Feasibility and utility of population-level geospatial injury profiling: prospective, national cohort study
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Abstract
Background

Geospatial analysis is increasingly being used to evaluate the design and effectiveness of trauma systems but there are no metrics to describe the geographical distribution of an injured population. The aim of this study, therefore, was to evaluate the feasibility and utility of using spatial analysis to characterise, at scale, the geographical profile of an injured population.
Methods

Prospective national cohort study of all trauma patients attended to by the Scottish Ambulance Service in a complete year (between 1 July 2013 and 30 June 2014). Incident location and severity was collected at source.  Incident distribution was evaluated using geostatistical techniques.

Results

There were 80 257 recorded incidents involving traumatic injury. Incident density was highest in the central Southern part of the country and along the East coast, broadly following the population distribution and road network. The overall distribution was highly clustered, and centred on the central Southern and Eastern parts of the country. When analysed by triage category, the distribution of incidents triaged to major trauma centre care was slightly less clustered than that of incidents triaged to trauma unit or local emergency hospital care, but the spread was similar. When analysed by type of injury, assaults and falls were more clustered than incidents relating to traffic and transportation.

Conclusions

This study demonstrates the feasibility and power of describing the geographical distribution of a group of injured patients at scale. The methodology described has potential application for injury surveillance and trauma system design and evaluation.

Introduction

Trauma systems – clinical networks for the delivery of specialist trauma care – have been shown to reduce death and disability from injury.1,2 Geospatial analysis of data based on where people live has been used to evaluate the design and effectiveness of such systems. Branas et al and Hameed et al have shown that 84.1% of Americans and 77.5% of Canadians reside within 60 minutes of a level I or II trauma centre, respectively.3,4 Similar analyses have been performed for the United Kingdom, to inform the design of trauma systems.5 However, the geographical distribution of injured patients – ie those who may require trauma services – may not parallel that of the general population, as shown by Lawson et al, who have demonstrated that only 68.5% of injured Canadians reside within an hour of a level I or II trauma centre.6 

Characterising the spatial distribution of injured populations is therefore of key importance to evaluating access to trauma care. Spatial analysis can be used to facilitate service development – the configuration of a trauma system for a given area will differ depending on whether incidents of injured individuals are clustered in one or more than one location, or distributed evenly – and to provide a spatial dimension to injury surveillance. 
The aim of this study was therefore to perform an exploratory evaluation of the feasibility and utility of spatial techniques to describe, at scale, the spatial injury profile of a population. Scotland is currently in the process of implementing a trauma system,7 and provided an ideal opportunity to investigate this at a population level.  The uneven distribution of its population, in general, and the injured population, in particular, has implications for the design of the network.8
Methods

Study setting

Scotland has a land area of 78 770 km2, including approximately 800 islands, although only 94 of these (89 of which are offshore islands) are inhabited. The country has a population of 5.2 million, which is concentrated in four major centres. Glasgow and Edinburgh, together with the intervening area, form the “central belt” in the Southern part of the country, and Aberdeen and Dundee are located along the East coast (figure 1). Large parts of the country are remote, and population density ranges from 3378 to 9 inhabitants/km2.9 There are approximately 1100 patients who suffer severe injury (as defined by injury severity score) per year, although the precise number has not previously been documented. 
Data source

For this study, between 1 July 2013 and 30 June 2014, all trauma incidents attended by the Scottish Ambulance Service (the principal provider of prehospital care) and the Emergency Medical Retrieval Service (a national physician-led aeromedical service), which cover virtually all incidents in Scotland, were recorded at source and notionally triaged using the Field Triage Decision Scheme (FTDS).10 Patients meeting the physiological or anatomical criteria of the FTDS were deemed to require major trauma centre (MTC) care, the highest level of trauma centre in the United Kingdom. Patients meeting the mechanistic and special considerations criteria of the FTDS were notionally triaged to trauma unit (TU) care, and those who did not meet any of the FTDS’s criteria were deemed to require only local emergency hospital (LEH) care. The Scottish Ambulance Service uses the MPDS system (Medical Priority Dispatch Systems, Priority Dispatch Corporation, Salt Lake City, UT), to create an initial despatch code, and subsequently a final diagnostic code. The system provides a crude classification of the type or mechanism of injury.
These data form part of the larger GEOS (“Geospatial Evaluation of Systems of Trauma Care”) study, which aims to determine geospatially optimised trauma system configurations for Scotland.11 A full description of the study’s methodology has been published.12 The study was approved by the ambulance service’s Caldicott guardian (body responsible for data security and appropriate usage).

