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Abstract
Objectives

The defining weapon of the conflicts in Iraq and Afghanistan has been the Improvised Explosive Device (IEDs). When detonated under a vehicle, they result in significant axial loading to the lower limbs, resulting in devastating injuries. Due to the absence of clinical blast data, automotive injury data using the Abbreviated Injury Score (AIS) has been extrapolated to define current NATO injury thresholds for Anti-vehicle (AV) mine tests. We hypothesized that AIS, being a marker of fatality rather than disability would be a worse predictor of poor clinical outcome compared to the lower limb specific Foot and Ankle Severity Score (FASS).  

Methods

Using a prospectively collected trauma database, we identified UK Service Personnel sustaining lower leg injuries from under-vehicle explosions from Jan 2006-Dec 2008. A full review of all medical documentation was performed to determine patient demographics and the severity of lower leg injury, as assessed by AIS and FASS. Clinical endpoints were defined as (i) need for amputation or (ii) poor clinical outcome. Statistical models were developed in order to explore the relationship between the scoring systems and clinical endpoints. 

Results

63 UK casualties (89 limbs) were identified with a lower limb injury following under-vehicle explosion. The mean age of the casualty was 26.0 yrs. At 33.6 months follow-up, 29.1% (26/89) required an amputation and 74.6% (67/89) having ongoing clinical problems. Only 9(14%) casualties were deemed medically fit to return to full military duty. ROC analysis revealed that both AIS=2 and FASS=4 could predict the risk of amputation, with FASS = 4 demonstrating greater specificity (43% vs 20%) and greater positive predictive value (72% vs 32%). In predicting poor clinical outcome, FASS was significantly superior to AIS (p<0.01). Probit analysis revealed that a relationship could not be developed between AIS and the probability of a poor clinical outcome (p=0.25).

Conclusions

Foot and ankle injuries following AV mine blast are associated with significant morbidity. Our study clearly demonstrates that AIS is not a predictor of long-term clinical outcome and that FASS would be a better quantitative measure of lower limb injury severity. There is a requirement to reassess the current injury criteria used to evaluate the potential of mitigation technologies to help reduce long-term disability in military personnel. Our study highlights the critical importance of utilising contemporary battlefield injury data in order to ensure that the evaluation of mitigation measures is appropriate to the injury profile and their long-term effects.
1.0
Introduction
One of the significant deficits in vehicle explosion mitigation research has been a dearth of clinical information on the injury profile of in-vehicle blast casualties. To date, clinical information related to these incidents has been limited to a single case series over a 5-year period during the Balkan conflicts 1[]
. Of the 42 casualties described in that report, 6 casualties sustained either unilateral or bilateral traumatic amputations of the lower limb, and a further 4 casualties sustained calcaneal injuries. However, there was no clear description of the lower limb injury pattern, nor were there any results on the outcomes of these injuries. As a result, researchers in the field have resorted to extrapolating injury profiles from studies based on automotive impact loading conditions 2[, 3]
. Based on these cadaveric studies, current NATO guidelines for mine-protected vehicles stipulate that the critical injury threshold for lower leg injuries in AV-mine tests is measured in the tibial component of a Hybrid III Anthropometric Test Device (crash-test dummy, ATD) 4[]
. This value was determined by recording the axial load likely to result in a lower limb injury with an Abbreviated Injury Score (AIS) of 2 or more. 

The Abbreviated Injury Score (AIS) was developed in 1971 to score the severity of specific injuries in victims of vehicular trauma (on a scale of 1-6), based on the likelihood of the event causing a fatal injury 5[, 6]
. As lower limb injuries are rarely fatal, the whole spectrum of injuries are scored from a narrow range between 1 (e.g. simple contusion) and 3 (e.g. open fracture of the tibia), limiting the resolution required to differentiate between complex foot and ankle injuries 7[]
. The AIS has a high correlation with probability of death resulting from a given injury 8[]
, but its ability to predict long-term complications post-injury is less certain 9[]
.

