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Abstract The effects of childhood exposure to ambient
air pollution and their influences on healthcare utiliza-
tion and respiratory outcomes in Memphis pediatric
asthma cohort are still unknown. This study seeks to
(1) investigate individual-level associations between
asthma and exposure measures in high asthma rate and
low asthma rate areas and (2) determine factors that
influence asthma at first year of a child’s life, first
2 years, first 5 years, and during their childhood.
Datasets include physician-diagnosed asthma patients,
on-road and individual PM2.5 emissions, and high-
resolution spatiotemporal PM2.5 estimates. Spatial ana-
lytical and logistic regression models were used to ana-
lyze the effects of childhood exposure on outcomes.
Increased risk was associated with African American
(AA) (odds ratio (OR) = 3.09, 95% confidence interval
(CI) 2.80–3.41), aged < 5 years old (OR = 1.31, 95%
1.17–1.47), public insurance (OR = 2.80, 95% CI 2.60–
3.01), a 2.5-km radius from on-road emission sources
(OR = 3.06, 95% CI 2.84–3.30), and a 400-m radius

from individual PM2.5 sources (OR = 1.33, 95% CI
1.25–1.41) among the cohort with residence in high
asthma rate areas compared to low asthma rates areas.
A significant interaction was observed between race and
insurance with the odds of AA being approximately five
times (OR = 4.68, 95% CI 2.23–9.85), public insurance
being about three times (OR = 2.65, 95% CI 1.68–4.17),
and children in their first 5 years of life have more
hospital visits than other age groups. Findings from this
study can guide efforts to minimize emissions, manage
risk, and design interventions to reduce disease burden.
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Introduction

The increasing interest to better understand the effects of
ambient air pollution across the life course of individ-
uals or its aggregate effects on communities is the prin-
ciple focus of previous exposure assessment studies
(Hertzman 1995; Hall et al. 2002; Ben-Schlomo and
Kuh 2002; Kuh et al. 2003; Vrijheid et al. 2014;
Gilliland et al. 2005; Saenen et al. 2015; Kulkarni and
Grigg 2008; Wild 2012; Deng et al. 2016). Current area
of significant interest in epidemiological studies is on
understanding the health effects of ambient air pollution
and its influence on different perspectives of well-being,
equity, environmental justice, and disparities related to
healthcare utilization over a lifetime (Ben-Schlomo and
Kuh 2002; Kuh et al. 2003; Wild 2005; Smith et al.
2015; Fecht et al. 2016). Using a life course approach,
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prior studies have developed spatially explicit measures
of ambient air pollution, which are known to have a link
to chronic pulmonary and respiratory conditions
(Dockery et al. 1993; Brunekreef and Holgate 2002;
Brunekreef and Sunyer 2003; Oyana et al. 2004; Pope
and Dockery 2006; Swartz et al. 2004; McCreanor et al.
2007; Pope et al. 2009; Halonen et al. 2016; Veremchuk
et al. 2014; Friberg et al. 2016)

Previous population health studies on short-term ex-
posure to fine particulate matter (PM2.5) with 2.5 μm or
smaller have suggested a positive association with child-
hood asthma (Eggleston et al. 1999; Clark et al. 1999;
Gorai et al. 2015; Shankardass et al. 2015; Halonen et al.
2016). However, the evidence of associations between
lifetime/course PM2.5 exposure and childhood asthma is
still inconsistent/understudied (Lin et al. 2018;
Kanchongkittiphon et al. 2014; Gorai et al. 2015;
Shankardass et al. 2015; Halonen et al. 2016), and
therefore requires further investigation (Halonen et al.
2016). In Memphis, which is known as the Asthma
Capital of the USA, there is still little information and
knowledge on the effects of PM2.5 on pediatric asthma.
Yet the Memphis metropolitan area (MMA) pediatric
asthma cohort could draw from other studies conducted
in several major cities and metropolitan areas, including
New York (Acosta et al. 2013; Nicholas et al. 2005;
Shmool et al. 2015), Boston (Gottlieb et al. 1995; Levy
et al. 2004), Atlanta (Friberg et al. 2016), Los Angeles
(Whittemore and Korn 1980; Huynh et al. 2010;
Camacho-Rivera et al. 2014; Berhane et al. 2016),
Beijing (Zheng et al. 2002; Zhao et al. 2010;
Yangzong et al. 2012), and London (Soyiri et al. 2011;
Sturdy et al. 2012; Halonen et al. 2016), and use this
scientific knowledge to further understand the effects of
PM2.5 exposure to physician-diagnosed asthma.

Thus, we completed a recent study where it was
observed the asthma burden among the MMA pedi-
atric cohort was more prevalent in a socioeconomi-
cally deprived community living in the south, down-
town, and north of Memphis than in other areas
(Oyana et al. 2017). These geographical areas pres-
ent children with the high rates of asthma compared
to the east and other areas with high socioeconomic
conditions (Oyana et al. 2017).