Geocoding

The Scottish Ambulance Service employs a vehicle-based electronic patient record system. Incident locations are individually geocoded using postcodes. Although postcodes represent areas, these units are very small, with each code representing an average of only 15 properties (range 1-100), thus providing a high degree of geographical granularity. We therefore used postcode centroids for our analysis, which were determined using GeoConvert, an online geography matching and conversion tool provided by UK Data Service Census Support.13
Spatial analysis 

The overall burden of injury was evaluated using the number of patients in each triage category, per km2, and per capita. Spatial analysis was conducted using a combination of ArcGIS 10.1 (Esri, Redlands, CA), a Geographic Information System (GIS), and CrimeStat® III (Ned Levine and Associates, Houston, TX), a spatial statistics application originally developed for analysing crime data. Injury and crime data bear certain similarities – mainly, that incident locations are often clustered – and CrimeStat® offers several techniques for analysing such distributions when individually georeferenced data are available. Cluster analysis can help to identify concentrations of case volume, which may have implications for the siting of trauma system resources. The use of individually georeferenced location data avoids well documented conceptual issues associated with areally-based data.14,15 Colour scales for maps were determined with ColorBrewer 2.0 (http://colorbrewer2.org/).

Geographical centre and spread

The average geographical location, providing a measure of the “centre of gravity”,  was determined using the mean and median centre. Geographical spread and directional distribution was evaluated using standard deviational ellipses.16 

Incident density

Incident density distribution was explored graphically, using Kernel density estimate maps.17,18 This is a geospatial technique where a mathematical function is used to convert a frequency distribution into a – usually coloured – visual representation and overlain on the region of interest.
Cluster analysis

Although visually informative, Kernel density estimation does not provide a numerical summary, which would facilitate comparison between groups. The overall degree of clustering was therefore quantified using the nearest neighbour index (NNI), which compares the mean distance between each incident and its nearest neighbour, and the mean distance to what would have been expected in a random nearest neighbour distribution. An NNI of 1 indicates no discrepancy between the expected distances in a random distribution, and the measured distances in the actual distribution. A result of less than 1 indicates that incidents are more clustered than would be expected in a random distribution. Values greater than 1 indicate that incidents are more dispersed than would be expected from a random distribution.19
The number and location of local clusters was determined using nearest neighbour hierarchical spatial cluster analysis, which compares the distance between pairs of incidents to the distance expected in a random distribution of points, and clusters those groups that are unusually close together. This creates a number of first-order clusters. The analysis is then repeated, and clusters which are unusually close together are created, which are termed second-, third- and fourth-order clusters. The minimum number of incidents per cluster was arbitrarily set at 10.19 The actual number of incidents per first-order cluster, and the size of first-order clusters, may vary considerably and these characteristics were therefore reported as the mean in-cluster incident density, and the mean cluster size. In order to permit comparison of different areas, we also calculated the overall first-order cluster density, as the number of clusters per 1000 km2. 

Results

There were 80 257 triaged incidents recorded. The gender distribution was similar. 7 098 (8.8%) of patients were notionally triaged to major trauma centre care, 33 567 (41.8%) to trauma unit care, and 39 529 (49.3%) to local emergency hospital care. Common final diagnostic MPDS code categories included falls, haemorrhage/ laceration, assaults, and traffic/ transportation injuries. 