To address this issue, the Foot and Ankle Severity Score (FASS) was developed by the American Orthopaedic Foot and Ankle Society 7[]
. They compiled a comprehensive list of 91 foot and ankle traumatic injuries which were then graded according to injury severity on a scale of 1 to 6, with 6 considered currently untreatable. To date, no attempt has been made to evaluate battlefield lower leg injuries using FASS. In view of the greater resolution of the FASS in categorizing lower leg injuries, the hypothesis of this study is that the FASS would be superior to AIS in predicting amputation and poor clinical outcome following an AV mine blast. 

Therefore the aims of this study were to use contemporary battlefield injury data from Iraq and Afghanistan to firstly, determine whether the AIS scoring system could be used to predict poor clinical outcome following under-vehicle explosion, and secondly to compare it against the FASS score in predicting both poor clinical outcome and risk of amputation. 

2.0
METHOD
A retrospective study was conducted utilising a prospectively collected, trauma registry (Joint Theatre Trauma Registry, JTTR) (24). The records of UK Service Personnel sustaining lower limb injuries from an explosive injury mechanism were identified from Jan 2006-Dec 2008. From this initial review, the records of those casualties who suffered a lower leg injury from a vehicle explosion were selected for further study. Traumatic amputations were excluded from the study.
In order to determine the pattern of injury and clinical outcome of this cohort of patients, field hospital notes, UK hospital records, rehabilitation records and trauma radiographs were all reviewed.  For each injured limb, the severity of lower leg injury was assessed using the FASS and 2005 Military AIS scoring systems, with only the most severe injury in each limb scored. Clinical end-points were determined firstly by the need for amputation and secondly by ongoing clinical symptoms. Amputations included limbs primarily amputated at the field hospital, as well as those who underwent delayed amputation. A poor clinical result was considered to be those limbs which at final review continued to require significant medical input. Limbs that were surgically amputated were automatically assigned to the poor clinical result group.
The ability of the scoring system to correctly discriminate a poor clinical outcome (i.e. amputation or ongoing clinical symptoms) from a good clinical outcome (i.e. successful limb salvage or clinically asymptomatic) was quantified by calculating the area under a plot of the sensitivity versus 1-specificity for all possible cut-off values (ROC, Receiver Operating Characteristic). The area under the curve (AUC) for each scoring system was then compared using the Hanley and McNeil technique 10[]
. A p-value of less than 0.05 was considered statistically significant.

In order to explore the relationship between the scoring systems and the clinical outcomes, a probit analysis was performed using data from this cohort 11[]
. 
3.0
results
From Jan 2006 – Dec 2008, 89 limb injuries (63 patients), resulting from blast were identified suitable for inclusion in this study. Mean follow-up was 33.3 months (s.d. 10.8 months). The median FASS score was 4 (Range 1-6), and the median AIS score was 2 (Range 1-3). The modal distribution of the scores is depicted in Figure 1; the FASS system shows a more even distribution of scores with FASS 4 noted in 35 limbs (39%). In contrast, the limited range of the AIS lower leg scoring system resulted in 46 limbs (52%) scoring AIS 2.
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Figure 1: Distribution of FASS scores and AIS scores within the study population.
3.1
Amputation

The overall amputation rate was 32.3% (26/89). Thirteen limbs were primarily amputated at the field hospital, and a further 13 amputated on repatriation to the UK. In those patients undergoing delayed amputation following discharge from hospital, the mean time from date of injury to amputation was 18.5 months (s.d. 8.2 months). The distribution of amputations as a proportion of FASS and AIS Score is shown in Figure 2.
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Figure 2: Proportion of amputations and salvaged 
limbs as a function of FASS score and AIS score.
From the ROC plot, the AUC for FASS was 0.891 (0.807 - 0.947, 95% Confidence Interval) and for AIS was 0.783 (0.683 - 0.863, 95% CI). Using the Hanley-McNeil method, there was no statistically significant difference in the AUC for both scoring methods (p=0.09).
The probit analysis plots are presented in Figure 3. From the analysis, the FASS Score for 50% probability of amputation was 4.93 (4.60 – 5.37, 95% CI) and for AIS was 2.86 (2.32 – 4.41, 95% CI).

