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Abstract

Background: Injury-causing events are not randomly distributed across a landscape, but how they are associated
with the features and characteristics of the places where they occur in Arizona (AZ) remains understudied.
Clustering of trauma events and associations with areal sociodemographic characteristics in the greater Phoenix
(PHX), AZ region can promote understanding and inform efforts to ameliorate a leading cause of death and
disability for Arizonans. The outcomes of interest are trauma events unrelated to motor vehicle crashes (MVC) and
the subgroup of trauma events due to interpersonal assaults.

Methods: A retrospective, ecological study was performed incorporating data from state and national sources for
the years 2013–2017. Geographically weighted regression models explored associations between the rates of non-
MVC trauma events (n/10,000 population) and the subgroup of assaultive trauma events per 1000 and areal
characteristics of socioeconomic deprivation (areal deprivation index [ADI]), the density of retail alcohol outlets for
offsite consumption, while controlling for race/ethnicity, population density, and the percentage urban population.

Results: The 63,451 non-MVC traumas within a 3761 mile2 study area encompassing PHX and 22 surrounding
communities, an area with nearly 60% of the state’s population and 54% of the trauma events in the AZ State
Trauma Registry for the years 2013–2017. Adjusting for confounders, ADI was associated with the rates of non-MVC
and assaultive traumas in all census block groups studied (mean coefficients 0.05 sd. 0.001 and 0.07 sd. 0.002 for
non-MVC and assaultive trauma, respectively). Alcohol retail outlet density was also associated with non-MVC and
assaultive traumas in fewer block groups compared to ADI.

Conclusion: Socioeconomic deprivation and alcohol outlet density were associated with injury producing events in
the greater PHX area. These features persist in the environment before and after the traumas occur. Ongoing
research is warranted to identify the most influential areal predictors of traumatic injury-causing events in the
greater PHX area to inform and geographically target prevention initiatives.
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Introduction
Traumatic injuries affect individuals, families and communi-
ties. Nationally, unintentional injury is the leading cause of
death and disability for Americans one to 44 years-old and
the third leading cause of death overall, primarily due to
brain injuries.(Centers for Disease Control and Prevention
National Center for Injury Prevention and Control, 2010;
Gunst et al., 2010) According to the most recent report of
the National Vital Statistics System from the Centers for Dis-
ease Control and Prevention, in 2016 over 161,000 people in
the United States (US) died from unintentional injuries.
Intentional self-harm (suicide) was responsible for 45,000
deaths. Motor vehicle crashes and falls combined for another
75,000 deaths.(Xu et al., n.d.) In Arizona (AZ), 46,842 pa-
tients were treated for traumatic injuries, of whom 1111
(2.4%) people (75 per 100,000) died in 2016.(Arizona Bureau
of Emergency Medical Services and Trauma System, 2017)
In addition to the toll of lives lost, an enormous financial cost
is associated with fatal and nonfatal injury. The annual in-
patient costs for trauma patients in the US have been esti-
mated to be more than $37 billion dollars.(Velopulos et al.,
2013) When lifetime productivity losses are included, the
costs exceed $99 billion dollars among those involved in fatal
and nonfatal motor vehicle crashes.(Naumann et al., 2010) In
2016, the sum of trauma center charges in AZ was $1.9
billion with a median charge of $22,418 per patient.(Arizona
Bureau of Emergency Medical Services and Trauma System,
2017)
Traumatic injury is multifactorial and is the results of

unintentional or intentional actions. Certain environ-
mental features associated with traumatic injury-causing
events have been identified from the sociology, medicine,
criminal justice, and public health disciplines. The avail-
ability of alcohol bears a strong and consistent associ-
ation with traumatic injury, particularly assault-related
mechanisms, whether measured among individuals in
the emergency department or at the community level.(-
Sheppard et al., 2008; Pridemore & Grubesic, 2013; Britt
et al., 2005; Cameron et al., 2016; Cunradi et al., 2011;
Cunradi et al., 2012; Gorman et al., 1998; Gorman et al.,
2005; Grubesic & Pridemore, 2011; Lipton & Gruene-
wald, 2002; Livingston, 2011; Reid et al., 2003; Resko
et al., 2010; Scribner et al., 1995; Zhu et al., 2004) Simi-
larly, neighborhood social disadvantage or socioeco-
nomic status (SES) has been associated with
interpersonal violence and injury.(Bouffard & Muftić,
2006; Boyle & Hassett-Walker, 2008; Valdez et al., 2007;
Simpson et al., 2005; Abedzadeh-Kalahroudi et al., 2018;
Chong et al., 2015; Halonen et al., 2012; Jarman et al.,
2018a; Lawson et al., 2015; Markowitz, 2003; Zarzur
et al., 2010) Numerous metrics of areal SES have been
evaluated by previous investigators for association with
traumatic injury and survival.(Bouffard & Muftić, 2006;
Boyle & Hassett-Walker, 2008; Valdez et al., 2007;

Simpson et al., 2005; Abedzadeh-Kalahroudi et al., 2018;
Chong et al., 2015; Halonen et al., 2012; Jarman et al.,
2018a; Lawson et al., 2015; Bell et al., 2015; Cubbin
et al., 2000a; Cubbin & Smith, 2002; Jarman et al.,
2018b) However, no consensus regarding the best fea-
tures to model SES has been established.(Kruithof et al.,
2017)
It is unlikely that alcohol availability and SES promote

injury-causing events uniformly across geographic re-
gions and populations. Arizona has several unique char-
acteristics which may modify the associations of areal
sociodemographic features with the occurrence and
locations of trauma. These distinctive features of the
population include the proportion living below the pov-
erty level and the racial and ethnic composition living in
AZ.(United States Census Bureau, 2015) As such the
sociodemographic features of AZ may interact with fac-
tors known to be related to the occurrence of injury-
related events in ways distinct from other regions. More-
over, the features considered as predictive variables
under study are considered to be neither uniformly
present nor randomly distributed in geographic terms.
Therefore, the geographically varying concentrations of
such predictors may influence the occurrence of trauma
events in similarly varying degrees and are the focus of
this study. No prior study has undertaken the
characterization of the geographic associations of trauma
in AZ with the published predictors of traumatic injury
events, specifically SES and the availability of alcohol via
retail outlets for off-site consumption.
Traumatic injury-causing events are not randomly dis-

tributed across a landscape, but how they are associated
with the features and characteristics of the places where
they occur in AZ remains understudied. Elucidating the
clustering of trauma events and associations with the
areal features of population density, racial and ethnic
composition, proportion urban population, socioeco-
nomic deprivation, and alcohol availability in the greater
Phoenix (PHX), AZ region can promote understanding
of the mosaic of environmental promoters of injurious
events and inform efforts to ameliorate a leading cause
of death and disability for Arizonans. The goal of this
study was to geographically model the distributions of
traumatic injury-causing events and hypothesized pre-
dictors. Specifically, we hypothesized that socioeconomic
deprivation and alcohol availability would be positively
associated with non-motor vehicle crash (MVC) trauma
events and a subgroup of trauma events arising from
interpersonal assault leading to injury sufficiently severe
to warrant evaluation and treatment in emergency de-
partment of a hospital in PHX. The hypothesized causal
pathway linking socioeconomic deprivation and alcohol
outlet density to non-MVC trauma events and assault-
related trauma events controlling for the confounding
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effects of population density, percent urban population,
and percentage of non-White race population is depicted
in Fig. 1.

