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Abstract
Asthma prevalence in the United States and the world has been increasing, affecting
millions including children (0 - 17 years old) and causing thousands of deaths every
year at a societal cost of over billions of dollars. Further, it has been documented that
asthma morbidity responds to socioeconomic variations. This study evaluates the relationship between asthma and five air pollutants along with socioeconomic status in
Texas counties from 2005 to 2013. Air pollutants investigated were carbon monoxide
(CO), nitrogen dioxide (NO2), ozone (O3), fine particulate matter (PM2.5), and sulfur dioxide (SO2). Exploratory and spatial analyses produced consistent results.
Asthma prevalence was positively associated with PM2.5, SO2, living near a park, and
living in an urban area. Asthma childhood prevalence rates were positively associated
with living in a household with a female head and negatively associated with ethnicity: Caucasian, Hispanic, and African American. Adult prevalence rates were positively associated with living in a household with female head, being on food stamps,
and PM2.5. Both the overall and adult rates were positively associated with poverty.
Asthma hospitalizations in Texas were positively associated with aerosol particles,
sulfur dioxide, and low income. Moreover, the majority of air pollution in Texas is
formed by stationary sources, which contradicts recent claims that mobile sources
are the main emitters in Texas. Our findings are consistent with those from other
geographical locations and suggest that additional studies and measures are required
to fully explain the associations detected and underlying cause and effect paradigm.
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1. Introduction
Asthma prevalence in the United States and the world has been increasing, affecting
more than 26 million in the US, including 7 million children (0 - 17 years old) and is
associated with asthma attributed death rate of more than 3600 deaths every year [1].
Asthma is a chronic disease affecting air passages of the lungs. It is the most common
childhood disease in developed countries [2]. The most substantial risk factors are environmental allergens and exposure to chemicals and particles which trigger allergic
reactions and irritate the airways. The majority of asthma-related mortality occurs in
lower income countries [3] [4]. Research on environmental effects on asthma has
demonstrated strong associations between asthma presentation and concentrations of
criteria air pollutants: carbon monoxide (CO), nitrogen dioxide (NO2), ozone (O3), fine
particulate matter (PM2.5), and sulfur dioxide (SO2) [5]-[11]. Asthma symptoms include coughing, wheezing, chest tightness, and shortness of breath. These affect quality
of life and work or school productivity. Its societal burden includes these consequences
as well as health care burden and mortality.
The economic costs of asthma to society in the United States (US) are estimated to
exceed $60 billion per year [4]. Population proportion calculation makes Texas’ share
exceed $5 billion per year. Furthermore, because air pollutants levels decrease with increased distance to source, the majority of studies on its health effects have small scale
[10], which limits our understanding of the spatial variations of its impact at a regional
level. Moreover, studies focusing on the impact of socioeconomic status (SES) on asthma have demonstrated varying degrees of associations with factors like income, college
education attainment, and living in urban or rural areas. These associations varied with
demographic factors such as age and ethnicity [5] [7] [12] [13]. The effect of SES on
asthma morbidity and mortality is attributed to factors such as living conditions,
working environment, proximity to air pollutant discharge, and psychosomatic stress
[7] [14].
There remain many unanswered questions regarding environmental exposure, SES,
and asthma prevalence. Specifically, not all geographical locations have been fully characterized and the datasets have yet to be fully analyzed to present a comprehensive
understanding regarding all possible interactions and sequela associated with asthma.
This shortcoming hampers our ability for identifying and proposing alternative solutions to this intricate health problem. The objective of this study was to assess the association between asthma and both air pollutants and socioeconomic factors in Texas,
from 2005 to 2013. Because of the importance of the effect of air pollutants and SES,
these factors needed to be fully characterized for the different settings where local and
global factors vary between locations.