	[image: image5.emf]0

0.5

1

0 1 2 3 4 5 6

Probability

FASS Score


	[image: image6.emf]0

0.5

1

0 1 2 3 4

Probability

AIS Score




Figure 3: Probit analysis curves for FASS and AIS in predicting the probability 
of amputation. The dotted lines represent the 95% confidence intervals.
To account for the 95% confidence intervals from the probit analysis, sensitivity and specificity analysis was performed on all scores falling within the confidence interval (i.e. FASS ≥ 4, FASS ≥ 5, AIS ≥ 2 and AIS = 3, Table 1). Both scoring systems showed excellent sensitivity and negative predictive value, with the FASS scoring method demonstrating greater specificity, positive predictive value and overall predictive accuracy. Increasing both FASS and AIS scores by a single increment significantly increased specificity and positive predictive value and overall predictive accuracy, but at the expense of sensitivity.
Table 1: Sensitivity and specificity analysis using AIS scores ≥ 2 or 3 
and FASS ≥ 4 or ≥ 5, as cut-off values for predicting amputation.

	Scoring Method
	Sensitivity
	Specificity
	Negative Predictive Value
	Positive Predictive Value
	Predictive Accuracy

	AIS Score
	

	≥ 2
	100%
	20.6%
	100%
	34.2%
	43.8%

	3
	69.2%
	80.9%
	86.4%
	60.0%
	77.5%

	FASS
	

	≥ 4
	100%
	42.9%
	100%
	72.2%
	59.6%

	≥ 5
	76.9%
	87.3%
	90.2%
	71.4%
	84.2%


3.2
Ongoing Clinical Symptoms

At mean 33.3 months clinical follow-up, 66 (74%) limbs were considered to have a poor clinical result. The proportion of clinically symptomatic limbs as a function of FASS and AIS scores is shown in Figure 4. As a result only 9 casualties (14.3%) had fully recovered from their injuries and had returned to full military duty.
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Figure 4: Proportion of limb injuries with ongoing clinical 
symptoms as a function of FASS score and AIS score.
From the ROC plots of FASS and AIS in predicting ongoing clinical symptoms, the AUC for FASS was 0.809 (0.712 to 0.885, 95% Confidence Interval) and for AIS was 0.690 (0.583 to 0.783, 95% CI). Using the Hanley-McNeil technique, the AUC for FASS was significantly greater than the AUC for AIS (difference 0.119, 0.00839 to 0.230 95% CI, p=0.03).

The probit analysis of poor clinical outcome as a function of both scoring systems revealed that a statistically significant probit model could not be developed for AIS (Z-coefficient = 1.137, -0.149 - 0.562 95% CI, p=0.25). The probit plot is represented in Figure 5. 
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Figure 5: Probit analysis for FASS in predicting ongoing clinical 
symptoms. The dotted lines represent 95% confidence intervals.
From the predictive model, the cutoff FASS score for 50% probability of poor clinical outcome was 2.37 (1.22 – 2.98, 95% confidence interval). As an AIS value could not be derived from the probit analysis, the NATO accepted standard of AIS ≥ 2 was used instead. The sensitivity analysis of FASS ≥ 2 and AIS ≥ 2 are shown in Table 2. FASS demonstrated greater sensitivity and superior negative predictive value than AIS, although both scores showed poor specificity. 
Table 2: Sensitivity and specificity analysis using AIS ≥ 2 and FASS ≥ 2 
as cut-off values for predicting ongoing clinical symptoms.
	Scoring Method
	Sensitivity
	Specificity
	Negative Predictive Value
	Positive Predictive Value
	Predictive Accuracy

