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Background-—Driving time to a percutaneous coronary intervention (PCI)–capable hospital is important in timely treatment of
acute myocardial infarction (AMI). Our objective was to determine whether driving time from one’s residence to a PCI-capable
hospital contributes to AMI deaths. We conducted a cross-sectional study of age- and sex-adjusted mortality in census block
groups to evaluate this question.

Methods and Results-—We studied all (14 027) AMI deaths that occurred during 2008–2012 in Arkansas to assess the
relationship between driving time from the population center of a block group (neighborhood) to the nearest PCI-capable hospital.
We estimated standardized mortality ratios in block groups that were adjusted for education (population over 25 years of age who
did not graduate from high school), poverty (population living below federal poverty level), population density (population per
square mile), mobility (population residing at the same address as 1 year ago), black (population that is black), rurality (rural
households), geodesic distance, and driving time. The median geodesic distance and driving time were 12.8 miles (interquartile
range 3.6–30.1) and 28.3 minutes (interquartile range 9.6–58.7), respectively. Risks in neighborhoods with long driving times
(90th percentile) were 26% greater than risks in neighborhoods with short driving times (10th percentile), even after adjusting for
education, poverty, population density, rurality, and black race (P<0.0001).

Conclusions-—AMI mortality increases with increasing driving time to the nearest PCI-capable hospital. Improving the healthcare
system by reducing time to arrive at a PCI-capable hospital could reduce AMI deaths. ( J Am Heart Assoc. 2016;5:e002378 doi:
10.1161/JAHA.115.002378)
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A cute myocardial infarction (AMI) is a leading cause of
morbidity and mortality.1 In 2012, �118 000 deaths

were reported due to AMI in the United States (http://won-
der.cdc.gov/ucd-icd10.html). Primary percutaneous coronary

intervention (PCI) is the preferred treatment for patients with
an ST-elevation myocardial infarction (STEMI),2,3 a type of AMI
that has high morbidity and mortality.1 Timely response and
early PCI during the “golden hour” (60 minutes) has been
shown to decrease morbidity and mortality associated with
AMI.4–6 Driving time to a PCI-capable hospital is an important
factor in the timely response to this life-saving intervention.5,7

A study by Nallamothu and colleagues found that nearly 80%
of the US population lived within 60 minutes to a PCI-capable
hospital with a median driving time of 11.3 minutes.8

However, there was a wide variation within the regions of
the United States, with 7.6 minutes in the US Pacific region to
21.4 minutes in the US East South Central region.8 Similar
geographical variation was observed in Canadian provinces as
well.9 Studies have shown that the number of deaths from
AMI increases by 6.5% for an increase in every mile from a PCI
hospital, and driving time to the hospital is an important
predictor of AMI mortality.10,11 While these studies have
looked at the driving time and distance from a patient’s
residence to a PCI-capable hospital and its implications,8–11
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none of them evaluated driving time to a PCI-capable hospital
as a predictor of mortality in patients with AMI at a census
block group (neighborhood) level.

We designed this study to examine the relationship of
mortality from AMI with different measures, especially the
driving time to the nearest PCI-capable hospital. We hypoth-
esize that increasing driving time to PCI-capable hospitals is
associated with higher AMI deaths. This relationship was
assessed at the smallest geographical unit possible—census
block groups (BGs). The results of this study are particularly
relevant to rural communities that face additional challenges
due to limited access to healthcare facilities.12

Methods
Death certificates from 2008 to 2012 for the state of
Arkansas that coded AMI as an underlying cause of death with
International Classification of Diseases, Tenth Revision codes
I21 and I22 were obtained. Data on age and sex were
obtained directly from death certificates. The residential
address of each case was assigned a latitude and longitude
using several geocoding procedures at the Arkansas Depart-
ment of Health. The Science Advisory Committee of the
Arkansas Department of Health, which serves as the Institu-
tional Review Committee for the agency, approved the data
use and the project. Only de-identified data were obtained for
analysis and reporting; hence, the need for informed consent
was waived by the Science Advisory Committee.