This study assessed PM2.5 exposure and its potential
association with asthma-related emergency department
(ED) visits and inpatient hospitalizations among chil-
dren living in high and low asthma rate areas (reference
group), measured short-term and long-term PM2.5

exposure at various stages of child development in
relation to socioeconomic and environmental risk fac-
tors. We hypothesized that the geographical heterogene-
ity of the emergency room (ER) and hospitalization rates
among this pediatric cohort could be explained by the
effects of PM2.5 exposure at different stages of child
development. We evaluated whether there is a link be-
tween the number of ER visits or hospitalizations and
individual PM2.5 exposure during the first year of life,
first 2 years of life, first 5 years of life, and during their
early childhood (age < 12 years) and teenage years (age
12–18 years). This study was accomplished with two
specific aims: (1) examined the temporal and spatiotem-
poral relationship between healthcare utilization in chil-
dren with a physician-diagnosed asthma diagnosis and
PM2.5 exposure and (2) examined the temporal and
spatiotemporal relationship between ED visits of chil-
dren with an asthma diagnosis and PM2.5 exposure.

Materials and methods

Study settings, design, and datasets

The study area consists of a pediatric population living
within residential locations identified as high and low
asthma rate areas. Figure 1 shows the study area and
specific locations of high and low asthma rate areas,
potential exposure sources, and major population cen-
ters. The MMA region consists of eight counties with a
population of about 1,320,000 (US 2010 Census
Bureau), and is one of the largest metropolitan areas in
the southern United States. Twenty-nine percent of the
population living in the MMA region is 18 years or
younger. The combined asthma ED and hospitalization
rate for this region is 75.9 per 1000 children, whereas
the rate for ED is 56.9 per 1000 while hospitalization
rate is 10.8 per 1000 (Oyana et al. 2017). This retro-
spective, longitudinal study covers a period of 11 years
(2005–2015) and the spatial unit of analysis for studying
the effects of PM2.5 exposure and healthcare utilization
is at residential geocodes (individual-level measure) for
all unique cases.

Memphis pediatric asthma cohort

The Memphis pediatric asthma cohort is regionally rep-
resentative of physician-diagnosed asthma patients re-
siding in the MMA region. The cohort was obtained

330 Page 2 of 16 Environ Monit Assess (2019) 191(Suppl 2): 330



from a large-scale longitudinal electronic health record
(EHR) database maintained by Methodist Le Bonheur
Healthcare (MLH), a large not-for-profit healthcare sys-
tem with about 48% overall market share in the MMA
region. The cohort contains (1) unique asthma patients
(n = 28,793) identified using the International
Classification of Diseases Code, Ninth Revision,
Clinical Modification (ICD-9-CM), diagnosis code
493.xx (Asthma and sub-classifications); (2) medical
records for each patient’s ED visits and/or inpatient
hospitalizations from 2005 to 2015; and (3) residential
addresses for each asthma patient (≤ 18 years old at
baseline and subsequent visits).

In the first published asthma report, we investigated
spatiotemporal patterns of healthcare utilization among
the entire pediatric asthma cohort (n = 28,793) (Oyana
et al. 2017). Current study only focused on 24,005
children with asthma identified with residence in high
or low asthma risk areas (Fig. 1) (Oyana et al. 2017).
The pediatric cohort with residence in high asthma rate
areas is highly vulnerable to asthma attacks probably
due to PM2.5 exposure from potential industrial facilities
and on-road mobile emission sources. We conducted an
in-depth study on the effects of early life exposure. This
study (15-04053-XM) was approved by the Institutional
Review Boards at the University of Tennessee Health
Science Center and MLH.

PM2.5 exposure data

High-resolution 1 km × 1 km satellite-derived PM2.5

dataset This is a high-resolution spatiotemporal PM2.5

dataset that was obtained from Surface PM2.5 data
downloaded from the website for the Atmospheric
Composition Analysis Group, Dalhousie University,
Canada (Boys et al. 2014; Van Donkelaar et al. 2015;
Van Donkelaar et al. 2016), and is based on satellite
observations of top-of-atmosphere reflectance, optimal
estimation aerosol optical depth retrieval, and adjusted
North America estimations using geographically
weighted regression. They validated the surface 1 km ×
1 km PM2.5 estimates for the period 2004–2014 using
PM2.5 observations from the US Environmental
Protection Agency (EPA) ground-level monitoring data.
They established through robust validation methods that
their estimates were unbiased, comparable, and repre-
sentative of ground measurements of ambient air pollu-
tion. Ground-level monitoring was obtained from 108
IMPROVE sites, 128 sites under the Federal Reference

Methods/Federal Equivalency Methods for the 52 larg-
est cities with more than 1 million people, and 1125
ambient air monitoring sites.

Proximity to exposure sources (stationary and mobile)
data PM2.5 exposure measures included patient’s resi-
dent distance to on-road mobile sources and industrial
facilities. The residential exposure estimates were de-
rived using major roadways known to have high traffic-
related pollution and the locations of 26 identified
hotspots/top-ranked emission sources from the US
Environmental Protection Agency Air Quality System.

PM2.5 measures and health outcomes

& Specific measures of a child’s residential/maternal
exposure were defined using age at the baseline. We
developed eight temporally varying exposure mea-
sures that represent a child’s age of exposure to
PM2.5 through the study period (first 2 years of life,
first 3 years of life, first 4 years of life, first 5 years of
life, first 6 years of life, first 7 years of life, first
8 years of life, and 18 years of life). Each time stamp
was assigned a matching PM2.5 single value for its
respective period as indicated below. Years 9
through 11 measures were excluded due to dwin-
dling sample and reduced power.