Methods
This is a retrospective, ecological study using geospatial
and aspatial analysis of trauma in AZ for the years
2013–2017. It was approved by the human subjects re-
view boards of the University of Arizona (Protocol Num-
ber: 1810983290) and the AZ Department of Health
Services (AZDHS) (HSRB 18–0047).
Patients were included if they met AZ State Trauma

Registry (ASTR) of the AZDHS inclusion criteria. Briefly,
patients are included in the ASTR registry if the emer-
gency medical team transporting the patient deems the
patient has suffered traumatic injury, transferred from
one trauma center to another via EMS, required a
trauma team activation, or were admitted to hospital or
died due to traumatic injuries.(Arizona Department of
Health Services Emergency Medical Services and
Trauma System, 2019) Patients were excluded from this
study if their trauma occurred outside of AZ, their injur-
ies were caused by burns, drowning, insect or animal
bites or stings, overexertion, poisoning, or other mecha-
nisms unrelated to gross anatomic injury. Patients were
also excluded from the analysis if they were injured as a
driver or passenger involved in a MVC. This exclusion is
based the distribution of motor vehicle safety features fa-
voring upper-income drivers and places individuals from
lower SES at increased risk of harm.(Girasek & Taylor,
2010) This disparity would create a differential risk of
requiring treatment for injuries due to MVC leading to a
differential representation in the data. Moreover, analysis
of data from the South Carolina Department of Motor
Vehicles shows only 35% of MVCs happen within five
miles of the drivers’ residential address.(Brown, 2016)
Thus, the inclusion of MVCs in the present study would
systematically bias the results. Burns were excluded as

the mechanism of injury differs significantly from the
others included in the study. Additionally, there is a sin-
gle adult burn center and a single pediatric burn center
in AZ. Patients were also excluded if their survival status
was not known or if no address of the incident was in-
cluded in their records.
Patient-level trauma data from the ASTR included pa-

tient age group, sex, race and ethnicity, comorbid diseases,
location of trauma incident, type of insurance, mechanism
of injury, clinical diagnoses for injuries, vital status at hos-
pital discharge (alive/dead), and hospital discharge destin-
ation. Injury diagnoses were described in the Abbreviated
Injury Scale (AIS),(Gennarelli & Wodzin, 2008) Inter-
national Classification of Diseases, Ninth Revision, Clinical
Modification, (ICD-9)(World Health Organization,
National Center for Health Statistics, Centers for Medi-
care and Medicaid Services, 2010) and the International
Classification of Diseases, Tenth Revision, Clinical Modifi-
cation, (ICD-10).(World Health Organization, National
Center for Health Statistics, Centers for Medicare and
Medicaid Services, 2015) The severity of traumatic injury
of each individual is a critical factor when aggregating and
comparing groups of people with diverse injury mecha-
nisms and diagnoses. Injury severity was quantified using
the Trauma Mortality Prediction Model probability of
death (TMPM).(Osler et al., 2019; Osler et al., 2008;
Glance et al., 2009) Events identified as assault-related
were defined according to the External Causes of Injury
and Poisoning manner and intent of injury for both the
ICD-9-CM and ICD-10-CM lexicons in the AZDHS files.
The study region of interest was a 3,761 mile2 rectangu-

lar area incorporating the city limits of Phoenix, as well as
22 surrounding communities. This approach was chosen
to focus the first analysis to characterize the geographic
associations of traumatic injury events and published pre-
dictors of such events to an area that captures a majority
of the state’s population with fewer zero-population block
groups (2 in study area versus 21 for entire state) Fig. 2.

Fig. 1 Hypothesized causal pathway linking study predictors and outcomes
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Numerous metrics of areal SES have been evaluated by
previous investigators for association with traumatic in-
jury and survival. However, no consensus regarding the
best construct has been established.(Bell et al., 2015;
Cubbin et al., 2000a; Cubbin & Smith, 2002; Jarman
et al., 2018b; Kruithof et al., 2017; Cubbin et al., 2000b;
Cubbin et al., 2000c; Jarman et al., 2016; Kennedy et al.,
1998; Marcin et al., 2003; Messer et al., 2006; Shenassa
et al., 2004) For example, Bell, et al., conducted a review
of 33 studies and identified 70 census-based indicators
for monitoring areal risks of trauma.(Bell et al., 2015)
These included level of education and employment-

related measures. Cubbin, et al., found housing value,
crowded housing and blue collar occupation are associ-
ated with injury risk.(Cubbin et al., 2000b) To examine
the association of socioeconomic deprivation and the
scene of traumatic injury, we chose the Areal
Deprivation Index (ADI) as the metric of SES.(Singh,
2003; Knighton et al., 2016) Shapefiles for US Census
block groups were downloaded from the US Census
Bureau’s TIGER/Line Shapefiles.(United States Census
Bureau, 2018a) Block group demographics and informa-
tion pertaining to income, poverty, housing, employ-
ment, and education were obtained from the American

Fig. 2 Greater Phoenix study area with incorporated municipalities
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Communities Survey and Decennial Census from the
American FactFinder website.(United States Census Bur-
eau, 2010; United States Census Bureau, 2013) The ADI
is calculated by summing the 17 data points for each
census block-group, weighted by their Singh coefficient
thus producing a base score.(Singh, 2003) The coeffi-
cients range from − 0.0823 to 0.1157. Next, the ADI is
standardized and computed so the resulting mean for all
block groups equaled 100 with a standard deviation of
20. An alternative measure of the dispersion of wealth
among the block groups in the study area, the Gini
index or Gini coefficient, was compared to the ADI in
the geographic models of this study. The Gini index is a
common measure of the dispersion of wealth among
members of a group and theoretically ranges from 0 to
1. A Gini coefficient of 0 represents perfect equality
among the group members while a coefficient of 1 indi-
cates a single member of the group holds all of the
wealth. The models were run with ADI, with the Gini
coefficient and no measure of SES. The model with ADI
produced the lowest Akaike Information Criterion of the
three with no difference in the R2 coefficient of deter-
mination. In addition, the p-values for the Gini index
were greater than 0.05, whereas the p-values for ADI
were significant. Thus, the ADI was chosen as the meas-
ure of SES for the study.
The alcohol license type and addresses were down-

loaded from the Alcohol License Master Table from the
Arizona Department of Liquor website.(Arizona Depart-
ment of Liquor, 2019) Liquor stores and beer and wine
stores, including those with sampling privileges were in-
cluded as alcohol outlets for offsite consumption. Retail
outlet density per 10,000 population was computed as the
number of outlets in a block group divided by the respect-
ive total population and rescaled by a factor of 10,000.
Data preparation began with geocoding the addresses of

trauma scenes and alcohol outlets. This was accomplished
using the Geocode Addresses tool within ArcGIS Desktop,
version 10.6.1 command with Street_Addresses_US as the
locator. Addresses unrecognized by the algorithm were
geocoded by hand using Google Map.
The geospatial unit of analysis was the census block

group. The block groups are arranged to include 600 to
3,000 people. Block groups contain census blocks all
within a census tract. Each census tract contains a mini-
mum of one block group.(United States Census Bureau,
2012) The study area can be subdivided into 2,507 cen-
sus block groups, or 923 census tracts, or 132 Zip Code
Tabulation Areas. Census block groups unit were chosen
as the unit of analysis for several reasons. First, the pub-
lished Singh Coefficients for the ADI were estimated at
the block group level. Moreover, the trauma events and
alcohol outlets are point events which require aggrega-
tion to some larger geographic areas. Aggregation of

individual (point) SES data to higher geographic units
introduces bias with larger regression coefficients com-
pared to the data at the individual level.(Soobader et al.,
2001) However, aggregation to comparatively smaller
areas introduces less bias.(Soobader et al., 2001) Popula-
tion density was computed as the quotient of each block
group’s total population divided by the area in square
miles. These data were assembled by spatially linking
and aggregating the locations of non-MVC traumatic in-
jury causing events, including those due to assault, to
their respective block group polygon. The racial and eth-
nic composition of Arizona differs from the US as a
whole. For example, the proportion of American Indians
in Arizona is 5.3%, which is more than four-fold greater
than the remainder of the US (1.3%). Then, the propor-
tion of the population self-identifying as Hispanic/Latino
ethnicity is 73% greater in Arizona, compared to the rest
of the nation, (31.6% versus 18.3%). In the present study,
minority race and ethnicity groups are aggregated and
referred to as non-White, which is a commonly applied
construct in the trauma literature. For example, areas
with higher proportions of non-White residents were
shown to be associated with trauma events in a geospa-
tial analysis by Newgard, et al.(Newgard et al., 2011) Fi-
nally, although the US Census Bureau’s definition of an
urban area includes population density as an element, it
also includes paved land coverage, and areas of discon-
tinuous urban development.(Ratcliffe et al., 2016) As
such, both were included. The ADI, alcohol retail outlet
density, population count, population density, block
group area in square miles (sq. mi.), percent urban
population (urbanity), and percent non-White popula-
tion were features within each block group.
First, an exploratory analysis was done to elucidate the

global and local measures of autocorrelation between
the events of interest, non-MVC traumas and a sub-
group of assault-related traumas, and the attributes of
ADI, alcohol retail outlet density, percent non-White
population, population density, and percent urbanity
using Moran’s I statistic(Moran, 1950) and Anselin’s
Local Indicators of Spatial Association (LISA)(Anselin,
1995) for global and local, respectively. The Moran’s I is
similar to an aspatial correlation coefficient. It varies be-
tween − 1.0 and + 1.0 with higher absolute values indi-
cating greater spatial autocorrelation by weighting the
values of proximal observations greater than observa-
tions far apart. Positive values for the Moran’s I indicate
positive autocorrelation. A value of zero demonstrates
no clustering of similar values or complete spatial ran-
domness.(Pfeiffer et al., 2008) The LISA analysis can be
thought of as a decomposition of the Moran’s I to assess
the contributions of each observation and can function
to identify areas of nonstationarity.(Anselin, 1995) LISA
reports and maps clusters of observations with high
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values surrounded by other observations with high
values (High-High or HH) and clusters of low values
surrounded by low values, (Low-Low or LL). The LISA
process also reports outliers of high values surrounded
by low value observations (High-Low or HL), and con-
versely low values in local areas of high values (Low-
High or LH).
Next, a geographically weighted multivariable regression