AMI Deaths Assigned to BGs
Census BGs were used as proxies for neighborhoods, which
are the units of analysis. AMI deaths were tabulated by age,
sex, and the BG (neighborhood) where the deceased resided.
Most addresses (93.1%) geocode directly to the latitude and
longitude of a residence. The remaining addresses (6.9%) did
not resolve to a residence (eg, post office box). These cases
were presumed to reside in the Zip Code Tabulation Area
(ZCTA) associated with the Zip Code on the death certificate,
and they were apportioned to the BGs comprising the ZCTA.

ZCTAs usually overlap several BGs, and we included any BG
that was at least partially within the ZCTA boundary. This
criterion generated a list of eligible BGs from a ZIP Code. The
American Community Survey estimated the number of persons
of the same 5-year age range and sex as the deceased in each
of the eligible BGs. We apportioned the deceased to each
eligible BG based on these population estimates; a portion of
the case was assigned to each BG corresponding to the
proportion of the “eligible” population in the BG. For example,
suppose there were 2 BGs in the ZCTA, one containing 40
people of the appropriate age–sex and the other containing 60

people. The algorithm assigned 40/100 of the case to the first
BG and 60/100 of the case to the second BG.

Latitude and longitude were assigned to a BG or ZCTA
using functions in MATLAB’s Mapping Toolbox (The Math-
works, Inc, Natick, MA), which locate points (residence of the
deceased) within BG boundaries defined in shapefiles of 2010
census BGs (TIGER: www.census.gov). We also used
MATLAB’s Mapping Toolbox to generate maps.

Driving Time to the PCI-Capable Hospital
We used the Network Analyst extension of ESRI ArcGIS 10.0
(ESRI Inc, Redlands, CA) to calculate the driving time by
ground from Arkansas BGs to the nearest PCI-capable
hospitals in Arkansas and in bordering states (Louisiana,
Mississippi, Missouri, Oklahoma, Tennessee, and Texas). We
used a nationwide network data set (StreetMap North
America) that holds detailed information regarding road
network features such as speed limits and direction of travel
along each road segment. An origin–destination cost matrix
was generated with the population center of a BG as origin
and PCI-capable hospitals as destination. This BG-specific
covariate is referred to as “driving time.”

BG Covariates
BG-level tabulations of surveys conducted by the American
Community Survey were downloaded for the period 2008–
2012. The following variables were selected for our analysis:
number of persons by 5-year age and sex categories, number
of persons living in a household where the previous year’s
income was below the federal poverty level, number of
persons over 25 years of age who did not complete high
school, number of persons who were black, number of rural
households in a BG, and number of persons living in the same
residence as 1 year ago. The land area of the BG was
obtained from the 2010 US Census summary file and the
population density of the BG was computed.

The population counts were transformed before use as a
covariate. The count in a BG, (rb), was converted to
a proportion of the BG population, rb/nb. Shrinkage is a
statistical procedure used to moderate extreme observed
proportions (ie, when none [rb/nb=0] or all [rb/nb=1] obser-
vations have the attribute). It also adjusts for attenuation in
relative risk estimates expected from measurement errors in
the observed BG covariates. The median value of rb/nb over
BG, m, was used to construct a shrinkage estimate of the
proportion, pb=(rb+5 m)/(nb+5). The shrinkage estimate was
probit-transformed to create a BG-level covariate that was
used in analyses (ie, xb=probit[pb]). The covariates x_edu (did
not graduate HS), x_pov (living below poverty level), x_home
(same residence for past year), and x_black (black proportion)
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were computed this way. The covariate, x_den, was the
logarithm (base 10) of the population density (persons per
square mile).

We also determined the geodesic distance (miles) from the
population center of the BG to the nearest PCI-capable
hospital (covariate: distance). PCI-capable hospitals in or
bordering Arkansas were obtained from the American Heart
Association website (http://maps.heart.org/ml/#) and the
latitude–longitude of each was geocoded. Population center
(downloaded from the US Census Bureau: http://www.cen-
sus.gov/geo/reference/centersofpop.html) of a BG was used
as a proxy for an individual’s neighborhood of residence.

