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Abstract: Intentional and unintentional injury is the leaglicause of death and potential
years of life lost in the first four decades otkliin industrialized countries around the
world. Despite surgical innovations and improvedess to emergency care, research has
shown that certain populations remain particuladinerable to the risks and consequences
of injury. Recent evidence has shown that the &icaly data linkage, and mapping tools of
geographic information systems (GIS) technologyvigl® can further address these
determinants and identify populations in need. Tpeper traces the history of injury
prevention and discusses current and future clgdieim furthering our understanding of
the determinants of injury through the use of GIS.
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1. Introduction

Intentional and unintentional injury is the leadicguse of death and potential years of life lost in
the first four decades of life in industrialized uotries around the world [1,2]. Critiques of
contemporary injury prevention epidemiology havevsh that despite improved access to healthcare
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services, intentional and unintentional injurieg atrongly associated with relative disparities in
socio-economic status (SES). However, the reldtipns not universal. Socio-economic indicators are
differentially related to age [3], gender [4], ettty [5], occupation [6], population density [74nd
behaviour [8] and each of these characteristicyact differently according to the specific cause o
trauma [9]. Researchers have also increasinglizedilgeographic information systems (GIS) to better
understand how the spatial organization of soadl physical processes converge to either shelter or
expose individuals to potentially harmful event8-fi4]. This paper reviews core epidemiological and
geographic contributions that have helped shapedunderstanding of the social and physical
determinants of injury and highlights theoreticatlanethodological approaches that have the capacity
to increase our understanding of its environmesheakrminants. Context is provided from a Canadian
injury prevention research perspective.

2. Per spectivestoward I njury Prevention and Control

Injury has been defined as bodily lesions at thgawic level, resulting from unintentional or
intentional acute exposure to energy (mechaniterntal, electrical, chemical or radiant) or the
insufficiency of vital elements (e.g., oxygen) teateed the threshold of physiological tolerandg.[1
In order to prevent injury, strategies have focugsedoth its prevention and management, or control,
to minimize its effect and optimize outcomes of iajury. Prevention can be targeted at both a
population- and individual-scale; encompassing moone strategies, techniques, or programs designed
to eliminate or reduce its occurrence. Control reffdollow the traditional primary, secondary and
tertiary disease prevention triad and are similailpmed at minimizing the short- and long- term
consequences of its effect.

2.1. Early Perspectives

In 1965, injuries in the USA accounted for over ralion hospitalizations, resulted in 107,000
deaths and over 400,000 disabilities [16]. At tineet the state of critical care in the USA was sorp
that military personnel returning from overseasitany conflicts publicly asserted that if criticall
injured the odds of survival were better in the baimzone than on any city street in America [16].
Dr. William Haddon Jr., one of the foremost expentsnjury prevention epidemiology, summarized
then national and international perspectives towajdry prevention and was one of the first to
develop an independent scientific field dedicatedits study [17]. Three distinct interrelated
advancements in injury prevention and control esdl¥rom this publication, including the emphasis
on stronger scientific and research-based protpaadsmcting legislation to reduce exposure to
hazardous environments, and refining the coordinatand delivery of emergency healthcare
resources [18]. These initiatives have helped awprour ability to not only predict the occurrerude
injury, but also better understand the environmemnwhich injuries occur and dispatch the necessary
emergency medical systems to improve outcomes $19-2

Important as these developments might be, evideasealso shown that systems advances have not
suppressed a growing societal health problem |26fct, the disparity between what is known about
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the determinants of injury and what is done in ®ohactually preventing it is greater than anyeoth
major health problem, including both HIV and AID&7]. As with other health conditions, alternative
models of injury prevention have been underplayethvour of the more predominant approach that
equates better outcomes with improved access tthbage services [28]. This research gap has also
been attributed to barriers to data, resource dioihs, a lack of generalizability of populationé
indicators associated with incidence rates, as a&lthe presumption that factors such as social or
economic position are not amenable to public heatdrvention [29,30].

2.2. Transitioning Perspectives

Beginning at least as early as the mid 1990’s,rynpreventionists began utilizing research from
behavioural science to identify particular aspemt®ut human behaviour that either increased or
decreased the effectiveness of traditionally maassive legislative and systems approach toward
injury prevention [31,32]. In fire safety preventijdor example, smoke alarms were once considered a
panacea for reducing burn and inhalation-relat@arigs. However, ongoing deaths and injury from
residential fires have resulted in a growing redogm of the need for educational and behavioural
change. Injury preventionists are now educatingviddals to regularly test smoke alarm batteried an
minimizing barriers for doing so (e.g., access tostap ladder), as well as pointing out the
ineffectiveness of these programs if similar pegi are not adhered to by neighbouring
residents [26,33].