2. Methods
Asthma hospital discharge rates by county in Texas, for all ages, from 2005 to 2013
were obtained from the Texas Department of State Health Services (DSHS) [15], using
International Classification of Diseases Version 9 (ICD-9) codes 490.0 to 493.9. Obser40
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vations for CO, NO2, O3, PM2.5, and SO2 were downloaded from the website of the
United States Environmental Protection Agency (EPA) [16], and interpolated using ordinary kriging in order to calculate the annual mean for each of the five pollutants for
each county. Ordinary kriging spatially estimates measurements while minimizing error variance [17]. Socioeconomic status variables were the percentage without college
education, percentage of households with female head, percentage living in poverty (all
ages) (poverty index), percentage of population with Native origins, percentage of population of Asian origins, percentage of population who is African American, percentage
of population of Hispanic origins, percentage of Caucasian population, percentage of
population living within half a mile of a park, percentage of households with severe
housing problems, and percentage of population living in urban-rural area. These were
collected from the U.S. Census website [18] for the same years.
To investigate temporal effects, Fisher’s F-test was used to test the null hypothesis of
non-changing variances between years. Repeated measures t-test was used to test the
null hypothesis of non-changing means between the years. Pearson pair-wise correlations were calculated to test for collinearity between the independent variables.
For multivariate multiple linear regression analysis, the following regression equation was used: [Overall Rate, Children Rate, Adult Rate] = β0 +βX + ε, where β0 is the
intercept, β is the matrix of regression coefficients, and X is the matrix of independent
variables [19]. Variables included in the regression model: annual average concentration of CO, NO2, O3, PM2.5, and SO2, college education attainment, food stamp users,
poverty index, ethnicity, living near a park, percentage of households with severe
housing problems, and living in urban/rural area (Table 1).
Moran I, which is an indicator of spatial dependence, was calculated as a measure of
spatial differences between the variables. Kriging was used to interpolate annual average estimates of PM2.5 for every county. The multivariate spatial regression lag model
employed was: [Overall Rate, Children Rate, Adult Rate] = Wγ + βsX + spatial residuals, where Wγ is spatially lagged dependent variable for the weights matrix W, βs is
the regression coefficients, and X is the matrix of predictors as in the linear regression.
The Weights matrix stores all the pairwise spatial relationships in the dataset [17]. Linear and spatial analyses were conducted at the significance level of 0.05 using R version 3.1.1 [20]. ArcMap 10.3.1 [21] was used for mapping.

3. Results
3.1. Descriptive Analyses
Figure 1 presents the total number of asthma hospitalizations in Texas from 2005 to
2013. Fisher’s F-test p-values were greater than the significance level of 0.05. Hence, we
could not reject the null hypothesis of equal variances. Repeated measures t-test p-values were also greater than the significance level of 0.05. Thus, the dataset did not reveal
temporal effects which allowed us to use the data for the year 2012 as a representative of
all nine years’ data. Figure 2(a) presents asthma hospitalizations for the year 2012,
where all asthma hospitalizations had a county assignment. Because of county population
41
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Table 1. List of variables collected and analyzed statistics for this study and their resources.
Variable

Resource

Asthma hospitalization All Ages All Race All Gender

DSHS

Asthma Rate per 10,000 All Ages All Race All Gender

DSHS

Asthma Adult Rate per 10,000 All Ages All Race All Gender

DSHS

Asthma Children Rate per 10,000 All Ages All Race All Gender

DSHS

Annual Average Ambient Concentrations of CO (ppm)

EPA

Annual Average Ambient Concentrations of NO2 (ppb)

EPA

Annual Average Ambient Concentrations of O3 (ppm)

EPA

Annual Average Ambient Concentrations of PM2.5 (μg/m )

EPA

Annual Average Ambient Concentrations of SO2 (ppb)

EPA

Percentage without 4 + Years College (%)

US Census

Families with Female Head of Household (%)

US Census

Percentage Living in Poverty All Ages (%)

US Census

Percentage of population with native origins (%)

US Census

Percentage of population of Asian origins (%)

US Census

Percentage of population that is African American (%)

US Census

Percentage of population of Hispanic origins (%)

US Census

Percentage of Caucasian population (%)

US Census

Percentage of Population Living Within Half a Mile of a Park 2010

US Census

Percentage of Households Living with Severe Housing Problems (%)

US Census

Percentage of population living in urban-rural area (%)

US Census

3
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Figure 1. Texas asthma hospitalizations from 2005 to 2013.

variances, asthma rates presented in Figure 2(b) are the population-adjusted hospitalizations. Childhood asthma accounted for 88% of the Texas reported overall hospitalization admissions. The standard deviation was high, indicating variability across Texas
counties (Table 2). Table 3 presents asthma hospitalizations and rates for each ur42
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Figure 2. Asthma hospitalizations and annual averages of PM2.5 and SO2 for Texas counties for 2012.

ban-rural area classification. The greatest number of asthma hospitalizations was localized to large central metro areas and the numbers decreased with decreased urbanization. Table 4 presents the percentage of the population for the main five ethnicities accounted for. On average, 58% of the study population was Caucasian, 33% Hispanic,
and 6% African American. Socioeconomic factors are summarized in Table 5. The
percentage of individuals with 4 years of college was high at 82% (7.22), the percentage
of households reporting a female head of household averaged 17% (5.31), and those
classified as living at or below the poverty line averaged 18% (5.65).
Non-negligible (ρ > 0.1) pair-wise correlations are presented in Table 6. Asthma
hospitalizations were negatively associated with less than a college education (ρ = −0.37),
positively correlated with households with a female head (ρ = 0.23), modestly correlated
with Asian ethnicity (ρ = 0.42), living near a park (ρ = 0.40) and with PM2.5 air con43
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Table 2. Summary statistics for asthma hospitalization, rate per 10,000, children rate, and adult
rate.
Asthma Hospitalization

Asthma Rate

Children Rate

Adult Rate

Mean

95.02

5.34

5.26

4.21

Median

12.50

3.66

0.00

0.00

Mode

0.00

0.00

0.00

0.00

Std. Dev.