Statistical Analysis
Age- and sex-specific AMI mortality rates were estimated in
Arkansas’ BGs. Standardized mortality ratios, represented as
SMRb ¼ ob=eb where the subscript denotes BG-specific values,
were smoothed by regressing against BG covariates, xb.
Expected cases, eb, were computed by applying age- and sex-
specific mortality rates from Arkansas (Figure 1) to the corre-
sponding BG populations. We fit generalized additive Poisson
regression models13 of the form, E ln obð Þ ¼ ln eb þ aþ S xbð Þ;
where ob denotes observed deaths and lneb is entered as an
offset. A scatterplot smooth, S(xb), was fit using R software,
mgvc-package (mixed generalized additive model computation
vehicle).14 The regression adjusts the expected number of
cases in the BG, exp lneb þ aþ S xbð Þð Þ, and the ratio relative to
eb provides an estimate of the relative risk
R xbð Þ ¼ exp aþ S xbð Þð Þ. A significant smooth, S(xb), implies
heterogeneity in AMI mortality rates among BGs that is
associated with the covariate.

The estimated relative risk derived from regressions on BG
covariates show spatial variation because of the spatial
distribution of the BG covariates. However, because of effects
from risk factors that are not in the regression model, these
covariates may not adequately reflect the underlying variation
in AMI mortality rates. Geographically weighted regression15

was used to further adjust relative risk estimates in BGs for
such unexplained geospatial variation in AMI mortality rates.

We conducted 2 sensitivity analyses. We used the centroid
of a census BG to calculate the distance to the nearest PCI
hospital instead of the population center. We also calculated
the maximum distance of an individual living within a BG to
the population center.

Results
From 2008 to 2012, there were 14 079 AMI deaths in
Arkansas. Of these deaths, 11 726 (83.3%) were white, 1817
(12.9%) were black, and the remaining (3.8%) were races other
than white or black, or the race was unknown. Over 99% were
non-Hispanic. Figure 1 shows the age- and sex-specific
mortality rates for AMI mortality in the combined non-
Hispanic white and non-Hispanic black population. These
rates were the reference rates for computing relative risks in
BGs. Figure 2A maps estimates of BG relative risks after
covariate adjustments for education, poverty, population
density, rurality, black race, and geospatial variation (geo-
graphically weighted regression). It shows BG-specific relative
risk estimates of AMI mortality in Arkansas for the years 2008
through 2012. The 2147 BGs were divided into 6 relative risk
categories with cut points at the 10th, 25th, 50th, 75th, and
90th percentiles. There were greater than 3-fold differences in
relative risk of AMI mortality across the state, even among
adjacent BGs. Most of the BGs with the high relative risk were
located in the eastern part of the state in the Mississippi Delta
region.

The median geodesic distance (shortest path) and driving
time from the population center of a BG (neighborhood) to the
nearest PCI-capable hospital were 12.8 miles (interquartile
range [IQR] 3.6–30.1) and 28.3 minutes (IQR 9.6–58.7),
respectively. Figure 2B shows the location of 26 PCI-capable
hospitals (blue dots) and BGs with population centers within
specified driving times. Driving times for the 10th, 25th, 50th,
75th, and 90th percentiles were 4.7, 9.6, 28.3, 58.7, and
81.6 minutes, respectively. In 509 BGs, driving time to the
nearest PCI-capable hospital exceeds 60 minutes. Twenty-
one percent of the state’s population 35 years of age and
older reside in these BGs (over 362 000 people). Of note, the
neighborhoods (BGs) that have the longest driving time to a
nearest PCI-capable hospital (90th percentile colored dark red
in Figure 2B) correspond with areas having higher relative risk

Figure 1. Age- and sex-specific acute myocardial infarction
mortality rates during 2008–2012 in the combined non-Hispanic
white and non-Hispanic black populations of Arkansas.
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of AMI mortality (90th percentile colored dark red in
Figure 2A). These neighborhoods in the western part of the
state are mountainous (Ozark and Ouachita mountains), and
those in the eastern part of the state are bisected by 4 large
rivers (Arkansas, Mississippi, White River, and St. Francis).
These natural barriers contribute to long driving times.