While this transition has helped to consolidate strengths of passive prevention interventions
within more active efforts of identifying how indduals interpret and approach ‘risk’, it remains
problematic when educational and outreach proga@sonstructed independent of broader attention
toward the individual’'s social or physical enviroemt. For example, burn/fire-related injury
prevention efforts in Canada have primarily addrdgssks that occur in the kitchen [34-37], frone th
misuse of cigarettes or alcohol [38], or resultirgm improperly positioned/faulty electrical heater
and electrical wiring [39], while leaving largelynderdeveloped any theoretical perspectives of why
these risks may systematically vary among certapufation groups.

Evidence derived from other health outcome stulies shown that key components thought to
contribute to the effectiveness of a personal preee program may be missed when efforts focus
exclusively on ‘lifestyle’ choices measured througlch risk modifiers as behavioural patterns [40].
Syme (1990), for example, found that nearly halalbfpersons selected for a risk factor intervemtio
trial were unable to follow the recommendationsdi@tary change and smoking cessation [41]. One of
the limitations posited from these findings wasttia focusing exclusively on the individual,
preventionists failed to acknowledge broader soarmal cultural forces that may have affected these
outcomes, such as stress and empowerment dispagsociated with employment hierarchies [28].
To place injuries within the context of broaderiabor economic conditions throughout society is
necessary to identify whether factors externalhi® individual are useful and relevant contexts for
explaining why certain populations are continualiya greater risk of injury.
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2.3. Social Determinants of Injury

Some of the most compelling research on the relsiip between health outcomes and variations
in social and economic conditions is in referenaefindings first published in the Report of the
Working Group on Inequalities in Health and the Whall longitudinal studies of cardiovascular
disease among British civil servants [42,43]. Thasd other evidence have shown that there is no
threshold between status and health and that tenivig gap in relative material wealth has led the
vast majority of the populations—not just the podo—-disproportionately experience poorer health
outcomes with each stepwise decrease in socialipo$#4]. It is important to recognize that these
findings emphasize relative mortality risk, not @loge risk. Death rates are decreasing for everyone
industrialized countries, but not at the same insdatate.

Pertaining to injury, Kinet al. (2007) raised a significant socio-economic andgggahic question,
“Why do places matter for injury risk?” [45]. Amoradildren, for example, a recent study conducted
by Edwardset al. (2006) found that children with unemployed paremse 13 times more likely to die
from an injury as were children who lived in sulosi@ly more socially and economically privileged
households [46]. At the individual scale, it wassiped that the increased risk of injury potentially
stemmed from psychosocial challenges associateld wiemployment and its effects on parental
supervision [46]. When ‘place’ is identified as regenting a location, one can also point to infbesn
of SES, as unemployment holds a direct link to comity wealth and the ability to determine, in part,
local access to healthcare services, procuringrbans to pay for goods such as pedestrian traffic
lights and safe playgrounds, as well as in incregie ability to maintain strong patterns of resihl
stability that may indirectly lower crime [30]. Amg youths, these factors become increasingly
important as their ability to control their surralimgs is quite limited [45]. If costs preclude ad@m
having playgrounds more children are likely to piaythe street, abandoned buildings, or other
hazardous areas, which all increase the likeliffoothjury [47].

3. Mapping Place Effectson Injury
3.1. Measuring the Social Determinants of Injury

Measuring place effects on injury is similarly asated with an aspect of geographic scale.
Quantifying this relationship also requires the aka basic assumption that some defining ‘conditio
can be held constant over geographic space andsovee span of time [48]. Most often, these two
presumptions are imbedded in the reliance on ratioansuses as proxy representations of either
individual-level or neighbourhood-level social aadonomic conditions. This follows a well-known
interest in quantifying how relative variations oth physical and social aspects of places parallel
variations in health outcomes [49,50].

Compositional models of this effect, for examplayd been used to assess if relative variations in
SES within one geographic area correspond withatiaris in the same area’s injury morbidity and
mortality levels [51,52]. Compositional models areasured directly, through indicators such as
average income, or indirectly, using either singuwa aggregated indicators reflective of social,
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economic, and cultural status. In addition, injsif@ve been posited to vary according to the coofex
the social and physical environment where one lindspendent of the strength of their own or that o
their families social and economic position [8,3),5Multilevel models separately analyze the
variance both between and within areal units s abtain a nested hierarchy of contextual as a=ll
compositional influences on individual health ouas [54-57]. These findings point to how the
absence or unequal distribution of many aspectglate’ interact with one’s individual circumstance
(e.g., income, employment status) and may influehee health status [57,58].