model was fitted to appraise the strength of association
between all injury events and attributes of the places in
which they occurred, specifically the density of alcohol re-
tail outlets for off-site consumption within each block
group (outlets per 10,000 persons), the ADI, population
density (persons per square mile per block group), percent
urban population, and the percent non-white population.
The same model fitting process was carried out for as-
saultive trauma events. The rates of non-MVC traumas
(events/10,000 population) and assault related trauma
events per 1,000 population per block group were the
dependent variables in the GWR models, respectively. In
both cases the variables were standardized as an initial
step in the model fitting process.
The independence of observations is a fundamental as-

sumption underlying aspatial statistical analysis, where the
inference of an association is deemed to be constant
regardless of where the measurement was taken within
the parameter space. Geographic data violate that assump-
tion of independence by virtue of their respective proxim-
ity in the geographic region of analysis. Moreover, the
phenomenon of interest may not be constant across the
study area, which is known as spatial nonstationarity, and
must be taken into account in the statistical modeling
process. The modeling of nonstationary geographic rela-
tionships has been addressed with the development of the
geographically-weighted regression (GWR).(Brunsdon
et al., 1996; Fotheringham et al., 2003)
Non-spatial data management and analysis were per-

formed using Stata MP version 14.2.(StataCorp, 2015)
Mapping spatial data was accomplished using, and

ArcMap 10.6.1.(ESRI, 2011) Moran’s I statistic and
Anselin’s LISA were calculated using GeoDa 1.8.(Anselin
et al., 2006) GWR regression models were constructed
using the MGWR 2.2.1 application (https://sgsup.asu.
edu/sparc).(Oshan et al., 2018)

Results
The state of Arizona covers 113,998 mile2 (sq. mi.) with
a mean population of 6,364,323 during 2013–2017.(Ari-
zona Office of Economic Opportunity. Population Esti-
mates, 2019) There are 15 counties and 4178 U.S.
Census Block Groups within the state. The mean popu-
lation per block group was 1523.3, (sd 779.4), although
23 block groups have populations of zero. The block
groups range in area from 0.03 sq. mi. to 4763.1 sq. mi.

resulting in a median population density per block group
was 3582.2 people per sq. mi.
Over 177,311 traumatic injury events are present in

the ASTR database and 4575 (2.6%) died as a result of
those injuries between 2013 and 2017. On average, 35,
469 traumas were entered into the ASTR database every
year from 2013 to 2017. Table 1 presents characteristics
of the 117,253 patients injured by non-MVC mecha-
nisms “study group”. During the five-year study period,
the number of traumas in the study area reported to the
ASTR increased by 73.1%, from 9247 events in 2013 to
16,008 events in 2017 while the population of the study
area increased by only 6.8%.(Arizona Office of Economic
Opportunity. Population Estimates, 2019) Therefore, the
incidence of non-MVC trauma events meeting criteria
for inclusion in ASTR increased by approximately 15.7%
per year, from 23.7 cases per 10,000 population in the
study area in 2013 to 38.3 per 10,000 in 2017. The
trauma patients were more often male, (58.8% versus
41.2%) and the 50–69 year-olds were the largest age
group (21.4%). White, Non-Hispanics constituted the
most frequent race/ethnic group. Although, race/ethni-
city was categorized as other or unknown by only 1.9%
of the patients, they represented 2.3% of the patients in
the PHX study area, compared to 1.4% outside the study
area. Nearly half of the non-MVC trauma patients in AZ
had at least one pre-injury chronic disease at the time of
their injury (49.2%). Overall, chronic diseases were more
prevalent among the study patients, 65.2%, versus 42.3%
among non-MVC trauma patients living outside the
study area. One noteworthy exception to this trend is al-
coholism which is more prevalent outside the study area,
however the difference is modest, 7.9% outside the study
area, compared to 5.6% within the greater PHX area. Al-
though ‘Do Not Resuscitate’ orders are not a chronic
disease process, per se, such orders usually reflect some
underlying level of acute or chronic condition. Do Not
Resuscitate orders accompanied only a small proportion
of the overall group (2.0%) though the hospital mortality
rate among these patients was the highest among other
chronic conditions (9.0%). Nearly 90% of the patients in
this study had some form of insurance, though a greater
proportion of the PHX area patients had no insurance.
Table 1.
In terms of the trauma events themselves, the vast ma-

jority were considered to be unintentional (91.1%) and
82.6% were due to blunt mechanisms of injury. More pa-
tients required care for injuries related to falls than any
other mechanism (40,701, or 77.7% of all trauma pa-
tients in the study area). As a group, penetrating injury
mechanisms were far less common (9153 [5.2%]) com-
pared to the blunt mechanisms over the period of the
study. Firearm and self-harm had the highest hospital
mortality rates, 17.7 and 25.7%, respectively. When
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Table 1 Demographic Characteristics of 117,253 Non-MVC trauma patients, Arizona 2013–2017*

All Patients PHX Outside PHX

N, (%) 117,253 63,451 (54.0) 53,802 (45.9)

Age Group, years, n (%)

Younger than 5 5948 (5.1) 3637 (5.7) 2311 (4.3)

5–19 13,118 (11.2) 6342 (10.0) 6776 (12.6)

20–29 13,722 (11.7) 6558 (10.3) 7164 (13.3)

30–39 11,685 (10.0) 5501 (8.7) 6184 (11.5)

40–49 10,167 (8.7) 5058 (8.0) 5109 (9.5)

50–69 25,297 (21.6) 13,440 (21.2) 11,857 (22.0)

70–84 23,187 (19.8) 13,592 (21.4) 9595 (17.8)

85 and older 14,127 (12.1) 9323 (14.7) 4804 (8.9)

Sex, n (%)

Male 68,885 (58.8) 35,598 (56.1) 33,287 (61.9)

Female 48,359 (41.2) 27,852 (43.9) 20,507 (38.1)

Race/Ethnicity, n (%)

White 77,731 (66.3) 45,070 (71.0) 32,661 (60.7)

Hispanic/Latino, Any Race 20,144 (17.2) 10,972 (17.3) 9172 (17.1)

American Indian 12,029 (10.3) 2141 (3.4) 9888 (18.4)

Black 4060 (3.5) 3104 (4.9) 956 (1.8)

Asian 861 (0.7) 597 (0.9) 264 (0.5)

Hawaiian/Pacific Islander 197 (0.2) 113 (0.2) 84 (0.2)

Other/Unknown 2231 (1.9) 1454 (2.3) 777 (1.4)

Pre-Injury Chronic Diseases, n (%)

One or more chronic diseases 64.101 (49.2) 41,368 (65.2) 22,733 (42.3)

Hypertension 31,807 (27.1) 21,857 (34.5) 9950 (18.5)

Smoker 14,058 (12.0) 8647 (13.6) 5411 (10.1)

Diabetes 13,225 (11.3) 8733 (13.8) 4492 (8.4)

Alcoholism 7828 (6.7) 3565 (5.6) 4263 (7.9)

Respiratory Disease 6467 (5.5) 4310 (6.8) 2157 (4.0)

Psychiatric Disorder 5958 (5.1) 4072 (6.4) 1886 (3.5)

Blood Disorder 5602 (4.8) 4509 (7.1) 1093 (2.0)

Dementia 5537 (4.7) 4230 (6.7) 1307 (2.4)

Congestive Heart Failure 3548 (3.0) 2624 (4.1) 924 (1.7)

Do Not Resuscitate Status 2289 (2.0) 1783 (2.8) 506 (0.9)

Insurance Status, n (%)

Medicaid/Medicare/Government 72,626 (61.9) 37,666 (59.4) 34,960 (65.0)

Private/Commercial 28,896 (24.6) 17,248 (27.2) 11,648 (21.7)

Uninsured 9187 (7.8) 5231 (8.2) 3956 (7.4)

Other/Unknown 3910 (3.3) 1891 (3.0) 2019 (3.8)

Worker’s Compensation 2572 (2.2) 1395 (2.2) 1177 (2.2)

Vehicle Policy 62 (0.1) – 42 (0.1)

Year of Injury

2013 18,421 (15.7) 9247 (14.6) 9174 (17.1)

2014 21,220 (18.1) 11,207 (17.7) 10,013 (18.6)

2015 23,369 (19.9) 12,750 (20.1) 10,619 (19.7)
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firearms were involved with the intention of self harm,
the mortality exceeded 50% (n = 717 trauma events with
387 deaths [54.0%]). Most (61%) patients were trans-
ported by ground ambulance. Helicopter transport was
employed for only 2.2% of the events, including 147
(8.6%) fatalities. However, patients transported by air
had higher average probability of death from anatomic
injuries (0.081 probability of dying from their injuries, sd
0.165), compared to patients transported by ground am-
bulance (0.033, sd 0.100). The majority of study patients
(67.0%) were treated at Level I Trauma Centers and
87.9% of the fatalities were associated with Level I
Trauma Centers. Of the study patients seen at Level I
Trauma Centers, 3.5% died. Patients were primarily ad-
mitted to the hospital ward (39.4%) followed by being
discharged to home (20.2%). Table 2.
The predictors of interest, population density, alcohol

outlet density, ADI, the percentage of non-White race,
and the percentage of urban population all demonstrated
clustered patterns of autocorrelation. Of these, ADI
demonstrated the greatest degree of clustering (Moran’s
I = 0.63, z = 55.2), while alcohol outlet density was least
clustered (Moran’s I = 0.08, z = 8.7). Table 3.