Table shows regression estimates and 95% CIs for the
relative risk at selected percentiles (10th, 25th, 50th, 75th, and
90th) of the BG covariates: poverty, education, population
density, rurality, black race,mobility, geodesic distance, and the
driving time to the nearest PCI-capable hospital. Each univariate
model estimated a significant trend in AMI mortality relative to
Arkansas age- and sex-specific mortality rates. AMI mortality
rates increasewith increasing proportions for thosewho did not
graduate from high school (education), who are living below
poverty level (poverty), BGs with higher proportion of rural
households, who are black, as well as with distance and driving
time from a PCI-capable hospital. AMI mortality rates decrease
with increasing population density and proportion living in the
same residence as the previous year (mobility). Education is the
strongest predictor (explained deviance of 13.5%), with AMI
mortality increasingmore than 2-fold (from 0.7 to 1.3) when the
relative risk in 10% of BG with the highest percent not
completing high school is compared to the relative risk in the

lowest 10% of BG. Increasing mortality trends were also
associated with distance (explained deviance of 11.2%) and
driving time (explained deviance of 9.9%). Mortality trends with
distance or driving time from the population center to the
nearest PCI-capable hospital were comparable to trends with
the socioeconomic covariates, education and poverty, and
substantially stronger than trends with urbanization (population
density) and black race.

The results of multivariate analyses are also shown in
Table. The multivariate analysis shows an incremental
increase in percent deviance when sequentially adding BG
covariates to a regression model beginning with education,
then adding poverty, population density, rurality, black race,
and the driving time to the nearest PCI-capable hospital.
Mobility was dropped from the multivariate model because it
was not significant when other variables were included.
Distance variable was dropped from the multivariate model as
it was highly correlated with the driving time. The multivariate
model shown in Table explains 21.5% of the deviance in AMI
mortality among neighborhoods (BGs). It shows that 2.6% of
the deviance in AMI mortality is explained by the driving time
to the nearest PCI-capable hospital after adjusting for the
effects of education, poverty, population density, rurality, and
black race. This increase in risk of death is statistically

A B

Figure 2. A, Block group (BG)–specific estimates of the relative risk for acute myocardial infarction mortality among Arkansans, ages 30+,
during 2008–2012. (B) Driving time from population center of BG to the nearest percutaneous coronary intervention–capable hospital (blue
dots). Estimates (RR) are based on trends in the standardized mortality ratio with BG measures of education, poverty, population density,
percent rural, black race, and geographical location (spatial trends). The 10th, 25th, 50th, 75th, and 90th percentiles among BGs determine the
boundaries of color interval.
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Table. Regression Estimates of the Relative Risk (RR) of Acute Myocardial Infarction (AMI) Mortality in Arkansas at Ages 30+,
2008–2012, at Selected Percentiles of Block Group (BG) Covariates