338.28

6.18

9.55

5.40

Min

0.00

0.00

0.00

0.00

Max

3292.00

24.88

58.80

27.00

Table 3. Summary statistics for each urban-rural classification for asthma hospitalization, rate
per 10,000, children rate, and adult rate, in Texas for 2012.
Urban-Rural

Asthma Hospitalizations

Asthma Rate

Children Rate

Adult Rate

Large Central Metro

11,448

9.37

14.95

7.47

Large Fringe Metro

3810

7.58

8.51

6.61

Medium/Small Metro

6685

8.37

11.37

6.22

Non-metro

2193

4.00

2.71

3.14

Table 4. Demographic statistics for the main five ethnic groups in Texas for 2012 [18].
Native

Asian

Black

Hispanic

Caucasian

Mean

0.30

0.85

6.18

32.89

58.43

Median

0.20

0.40

3.85

24.55

61.90

Mode

0.00

0.00

0.00

16.30

87.20

Std. Dev.

0.58

1.71

6.71

23.09

21.17

Min

0.00

0.00

0.00

2.20

1.20

Max

8.00

17.30

33.30

98.40

96.50

Table 5. Descriptive statistics for the socioeconomic factors for Texas in 2012 [18].
College Education
Attainment

Female Head

Food Stamp

Poverty

Near
Park

Housing
Problems

Mean

82.26

17.08

15.58

18.15

18.48

14.13

Median

83.90

16.90

14.75

17.90

13.00

13.80

Mode

84.30

16.90

13.60

18.70

0.00

10.70

Std. Dev.

7.22

5.31

6.53

5.65

17.81

4.30

Min

50.60

3.40

2.50

6.60

0.00

0.00

Max

94.80

32.80

43.60

43.10

74.00

32.20

centration data (ρ = 0.42). SO2 was strongly associated with PM2.5 (ρ = 0.77) and being
African American (ρ = 0.60). It was positively associated with asthma (ρ = 0.33) and
negatively associated with being Hispanic (ρ = −0.39) and living near a park (ρ =
−0.38).
44
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Monitored overall PM2.5 concentrations were below the National Ambient Air
Quality Standards (NAAQS) of 12.0 μg/m3 while the percentage of population reporting living near a park was less than 19% (17.81). Table 7 presents descriptive statistics
for CO, NO2, O3, PM2.5, and SO2 for 2012. Their averages were all under NAAQS
standard levels, and their standard deviations were not high. PM2.5 and SO2 county
annual averages for 2012 are presented in Figure 2(c) and Figure 2(d) respectively.
Higher PM2.5 concentrations prevailed in and around large urban Texas cities (Dallas,
Houston, Austin, El Paso), whereas higher SO2 levels were increasingly to the east of the
state, especially Newton, Orange, Sabine, and Jefferson counties (Figure 3).
Table 6. Non-negligible pair-wise correlation coefficients.
Without
Female Food
Asthma College
Poverty Native Asian Black Hispanic Park PM2.5
Head Stamp
Education
Education

−0.37

1.00

Female Head

0.23

0.29

1.00

Food
Stamp

−0.02

0.46

0.71

Poverty

−0.04

0.46

0.64

0.82

1.00

Native

−0.13

0.04

−0.04

−0.10

−0.12

1.00

Asian

0.42

−0.55

0.08

−0.15

−0.19

−0.04

1.00

Black

0.15

0.03

0.33

0.08

0.14

−0.07

0.28

Hispanic

0.16

0.28

0.41

0.55

0.45

−0.11 −0.07 −0.39

1.00

Park

0.40

−0.19

0.06

−0.06

−0.11

−0.05

0.20

−0.10

0.24

1.00

PM2.5

0.42

−0.23

0.22

0.02

−0.07

−0.04

0.43

0.61

−0.37

−0.13

1.00

SO2

0.33

0.00

0.21

0.13

0.09

−0.14

0.17

0.60

−0.39

−0.38

0.77

Housing
Problems

0.31

−0.07

0.54

0.53

0.47

−0.22

0.21

0.15

0.37

0.10

0.34

1.00

1.00

Table 7. Descriptive statistics for the five air pollutants, Texas, 2012.
CO (ppm)