Non-MVC trauma
The distribution of non-MVC trauma events per block
group is shown in Fig. 3. The rate of non-motor vehicle
trauma events per 10,000 population demonstrated a
negative Moran’s I statistic and thus a dispersed auto-
correlation pattern (− 0.02, z = 11.73). Furthermore, the
LISA results (2 HH clusters, 106 LL clusters, 113 LH
outliers, and 41 HL outliers) also depict a dispersed dis-
tribution of events. Table 3.
The GWR model for the rate of non-MVC trauma

events per 10,000 population accounted for population
density, ADI, the density of alcohol retail outlets, percent
non-White race population, and percent urbanity. Three
significant predictors emerged, population density, alco-
hol outlet density, and ADI. It is worth noting that the
although effect size of population density is small (min
− 0.08, max − 0.07, p < 0.01 in all block groups), the
population density ranges from 0 to 39,300.3 persons
per sq. mi.
Alcohol outlet density was a significant predictor of

non-MVC trauma events in 499 block groups (19.9% of
all block groups in the study area) or an area of 1475

sq.mi where over 800,000 Arizonans resided. In the
block groups where the effect of alcohol outlet density
was significant, the effect size ranged from 0.05 to 0.57
with a mean coefficient of 0.188. In those same areas,
the mean alcohol outlet density was 8.97 per 10,000
population (95% Confidence Interval [CI] 7.41 to 10.53).
As such, there are areas where alcohol outlet density in-
creased the likelihood of non-MVC trauma events sub-
stantially, while in the majority of the study area, it had
no significant effect.
ADI increased the likelihood of non-MVC trauma

events across the region with a roughly uniform effect
size, (mean coefficient 0.048, 95%CI 0.048 to 0.049). Of
note, the model we report for areal associations with
non-MVC trauma events demonstrates very poor fit to
the data, accounting for only 1% of the variance in the
phenomenon of interest Table 4.
The residuals from the GWR model indicate locations

where the number of observed non-MVC events were
greater or lesser than predicted values for each location
by the GWR model. This shows numerous “hot spot”
areas contrasting from the surrounding areasFig. 4.

Assault-related trauma
There were 7185 patients transported and treated for in-
juries sustained from being assaulted. Of these 388
(5.4%) died from their wounds. Assaultive injury events
took place in 222 block groups and covering only 276
sq. mi. (7.3%) of the study area. A choropleth map show-
ing the geographic distribution of these events is shown
in Fig. 5.
Assaults are a proper subset (11.3%) of non-MVC

trauma events and both types of injury events demon-
strated dispersed patterns of autocorrelation. See Table 3.
Several characteristics distinguished the group of study

patients injured by assault compared to the larger group
of study patients comprised of all other non-MVC
mechanisms of injury. These differences include age
groups, sex, race, insurance status, and proportion over
time. In contrast to the non-assault group where the
most frequently treated patients were 70–84 years old
(24%), the largest age group of assaulted patients age
were 20–29 years old (33.8%). Males represented a larger
proportion of assault victims than the proportion of
males in the non-assault patient group (84.1% vs. 52.5%,
respectively). Assault and non-assault patient differed by

Table 1 Demographic Characteristics of 117,253 Non-MVC trauma patients, Arizona 2013–2017* (Continued)

All Patients PHX Outside PHX

2016 25,309 (21.6) 14,239 (22.4) 11,070 (20.6)

2017 28,934 (24.7) 16,008 (25.2) 12,926 (24.0)

Died 2781 (2.4) 1704 (2.7) 1077 (2.0)

* p < 0.001 for all comparisons
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the relative proportions of race/ethnicity groups. People
of Hispanic/Latino ethnicity of any race, American In-
dians, and Blacks represented greater proportions of as-
saultive traumas compared to the non-assaulted group

among whom Whites were the vast majority. The pro-
portion of American Indians in the assaultive trauma
group is nearly four times the proportion of non-
assaulted American Indians (10.4% vs. 2.5%), twice the

Table 2 Trauma mechanism and mortality, 63,451 patients, Greater Phoenix, AZ 2013–2017*

All Patients Survived Died

Injury Intent: n (%)

Unintentional 47,730 (91.1) 46,933 (91.1) 797 (91.0)

Assaults 4422 (8.4) 4357 (8.5) 65 (7.4)

Undetermined 93 (0.2) 89 (0.2) –

Self-harm 172 (0.3) 162 (0.3) –

Mechanism of Injury, n (%)

Blunt mechanisms

Fall 40,701 (77.7) 40,000 (77.6) 701 (80.0)

Struck by, against 6485 (12.4) 6406 (12.4) 79 (9.0)

Transport, other 2182 (4.2) 2145 (4.2) 37 (4.2)

Pedal cycle related 1763 (3.4) 1740 (3.4) –

Pedestrian related 844 (1.6) 809 (1.6) 35 (4.0)

Machinery 442 (0.8) 441 (0.9) –

Penetrating

Firearm 2874 (53.0) 2317 (48.0) 557 (93.6)

Cut/Pierce 2549 (47.0) 2511 (52.0) 38 (6.4)

Not recorded 5458 (8.6) 5257 (8.5) 201 (11.8)

Transport mode, n (%)

Ground ambulance 48,208 (76.0) 46,705 (75.6) 1503 (88.2)

Private vehicle 13,462 (21.2) 13,416 (21.7) 46 (2.7)

Helicopter ambulance 1422 (2.2) 1275 (2.1) 147 (8.6)

Police vehicle 146 (0.2) 145 (0.2) –

Other/unknown 200 (0.3) 194 (0.3) –

Trauma Center Level, n (%)

Level I 42,492 (67.0) 40,994 (66.4) 1498 (87.9)

Level III 13,181 (20.8) 13,077 (21.2) 104 (6.1)

Level IV 4665 (7.4) 4635 (7.5) 30 (1.8)

Non-Designated 3070 (4.8) 2998 (4.9) 72 (4.2)

TMPM Probability of Death,a 0.01 (0.01) 0.01 (0.01) 0.14 (0.46)

Destination From Emergency Department, n (%)

Admitted to Hospital Ward 29,173 (46.0) 29,025 (47.1) 148 (8.7)

Home 12,821 (20.2) 12,821 (20.8) –

Intensive Care Unit 10,071 (15.9) 9386 (15.2) 685 (40.2)

Unknown/Omitted Status 2882 (4.5) 2811 (4.6) 71 (4.2)

Operating Room 4232 (6.7) 4026 (6.5) 206 (12.1)

Eloped from ED 227 (0.4) 227 (0.4) –

Transfer to Higher Level of Care 3451 (5.4) 3451 (5.6)

Died in ED 592 (0.9)

* p < 0.001 for all comparisons
-- denotes cell value < 25 persons
a median (IQR)
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proportion of American Indians in AZ (5.3%), and eight
times the proportion in the United States (1.3%).(United
States Census Bureau, 2018b) One quarter of the as-
saultive trauma patients were uninsured compared to
only 6.2% of the non-assault group. See Table 5.
Assaultive trauma event locations were modeled for

association with the hypothesized predictors using
GWR. Alcohol outlet density was a significant, positive,
independent predictor of assaultive events in 132 block

groups. In those block groups, the mean coefficient for
alcohol outlet density was 0.102 (95% CI 0.100 to 0.104,
min 0.065, max 0.120) and the mean alcohol outlet
density (n outlets/10,000 people) was 11.28 (95% CI 8.18
to 11.37, min 0, max 100.14). ADI was a positive pre-
dictor with a near uniform effect size of 0.065 in all
block groups. While the coefficient of regression exhib-
ited very little nonstationarity, the ADI ranged from 2 to
148 in the study area.