Covariate/Regression
Model

RR at Covariate Percentile*
10th, 25th, 50th, 75th, 90th

Percent Explained
Deviance P Value

Univariate†

Education 0.66, 0.86, 1.07, 1.22, 1.31 13.5 <0.0001

LCB 0.62, 0.83, 1.03, 1.18, 1.26

UCB 0.71, 0.90, 1.10, 1.27, 1.38

Poverty 0.75, 0.88, 1.02, 1.19, 1.33 9.0 <0.0001

LCB 0.71, 0.84, 0.98, 1.14, 1.26

UCB 0.80, 0.91, 1.05, 1.24, 1.40

Population density 1.21, 1.12, 0.97, 0.86, 0.82 4.0 <0.0001

LCB 1.16, 1.08, 0.95, 0.83, 0.78

UCB 1.27, 1.16, 1.00, 0.90, 0.87

Rurality 0.88, 0.88, 1.12, 1.10, 1.10 2.2 <0.0001

LCB 0.84, 0.84, 1.04, 1.05, 1.05

UCB 0.93, 0.93, 1.22, 1.15, 1.15

Black 0.98, 0.95, 0.95, 1.04, 1.17 1.9 <0.0001

LCB 0.93, 0.91, 0.91, 0.99, 1.10

UCB 1.04, 0.99, 0.99, 1.09, 1.25

Mobility 1.07, 1.02, 0.99, 0.97, 0.97 0.5 0.0097

LCB 1.02, 0.98, 0.95, 0.94, 0.92

UCB 1.13, 1.06, 1.02, 1.01, 1.02

Distance 0.75, 0.78, 0.93, 1.21, 1.35 11.2 <0.0001

LCB 0.71, 0.74, 0.89, 1.16, 1.28

UCB 0.79, 0.81, 0.97, 1.26, 1.42

Driving time 0.75, 0.79, 0.94, 1.19, 1.33 9.9 <0.0001

LCB 0.71, 0.75, 0.91, 1.15, 1.26

UCB 0.79, 0.82, 0.98, 1.25, 1.40

Multivariate‡

Education

Poverty 0.90, 0.95, 1.00, 1.06, 1.11 15.4 <0.0001

LCB 0.86, 0.92, 0.97, 1.03, 1.06

UCB 0.94, 0.98, 1.03, 1.10, 1.17

Population density 1.10. 1.04, 1.03, 0.92. 0.84 17.6 <0.0001

LCB 1.04, 0.99, 0.99, 0.88, 0.79

UCB 1.15, 1.09, 1.08, 0.96, 0.90

Rurality 1.04, 1.04, 1.02, 0.96, 0.96 18.7 <0.0001

LCB 1.00, 1.00, 0.99, 0.92, 0.92

UCB 1.09, 1.09, 1.05, 1.00, 1.00

Black 0.99, 0.99, 1.00, 1.01, 1.02 18.7 0.467

LCB 0.94, 0.96, 0.97, 0.97, 0.97

UCB 1.03, 1.02, 1.03, 1.04, 1.07

Driving time 0.88, 0.90, 0.98, 1.07, 1.11 21.5 <0.0001

LCB 0.84, 0.86, 0.94, 1.03, 1.06

UCB 0.93, 0.94, 1.01, 1.11, 1.16

*RR estimates evaluated at the specified percentiles of the BG covariate.
†Univariate models estimate the BG AMI mortality risk associated with the covariate relative to Arkansas age- and sex-specific rates. LCB/UCB: lower and upper 95% confidence bounds.
‡Multivariate model estimates the BG AMI mortality risk associated with the covariate after adjusting for the covariates that precede it in the table.
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significant (P<0.0001). Figure 2A is a composite of the
relative risks in BG that was estimated by the multivariate
model in Table, and a spatial adjustment of the residuals from
the multivariate model. The residuals from the multivariate
model exhibit strong spatial patterns indicating that there are
other unobserved factors that are differentially distributed
across regions of the state, and are also associated with
mortality.

Figure 3 shows the trend in the relative risk of AMI mortality
with the increasing driving time to the nearest PCI-capable
hospital. The relative risk ranges from atmost 0.88 in the 10% of
BGs with the shortest driving times to 1.11 in the 10% of BGs
with the longest driving times. This indicates a 26% excess risk
of AMI mortality attributable to the driving time to the nearest
PCI-capable hospital after adjusting for education, poverty,
population density, rurality, and black race.

The results from our sensitivity analysis using centroid of a
census BG to calculate the distance to the nearest PCI-
capable hospital yielded similar results. The median distance
to a PCI hospital from the centroid of a census BG was
13.0 miles (IQR 3.7–30.2). In another analysis, we found that
in 75% of BGs, all the residents were within 5 miles of the
population center and in slightly more than 95% of BGs, all
residents were within 10 miles of the population center.

Discussion
To our knowledge, this is the first study to assess driving time
to the nearest PCI-capable hospital as a predictor of AMI
mortality at the neighborhood (census BG) level. We found a
26% increase in relative risk of AMI mortality as the driving time
to nearest PCI-capable hospital increases after adjusting for
education, poverty, population density, rurality, and black race.

The median distance to a PCI hospital in the state of Arkansas
is 12.8 miles (IQR 3.6–30.1). This is much higher than the US
median distance of 7.9 miles (IQR 3.5–22.4).8 The median
driving time to the nearest PCI-capable hospital is 28.3 min-
utes (IQR 9.6–58.7) in the state of Arkansas. This is over 2.5
times higher than the US median driving time of 11.3 minutes
(IQR 5.7–28.5).9 Furthermore, 21% of the state’s population
35 years of age and older resides in BGs (over 362 000
people) where driving time exceeds 60 minutes. We calculated
the driving time from the population center of the decedent’s
census BG of residence to the nearest PCI-capable hospital.
This calculation of driving time estimates the average time of
all residents in a given census BG. This, along with low
educational attainment and poverty, may have contributed to
the high age-adjusted mortality from AMI in Arkansas (85.5 per
100 000 population) compared to the national average (36.9
per 100 000 population).16 The role of education and poverty
in AMI mortality cannot be understated. However, adjusting for
these predictors does not completely explain the association
of driving time with AMI mortality.