It is important to recognize, however, that botimposition and context affect how poverty and
poorer living conditions may influence patterngisk of injury, but data constraints often limifuny
preventionists to studying incidence patterns @dirjnusing aggregated socio-economic data taken
from the census. This is troublesome because oftldogical fallacy, which occurs whenever a
researcher makes assumptions about an individus¢db@n aggregated data from a group of
individuals [59]. Although multilevel models canra@imvent the ecological fallacy they can be
similarly criticized for overselling the meaninghglss of contextual effects on health that necdgsari
must be derived from proxy indicators [60]. Thesebpems can be further compounded due to the
level of representativeness in the data [61]. Ima&Ca, for instance, the census is particularly poor
in capturing meaningful socio-economic informati@mong First Nations peoples living on
reserves [62].

3.2. Mapping the Spatial Determinants of Injury

Geographic information systems (GIS) are computésrimation platforms designed to collect,
manage, store, and analyze spatial and non-sptal as well as combine data sources to help
describe the world around us [63,64]. GIS offewiyj preventionists numerous sets of tools for
understanding how the spatial organization of $auia physical processes converge to either shelter
or expose individuals to potentially harmful everiteese might include the effects of neighbourhood
socio-economic environments, accessibility to reses; municipal or regional zoning policies, and
other artifacts from the public space such as thaity of parks and other recreation areas [65-68].
Perhaps most importantly, GIS allows researchergbserve how the amalgamation of spatial and
non-spatial data sources yields important knowlealggut social and structural processes that might
not have been otherwise possible.

Within geographic disciplines, numerous attemptgehaeen made to convey, spatially, that injury
patterns can be investigated—and mapped—to bettderstand the environmental circumstances
against which they occur. The earliest exampleshisf line of reasoning date back to at least the
1980’s. Whitelegg (1987) reflected on the significa of spatial patterns to help tease out the
interrelationships between human behaviour, peimepscale and spatially varying susceptibility to
hazards [69]. Similarly, Jolgt al. (1991) used mapping to indicate concentrationsjofies and the
utility of small-area census boundaries to illusgtraow demographic structure and population density
factors affected injury [70]. In fact, the contimueollaboration between geographers and injury
preventionists has fuelled a burgeoning interestquantifying the influence of neighbourhood
socioeconomic context on incidence patterns ofynjul-75].
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Importantly, the increasing analytical power of G enabled injury preventionists to evolve from
simple a-spatial rate mapping techniques into nommplex analysis of spatial interactions. For
example, Lightstone’s [76] distance-based analys@hildhood pedestrian injuries in relation toestr
networks highlighted the physical relationship bedw proximity, transportation structures, and
residential dwellings, highlighted by an increméndacrease in injury prevalence with increased
distance between collision sites and residentiallitvgs [76]. This evidence has been used to feal n
perspectives toward traffic density, intersecti@sign, or modifications to the built environmeng].7
Parallel research has similarly been used to dyatite impact of roadway conditions, street
geometries, and traffic control devices and inca#gepatterns of injury, particularly in and around
alcohol outlet locations [14,66,77].

4. Theoretical Considerations

As important as the continued development of GiSirfjury prevention might be, thus far its use
has fit the traditionally more passive lens of mgjprevention. This has included mapping aspects of
environmental exposures [78,79], structuring legigé improvements [73], or measuring the effects
of location and distances on the delivery of emeegemedical care services [12,80]. In addition,
descriptions of singular variables associated witheased risk of injury, such as ‘drunk drivingica
‘speeding’ have been replaced by ‘location to abtoHacility and ‘distance to road
network’ [14,66,76,81], which limits the creatiorfi new evidence as to the graded relationship
between status and health. In other health outcditexature, GIS are emerging as key tools for
corroborating evidence linking social and econopracesses to population health outcomes [82-85].
Whilst the inclusion of GIS in mapping injuries aestaments to growing interest in recognizing its
societal burden, increasing spatial inequalitiepiire that researchers take a stronger role irdimgjl
evidence of the parallel relationship between ynamd social inequalities.

GIS are increasingly applied for assessing how potrerty and aspects from the built environment
correspond with incidence patterns of injury. Thkofving sections contextualize research techniques
of particular interest for increasing our underdiag of place effects on injury.