Table 3 Global and local spatial autocorrelation of predictors and types of trauma in Greater Phoenix

Global LISA Clusters

Parameter Moran’s I Z score HH LL LH HL p < 0.05*

Predictors

Population/sq. mi 0.39 31.3 177 520 35 24 377

Alcohol Outlets/10,000 Pop. 0.08 8.7 78 95 114 16 62

Areal Deprivation Index 0.63 55.2 545 353 12 23 523

Percent Non-White Race Population 0.37 29.8 256 365 71 41 354

Percent Urban 0.49 38.3 350 68 1 80 441

Outcomes

Non-Motor Vehicle Trauma/10,000 −0.02 −1.73 2 106 113 41 163

Assault-Related Trauma/1000 −0.02 −1.17 2 16 134 81 124

* Number of clusters with p < 0.005 for LISA

Fig. 3 Geographic distribution of non-MVC traumas events, Greater Phoenix Area
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Population density was a statistically significant, nega-
tive predictor of the locations of assaultive trauma with
a mean coefficient of − 0.060 across the study area where
the population ranged from 0 to 39,300.3 persons per
square mile. The percentage non-White race increased
the likelihood of assaultive trauma events by a mean co-
efficient of 0.07 (95% CI 0.070 to 0.072, min 0.033, max
0.090). Table 6. The association of percent non-White
race and location of assaultive trauma was statistically
significant in 77.4% of census block groups with 75.1%

of the study area population. Percent urban population
was a significant predictor of assaultive trauma events in
218 block groups which accounts for 51.2 sq. mi. or
1.4% of the study area and 7.8% of the study area popu-
lation. The mean population density in these areas was
7450.8 per sq. mi. (95% CI 6834.0 to 8067.5), whereas
the mean population density in areas where the effect of
percent urbanity was not significant was 5026.1 per sq.
mi. (95% CI 4872.8 to 5179.5). The local R2 values for
this model ranged from 0.01 to 0.02 indicating the

Table 4 GWR model for non-MVC-related trauma events

Parameters Model Coefficients P-values

min max mean min max mean

Population Density −0.077 − 0.068 − 0.071 0.001 0.005 0.003

Alcohol Outlets Density −0.002 0.566 0.109 < 0.001 0.99 0.30

Areal Deprivation Index 0.047 0.052 0.048 0.03 0.05 0.04

Percent Non-White Race −0.003 0.023 0.016 0.32 0.99 0.51

Percent Urbanity 0.004 0.018 0.010 0.45 0.88 0.68

Local R2: min 0.01, max 0.01, mean 0.01

Fig. 4 GWR model residuals for non-MVC trauma events, Greater Phoenix Area
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model accounts for only 1–2% of the variation of as-
saultive trauma events in PHX. Table 6.
Fig. 6 shows the residuals from the GWR regression

model for assault-related trauma events plotted over the
study area. Like the residual map for non-MVC trauma
there are numerous areas of positive residual assaultive
trauma events. However, in contrast to Fig. 4, the hot
spots appear to be more concentrated in the areas of
Glendale, central and southern Phoenix, Paradise Valley,
and Tempe.

Discussion
Arizona has several unique characteristics which rep-
resent opportunities to refine the magnitude of
known associations of areal sociodemographic features
with the occurrence and locations of trauma. For ex-
ample, 17.9% of the AZ population lives below the
poverty level compared to 15.4% for the overall US.
American Indians and Arizonans of Hispanic/Lati-
no(a) ethnicity represent 4.4 and 29.9% of the Arizona
population, respectively, whereas in the general US
population, they constitute 0.8 and 16.6%, respective-
ly.(United States Census Bureau, 2015) The associa-
tions we observed between the occurrence of
traumatic injuries and the environmental features
where they occur, specifically SES and alcohol avail-
ability demonstrate nonstationary associations with
non-MVC trauma and assaultive trauma events.

Alcohol outlet density
Alcohol outlet density was found to have positive, albeit
modest, associations with non-MVC traumas per 10,000

population and assault-related trauma events per 1000
population in portions of the greater PHX area when
population density, percent non-White population, and
percent urban population were accounted for in the
model. Alcohol outlet density was a significant predictor
of non-MVC trauma events in the block groups where
approximately 20% of the population in the study area
lives, with other areas left unaffected. The density of al-
cohol outlets was associated with assault-related trauma
events in block groups where 5% of the population lived.
Then, only 2.9% of the population lived in block groups
where alcohol outlet density was associated with both
non-MVC and assaultive trauma event locations.
The preponderance of the literature pertaining to

alcohol outlet density and traumatic injury finds sig-
nificant, positive associations between these phenom-
ena. For example, Mair, et al., found a significant and
positive association between alcohol outlet densities,
defined as the number of outlets per square mile, and
violent assaults in a statewide analysis of California,
with relative risks ranging from 1.018 to 1.023.(Mair
et al., 2012) LaScala, et al., defined as outlets per kilo-
meter of roadway per census tract in San Francisco
County, California among hypothesized predictors of
pedestrian injuries.(LaScala et al., 2001) They differen-
tiated outlets as bars, restaurants or off-premise out-
lets. The off-premise outlets carried no association
with their outcome of interest.(LaScala et al., 2001)
However, in a study limited to New York City,
DiMaggio found that census tracts with one or more
alcohol retail outlets were at 47% increased risk for
bicyclist or pedestrian injuries.(DiMaggio et al., 2016)

Fig. 5 Geographic distribution of assaultive traumas events, Greater Phoenix Area
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Socioeconomic deprivation
Trauma is an equal opportunity disease that occurs
throughout AZ, across age and racial/ethnic groups and
levels of SES. In the areas where ADI was statistically
significant, every 20-point increase in ADI was

associated with an increase of one non-MVC trauma
event per 10,000 persons. Even in the absence of data re-
garding patients’ choices, attributes of the areas where
traumas take place are distinguishable from places where
traumas do not occur. Recently, Jarman, et al., analyzed
data from the Maryland Adult Trauma Registry focusing
on injury mortality. The authors classified regions based
on areal characteristics at the Zip Code Tabulation Area
level within the state. Eight categories based on mortality
risk were constructed and included patient characteris-
tics in addition to the areal attributes using a latent class
analysis. They concluded that identifying patterns
within the built environment interacting with patient
characteristics can direct prevention efforts.(Jarman
et al., 2018c) Cubbin, et al., studied the relationship
between SES and the risk of injury by analyzing data
from the National Health Interview Survey. They
found SES to be a meaningful predictor if injury
though the effect size was dependent on which meas-
ure of SES was applied as well as the cause and se-
verity of traumatic injuries.(Cubbin et al., 2000a) Of
note, the studies by Jarman, et al., and Cubbin, et al.,
did not include alcohol outlet location in the analy-
sis.(Cubbin et al., 2000a; Jarman et al., 2018c) The
present study is congruent with the studies by Jarman
and Cubbin in finding that ADI was associated with
the rate of non-MVC traumas per 10,000 population
per block group in AZ even in the presence of alco-
hol retail outlet density and other confounders in the
model.

Population density
The effect of population density was significant and
negative in both multivariable GWR models in this
analysis. Population density has been explored as a
predictor of myriad phenomena, including violent
crimes and locations of traumatic injury with varying
results. Prior to 1961, greater population density,
particularly in urban areas, was considered an indica-
tor of social disarray. Intuitively, the association of
population density and violence may be thought of
as linear and positive. However, Jacobs postulated
that areas of population and dwelling concentration
are vital to cities and not characteristic of social
decline.(Jacobs, 1961) Instead, greater surveillance by
virtue of a greater concentration of people was
thought to be responsible for the lower degree of so-
cial disarray.(Jacobs, 1961) Cahill, et al., applied
GWR to violent crime data for Portland, Oregon and
found an inverse relationship of population density
to local occurrences of crime.(Cahill & Mulligan,
2007) Lasecki, et al., investigated social factors asso-
ciated with intentional injury in Mobile County, Ala-
bama. Their study showed no association between

Table 5 Comparison of assault to non-assault patients, Greater
Phoenix, AZ*

Assaults Non-Assaults

N, (%) 7185 (11.3) 56,266 (88.7)

Age Group, years, n (%)

Younger than 5 16 (0.2) 3621 (6.4)

5–19 756 (10.5) 5586 (9.9)

20–29 2427 (33.8) 4131 (7.3)

30–39 1747 (24.3) 3754 (6.7)

40–49 1147 (16.0) 3911 (7.0)

50–69 1001 (14.0) 12,439 (22.1)

70–84 71 (1.0) 13.521 (24.0)

85 and older 20 (0.3) 9303 (16.5)

Sex, n (%)