NO2 (ppb)

O3 (ppm)

PM2.5 (μg/m3)

SO2 (ppb)

Mean

0.93

26.08

0.02

8.61

5.04

Standard Deviation

0.23

4.86

0.00

1.17

0.76

Minimum

0.52

15.99

0.02

6.60

3.00

Maximum

1.52

39.62

0.03

12.50

6.41

3.2. Spatial Regression Analysis
The codispersion coefficient is interpreted as the linear correlation coefficient between
spatial increments of the variables studied. Figure 4 demonstrates that codipersion
coefficient decreases with distance between the counties and that the interdependence
between the variables increases with decreasing distance. In addition, Moran’s I value
was less than or equal to 0.11, which is significant, indicating a strong spatial autocorrelation with the outputted residuals. Therefore, multivariate multiple linear and spatial
45
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Figure 3. Texas counties with highest annual SO2 levels in 2012:
Newton, Orange, Sabine and Jefferson counties.

Figure 4. Codispersion coefficients between county centroid longitudes (x) and latitudes (y).

regressions were used to investigate the most significant independent variables. Table 8
presents the statistically significant predictors for each dependent variable entered into
the regression model. Both, linear and spatial regressions outputs were closely aligned
indicating alignment between linear and spatial models. For asthma hospitalizations,
being near a park, PM2.5, and living in an urban area were statistically significant. The
regression coefficient for PM2.5 was as high as 60.10, which means that for each 1
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Table 8. Statistically significant regression coefficients (p-value < 0.05).
Dependent
Variable

Female
Head

Food
Stamp

Poverty Black Hispanic Caucasian Park

Hospitalizations

3.49

Overall Rate

0.29

Children Rate

0.62

Adult Rate

0.22

0.27

SO2

Urban

60.1

45.3

151.24

0.29

1.09
−1.67

0.26

PM2.5

0.25

−1.63

−1.63

0.07
1.21

1.1

μg/m3 increase in PM2.5 asthma rate increases by an average of 60.10.
Living in rural areas demonstrated a strong negative association with asthma hospitalizations with a regression coefficient of −151.24, p < 0.05. For the regression on adult
asthma rates, living in a household with female head and benefiting from food stamps
were positively associated with regression coefficients of 0.29 and 0.27 respectively,
which meant that for each 1 per cent increase in the population living in a household
with female head, adult asthma rate increased by an average of 0.29, and for each 1 per
cent increase in food stamps usage, adult asthma rate increased by an average of 0.27.
Poverty and urban living were positively associated with regression coefficients of 0.29
and 1.09, respectively. This means that for each 1 per cent increase in the population
living in poverty, the adult asthma rate increased by an average of 0.29 and for each 1
per cent increase in population living in an urban area, the adult asthma rate increased
by an average of 1.09 (Table 8).
For the regression on children asthma rate, living in a household with female head
and living near a park were positively associated with regression coefficients of 0.62 and
0.07 respectively. Whereas being African American, Hispanic, or Caucasian were negatively associated with regression coefficients of −1.67, −1.63, and −1.63 respectively. For
the regression on the combined asthma rate (both adults and children), living in a
household with female head, benefiting from food stamps, and PM2.5 were positively
associated with regression coefficients of 0.22, 0.26, and 1.21 respectively. Whereas
asthma rate increased with decreased poverty (regression coefficient of 0.25, p-value <
0.05). Regressing on childhood asthma rate alone indicated that living in a household
with a female head of household increased asthma hospitalization rate by 0.62, whereas,
a female head of household for adult admissions yields a regression coefficient of 0.22,
p-value < 0.05. Therefore, PM2.5 accounted for a significant number of hospitalizations
especially adult’s rate, but not children’s rate. SO2 was significantly associated with
adult asthma rate (regression coefficient 1.1, p < 0.05). Table 9 summarizes the statistically significant associations in the multivariate multiple linear and spatial regressions.

4. Discussion
From the analysis presented, we found consistent positive associations between asthma
prevalence and ambient concentrations of PM2.5 and SO2. The associations were consistent with other studies in the United States [7] [10] [22]-[24] and other locations [7]
[25] [26] regardless of the linear or spatial statistical method used. One microgram/m3
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Table 9. Multivariate multiple linear and spatial regressions results.
Dependent Variable

Significant Predictors

Asthma Overall Rate

Households with female heads, food stamps, poverty.

Asthma Children Rate

Households with female heads, African American,
Hispanic, Caucasian, and near park.