	AIS ≥ 2
	91%
	27.2%
	53.8%
	80.3%
	76.4%

	FASS ≥ 2
	98.5%
	29.2%
	87.5%
	79.0%
	79.8%


4.0
discussion

In terms of predicting amputation, both AIS ≥ 2 and FASS ≥ 4 showed 100% sensitivity and 100% negative predictive value, with FASS displaying better specificity than AIS. Importantly, both AIS and FASS demonstrated poor specificity and we would therefore caution its use in a clinical setting as part of the decision making algorithm in limb salvage. Limb viability and subsequent limb salvage is determined by both anatomical and physiological parameters and as both FASS and AIS are purely anatomically based injury systems, this may explain the reduced specificity. By altering the cut-off value of both AIS and FASS, we demonstrated that specificity increased, but sensitivity decreased as a result. Considering the significant clinical effects of amputation, we consider that only a 100% negative predictive value as provided by the lower cut-off values of AIS 2 or FASS 4 would provide appropriate injury criteria values for evaluating mitigation systems against the risk of amputation. 

In contrast, when attempting to predict poor clinical outcome, FASS was shown to be significantly superior to AIS in predicting outcome. Using FASS greater than 2 resulted in higher sensitivity, higher negative predictive value and greater predictive accuracy than AIS 2. Significantly, based on our data, it was not possible to develop an appropriate statistical model to define a relationship between AIS and poor clinical outcome. The poor correlation between AIS and disability has been previously noted in civilian trauma studies; Mackenzie et al. 12[]
 demonstrated that there was little difference in return to work rates in those suffering minor injuries (AIS 1-2) compared to moderate injuries (AIS 3). More recently, Pape et al. 13[]
 showed that Injury Severity Score (ISS), which is based on AIS, was not a predictor of clinical outcome 10 years after major orthopaedic injuries. They noted that lower extremity amputation and the presence of articular fractures were associated with significantly poorer SF-12 (Short form 12) disability scores. This may in part explain the differences between FASS and AIS; due to its greater resolution, FASS is able to assign intra-articular injuries a higher value compared to extra-articular injuries. In contrast, AIS is not able to discriminate between injury types. 

This has a considerable bearing on the development of appropriate injury criteria for lower limb blast research. Central to the success of any mitigation system is the ability to protect the soldier not only from lethal injuries, but also to reduce the possibility of long-term harm. In order to achieve this aim, a fundamental requirement is to accurately define the injury profile that is likely to result in disability in the population at risk. As such, the extrapolation of injury severity from civilian injury mechanisms may not directly apply to the injuries and functional requirements seen in the military population.  Our data clearly demonstrates that AIS cannot accurately predict long-term complications from blast and that the current criteria of protecting against AIS 2 injuries may still lead to a significant number of casualties sustaining poor outcome injuries. 

We believe that the FASS would provide a better tool in assessing traumatic injury simulations and in evaluating mitigation measures. In laboratory based simulations of anti-vehicle mine blasts, McKay and Bir 14[]
, impacted cadaveric limbs with a 37kg hydraulically actuated impactor and assessed the injury severity using both the FASS and AIS score. They reported that in 12 specimens that were impacted at velocities of 9.9-11.6 m/s (peak tibial force 4.4 – 6.1 kN), AIS 2 injuries were recreated in all of them and FASS ranged from 3 to 5. Using FASS 4 as the cut-off for an “incapacitating” injury, they calculated that a tibial axial load of 5.9 kN resulted in a 50% probability of recreating that injury. Based on our study, FASS 4 would be indicative of an injury requiring amputation. It is therefore likely that the injury criteria threshold for creating a FASS 2 injury is likely to be considerably lower than the current value defined by NATO guidelines 15[]
. 
We believe there is now a requirement to reassess the injury criteria threshold to ensure that mitigation strategies are capable of protecting the soldier from the disabling effects of blast. Work is currently ongoing in order to determine the injury threshold for FASS 2 injuries. Our study highlights the critical importance of utilising contemporary battlefield injury data in order to ensure that the evaluation of mitigation measures is appropriate to the injury profile and their long-term effects.
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