AMI mortality rates were not uniform across Arkansas’
neighborhoods (BGs), and this heterogeneity could be
explained in part by differences in the incidence of AMI
among neighborhoods (BGs). Driving time presumably affects
death rates following AMI and not the incidence of AMI. More
proximal individual-level risk factors such as diet, physical
inactivity, smoking, obesity, and comorbidities such as
hypertension correlate with the neighborhood (BG) covariates
we used such as education, poverty, and race. It is our view
that these covariates indirectly account for some of the
underlying differences. These covariates accounted for 17.8%
of the deviance in AMI mortality rates among neighborhoods
(BGs), and they reduce the contribution of driving time from
9.9% of the deviance to 2.6% (Table). However, the unmea-
sured confounding due to not accounting for individual-level
risk factors and their regional distribution cannot be com-
pletely eliminated in the study.

Improving the readiness of healthcare systems and
response to care for people with AMI can prevent deaths and
long-term healthcare costs. A system of care where there is a
coordinated response involving individuals, emergency medical
services, and hospitals through integration, collaboration, and
networking has been shown to avert deaths due to AMI.17–19

There are different systems of care utilized by various entities
(ie, regional, statewide, healthcare system, and hospitals) for
AMI care. Some of the examples of systems of care for heart
attack are the Mission: Lifeline STEMI system of care promul-
gated by the American Heart Association (http://maps.-
heart.org/ml/#); and the RACE (Regional Approach to
Cardiovascular Emergencies (https://racecars.dcri.-
duke.edu/) project utilized by the Carolinas Healthcare
System. Additionally, a recent report from the National

Figure 3. Adjusted relative risk of acute myocardial infarction
mortality with 95% confidence bounds (green) as a function of
driving time from the population center of the block group to the
nearest percutaneouscoronary intervention (PCI)–capable hospital.
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Cardiovascular Data Registry showed that the median inter-
hospital driving time was 57 minutes (IQR 36–88 minutes) in
the United States.20 The interhospital driving times suggest
that fibrinolytic therapy should be considered for some of these
patients, as supported by the Mission: Lifeline and RACE
protocols. This analysis might help organize a statewide system
of care for STEMI, as was done in North Carolina. The American
College of Cardiology (ACC) and the AHA endorsed such
approaches as a new Class I recommendation that each
community should develop a STEMI system of care.21

There are limitations to our study. First, driving time to the
nearest PCI-capable hospital does not include the time for the
EMS to arrive at the scene, and the time spent by EMS at the
scene; hence, our driving time estimates are more conserva-
tive than what happens in reality. Second, the driving time
does not include interhospital transfer time, which also
impacts mortality.22 Third, the time from when an individual
develops symptoms and then decides to seek care at any
healthcare facility can be highly variable. This “Act in Time”
response time was not measured. Fourth, we calculated the
driving time from the population center of a BG rather than
from an individual’s residence. Fifth, we did not account for
other unmeasured variables such weather factors, which can
impact driving time. Lastly, we were unable to parse out the
deaths specifically due to STEMI from the death certificates
that listed cause of death as AMI. Some of these deaths may
have been due to non-STEMI. Also, accuracy in coding for AMI
deaths could lead to differential misclassification by place of
death (at home versus en-route or in-hospital), and distance to
care centers.23 Nonetheless, the pathophysiologic basis of
both STEMI and non-STEMI is the same (ie, luminal obstruc-
tion by a thrombus in the narrowed atherosclerotic coronary
artery), and the preferred therapy for both types of AMI
remains early revascularization.

Conclusions
This study shows that AMI mortality increases with increasing
driving time to the nearest PCI-capable hospital. Improving
the healthcare system by reducing time to arrive at a PCI-
capable hospital could reduce AMI deaths.
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