Male 6044 (84.1) 29,554 (52.5)

Female 1140 (15.9) 26,712 (47.5)

Race/Ethnicity, n (%)

White 2993 (41.7) 42,077 (74.8)

Hispanic/Latino, Any Race 2014 (28.0) 8958 (15.9)

American Indian 744 (10.4) 1397 (2.5)

Black 1077 (15.0) 2027 (3.6)

Asian 63 (0.9) 534 (1.0)

Hawaiian/Pacific Islander – 89 (0.2)

Other/Unknown 270 (3.8) 1184 (2.1)

Pre-Injury Chronic Diseases, n (%)

One or more chronic diseases 3678 (51.2) 37,690 (67.0)

Insurance Status, n (%)

Medicaid/Medicare/Government 3779 (52.6) 33,887 (60.2)

Private/Commercial 1303 (18.1) 15,945 (28.3)

Uninsured 1758 (24.5) 3473 (6.2)

Other/Unknown 279 (3.9) 1612 (2.9)

Worker’s Compensation 65 (0.9) 1330 (2.4)

Vehicle Policy – –

Year of Injury

2013 1350 (18.8) 7897 (14.0)

2014 1282 (17.8) 9925 (17.6)

2015 1437 (20.0) 11,313 (20.1)

2016 1539 (21.4) 12,700 (22.6)

2017 1577 (22.0) 14,431 (25.7)

Died 388 (5.4) 1316 (2.3)

* p < 0.001 for all comparisons
-- denotes cell value < 25 persons
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population density and the risk for intentional injur-
y.(Lasecki et al., 2018) More recently, Christens and
Speer also demonstrated the negative association be-
tween population density and violent crime in Nash-
ville, TN.(Christens & Speer, 2005) Similar negative
associations between population density and non-
intentional trauma events have also been observed in
the Portland, OR area, and in Norway.(Feero et al.,
1995; Kristiansen et al., 2014) The results observed

in the present study adds to the evidence that popu-
lation density is somewhat protective with regard to
the incidents of serious traumatic injury.

Percent non-white populations
Percent non-White race was significantly associated with
assault-related trauma event locations across a majority
of the study area. However, no such association was

Table 6 GWR model for assault-related trauma events

Parameters Local Model Coefficients Local P-values

min max mean min max mean

Population Density −0.063 −0.054 −0.060 0.007 0.025 0.011

Alcohol Outlets Density 0.001 0.120 0.051 0.026 0.979 0.317

Areal Deprivation Index 0.059 0.069 0.065 0.004 0.017 0.006

Percent Non-White Race 0.033 0.090 0.071 < 0.001 0.219 0.028

Percent Urbanity −0.175 0.571 0.046 0.001 > 0.99 0.509

Local R2: min 0.01 max 0.02 mean 0.02

Fig. 6 GWR model residuals for assaultive trauma events, Greater Phoenix Area
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present with regard to the locations of non-MVC trau-
mas. Interestingly, the percentage of non-White race
was found to be a predictor of severe injury in a study
by Newgard, et al., who analyzed data from nine study
sites across the US and Canada.(Newgard et al., 2011)
The effect of non-White population in their study was
greatest in penetrating trauma mechanisms and
intentional injuries.(Newgard et al., 2011) However, the
process linking assaultive trauma and the percentage of
non-White race population present in a region is un-
clear. It is also unclear how these factors interact with
the behavior of individuals. We postulate that the phe-
nomena captured by the variable percent non-White
race in a block group’s population may actually reflect
other areal or social characteristics associated with the
occurrence of assaultive events.

Limitations
The present study is subject to several limitations. First,
the nature of the data analyzed in this study were not
gathered for the purpose of a spatial analysis of trauma
in AZ, the relationships of alcohol outlets to trauma and
assaults, and ADI. Most importantly, the patient-level
data originated as hospital records or trauma center
registries. Thus, the expertise with which traumatic in-
jury diagnoses are identified in the trauma registry or
billing records can be highly variable one center to an-
other. However, the data are vetted and cleaned by Ari-
zona Department of Health Services, and represent the
most complete record for AZ. Additionally, the ASTR
data do not include trauma victims who were deceased
at the scene and were transported to a morgue, thus
bypassing the entry criteria for the registry. As such, this
study does not allow for population-based inferences re-
garding all traumatic injury in the Greater PHX Area.
Next, the analysis relied on geocoded locations of trau-

matic injuries and alcohol outlets. Despite successfully
mapping 88.3% of the trauma events, 23,581 cases were
excluded due to missing location data, including 3877
assaults were unavailable for inclusion in the study. As a
result, estimates of effect for alcohol outlet counts per
block group, population density, and ADI may be biased
as the pattern of missingness suggests correlation with
other features rather than randomly occurring events.
Delineating the underlying mechanisms enabling these
patient characteristics to be associated with geocoded
addresses is unknown and beyond the scope of this
study, though may be a source of geographic bias.(Zim-
merman, 2006) Geocoding errors have been shown to be
more prevalent in rural areas, as is the case for roughly
10% of the state’s population (Hay et al., 2009; Arizona
Office of Economic Opportunity, 2018).
Most importantly, the regression R2 values indicate the

models capture only a small fraction of the variance of

the phenomena of interest to the study. As such, the
preponderance of predictors describing the rates of non-
MVC and assaultive trauma events in the Greater PHX
area were unmeasured by this study. It is also plausible
that the overall dispersed nature of the outcomes of
interest to this study preclude spatial association with
geographically clustered predictors. Thus, the inferences
of this study must be interpreted cautiously given these
limitations.

Conclusions
The locations of non-MVC trauma and assaultive injury
events were geographically dispersed phenomena in Ari-
zona. The associations with these trauma event locations
with the hypothesized predictors of alcohol outlet dens-
ity and ADI were present in a nonstationary fashion,
though our model captured trace amounts of the vari-
ance in the greater PHX area. The risk factors for trau-
matic injury in Arizona communities are multifactorial,
and represent both environmental hazards and individ-
ual choices. The effect of a particular promoter of trau-
matic injury in one local area may differ dramatically
from its effect in neighboring areas. Therefore, interven-
tions aimed at reducing the burden of trauma must be
multidisciplinary, geographically targeted, and risk-
specific. More investigation is warranted and needed to
elucidate the injury-prone interactions of people and
place, including the role of the racial and ethnic
diversity.

Acknowledgments
The MGWR application was developed by Stewart Fotheringham, PhD, et al.,
at the Arizona State University Spatial Analysis Research Center with funding
provided by the National Science Foundation under Award 1758786 from
the Geography and Spatial Sciences Program.
GeoDa was developed by Luc Anselin, PhD, et al., at the University of
Chicago Center for Spatial Data Science and is supported by National
Science Foundation, the National Institutes of Health, the National Institute
of Justice, and the Agency for Healthcare Research and Quality.

Authors’ contributions
Alan Cook, MD, MS: Study design, data acquisition, data analysis, data
interpretation, drafting and revision of the manuscript. Robin Harris, PhD, MPH:
Study design, data interpretation, drafting and revision of the manuscript. Heidi
Brown, PhD, MPH: Study design, data interpretation, drafting and revision of the
manuscript. Edward Bedrick, PhD: Study design, data analysis, data
interpretation, revision of the manuscript. The author(s) read and approved the
final manuscript.

Funding
No funding was received for this study.

Availability of data and materials
Please contact author for data requests.

Ethics approval and consent to participate
This study was approved by the human subjects review boards of the
University of Arizona (Protocol Number: 1810983290) and the AZ
Department of Health Services (HSRB 18–0047).
Consent: Not applicable.

Cook et al. Injury Epidemiology            (2020) 7:34 Page 15 of 17



Consent for publication
Not applicable.

Competing interests
The authors declare that they have no competing interests.
All authors have 1.) approved the submitted version and any substantially
modified version that involves the author’s contribution to the study, and 2.)
approved the submitted version and any substantially modified version that
involves the author’s contribution to the study.

Author details
1Department of Epidemiology and Biostatistics, University of Texas Health
Science Center Tyler School of Community and Rural Health, 11937 U.S.
Highway 271, H252, Tyler, TX 75708, USA. 2Department of Epidemiology and
Biostatistics, University of Arizona Mel and Enid Zuckerman College of Public
Health, 1295 N. Martin Ave., Drachman Hall, Tucson, AZ 85724, USA.

Received: 30 January 2020 Accepted: 4 May 2020

References
Abedzadeh-Kalahroudi M, Razi E, Sehat M. The relationship between socioeconomic

status and trauma outcomes. J Public Health. 2018;40:e431–e9.
Anselin L. Local indicators of spatial association—LISA. Geogr Anal. 1995;27:93–115.
Anselin L, Syabri I, Kho Y. GeoDa: geographic data analysis. Chicago: University of

Chicago Center for Spatial Data Science; 2006.
Arizona Bureau of Emergency Medical Services and Trauma System. State Trauma

Advisory Board 2017 Annual Report. Phoenix: Arizona Department of Health
Services; 2017.