Comparison of patients assigned to different triage categories

Table 1 compares the spatial characteristics of the study population as a whole, and the three triage categories. The average incident density per km2 was 1.019, ranging from 0.09 for patients triaged to major trauma centre care, to 0.502 for patients triaged to trauma unit care. The average incident density per capita showed similar variation. 2.0% of incidents occurred on islands. This proportion was slightly higher for patients triaged to MTC and TU care (2.5%) than for those triaged to LEH care (1.5%). 

Geographical centre and spread

The mean geographical centres of the three patient groups were almost identical. The median centres were located slightly further West and South than the mean. The size of the standard deviational ellipse was larger for the triaged to MTC group than the triaged to TU and triaged to LEH groups, probably representing the smaller number of patients in this subgroup (table 1). 

Incident density

The incident density distribution of patients triaged to MTC care is shown in figure 2, as Kernel density estimates. There is a concentration of incidents in the central belt area, and along the East coast. The distributions for patients triaged to TU and LEH care are similar. 

Cluster analysis

Overall, trauma incidents in this national cohort were highly clustered (NNI 0.160, p<0.0001), but the degree of clustering was less for patients triaged to MTC care (NNI 0.321, p<0.0001) than for those triaged to TU care (0.128, p<0.0001) or LEH care (NNI 0.196, p<0.0001) (table 1).

For patients triaged to MTC care, there were 183 first-order clusters (with 10 or more incidents), which were located mostly in the  area with additional clusters around Dundee, Aberdeen, and other conurbations. Fifteen second-order clusters were identified, mostly in the central belt area, and around Aberdeen and Dundee, but only two third-order clusters, centred on Glasgow and Edinburgh (figure 3). As expected, the number of clusters was higher for patients triaged to TU and LEH care. This was reflected in the cluster density of 2.3, 7.6, and 10.8 first-order clusters per 1000 km2, for patients triaged to MTC, TU, and LEH care respectively. The in-cluster incident density also varies, from 38.8 for patients triaged to MTC care, to 46.5 for LEH care, and 55.9 for TU care (table 1). 

Comparison of patients with different types of injury

Table 2 compares the spatial injury profile of three different groups of patients, defined using the final diagnostic MPDS codes assigned by the ambulance crews. There were 7267 assaults, 46 863 falls, and 6989 traffic- and transport-related injuries. There were statistically significant differences between the proportion of cases which occurred on islands, compared with the mainland (P<0.001, Chi2). The average incident density per km2 varied from 0.092 and 0.089 for assaults and transport-related incidents, respectively, to 0.597 for falls. The average incident density per population showed similar variation. 

Geographical centre and spread

The mean centres of the three injury sub-groups were closely grouped, with the median centres and mean centres of minimum distance again located slightly further to the South and West (figure 4, figure 5). There were differences in the spread of the incidents. The distribution of incidents involving falls was wider than for assaults (20 672 km2 vs 15 129 km2), and the distribution of incidents involving traffic and transport incidents wider still (24 529 km2). The angle of the standard deviational ellipse was more vertical for transport-related incidents (16.8º) than for assaults (27.7º), which is related to a greater proportion of traffic incidents occurring in the Northern part of the country, and assaults being concentrated in the central belt. The angle of the ellipse for falls was in between the other two categories (21.1º) (table 2).

Cluster analysis

The global degree of clustering was very similar for assaults (NNI 0.189, p<0.0001) and falls (NNI 0.181. p<0.0001), whereas transport-related incidents were less clustered (NNI 0.290, p<0.0001) (table 2). In contrast, the number of clusters of incidents involving assaults and transport-related incidents was very similar, with only first-, second-, and third-order clusters, of similar magnitude. However, their distribution differed. The falls category had many more clusters, probably partly related to the larger overall number of incidents, including an identifiable fourth-order cluster. These differences are reflected in the cluster density, which was very similar for assaults and transport-related incidents (1.9 and 1.8 first-order clusters per 1000 km2 respectively), compared with 13.8 first-order clusters/1000 km2 for falls. However, the in-cluster density was similar for all three groups. (Table 3)
discussion

This large scale analysis of a prospectively collected national dataset demonstrates the feasibility and utility of characterising the spatial distribution of an injured population, providing robust data for service planning and injury surveillance.