& Measures of PM2.5 exposure. Residential proximity
to major individual PM2.5 emission sources was
measured using residential geocodes within a radius
of 2.5 km. Derived measures were assigned a value
of 1 and those outside a value of 0. Residential
proximity to major on-road mobile emission sources
was measured using residential geocodes within a
radius of 400 m. Derived measures were assigned a
value of 1 and those outside a value of 0. A calcu-
lated childhood average PM2.5 exposures was de-
rived from a high-resolution 1 km × 1 km satellite-
derived PM2.5 dataset and all geocodes at
individual-level for the cohort were assigned ex-
tracted values from the surface PM2.5 layer.
Children living in areas which have more than the
average PM2.5 (x̅ = 12.2μg/m

3 for theMMA region,
EPA’s allowable limit is 12 μg/m3) were assigned a
value of 1 and those below 0.

& Outcome measure. Residence in high and low asth-
ma rate areas for children with positive and negative
health outcomes was determined by calculating ER
and hospitalization asthma rates, and performing
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hotspot analysis to identify higher (negative out-
comes)/lower (positive outcomes) than expected
rates for the population at risk using Kulldorff’s
retrospective space-time statistics, discrete Poisson
models (Oyana et al. 2017).

Spatial and statistical analysis

The residential addresses of asthma patients were
geocoded using a multi-step process to maximize posi-
tional accuracy in residence exposure estimates.
Descriptive statistics, bivariate, and multivariate logistic
regressions were used to summarize statistical distribu-
tions, characterize, and determine how PM2.5 exposure
influences healthcare and respiratory outcomes.

The sample was stratified by a child’s exposure at
baseline age and focus was mainly on individuals with

continuous encounters in each or subsequent year over
the study period.

Initial screening for all variables was conducted,
including testing for multicollinearity based on a
variance inflation factor (VIF) criterion of less than
3.0. Adjusted odds ratios (OR) and 95% confidence
intervals (CI) were reported after adjusting for co-
variates. Potential associations were investigated
using a binary response variable measuring outcome
for children with asthma residing in high or low
asthma rate areas and eight predictors (age at a time
of visit, gender, race, insurance type, calculated
childhood average PM2.5, proximity to major indi-
vidual PM2.5 emissions sources, and proximity to
major roadways/mobile emission sources). The out-
come (response) variable was specified as 0/1 to
either represent a child with residence in a low
asthma rate area (0) or high asthma rate area (1).

Fig. 1 Map showing the location of study area, hospitals, cities and towns, major on-road mobile sources, major individual PM2.5 sources,
high and low asthma rate areas, superfund sites, and air monitoring sites
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Exposure to PM2.5, child health outcomes, age, race,
and insurance type in the main effect and interactive
models were examined using type 3 analysis of effects at
a conservative p ≤ 0.10 level. If significant, post hoc
comparisons between levels of interactions were
assessed at a significance level (p ≤ 0.05). The
main effect and interactive models were construct-
ed using PROC LOGISTIC or PROC GLIMMIX
procedures in SAS/Stat 13.1 in version 9.4 (SAS
Institute Inc., Cary, NC, USA).

All the data processing, mapping, and analyses were
conducted using ArcGIS 10.2.2 (ESRI Inc., Redlands,
CA, USA), SaTScan (developed jointly by Kulldorff
M., Boston, Massachusetts and Information
Management Services, Inc., Silver Spring, MD, USA),
and SpaceStat 4.0.21 (ClusterSeer, a BioMedware Inc.,
Ann Arbor, MI). The data and knowledge obtained from
all the above spatial and statistical analyses were used to
spatially and temporally explain pediatric asthma dis-
ease risk, potential trends, and study the effects of PM2.5

exposure on asthma ED visits and hospitalizations in
this cohort.

Results

Characteristics of asthma patients living in high and low
asthma rate areas

In the pediatric asthma cohort, 53.5% (12,830/24,005)
and 46.5% (11,175/24,005) of the children with asthma
had their residence in high and low asthma rate areas,
respectively. The asthma cohort sample distribution is
stratified by high and low asthma rate areas (Table 1 and
Fig. 2). The majority of samples with continuous visits
to ED and hospitalizations mainly occurred during the
early childhood period (Table 1). The sample distribu-
tion further shows 61% and 51% of children with asth-
ma aged less than 5 years had their residence in high
asthma rate and low asthma rate areas, respectively.
Nearly 5.3% children in the 12–18 age group live in a
high asthma rate area compared to 8.4% in a low asthma
rate area. Sixty percent of the cohort living in either high
asthma rate or low asthma rate areas was male. African
American children constituted slightly over 82.2%; spe-
cifically, 90.1% of them lived in high asthma rate areas
and 73.1% low asthma rate.

Cohort characteristics and respective statistical re-
sults for the study population are presented in Table 2.