Asthma Adult Rate

Households with female heads, on food stamps, poverty, PM2.5, and SO2.

increase in PM2.5 was associated with 60 more asthma hospitalizations, whereas one
ppb increase in SO2 was associated with 45 more hospitalizations on average. Living in
a household with female head was associated with 1.50 increase in asthma overall rate,
3.26 increase in children rate, and 0.92 increase in adult rate.
Comparing Figure 2(b) and Figure 2(c), it is apparent that the average trends of
asthma rate and SO2 annual level are in agreement. The high association between fine
particulate matter and sulfer dioxide suggests that PM2.5 was created by secondary
formation from precursor emissions of SO2, especially in the spring and summer seasons. According to EPA (2016), Houston and Fort Worth/Dallas areas have SO2 levels
that do not meet the mimimum trends completeness criteria [27]. This is consistent
with the high asthma hospitalizations seen in Figure 2(a). This also indicates that the
majority of PM2.5 that is associated with asthma hospitalizations is generated by stationary sources like the refineries and plants in Houston and Fort Worth/Dallas cities
as well as the four eastern counties with highest SO2 concentrations (Figure 3). This is a
significant contradiction to policy makers claims that stationary emitters in Texas are
under control [28].
Being on food stamps and poverty were associated with increased in the overall and
adult rated. These results have been consistent with previous research in other locations
[7] [25]. Poverty was strongly associated with being on food stamps (ρ = 0.82), using
food stamps and having a poverty “status” are mutually exclusive [29], and both were
statistically significant to asthma adult and overall rates. This is an indicator of confounding between the two (poverty and food status) and that only one of them is a
sound representative of household income.
Although living in a household with a female head was significantly associated with
all asthma rates (overall, adults, children), it had a larger impact on children asthma
rate (regression coefficient 0.62 versus 0.22). This is consistent with similar findings in
other studies [30]. Living in a household with a female head had a correlation coefficient of 0.64 with poverty. This supports the literature that associates asthma prevalence with low income especially in urban areas where indoor pollutants are one of the
most important causes of asthma exacerbations [31] [32].
As for ethnicity, previous studies demonstrated that Mexican-Americans have lower
prevalence of asthma than Caucasians or African Americans [33]-[35], and African
Americans have higher prevalence [1] [7] [35]-[37], this study showed that there was
not a specific race group that stood out among others.
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In this study, the three main categories were statistically significant to children's
asthma. Percentages of African American, Hispanic and Caucasians were associated
with about 3.5 average decrease in children’s asthma rate for hospitalizations. The negatively associated regression coefficients for the three ethnicities were very similar in
value, which does not provide knowledge on how ethnicity interactions affect asthma
prevalence in Texas, which calls for further investigation.
In summary, our results demonstrated significant positive associations between
asthma prevalence in Texas and air pollutants and socioeconomic factors. We further
demonstrated a statistically significant association between asthma prevalence and living in a household with female head. Moreover, children’s asthma was positively associated with the main three ethnicities (Caucasian, Hispanic, and African American), as
well as, living near a park. Lastly, overall asthma rate was positively correlated with living in an urban area.

5. Conclusion
This study investigates the association of air pollutants and socioeconomic factors with
asthma in Texas. The analyzed dataset was formed from three different sources: DSHS,
EPA, and US Census. Statistical analyses point to three associations with asthma:
PM2.5, SO2, and income. Despite the limitations of the data, this is the first study for a
large location like the state of Texas which covers spatial variations. These affect the levels of air pollutants due to differences in meteorological interactions as well as variations in the distribution of stationary sources. Future studies are recommended to investigate these associations in a smaller scale, gene-by-environment interactions, lifestyle factors, and comparisons to other states. Finally, the findings of this study point to
the need for more strict regulations on PM2.5 and SO2 sources even under attainment
conditions.

6. Strengths and Limitations
Although the annual averages do not reflect within year temporal and/or spatial variations in the association, the analyses performed captured some of the important relationships between asthma prevalence and both air pollution and SES. Although the data
did not allow for investigation of intra-county variations, it allows for an overall understanding of the relationships between asthma and particulate pollution as well as SES,
which are of significant impact for policy makers and researchers to quantify the burden of asthma.
The downloaded asthma dataset did not include emergency visits or mortality therefore underestimating the disease burden of asthma in Texas. Additionally, important
confounders like age, gender, and smoking status were not accounted for. The data
used is not a complete source of asthma hospitalizations in Texas because they come
from volunteering hospitals and not all of hospitals. This underestimates the rates.
Lastly, asthma hospitalizations may also be underrepresented based on hospital reporting characteristics, data extraction, and coding processes used in each hospital.
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