1%

Percent changes are computed using the averages for each time period
(i.e., before and after periods), i.e., Percent change=100 X (average
after — average before)/average before

where y, is the stroke mortality count for day
t,  ns(DATE,dfparg),  ns(TEMP,dfigyp).  and
ns(DEWPt,deEWP) are natural spline smoothers with
degrees of freedom, dfparg, dfremp and dfppwp, respec-
tively, and f#’s are model parameters.

The degrees of freedom for the natural splines were
selected to minimize the Akaike information criterion
(AIC) values. We explored 2-4 degrees of freedom
(dfiime) per year for the smoothing of calendar time and
selected the one minimizing the AIC. For the smoothing
of temperature and dew point temperature, we explored
a range of alternative lags and degrees of freedom, but
there was no significant difference in AIC or in the esti-
mated coefficient for the intervention. We used 4 df for
the smoothing of temperature and 3 df for dew point tem-
perature with O lag days for both temperature and dew
point temperature. We conducted an identical statistical
analysis for control groups.

We also examined the sensitivity of our results to the
study period by applying a similar Poisson regression
model to the subset of mortality time-series data with the
3-month before period and the 3-month after period. The
same covariates except for the smoothing terms for calen-
dar time were included. Seasonality and long-term trends
were not included in this model due to the short study
period.
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Results

Table 1 presents the annual average concentrations of acet-
ylene for the exposure sites (computed as the yearly mean
of the spatial averages across the nine sites) and the control
site (Northwest Harris County site) during the study period.
The results show a noticeable reduction (13%) in the aver-
age acetylene level from the before to the after period at
exposure sites, while the reduction was negligible (1%) at
the control site.

Table 2 summarizes the results of ¢ tests that compared
average concentrations of acetylene and concentrations of
‘log of acetylene’ for the periods before and after the inter-
vention for each of the exposure and control sites. Support-
ing the results of Table 1, the statistically significant reduc-
tion in the average concentration of acetylene was observed
only for the exposure sites.

Table 3 contains the average daily mortality for stroke
mortality for each of the before and after periods for the
LRT exposure groups and the control groups. The aver-
age daily mortality or stroke mortality showed a signifi-
cant reduction from the before to the after period within
the buffer areas (the LRT exposure group), while the aver-
age mortality for a distant northwest region from the LRT
(control group 1) or outside the 10-mile buffer area (control

group 2) showed either an increase or a considerably less
reduction. The reduction in average daily stroke mortality
was also found to be larger for the shorter (3-month) before
and after periods.

Table 4 shows the results of the Poisson regression mod-
els applied to the mortality time-series data with the 2-year
window before and after the opening of LRT. We found
that the percent reductions for stroke mortality were nota-
bly larger for the population belonging to the buffer areas
surrounding the LRT (the exposure groups) compared to
those for the control groups. In general, as the buffer area
surrounding the LRT gets smaller, the percent reduction
gets larger although the reduction was not statistically sig-
nificant for the smallest (3-mile) buffer area possibly due
to the limited sample size. For both the 5-mile buffer area
and the 10-mile buffer area, the reduction for the selected
model (based on the AIC) was statistically significant. For
the control groups, there is an increase rather than a reduc-
tion (for northwest region) or the reduction is considerably
smaller (for outside the 10-mile buffer).

Finally, the results of Poisson regression models with the
3-month window before and after the opening of the LRT
are presented in Table 5. Again, the percent reductions for
stroke mortality are noticeably larger for the population
belonging to the buffer areas surrounding the LRT (the

Table 2 Comparison of average concentrations of acetylene and the log of acetylene for the 2-year before and after the intervention periods
(2002-2005) for the control site and exposure sites in Harris County, Texas, USA