Arizona Department of Health Services Emergency Medical Services and Trauma
System. Trauma patient inclusion definition. (Accessed 20 Feb. 2019, at
https://www.azdhs.gov/documents/preparedness/emergency-medical-
services-trauma-system/data/ASTR/astr-trauma-patient-inclusion.pdf.).

Arizona Department of Liquor. License master table. Phoenix: State of Arizona;
2019.

Arizona Office of Economic Opportunity. Geodata Catalog, Arizona Population.
2018. (Accessed 15 May 2019, at https://population.az.gov/geodata-catalog.).

Arizona Office of Economic Opportunity. Population Estimates. 2019. (Accessed
29 May 2019, at https://population.az.gov/population-estimates.).

Bell N, Arrington A, Adams SA. Census-based socioeconomic indicators for
monitoring injury causes in the USA: a review. Injury Prev. 2015;21:278–84.

Bouffard LA, Muftić LR. The" rural mystique": social disorganization and violence
beyond Urban communities. West Criminol Rev. 2006;7.

Boyle DJ, Hassett-Walker C. Individual-level and socio-structural characteristics of
violence: an emergency department study. J Interpersonal Violence. 2008;23:
1011–26.

Britt HR, Carlin BP, Toomey TL, Wagenaar AC. Neighborhood level spatial analysis
of the relationship between alcohol outlet density and criminal violence.
Environ Ecol Stat. 2005;12:411–26.

Brown KT. A safety analysis of spatial phenomena about the residences of drivers
involved in crashes. Clemson, South Carolina: Clemson University; 2016.

Brunsdon C, Fotheringham AS, Charlton ME. Geographically weighted regression:
a method for exploring spatial nonstationarity. Geogr Anal. 1996;28:281–98.

Cahill M, Mulligan G. Using geographically weighted regression to explore local
crime patterns. Soc Sci Comput Rev. 2007;25:174–93.

Cameron MP, Cochrane W, Gordon C, Livingston M. Alcohol outlet density and
violence: a geographically weighted regression approach. Drug Alcohol Rev.
2016;35:280–8.

Centers for Disease Control and Prevention National Center for Injury Prevention
and Control. Injury: The leading cause of death among persons 1–44. 2010.
(Accessed 22 Apr, 2013, at http://www.cdc.gov/injury/overview/leading_cod.
html.).

Chong VE, Lee WS, Victorino GP. Neighborhood socioeconomic status is
associated with violent reinjury. J Surg Res. 2015;199:177–82.

Christens B, Speer PW. Predicting violent crime using urban and suburban
densities. Behav Soc Issues. 2005;14:113–28.

Cubbin C, LeClere FB, Smith GS. Socioeconomic status and the occurrence of
fatal and nonfatal injury in the United States. Am J Public Health. 2000a;90:
70–7.

Cubbin C, LeClere FB, Smith GS. Socioeconomic status and injury mortality:
individual and neighbourhood determinants. J Epidemiol Community Health.
2000b;54:517–24.

Cubbin C, Pickle LW, Fingerhut L. Social context and geographic patterns of
homicide among US black and white males. Am J Public Health. 2000c;90:
579–87.

Cubbin C, Smith G. Socioeconomic inequalities in injury: critical issues in design
and analysis. Annu Rev Public Health. 2002;23:349–75.

Cunradi CB, Mair C, Ponicki W, Remer L. Alcohol outlets, neighborhood
characteristics, and intimate partner violence: ecological analysis of a
California city. J Urban Health. 2011;88:191–200.

Cunradi CB, Mair C, Ponicki W, Remer L. Alcohol outlet density and intimate
partner violence-related emergency department visits. Alcohol Clin Exp Res.
2012;36:847–53.

DiMaggio C, Mooney S, Frangos S, Wall S. Spatial analysis of the association of
alcohol outlets and alcohol-related pedestrian/bicyclist injuries in New York
City. Injury Epidemiology. 2016;3:11.

ESRI. ArcGIS desktop: release 10. Environmental Systems Research Institute:
Redlands; 2011.

Feero S, Hedges JR, Simmons E, Irwin L. Intracity regional demographics of major
trauma. Ann Emerg Med. 1995;25:788–93.

Fotheringham AS, Brunsdon C, Charlton M. Geographically weighted regression:
the analysis of spatially varying relationships: John Wiley & Sons; 2003.

Gennarelli T, Wodzin E, editors. Abbreviated injury scale 2005, update 2008.
Barrington, Il: Association for the Advancement of Automotive Medicine;
2008.

Girasek DC, Taylor B. An exploratory study of the relationship between
socioeconomic status and motor vehicle safety features. Traffic Injury Prev.
2010;11:151–5.

Glance LG, Osler TM, Mukamel DB, Meredith W, Wagner J, Dick AW. TMPM-ICD9:
a trauma mortality prediction model based on ICD-9-CM codes. Ann Surg.
2009;249:1032–9.

Gorman DM, Speer PW, Labouvie EW, Subaiya AP. Risk of assaultive violence and
alcohol availability in New Jersey. Am J Public Health. 1998;88:97–100.

Gorman DM, Zhu L, Horel S. Drug 'hot-spots', alcohol availability and violence.
Drug Alcohol Rev. 2005;24:507–13.

Grubesic TH, Pridemore WA. Alcohol outlets and clusters of violence. Int J Health
Geogr. 2011;10:1–12.

Gunst M, Ghaemmaghami V, Gruszecki A, Urban J, Frankel H, Shafi S. Changing
epidemiology of trauma deaths leads to a bimodal distribution. Baylor
University Medical Center Proceedings; 2010. p. 349–54.

Halonen JI, Kivimaki M, Pentti J, et al. Quantifying neighbourhood socioeconomic
effects in clustering of behaviour-related risk factors: a multilevel analysis.
PLoS One. 2012;7:e32937.

Hay G, Kypri K, Whigham P, Langley J. Potential biases due to geocoding error in
spatial analyses of official data. Health Place. 2009;15:562–7.

Jacobs J. The need for concentration. The life and death of great American cities.
New York: Random House; 1961. p. 200–21.

Jarman MP, Castillo RC, Carlini AR, Kodadek LM, Haider AH. Rural risk: geographic
disparities in trauma mortality. Surgery. 2016;160:1551–9.

Jarman MP, Curriero FC, Haut ER, Porter KP, Castillo RC. Associations of distance
to trauma care, community income, and neighborhood median age with
rates of injury mortality. JAMA Surg. 2018b;153:535–43.

Jarman MP, Haut ER, Curriero FC, Castillo RC. Mapping areas with concentrated risk
of trauma mortality: a first step toward mitigating geographic and
socioeconomic disparities in trauma. J Trauma Acute Care Surg. 2018a;85:54–61.

Kennedy BP, Kawachi I, Prothrow-Stith D, Lochner K, Gupta V. Social capital,
income inequality, and firearm violent crime. Soc Sci Med. 1998;47:7–17.

Knighton AJ, Savitz L, Belnap T, Stephenson B, VanDerslice J. Introduction of an
area deprivation index measuring patient socioeconomic status in an
integrated health system: implications for population health. eGEMs: The
Journal for Electronic Health Data and Methods, vol. 4; 2016.

Kristiansen T, Lossius HM, Rehn M, et al. Epidemiology of trauma: a population-
based study of geographical risk factors for injury deaths in the working-age
population of Norway. Injury. 2014;45:23–30.

Kruithof N, de Jongh M, de Munter L, Lansink K, Polinder S. The effect of socio-
economic status on non-fatal outcome after injury: a systematic review.
Injury. 2017;48:578–90.

LaScala EA, Johnson FW, Gruenewald PJ. Neighborhood characteristics of
alcohol-related pedestrian injury collisions: a geostatistical analysis. Prev Sci.
2001;2:123–34.

Cook et al. Injury Epidemiology            (2020) 7:34 Page 16 of 17

https://www.azdhs.gov/documents/preparedness/emergency-medical-services-trauma-system/data/ASTR/astr-trauma-patient-inclusion.pdf
https://www.azdhs.gov/documents/preparedness/emergency-medical-services-trauma-system/data/ASTR/astr-trauma-patient-inclusion.pdf
https://population.az.gov/geodata-catalog
https://population.az.gov/population-estimates
http://www.cdc.gov/injury/overview/leading_cod.html
http://www.cdc.gov/injury/overview/leading_cod.html


Lasecki C, Mujica F, Stutsman S, et al. Geospatial mapping can be used to
identify geographic areas and social factors associated with intentional injury
as targets for prevention efforts distinct to a given community. J Trauma
Acute Care Surg. 2018;84:70.