Three quarters of the cohort were on public (Medicaid/
TennCare) insurance; and this number went up to 85.3%
for those in the high asthma rate area compared to only
63.5% in the low asthma rate area. Nearly 32% of the
children living in a low asthma rate area were on private
insurance; this is three times more than the high asthma
rate area (11.5%). Figure 2 shows that one-third of
children with asthma in high asthma rate areas lived in
close proximity to a major individual PM2.5 sources.
Three quarters of the children with asthma in high
asthma rate areas lived within a 400-m radius from on-
road mobile emission sources. In the low asthma rate
area, only 11.2% had residential proximity to a major
individual PM2.5 source while 67.6% lived within a 400-
m radius from on-road mobile emission sources.

The rest of the section is structured around three
major themes that address the specific aims of this
paper: (1) the effects of PM2.5 exposure and other risk
factors on pediatric asthma over an 11-year study peri-
od; (2) the temporal effects of PM2.5 residence exposure
on pediatric asthma in high and low asthma rate areas;
and (3) type 3 analysis of effects of PM2.5 residence
exposure on pediatric asthma over time.

The effects of PM2.5 exposure and other risk factors
on pediatric asthma over an 11-year study period

Children younger than 5 years and living in high asthma
rate areas were at a higher risk (OR = 1.79, 95% CI
1.61–1.98) of asthma encounter compared to those in
the other age groups (5–8 years, OR = 1.46, 95% CI
1.30–1.63; 9–11 years, OR = 1.38, 95% CI 1.22–1.56)
(Table 2). Male children living in high asthma rate areas
were 8% (OR = 0.92, 95% CI 0.88–0.97) less likely to
have asthma encounters than female children. African
American children living in high asthma rate areas were
approximately five times (OR = 4.57, 95% CI 4.18–
5.01) more likely to have asthma encounters than whites
as suggested by the main effects model. Children on
public insurance and living in the high asthma rate areas
were approximately four times (OR = 3.77, 95% CI
3.52–4.04) more likely to have asthma encounters than
those on private insurance. Children living in high asth-
ma rate areas and within 400-m radius from major
roadways were 38% (OR = 1.38, 95% CI 1.31–1.46)
more likely to have asthma encounters than those living
beyond 400-m radius to major roadways/mobile emis-
sion sources. Children living in high asthma rate areas
and within a 2.5-km radius of individual PM2.5 emission
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sources were approximately three times (OR = 3.24,
95% CI 3.02–3.48) more likely to have asthma encoun-
ters than those living beyond a 2.5-km radius of indi-
vidual PM2.5 emission sources.

In the overall model, children aged 11 years or youn-
ger were at a higher risk for ED asthma visits and
hospitalizations compared to those aged 12 years or

older (Table 2). But, children aged 11 years old or
younger, especially those less than 5 years old, were at
a higher risk (31% more likely (OR = 1.31, 95% CI
1.17–1.47)) than those in the 5–8 and 9–11 age groups.
African American children were three times (OR = 3.09,
95%CI 2.80–3.41) more likely to have ED asthma visits
and hospitalizations compared to white children. While
the overall main effects model showed that children
within the BOther^ category (Hispanic, Asian/
Pacific Islander, etc.) were 58% more likely to have
ED asthma visits and hospitalizations than whites,
the interaction of age and race revealed that children
less than 5 years under the BOther^ category were
two times (OR = 1.96, 95% CI 1.01–3.78) more
likely to have ED asthma visits and hospitalizations
compared to those in the 12–18 age group.

Even though gender had no effect (OR = 0.95, 95%
CI 0.89–1.00) over the 11-year study period among
children living in high asthma rate areas, we found that
female children were 5% less likely than male children
to have asthma encounters. The most influential (and
consistently observed) risk factors accounting for the
high number of ED asthma visits and hospitalizations
were being an African American child with residence in
high asthma rate areas, on public insurance, and living
either within a 2.5-km radius from individual PM2.5

sources or 400-m radius from major roadways.
However, after adjusting for covariates, the odds of
asthma from effects of PM2.5 exposure in high

Table 1 Number of ED visits or hospitalizations for unique
pediatric asthma cases with continuous/consecutive encounters
over the 11-year period

Years High asthma
rate area (n)

Low asthma
rate area (n)

Sample size (n)

0 42 32 74*

1 6125 6097 12,222

2 2911 2528 5439

3 1584 1128 2712

4 932 627 1559

5 536 322 858

6 314 225 539

7 168 99 267

8 113 54 167

9 60 34 94

10 39 18 57*

11 6 11 17*

Total (n) 12,830 11,175 24,005

*Years 0 (< 1), 10, and 11 were excluded from analysis in some
models due to small sample size

Fig. 2 Flow chart showing the distribution of pediatric asthma cohort stratified by high- and low-risk residence PM2.5 exposure
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asthma rate areas compared to low asthma rate areas
was less than 18% with the true population effect
between 16 and 20%.