Site Average difference (after— Standard error 95% CI
before)
Acetylene Exposure sites —0.194 0.094 —0.380 to —0.009
Control site —0.008 0.062 —0.131t0 0.115
Log (acetylene) Exposure sites —0.126 0.055 —0.234 to —0.019
Control site —0.033 0.073 —0.177t0 0.112
Average difference = Average for after period — Average for before period
Statistically significant results at the 95% confidence level are denoted in bold
Table 3 Average daily StrOk‘? Study period Study group Before After Percent change
mortality for each period during
the study period (2002-2005) 4 years (before:  Inside 3-mile buffer 0.52 0.45 ~14
f;‘if;‘fff;iﬂi?}@;ﬁ;ﬁfﬁfs ieyaigs after: 2 [nside 5-mile buffer 1.01 0.89 -12
USA ‘ Inside 10-mile buffer 2.17 1.91 -12
Northwest region (control group 1) 0.34 0.36 5
Outside 10-mile buffer (control group 2) 1.54 1.52 -1
6 months (before:  Inside 3-mile buffer 0.52 0.37 -28
3 months after: 3 [nside 5-mile buffer 1.17 0.79 -33
months) Inside 10-mile buffer 246 166 -30
Northwest region (control group 1) 0.29 0.35 20
Outside 10-mile buffer (control group 2) 1.42 1.47 3

Percent change = 100 X (after — before)/before
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Table 4 Percent changes in

stroke mortality estimated for
the 2-year window before and
after the Opening of the light

rail transit on January 1, 2004,
in Harris County, Texas, USA

Study group dfime/year Percent change 95% CI Akaike informa-
tion criterion
(AIC)
Inside 3-mile buffer 2 —46.9*% —72.0t0 0.6 2687.0
3 —44.2 —-7471t023.0 26884
4 —43.5 —-782t0463  2692.8
Inside 5-mile buffer 2 —39.3* -60.4t0—-68 3763.1
3 =325 —-60.1to 14.1  3765.6
4 -16.5 —-54.71t053.7 3769.6
Inside 10-mile buffer 2 —33.3* -50.6to —10.0 5079.9
3 —40.3 —-58.6t0o —13.9 5080.8
4 -27.8 -52.8t010.5 5080.3
Northwest region (control group 1) 2 21.3% —40.7to0 148.3 22334
3 9.5 —-5431t0162.3 2240.0
4 24.8 —53.7t0236.5 22438
Outside 10-mile buffer (control group 2) 2 —4.1%* —-319t035.1 45094
3 -9.7 —-4041t036.7 45143
4 -7.0 —-4231t049.9 45226

dfiime/year denotes the degrees of freedom per year used in the natural splines for calendar time

Percent change was computed by 100 X (eﬂ - 1) where f is the estimated regression coefficient for inter-

vention

Statistically significant changes at the 95% confidence level are denoted in bold

*The selected model (dfy;,,,./year) for each group based on Akaike information criterion (AIC)

Table 5 Percent changes in stroke mortality estimated for the
3-month window before and after the opening of the light rail transit
on January 1, 2004, in Harris County, Texas, USA

Study group Percent change 95% CI

Inside 3-mile buffer -30.8 —-572t011.9

Inside 5-mile buffer -34.1 —5241t0—-8.8

Inside 10-mile buffer -30.4 —44.6to —12.7

Northwest region (control group 1)  —9.6 —48.0t0 57.2

Outside 10-mile buffer (control -49 —-27.0t023.9
group 2)

Percent change was computed by 100 X (e/ — 1) where p is the esti-
mated regression coefficient for intervention

Statistically significant changes at the 95% confidence level are
denoted in bold

exposure groups) than the reductions for the control groups.
The estimated percent reductions for the 5- and 10-mile
buffer areas were comparable to those for the longer study
period, and their statistical significance remained.