Lawson F, Schuurman N, Amram O, Nathens AB. A geospatial analysis of the
relationship between neighbourhood socioeconomic status and adult severe
injury in Greater Vancouver. Injury Prev. 2015;2014:041437.

Lipton R, Gruenewald P. The spatial dynamics of violence and alcohol outlets. J
Stud Alcohol. 2002;63:187–95.

Livingston M. A longitudinal analysis of alcohol outlet density and domestic
violence. Addiction. 2011;106:919–25.

Mair C, Gruenewald PJ, Ponicki WR, Remer L. Varying impacts of alcohol outlet
densities on violent assaults: explaining differences across neighborhoods. J
Stud Alcohol Drugs. 2012;74:50.

Marcin JP, Schembri MS, He J, Romano PS. A population-based analysis of
socioeconomic status and insurance status and their relationship with
pediatric trauma hospitalization and mortality rates. Am J Public Health.
2003;93:461–6.

Markowitz FE. Socioeconomic disadvantage and violence: recent research on
culture and neighborhood control as explanatory mechanisms. Aggress
Violent Behav. 2003;8:145–54.

Messer LC, Laraia BA, Kaufman JS, et al. The development of a standardized
neighborhood deprivation index. J Urban Health. 2006;83:1041–62.

Moran PA. Notes on continuous stochastic phenomena. Biometrika. 1950;37:17–23.
Naumann RB, Dellinger AM, Zaloshnja E, Lawrence BA, Miller TR. Incidence and

total lifetime costs of motor vehicle–related fatal and nonfatal injury by road
user type, United States, 2005. Traffic Injury Prev. 2010;11:353–60.

Newgard CD, Schmicker RH, Sopko G, et al. Trauma in the neighborhood: a
geospatial analysis and assessment of social determinants of major injury in
North America. Am J Public Health. 2011;101:669–77.

Oshan T, Li Z, Kang W, Wolf L, Fotheringham AS. MGWR 2.0. Tempe, AZ: https://
github.com/pysal/mgwr; 2018.

Osler T, Glance L, Buzas JS, Mukamel D, Wagner J, Dick A. A trauma mortality
prediction model based on the anatomic injury scale. Ann Surg. 2008;247:
1041–8.

Osler TM, Glance LG, Cook A, Buzas JS, Hosmer DW. A trauma mortality
prediction model based on the ICD-10-CM lexicon: TMPM-ICD10. J Trauma
Acute Care Surg. 2019;86:891–5.

Pfeiffer D, Robinson TP, Stevenson M, Stevens KB, Rogers DJ, Clements AC. Spatial
analysis in epidemiology. Oxford: Oxford University Press; 2008.

Pridemore WA, Grubesic TH. Alcohol outlets and community levels of
interpersonal violence: spatial density, outlet type, and seriousness of assault.
J Res Crime Delinq. 2013;50:132–59.

Ratcliffe M, Burd C, Holder K, Fields A. Defining rural at the US Census Bureau. In:
Commerce USDo, ed. American community survey and geography brief.
Washington: ACSGEO-1; 2016. p. 1–8.

Reid RJ, Hughey J, Peterson NA. Generalizing the alcohol outlet-assaultive
violence link: evidence from a U.S. midwestern city. Subst Use Misuse. 2003;
38:1971–82.

Resko SM, Walton MA, Bingham CR, et al. Alcohol availability and violence
among inner-city adolescents: a multi-level analysis of the role of alcohol
outlet density. Am J Community Psychol. 2010;46:253–62.

Scribner RA, MacKinnon DP, Dwyer JH. The risk of assaultive violence and alcohol
availability in Los Angeles County. Am J Public Health. 1995;85:335–40.

Shenassa ED, Stubbendick A, Brown MJ. Social disparities in housing and related
pediatric injury: a multilevel study. Am J Public Health. 2004;94:633–9.

Sheppard MA, Snowden CB, Baker SP, Jones PR. Estimating alcohol and drug
involvement in hospitalized adolescents with assault injuries. J Adolesc
Health. 2008;43:165–71.

Simpson K, Janssen I, Craig WM, Pickett W. Multilevel analysis of associations
between socioeconomic status and injury among Canadian adolescents. J
Epidemiol Community Health. 2005;59:1072–7.

Singh GK. Area deprivation and widening inequalities in US mortality, 1969–1998.
Am J Public Health. 2003;93:1137–43.

Soobader M, LeClere FB, Hadden W, Maury B. Using aggregate geographic data
to proxy individual socioeconomic status: does size matter? Am J Public
Health. 2001;91:632–6.

StataCorp. Stata Statistical Software: Release 14. College Station: StataCorp LP;
2015.

United States Census Bureau. 2010 Census. 2010. (Accessed 27 April 2020, at
http://www.census.gov/prod/cen2010/briefs/c2010br-10.pdf.).

United States Census Bureau. Geographic terms and concepts - block groups.
2012. (Accessed 30 March 2019, at https://www.census.gov/geo/reference/
gtc/gtc_bg.html.).

United States Census Bureau. American communities survey. 2013. (Accessed 1
April 2020, at https://factfinder.census.gov/faces/nav/jsf/pages/index.xhtml.).

United States Census Bureau. QuickFacts. 2015. (Accessed 27 Apr 2020, at https://
www.census.gov/quickfacts/fact/table/AZ,US/RHI825218.).

United States Census Bureau. TIGER/line® Shapefiles and TIGER/line® files. 2018a.
(Accessed 23 Nov 2018, at http://www.census.gov/geo/maps-data/data/tiger-
line.html.).

United States Census Bureau. QuickFacts: Arizona. 2018b. (Accessed 30 May 2019,
at https://www.census.gov/quickfacts/az.).

Valdez A, Kaplan CD, Curtis RL Jr. Aggressive crime, alcohol and drug use, and
concentrated poverty in 24 U.S. urban areas. Am J Drug Alcohol Abuse. 2007;
33:595–603.

Velopulos CG, Enwerem NY, Obirieze A, et al. National cost of trauma care by
payer status. J Surg Res. 2013;184:444–9.

World Health Organization, National Center for Health Statistics, Centers for
Medicare and Medicaid Services. The International Classification of Diseases:
Ninth Revision, Clinical Modification. Atlanta: ICD-9-CM; 2010.

World Health Organization, National Center for Health Statistics, Centers for
Medicare and Medicaid Services. The International Classification of
Diseases,Tenth Revision, Clinical Modification. Atlanta: ICD-10-CM; 2015.

Xu J, Murphy SL, Kochanek KD, Bastian B, Arias E. Deaths: Final data for 2016.
National Center for Health Statistics, National Vital Statistics Reports, vol.
2018. p. 67.

Zarzur B, Croce MA, Fabian TC, Fischer P, Magnotti L. A population-based analysis
of neighborhood socioeconomic status and injury admission rates and in-
hospital mortality. J Am Coll Surg. 2010;211:216–23.

Zhu L, Gorman DM, Horel S. Alcohol outlet density and violence: a geospatial
analysis. Alcohol Alcohol. 2004;39:369–75.

Zimmerman DL. Estimating spatial intensity and variation in risk from locations
coarsened by incomplete geocoding. Iowa City: University of Iowa; 2006.

Publisher’s Note
Springer Nature remains neutral with regard to jurisdictional claims in
published maps and institutional affiliations.

Cook et al. Injury Epidemiology            (2020) 7:34 Page 17 of 17

https://github.com/pysal/mgwr;
https://github.com/pysal/mgwr;
http://www.census.gov/prod/cen2010/briefs/c2010br-10.pdf
https://www.census.gov/geo/reference/gtc/gtc_bg.html
https://www.census.gov/geo/reference/gtc/gtc_bg.html
https://factfinder.census.gov/faces/nav/jsf/pages/index.xhtml
https://www.census.gov/quickfacts/fact/table/AZ
https://www.census.gov/quickfacts/fact/table/AZ
http://www.census.gov/geo/maps-data/data/tiger-line.html
http://www.census.gov/geo/maps-data/data/tiger-line.html
https://www.census.gov/quickfacts/az

	Abstract
	Background
	Methods
	Results
	Conclusion

	Introduction
	Methods
	Results
	Non-MVC trauma
	Assault-related trauma

	Discussion
	Alcohol outlet density
	Socioeconomic deprivation
	Population density
	Percent non-white populations
	Limitations

	Conclusions
	Acknowledgments
	Authors’ contributions
	Funding
	Availability of data and materials
	Ethics approval and consent to participate
	Consent for publication
	Competing interests
	Author details
	References
	Publisher’s Note