The temporal effects of PM2.5 residence exposure
on pediatric asthma in high and low asthma rate areas

The OR data was plotted against three PM2.5 exposure
predictors using forest plots in Fig. 3. Association esti-
mates stratified by age at the baseline (on the x-axis)
represent the eight stages of a child’s development, thus
indicating potential impacts from PM2.5 exposure over
time. Individual PM2.5 sources and PM2.5 emissions
from major roads were found to be statistically signifi-
cant over time with the exception of PM2.5 exposure for
ED asthma visits (first 2 years through the first 5 years).
However, the association between asthma and PM2.5

exposure was significant for all inpatient hospitaliza-
tions from the first 2 years of life through the first 8 years
of life. Exposure effects over time among the inpatient
group were statistically associated with 1.4 (OR ranges

from 1.35 to 1.39) times the odds of asthma in high
asthma rate areas compared to low asthma rate areas.
Exposure effects over time among the ED visits and
inpatient hospitalization groups were also statistically
associated (OR ranges from 2.62 to 3.92) times the odds
of asthma in the pediatric population living near indi-
vidual PM2.5 sources in comparison to those in low
asthma rate areas. Children residing within a 2.5-km
radius of individual PM2.5 sources were about three
times (OR ranges from 2.62 to 3.04) more likely to have
ED visits and approximately four times (OR ranges
from 3.61 to 3.92) more likely to have inpatient
hospitalizations.

We observed the greatest risk of 3.9 odds (OR = 3.92
(3.21–4.80)) of having an asthma attack from effects of
individual PM2.5 sources was among children from high
asthma rate areas that required inpatient hospitalization
followed by a 49% odd among children with asthma
living near major roadways. Children with asthma living
within a 400-m radius from the major roadways (55 to
71% more likely), PM2.5 exposure (35 to 39% more

Table 2 Sample characteristics and associations between variables and the odds of having asthma for the study population

Variable Total cohort
M ± SD or n (%)

High asthma rate
area M ± SD or n (%)

Low asthma rate
area M ± SD or n (%)

OR (95% CI)
bivariate

OR (95% CI)
multivariable

Total sample 24,005 (100%) 12,830 (53.5%) 11,175 (46.5%)

Age group (years)

< 5 13,816 (57.6) 7788 (60.7) 6028 (53.9) 1.79 (1.61, 1.98) 1.31 (1.17, 1.47)

5–8 5972 (24.9) 3065 (23.9) 2907 (26.0) 1.46 (1.30, 1.63) 1.24 (1.10, 1.40)

9–11 2604 (10.9) 1300 (10.1) 1304 (11.7) 1.38 (1.22, 1.56) 1.26 (1.10, 1.44)

12–18 1613 (6.7) 677 (5.3) 936 (8.4) Reference Reference

Gender

Female 9519 (39.7) 5205 (40.6) 4314 (38.6) Reference Reference

Male 14,484 (60.3) 7625 (59.4) 6859 (61.4) 0.92 (0.88, 0.97) 0.95 (0.89, 1.00)

Race

White 2882 (12.0) 681 (5.3) 2201 (19.7) Reference Reference

African American 19,723 (82.2) 11,556 (90.1) 8167 (73.1) 4.57 (4.18, 5.01) 3.09 (2.80, 3.41)

Others 1400 (5.8) 593 (4.6) 807 (7.2) 2.38 (2.07, 2.72) 1.58 (1.36, 1.82)

Insurance type

Private 5070 (21.1) 1471 (11.5) 3599 (32.2) Reference Reference

Public 18,038 (75.1) 10,940 (85.3) 7098 (63.5) 3.77 (3.52, 4.04) 2.80 (2.60, 3.01)

Others 897 (3.7) 419 (3.3) 478 (4.3) 2.15 (1.86, 2.48) 1.89 (1.62, 2.20)

Childhood PM2.5 exposure 12.1 ± 1.2 12.2 ± 1.1 12.1 ± 1.2 1.03 (1.01, 1.06) 0.82 (0.80, 0.84)

PM2.5 from major roadways 17,084 (71.2) 9530 (74.3) 7554 (67.6) 1.38 (1.31, 1.46) 1.33 (1.25, 1.41)

Individual PM2.5 sources 4991 (20.8) 3735 (29.1) 1256 (11.2) 3.24 (3.02, 3.48) 3.06 (2.84, 3.30)

Adjusted OR and 95% CI were calculated for all individual-level categorical predictors

Statistically significant at p < 0.05
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likely), and PM2.5 first 5 years of life (19 to 21% more
likely) are more likely to have an asthma attack requir-
ing ED visit than those living in low asthma rate areas.
The data suggests that PM2.5 exposure is an influential
risk factor and drives healthcare utilization and out-
comes in infants than in older children.

Type 3 analysis of the effects of PM2.5 residence
exposure on pediatric asthma over time

Results showing associations between predictors of
health outcomes and the odds of having asthma among
unique pediatric asthma cases stratified by continuous
encounters over a study period are presented in Table 3.
Table 4 shows type 3 analysis of effects to further
explain variations in health outcomes from high and
low asthma rate areas. Type 3 analysis of effects showed
a significant (p = 0.085) interaction between age and
race in the overall study population when evaluated at
a conservative p level of ≤ 0.10.White children less than
5 years old were significantly different than those in the
other age strata (5–8 years, 9–11 years, and 12–
18 years); they had more asthma-related encounters,
i.e., 77% more likely to have ED asthma visits and
hospitalizations compared to those in the 12–18 age
group. An analysis of African American data showed
that children in the 12–18 age group were significantly
different than those in the other age strata (< 5 years, 5–
8 years, and 9–11 years). African American children in
the other age group were only 20–23% more likely to
have ED asthma visits and hospitalizations compared to
children in the 12–18 age group.