The results of this study demonstrate that the geographical distribution of trauma incident locations in Scotland is uneven, centred on the Southern part of the country, and highly clustered. First-order clusters of patients triaged to major trauma centre care broadly follow the population distribution. Second-order clusters correspond to the main cities and some major roads. Higher-order clusters are only apparent in the central belt area, indicating a concentration of volume. 

The clustering of incidents is a key feature of trauma incident location data. Injuries involve people, and the distribution therefore reflects where people live, work, and travel. The effect of population size can be removed by calculating the number of casualties per (resident) population. However, this requires reference to an areal unit, which is associated with known methodological issues.14,15 Furthermore, for the purpose of trauma system design and evaluation, case volume is more relevant than risk.20 

Kernel density estimation is a useful exploratory tool, which provides a visual summary of the spatial distribution of groups of incidents. However, the results are subject to the parameters chosen, and not easily quantifiable or comparable. Cluster analysis provides an alternative means of describing incident distributions, and provides a mathematical summary. 

The results of our analysis have implications for the designation of trauma centres in Scotland. Firm recommendations regarding trauma centre locations will require a network analysis, but the spatial injury profile of patients requiring major trauma centre care allows some conclusions to be drawn. The concentration of volume in the central belt area will require at least one major trauma centre. On the other hand, it is less clear-cut whether the volume of trauma in the North of Scotland is sufficient to justify such a centre in Aberdeen or Dundee. However, this decision will require a detailed analysis of access times, by road and by helicopter, which will be provided by the GEOS study.12
Clustering is not solely the consequence of population density. The results of this study also demonstrate that there are quantifiable differences in the spatial injury profile of different groups of patients. Such data have potential utility for service planning as well as injury prevention and, when evaluated over time, injury surveillance programmes. The techniques described are furthermore scalable, and can thus be used at local or national level.

This study has limitations. Point-based data may – for reasons of confidentiality – not be available in all settings. The definition of a cluster, in terms of the number of incidents, is arbitrary, and the nearest neighbour index is susceptible to changes in the size of the reference area. This does not impact on comparisons of populations within the same area or over time, but limits comparisons between regions. The use of postcode centroids could be questioned, but given the small size of these areal units, and the advantages of using point-based analytical techniques, their use is justifiable. However, pre-hospital services should give consideration to geocoding incident location data using a geographical coordinate system, rather than administrative areal units, as this would further improve accuracy. Lastly, our analysis is based on pre-hospital data, and triage decisions in particular. Injury severity is more commonly stratified using the injury severity score (ISS).21 ISS data from our setting is incomplete,7,22 but more importantly, ISS is of limited value when considering patient flow through a trauma system, which depends on triage decisions, rather than retrospectively calculated injury severity scores. However, the spatial analysis could be similarly performed using a group defined by ISS, if such data were available.

In summary, this study has demonstrated the feasibility and utility of collecting individually georeferenced incident location data, at scale, which leads to the creation of spatial injury profiles for defined groups of patients, and hence provide robust data on which to plan service development. For trauma care in Scotland, we have shown that the distribution of patients requiring major trauma centre care in Scotland is highly clustered and unevenly distributed, which has important implications for the planned development of a trauma system.
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Tables

Table 1: Spatial characteristics of the study population as a whole, and by triage category

	Metric
	
	All patients
	Patients triaged to MTC care
	Patients triaged to TU care
	Patients triaged to LEH care

	Number of incidents
	
	
	
	

	
	Total
	80 257
	7 098
	33 567
	39 529

	
	Mainland
	78 666 (98.0%)
	6 918 (97.5%)
	32 743 (97.5%)
	39 005 (98.5%)

	
	Island
	1591 (2.0%)
	180 (2.5%)
	824 (2.5%)
	587 (1.5%)

	Average incident density
	
	
	
	

	
	per km2
	1.019
	0.090
	0.426
	0.502

	
	per 1000 population
	15.434
	1.365
	6.455
	7.602

	Geographical averages (longitude, latitude; decimal degrees)
	
	
	
	