4.1. Working with Administrative Datasets

Our understanding of place effects on injury degeabinost entirely on evidence derived from
administrative datasets. In Canada for exampleures allocation formulas for monitoring injuries o
aboriginal reserves are primarily derived from pnoial and health region statistics, which are the
largest of the health authority catchment unitg.[Bowever, many other scales operate within these
boundaries that may be better suited for identifyocal variations in utilization or need of heakine
services by population sub-groups. For example, Maal. (1992) demonstrated that mortality
concentrations on reserves are potentially moréeatefe of actual risk levels if the reference
populations exclude major urban centres, which tendowngrade small area rates in favour of the
larger populations [87].
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Mao et al's (1992) technique was a derivative of a probgbrtiap. Probability mapping techniques
combine the strengths of classic rate mapping,cbuatrol for population variability by adjusting the
significance of the population at risk using infaton taken from adjacent areas [88]. They are
similar to a standard mortality ratio, but revehe tlikelihood that the incidence rate would be
significant if it were the same for the spatialtijacent reference population. This can help redze
from the small numbers problem, which arises duthéocommon reliance on census administrative
geographies to map population aggregates at tlestfgtale possible while still having access to the
descriptive attribute tables about the populat&8i.[

When mapped, probability techniques also offer mler of criteria for deriving more meaningful
reference populations than are currently employggrovincial health authorities. For example, in
contrast to referencing regional populations whedressing high or low risk incidence rates of
injuries on aboriginal reserves, GIS could potéiytize used to define each reserve’s “neighbourhood
according to the immediately adjacent communitiegure lillustrates how Poisson mapping can be
used to identify if incidence patterns of injuriesareas with few populations are significantlyteg
or lower than rates within the immediately surrongdareas. Such a technique can be used to
investigate health outcomes on reserves relativpofmulations that are likely to be more socially,
economically and geographically relative commusitiean the broader regional populations. For two
cogent summaries of probability mapping technicgess[88,90].

Figure 1. Adjacency model and Poisson probability calculatibime adjacency functions in
GIS allow identification of adjacent DA’s that cabe used to build reference
‘neighbourhoods’ when modeling incidence patterhsnquries among areas with low

populations.
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Within Canada, provincial and aboriginal commusitéege moving toward a more local perspective
of monitoring health outcomes, particularly amorgpgations living on reserves [91,92]. Research
has shown the important nuances in health outcamesng First Nation’s Peoples that is exposed
when focusing more closely on communities [93].sTisi an important research area and developing
GIS-based approaches that are extensions of tleespgetives can help redefine and facilitate a more
spatialized understanding of local environmentstaedourden of injury.

4.2. Implications on Non-Independence

In many instances when an event’s significancessessed as a product of its location additional
care must also be given to the influence on thatiog itself in subsequent correlation analysegalr
that are close together tend to have similar chamatics, or are said to be autocorrelated, winety
confound etiological models of injury, as the asptiom of variable independence cannot be sustained.
A common approach to control for the distributionf e@vents is to identify spatial
autocorrelation [94,95].

The spatial autocorrelation statistic is similaattraditional descriptive statistic such as thamer
the standard deviation, but it also reveals infaromaabout how events are arranged in space [94-96]
The utility of the statistic for injury surveillards two-fold. First, quantifying the spatial vaigam of
injuries allows researchers to infer the extenwlich injury risk may be characterized by its locat
independent of the inclusion of additional composil or contextual variables [97]. For example,
neighbouring areas tend to be more similar thasirditar in terms of socio-economic or demographic
factors. Spatial autocorrelation models also allmgearchers to determine the likelihood that
explanatory socio-economic factors are spatialffependent, which is beneficial for identifying type
errors [14,66,77].

Thus far, injury preventionists have employed Md&ah autocorrelation technique to uncover
spatial patterning of injuries in relation to SE®ahnanisms [10,66,77,97]. However, Moran’s | is
based on the assumption that the measured phenan(eititter SES or the health outcome) follows a
Gaussian (e.g., normal curve) spatial process §8\¢like variations in SES, injuries, are decilyed
non-normal events. Unfortunately, out-of-the-boxrlgsis tools in many GIS software systems assume
a normal distribution in the input data and theas been little discussion regarding these limitegim
the analysis of health outcome data, particulanjlyries [68].