Further examination of interactions between age and
race showed statistically significant results in years 1
and 5, and age and insurance type in year 4. In year 1,
children with asthma aged and younger than 5 years
were 18% (OR = 1.18, 95% CI 1.03–1.36) more likely
to have additional ED visits and hospitalizations than
those in the 12–18 age group. Children in the 5–8 and 9–
11 age groups and living in the high asthma rate areas
were no different from those younger than 5 years
among the continuous asthma encounters. From year 1
to year 6, children with continuous asthma encounters
were predominately African American residing in high
asthma rate areas.

They were notable interactions between age and race
(p = 0.1054) (Table 4). White children aged below
5 years were in the range from 43 to 51% (< 5 years
vs. 5–8 years, OR = 1.96, 95% CI 1.01–3.78; and <

5 years old vs. 12–18 years, OR = 1.43, 95% CI 1.08–
1.90) more likely to have an asthma encounter than
those in the 5–8 and 12–18 age groups. Children who
were less than 5 years and 9–11 years old and from
Bother^ racial category by age (Hispanic, Asian/Pacific
Islander, etc.) were found to be about 2.34 to 2.68 times
more l ike ly to have ED asthma vis i t s and
hospitalizations.

Children in the 9–11 age group with asthma encoun-
ters for four consecutive years (up to year 4) were three
times (OR = 2.95, 95% CI 1.23–7.09) more likely than
those in the 12–18 age group to have continuous ED
asthma visits and hospitalizations. Children on public
insurance (Medicaid/TennCare) and living in high asth-
ma rate areas with continuous encounters up to year 6
were two times (OR = 1.97, 95% CI 1.45–2.68) more
likely to have ED asthma visits and hospitalization
compared to those on private insurance. We found a
significant interaction between age and insurance type
(p = 0.0775) after controlling for race. Further in-depth
analysis of this interaction revealed that children on
private insurance and younger than 5 years old were
51% (OR = 0.49, 95% CI 0.27–0.89) less likely to have
ED asthma visits and hospitalizations than those in the
5–8 age group, whereas strikingly those on public in-
surance and aged below 12 years were almost three
times more likely to have ED asthma visits and hospi-
talizations than those in the 12–18 age group (Table 4).
Children younger than 5 years old and on Bother insur-
ance care^ were approximately five times (OR = 4.81,
95% CI 1.12–20.54) more likely than those in the 5–8
age group to have more continuous ED asthma visits
and hospitalizations.

The main effects model for patients with continuous
ED asthma visits and hospitalizations for five consecu-
tive years showed that children younger than 5 years old
were equally more likely than those in the other age
groups (5–8 years, 9–11 years, and 12–18 years) to have
continuous ED asthma visits and hospitalizations
(Table 4). African American children were about five
times (OR = 4.68, 95% CI 2.23–9.85) and children on
public insurance were about three times (OR = 2.65,
95% CI 1.68–4.17) to be in the group with hospital
visits over the first 5 years of life. We found a significant
interaction between age and race (p < 0.0001) after con-
trolling for insurance. The interaction revealed that chil-
dren on other insurance care and < 9 years were at a
higher risk of more ED asthma visits and hospitaliza-
tions than those in the 9–11 age group.
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Fig. 3 Estimated associations between measures of asthma tra-
jectories and PM2.5 exposure and the odds of having ED asthma
visit and inpatient hospitalization (IP) after stratifying for child’s
age at the baseline. Panel (a) odds from childhood PM2.5 exposure,
(b) odds from individual PM2.5 sources exposure, and (c) odds

from major on-road PM2.5 emission sources exposure. Adjusted
OR and 95%CI were calculated for all individual-level categorical
predictors, adjusted for eight predictors, and statistically signifi-
cant at p < 0.05
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With the exception of year 7, the odds of asthma
from effects of PM2.5 exposure in high asthma rate
areas compared to low asthma rate areas was less
than 55% with the true population effect between 31
and 71% for year 8, and less than 70% with the true
population effect between 40 and 85% for year 9.
The other two exposure measures (PM2.5 from major
roadways up to year 4 and individual PM2.5 sources
up to year 6) were positively associated with in-
creased risk of asthma. It is notable, however, after

six continuous asthma encounters (i.e., up to year 6),
the effects of exposure measures were insignificant
(excluding a significant year 8 with a wide CI).

An in-depth assessment of temporal patterns in
adjusted ORs for three exposure predictors ((a)
PM2.5 exposure, (b) 400-m radius to major road-
ways, and (c) individual PM2.5 emission sources)
was performed by plotting respective statistics in
Fig. 4. Adjusted ORs are on the y-axis and plotted
against each of the three predictors over time. On

Table 4 Type 3 analysis of effects and interactions for the overall study population and pediatric asthma cohort sample stratified by number
of continuous/consecutive encounters over the study period

Variable OR (95% CI) p value

Overall (n = 24,005)