Discussion
We evaluated changes in stroke mortality that are relevant
to the general public residing in the surrounding area of the

Houston METRO LRT system after its opening in Janu-
ary 2004. To the best of our knowledge, this study was the
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first evaluation of the potential health benefits of LRT on
stroke mortality accompanied by reduction in automobile-
related air pollution. The interrupted time-series design and
analysis with control groups were used to determine the
impact of the opening of the LRT. The results indicate that
the operation of the LRT is associated with reductions in
daily stroke mortality and pollution from automobile emis-
sions in Houston. We estimated that daily stroke mortal-
ity in the area surrounding the LRT was reduced by more
than 30%, and automobile exhaust emissions were reduced
by 13% (estimated by reduction in acetylene level). On the
other hand, the reductions for stroke mortality for control
groups were less than 10% at most (for the short study
period) and automobile exhaust emissions at the control
site was reduced only by 1%. We analyzed the ambient con-
centrations of acetylene to estimate changes in automobile
exhaust emissions. It is well known that acetylene is emit-
ted mainly by automobile exhaust. Although automobiles
emit many other pollutants (e.g., benzene, PM, CO, NOXx,
etc.), those are also emitted by other pollution sources
(such as industrial sources) not just by automobiles. By
focusing on acetylene, which is emitted mainly by automo-
bile exhaust, we aimed at reducing the chance of confound-
ing of the effect of LRT on vehicle exhaust with the effects
of other sources. On the other hand, future studies would
benefit from additional assessment of the effect of LRT
on multiple pollutants from automobile exhaust in addi-
tion to acetylene in order to obtain a more comprehensive
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and comparative picture of the effects of LRT on those
pollutants.

One of the critical assumptions in our study is that no
other abrupt changes that could possibly affect vehicle
exhaust emissions or stroke mortality occurred around
the same time as the opening of the LRT. Otherwise, the
observed effects of the LRT would not be separated from
those of other confounding factors. It did not seem that
there were other changes in a major type of transportation
infrastructure around January 1, 2004, in Houston. To con-
trol for the changes in extraneous factors, we also estimated
the changes in stroke mortality and vehicle exhaust emis-
sions for the control group (site). The reductions for the
control group (site) for stroke mortality and vehicle exhaust
emissions from the before to the after periods were con-
siderably smaller than those for the exposure group (sites),
which support that the observed reductions for the expo-
sure group (site) might be attributed to the opening of the
LRT. We tested the sensitivity of our results to the use of
different control group and the length of the study period.
The results were not sensitive to the use of different control
groups or the length of study period.

The reduction in stroke mortality that might have been
related to a reduced traffic/congestion may also come
from the reduction in traffic noise and not just from the
reduction in automobile emissions. For instance, a recent
study published in 2015 (Halonen et al. 2015) suggests a
link between long-term exposure to road traffic noise and
deaths, as well as a greater risk of stroke, particularly in
the elderly. The study found that significant nighttime
noise from road traffic, ranging from 55 to 60 decibels, was
linked to a 5% increased stroke risk but only among the
elderly. The health benefit of LRT on stroke mortality may
also come from increased physical activity (i.e., walking to
and from the LRT station) in addition to the reduction in
automobile-related air pollution.

Given the current data, it is not possible to separate
the effect of LRT on mortality into the benefit due to the
reduction in air pollution and the benefits due to increased
physical activity or decreased traffic noise. Considering
that stroke mortality changes are for the entire population
within proximity of the LRT system, not just for LRT users,
the portion of the effect of LRT on stroke mortality due to
increased physical activity (that applies to LRT users only)
is deemed small compared to the health benefit obtained
from the decreased automobile-related air pollution (that
applies to all residents within proximity of the LRT sys-
tem). Likewise, the portion of the effect of LRT on stroke
mortality due to the reduction in traffic noise is expected to
be small because it would mainly apply to the people resid-
ing very close to the roadways.

In practice, assessing the overall health benefit of LRT
on stroke mortality for the general public—whether it is

from the reduction of traffic-related air pollution, reduc-
tion of traffic noise, or increased physical activity—is of
interest to both transportation and health fields. Our results
provide a first evidence of health benefits of LRT on stroke
mortality for the general public, while complemented by
traffic-related pollution analysis. Future studies would ben-
efit from examining whether associations between LRT and
stroke mortality change by different ethnic group, gender,
age group, or socio-economic status, as well as by different
land use and built environment characteristics.
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