4.3. The Modifiable Effect of Boundary Design

Problems associated with geographic scale and extjgicarise as a result of the dependence on
aggregate data and the associated spatial bousdd@idedate, injury prevention literature has focuse
on identifying ecological processes rather thanluateng, spatially, how different methodologies
might redefine how we conceptualize this relatignsBtatistical conclusions from aggregated daga ar
susceptible to the magnitude of data aggregatiahthe ways in which the units are subdivided
whenever researchers work with data that are en#itd by administrative fiat. This problem, more
formally referred to as theodifiable areal unit problefMAUP), has long been the focus of attempts
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to disentangle the statistical effects that arisead various partitioning of areal datasets — esly
those derived from the census [83,100,101].

Attempts to address the MAUP are primarily conddns@o two distinct, but closely related
problems. The first is the well-known scale efféks.the name implies, different statistical resalts
obtained from the same set of geographic units whey are organized into an increasingly larger (or
smaller) spatial scale [59]. Not unrelated, theiag effect refers to the effect of basing a hypeth
from areal geographic units, which, if subdivideffiedently at the same spatial extemhay or may not
lead the investigator to conclude differently [LORgure 2illustrates these two problems. Recognition
of the MAUP is of particular importance in ecolagi@ssessments of injuries as social and economic
determinants of health may operate at differenti@paxtents [102-105]. However, explicit attentitan
its effects has yet to be addressed within therynprevention literature. This is problematic as th
influence of SES may have substantially differemiuences at both proximal and more distal
geographic scales.

Figure 2. The scale and zoning effect of the modifiable amwgat problem (MAUP).
Changes in either the scale or areal partitionintp® census units will bring about changes
in the association between the independent andndepé variables. This is illustrated in
Figure 2 using the proportion of population witlhu@iversity degree as an example. Both
subsets a and b illustrate how different permutatiof the nine cells representing the
numerator and denominator populations can altefinlaé statistic of university attainment

percentages.
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For example, targeting ‘high risk’ neighbourhoodsere intentional injuries occur more frequently
might be a suitable scale for the analysis of ntbtpiand mortality data, but we might also equally
infer that this epidemic is a reflection of socjdtyus suggesting that comparisons are more aecifirat
individual risk patterns are contextualized agailasger municipal or regional environments. The
versatility of GIS enables the analysis of variatacross multiple spatial extents. However, thisas
an entirely satisfactory solution as this does alliiw us to determine if incidence patterns are an
artefact of how the areal units are partitionedsdechers have rarely moved beyond the manipulation
of geographic units defined by the census to madahbourhood influences on health—thus failing
to address the extent that place effects on hasadtlinked to the way in which the data are aggezhja

5. Conclusion

Injury remains a hidden epidemic and its socialedrinants should remain a concern among
researchers engaged in healthcare policy and heattmotion. Injury preventionists today find
themselves in a unique position for refining ouderstanding of contemporary research into health
and well-being, particularly injuries, as space plate might be considered intrinsic charactesstic
injury—a health condition whose cause originatesfioutside the body.

Research on the social determinants of injuriestiisemerging, and is much enriched when also
explored using geographic information technolognef integral benefits of GIS is that it often
builds on top of traditional analytic methods whitgecognizing that events are also likely to be
spatially linked. Geographical concepts can be usednderstand the complexities of our social
environment and help preventionists better undedstayhy some populations consistently and
persistently experience greater risks of injury enttan others. However, at the intersection of this
interdisciplinary merger there is a need to corgitm identify how the information-intensive ana$ysi
associated with GIS can be used to corroboratgrhwing evidence in favour of investigating health
outcomes at the local, community scale, and in wwtjon with multiple and interrelated social,
economic, and environmental indicators. This cafabion constitutes an important component of
modern public health research into injury surveitia and prevention.

To date, however, this research intersection hasapity utilized GIS for identifying ecological
processes associated with increased risk. Therbdes little attention directed toward the senttiv
of ecological models to variation that arises duthe reliance on administrative data. Researcimers
injury prevention must remain vigilant of the dyriasmas well as the artefact of administrative
datasets. Using GIS, nearly any data from a heafjlstry can be encoded with geographic identifiers
and explored, spatially, to uncover patterns inbibty and mortality in ways that were previously
either not possible or only feasible at a nati@talle. GIS is potentially a powerful tool for el&iing
and communicating injury trends and the technolcayy offer both confirmatory and exploratory data
solutions to a variety of questions related taitsurrence. The research intersection between @IS a
injury prevention and control is still being devedol and there is much potential for the technotogy
serve as a means of analysis and communicatioeatdthhtrends and their graded nature.
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