Age × race 0.09a

White (< 5 years vs. 5–8 years) 1.34 (1.08, 1.67) 0.01

White (< 5 years vs. 9–11 years) 1.35 (1.01, 1.80) 0.04

White (< 5 years vs. 12–18 years) 1.77 (1.30, 2.42) 0.0003

African American (< 5 years vs. < 12–18 years) 1.23 (1.09, 1.40) 0.0012

African American (5–8 years vs. 12–18 years) 1.20 (1.05, 1.37) 0.01

African American (9–11 years vs. 12–18 years) 1.22 (1.05, 1.42) 0.01

Other (< 5 years vs. 12–18 years) 1.96 (1.01, 3.78) 0.05

No. of years = 1 (n = 12,222)

Age × race 0.10a

White (< 5 years vs. 5–8 years) 1.43 (1.08, 1.90) 0.01

White (< 5 years vs. 12–18 years) 1.51 (1.04, 2.19) 0.03

Other (< 5 years vs. 12–18 years) 2.34 (1.04, 5.28) 0.04

Other (9–11 years vs. 12–18 years) 2.68 (1.08, 6.64) 0.03

No. of years = 4 (n = 1559)

Age × insurance type 0.08a

Private (< 5 years vs. 5–8 years) 0.49 (0.27, 0.89) 0.02

Public (< 5 years vs. 12–18 years) 2.83 (1.11, 7.23) 0.03

Public (5–8 years vs. 12–18 years) 2.59 (0.99, 6.74) 0.05

Public (9–11 years vs. 12–18 years) 3.23 (1.15, 9.08) 0.03

Other (< 5 years vs. 5–8 years) 4.81 (1.12, 20.54) 0.03

No. of years = 5 (n = 858)

Age × race < 0.0001b

Other insurance (< 5 years vs. 9–11 years) 0.00 (0.00, 0.00) < 0.0001

Other insurance (5–8 years vs. 9–11 years) 0.00 (0.00, 0.00) < 0.0001

a Type 3 analysis of effects (p ≤ 0.10) and interactions (p ≤ 0.05)
b Type 3 analysis of effects (p ≤ 0.10) and interactions (p < 0.0001)

Adjusted OR and 95% CI were calculated for all individual-level categorical predictors

Adjusted for eight predictors

Estimates for main effects and interactions and the odds of having ED asthma visit and hospitalization were obtained from logistic regression
models
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the x-axis, time represents the year in which patients
had an ED visit or inpatient hospitalization. This
time also depicts the number of ED visits or hospi-
talizations for each pediatric asthma patient with
continuous encounters in each or subsequent year
over the study period. The following key insights
are evident in this figure: there is a steady increase
in ORs in years 1 through 5 in two exposure pre-
dictors (400-m radius to major roadways and indi-
vidual PM2.5 sources); and there is a decrease in
ORs in childhood exposure predictor in years 1
through 3, although the trend from years 3 through
6 has an upward trajectory. However, the trend for
years 7 through 9 is quite unstable and hard to
determine probably due to sample size variation.
For example, the reference group had to be changed
from 12–18 to 9–11 age group for comparisons in
years 7 and 8. We identified a decrease in ORs for
individual PM2.5 exposure predictor from years 7
through 9, while the trend in years 7 through 9 has
a downward trajectory. PM2.5 exposure was linked
to childhood asthma (p value = 0.02), which is evi-
dent in the increased linear trend over time.

Discussion

The main findings in this study are the following: (1) a
steady increase in odds ratio in the initial period/first
years of child’s life was observed suggesting the increas-
ing impacts of PM2.5 exposure. (2) PM2.5 exposure is an
influential risk factor and drives healthcare utilization
and outcomes in early childhood. (3) Age, insurance,
race, on-road, and individual emissions acted indepen-
dently during the early childhood period. Potential ex-
posure impacts differed by age, race/ethnicity, and in-
surance. (4) A far greater asthma disease burden was
observed among African American children living in
high asthma rate areas from PM2.5 exposure than
those living in low asthma rate areas over the 11-
year study period. These study findings are consis-
tent with previous studies and confirm our study
hypotheses (Oyana et al. 2004; Oyana et al. 2017;
Shmool et al. 2015; Huynh et al. 2010; Camacho-
Rivera et al. 2014; Berhane et al. 2016; Sturdy et al.
2012; Halonen et al. 2016).

A steady increase in odds ratio in the initial period/
first years of child’s life was observed suggesting the

Fig. 4 Trends over time showing the effects of PM2.5 exposure on individual hospitalization rates in a Memphis pediatric asthma cohort.
The odds of having an asthma attack among children living in high asthma rate/low rate areas was considered as an outcome
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increasing impacts of PM2.5 exposure over the study
period. The increase in OR is especially notable among
infants living in large urban centers, which have high
concentrations of industrial facilities and major road-
ways. The infants are at a greater risk of adverse health
outcomes over their childhood than those living in far-
ther away. Previous studies show that the early age of a
child is a critical period for the development and matu-
ration of the biological and non-biological systems,
especially the lungs, immune system, and brain
(National Research Council 2015; Gogtay et al. 2004;
Lenroot and Giedd 2006; Tong and Colditz 2004; Ritz
et al. 2006; Ritz and Wilhelm 2008; Durston 2008;
Giedd et al. 2009). A child’s development continues
until when they are about 6 years old (National
Research Council 2015). Thus, negative health effects
from PM2.5 exposure at an early age (first years of a
child’s life) may have far everlasting impacts over a
child’s biological, mental, and physical development
(National Research Council 2015; Tong and Colditz
2004; Schmidt 2007; Ritz and Wilhelm 2008;
Spenrath et al. 2011).