	
	Mean centre
	-3.762008, 56.118389
	-3.743405, 56.167466
	-3.762683, 56.124332
	-3.764771, 56.104551

	
	Mean centre of minimum distance
	-3.968093, 55.922266
	-3.908589, 55.952749
	-3.945298, 55.935074
	-3.990319, 55.908361

	
	Median centre
	-3.945210, 55.912130
	-3.910090, 55.928220
	-3.924060, 55.921610
	-3.969570, 55.903420

	Geographical spread
	
	
	
	

	
	Standard deviational ellipse diameters (km)
	121, 215
	133, 224
	124, 219
	116, 211

	
	Area of ellipse (km2)
	20506
	23377
	21334
	19252

	
	Rotation (clockwise angle, degrees)
	21.3
	18.4
	20.7
	22.4

	Clustering
	
	
	
	
	

	
	Nearest neighbour index (p)
	0.160 (0.0001)
	0.321 (0.0001)
	0.128 (0.0001)
	0.196 (0.0001)

	Number of clusters with ≥10 incidents
	
	
	
	

	
	First-order
	1275
	183
	600
	850

	
	Second-order
	78
	15
	34
	57

	
	Third-order
	7
	2
	3
	5

	
	Fourth-order
	1
	0
	0
	1

	In-cluster incident density
	
	
	
	

	
	Mean number of incidents per first-order cluster
	62.9
	38.8
	55.9
	46.5

	Cluster density
	
	
	
	

	
	Number of first-order clusters per 1000 km2
	16.2
	2.3
	7.6
	10.8


Table 2: Spatial characteristics, by type of incident 

	Metric
	
	Assaults
	Falls
	Transport
	

	Number of incidents
	
	
	
	

	
	Total
	7 267
	46 863
	6 989
	

	
	Mainland
	7 210 (99.2%)
	45 794 (97.7%)
	6 840 (97.9%)
	

	
	Island
	57 (0.8%)
	1069 (2.3%)
	149 (2.1%)
	

	Average incident density
	
	
	
	

	
	per km2
	0.092
	0.597
	0.089
	

	
	per 1000 population
	1.398
	9.012
	1.344
	

	Geographical averages (longitude, latitude; decimal degrees)
	
	
	
	

	
	Mean centre
	-3.768749, 56.068521
	-3.786462, 56.109165
	-3.730480, 56.187583
	

	
	Mean centre of minimum distance
	-4.018888, 55.894515
	-4.001317, 55.911483
	-3.841443, 55.974452
	

	
	Median centre
	-3.986250, 55.898350
	-3.970860, 55.909320
	-3.827160, 55.934110
	

	Geographical spread
	
	
	
	

	
	Standard deviational ellipse diameters (km)
	100, 193
	122, 215
	135, 232
	

	
	Area of ellipse (km2)
	15129
	20672
	24529
	

	
	Rotation (clockwise angle, degrees)
	27.7
	21.1
	16.8
	

	Clustering
	
	
	
	
	

	
	Nearest neighbour index (p)
	0.189 (0.0001)
	0.181 (0.0001)
	0.290 (0.0001)
	

	Clusters with ≥10 incidents
	
	
	
	

	
	First-order
	147
	1085
	139
	

	
	Second-order
	12
	71
	9
	

	
	Third-order
	2
	6
	1
	

	
	Fourth-order
	0
	1
	0
	

	In-cluster incident density
	
	
	
	

	
	Mean number of incidents per first-order cluster
	49.4
	43.2
	50.3
	

	Cluster density
	
	
	
	

	
	First-order clusters per 1000 km2
	1.9
	13.8
	1.8
	


Figures

Fig 1: Map of study area, showing major cities, road network, and the “central belt” area

[image: image1.jpg]Central

RSN
Z\b 1” T‘v : Y 4 N ey
0 S ~
e o *s, Belt Area
\\ 2\7" P R .‘f\‘{“ nurg@’,'
RO v rrt ™






Fig 2: Distribution of incidents triaged to MTC care, as kernel density estimates

[image: image2.jpg]



Fig 3: Cluster map of patients triaged to MTC care
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