PM2.5 exposure is an influential risk factor and drives
healthcare utilization and outcomes in early childhood
up to age 6 years, thus indicating potential cumulative
effects of PM2.5 emissions. Data on child/ maternal
exposure risk at the baseline age could potentially offer
fundamental clues on potential harmful health impacts.
Environmental influences are further compounded by
other socioeconomic risk factors for asthma, such as low
socioeconomic status of the family and their heavy
reliance on public insurance. However, caution is re-
quired when interpreting this finding because urban
sources of PM2.5 are composed of different chemicals,
and likely have no protective effect on the microbiome.

Furthermore, our data shows a significant loss of pri-
vate insurance and gain in public insurance beneficiaries
during the period. This is a critical health disparity finding
since it uncovers a widening racial/ethnic gap in the
quality of healthcare received based on insurance type.
According to the CDC, childhood asthma prevalence rates
of 20–40% were reported in low-resourced, minority
communities. Yet asthma accounts to about $56 billion
dollars each year in preventable hospital visits. In this
study, as the number of consecutive years in asthma
encounters increased, we observed an increase in the
number of patients on public insurance in comparison to
preceding years. Private to public insurance shift may be
attributable to the growing changes in the US healthcare

ecosystem. For example, asthma was considered as a pre-
existing condition and eligible for Medicaid coverage
under the 2010 Affordable Care Act (ACA) passed by
the Congress. Unfortunately, the chronicity of the patients
who were on private insurance prior to 2010 may have
increased over time due to the lack of appropriate and
timely care, high co-payments, and medication costs.

Prior research has shown that increase in share of
medication costs was significantly associated with a
decreased adherence to medications (Weiss et al. 2000;
Barnett and Nurmagambetov 2011; Sullivan and
Ghushchyan 2015; Mao et al. 2017). The annual cost
for asthma medications was estimated at $4900 per
person, and as the co-payments double, adherence to
medications reduced by 32% since 2010 (Weiss et al.
2000; Barnett and Nurmagambetov 2011; Eaddy et al.
2012; Sullivan and Ghushchyan 2015; Mao et al. 2017.
Future studies are required to investigate why patients
on the private insurance opt out of the preventive pro-
grams and why they end up on public insurance.

Age, insurance, race, on-road, and individual acted
independently during the early childhood period.
Potential exposure impacts on children with asthma also
differed by age, race/ethnicity, and insurance. The effects
of ambient air emissions with a continuous over reliance
on public insurance among African American children in
this pediatric asthma cohort may be significantly
impacting the use of medications and medication man-
agement. In our type 3 analysis of effects, there were no
significant interactions between the age groups and any
of the insurance type, although a significant interaction
was observed between race and insurance type.

There is a far greater burden of asthma disease on
African American children living in high asthma rate
areas from PM2.5 exposure than those living in low
asthma rate areas over the study period. African
American children on public insurance were more likely
(p = 0.09) to have asthma-related hospital visits com-
pared to white children on public insurance. Other mi-
nority share a similar burden like African American
children. We found children in the BOther^ (which in-
cludes Hispanic, Asian, American and Pacific Islander,
etc.) racial category were 60% (OR 1.58, 95% CI 1.36–
1.82) more likely than white children to have pediatric
asthma visits to a healthcare facility. Indeed, white chil-
dren fared way better than African American or other
minority children in obtaining in early and/or timely care
because of having private insurance, thus had a reduced
asthma burden with low hospital visits.
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On further decomposition of the interaction between
age and race, we observed that African American chil-
dren younger than 5 years old were significantly (p =
0.03) less likely to have encounters compared to those in
the 12–18 age group. This age-related comparison gives
us key insights into the impact of delayed care for
asthma-related conditions among African American
children. Delayed healthcare in early childhood period
among this group could be the reason behind increased
hospital visits in older children. This finding highlights
age-related disparity and calls for more focused and
appropriate asthma care coordination for young
African Americans. Further investigation of clinical data
elements such as body mass index and chronic comor-
bid conditions is required (Boulet and Boulay 2011).
Robust data on how metabolic and homeostatic systems
are adjusted in early years of life has potential to inform
personalized medicine, therapeutic interventions, and
asthma diagnostics/management.

Conclusions and implications

There is strong evidence of associations between expo-
sure to PM2.5 and increased pediatric asthma risk in the
MMA region. Racial disparities in healthcare utilization
and outcomes due to PM2.5 exposure are far starker in this
Memphis pediatric asthma cohort than originally report-
ed. This study highlights a widening disparity gap in this
pediatric asthma cohort through numerous analytical
strategies stratified by residence (high vs. low asthma rate
areas), age (exposure during early childhood period vs.
teenage age period), race (African American vs. white,
white vs. other), and insurance (public vs. private). Upon
a detailed and critical examination of all these factors, we
observed that the size of racial and age disparities in
childhood asthma varies geographically in the MMA
region, and these spatial variations have significant cost
implications on asthma care and management.
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