The Risk of Fracture to the Tibia from a Fragment Simulating Projectile
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ABSTRACT 
Penetrating injuries due to fragments energised by an explosive event are life threatening and are associated with poor clinical and functional outcomes. The tibia is the long bone most affected in survivors of explosive events, yet the risk of penetrating injury to it has not been quantified. In this study, an injury-risk assessment of penetrating injury to the tibia was conducted using a gas-gun system with a 0.78-g cylindrical fragment simulating projectile. An ovine tibia model was used to generate the injury-risk curves and human cadaveric tests were conducted to validate and scale the results of the ovine model. The impact velocity at 50% risk (± 95% confidence intervals) for EF1+, EF2+, EF3+, and EF4+ fractures to the human tibia – using the modified Winquist-Hansen classification – was 271 ± 30, 363 ± 46, 459 ± 102, and 936 ± 182 m/s, respectively. The scaling factor for the impact velocity from cadaveric ovine to human was 2.5. These findings define the protection thresholds to improve the injury outcomes for fragment penetrating injury to the tibia.
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Introduction 
Explosive devices have been the most common cause of injury sustained in recent conflicts1–4. Studies of injury patterns from operations in Iraq and Afghanistan reported that this wounding mechanism was responsible for 65% of combat wounds in UK casualties between 2003 and 2012 (31% due to gunshots)1, and 78% in US casualties between 2001 and 2005 (18% due to gunshots)2. With the rising threat of terror attacks, these injuries have also become more frequent in the civilian environment4,5. Energised fragment penetration, categorised as a secondary blast injury, is the most common injury modality among the blast injuries due to the fragmenting design of modern munitions and terrorist home-made improvised explosive devices (IEDs)4–9. Penetrating fragments can be munition casings, soil ejecta, small debris from destroyed structures, objects included intentionally in the IEDs like bolts, nails, fasteners, or even foreign bone fragments10,11. 
The limbs are the most commonly affected anatomical region in secondary blast injuries, accounting for 50-75% of all injuries from missiles during the 20th-century conflicts 6,9; 45% of the combat fatalities sustained by the Israeli Defence Force in 200212, and 46-74% during homeland terrorist events 4,5,13. Weil et al.4 reported in their study of 70 terrorist attacks in Israel between 2000 and 2003 that the tibia was the most common long bone injured by penetrating fragments (45% of all fractures and 43% of all long bone fractures). Breeze et al.14 mapped the distribution of fragment wound entry points in military personnel wearing personal armour and demonstrated that the face and lower leg were the two most frequently affected regions. Penetrating injuries to the extremities carry a high risk of infection, have slower recovery rates than other body areas, and may result in amputation causing long-term disability5,9,15–18.
There is a wide range of factors associated both with the penetrating projectile and the entry site that can potentially affect injury outcome; these include parameters such as impact velocity, projectile mass, and shape 19–21. The majority of such research currently focuses on gunshot wounds, and limited objective experimental evidence exists to quantify the potential injurious mechanisms of energised fragments.
The aim of this study was to assess the risk of injury to the tibia following impact from fragment simulating projectiles (FSPs) under varying impact conditions utilising a gas-gun system. A cadaveric ovine model was used to acquire the amount of data for generating injury-risk curves of different injury severities. A human cadaveric model was subsequently used for validating and scaling the results obtained from the ovine model.

Materials and Methods 
Forty-one tibiae were harvested from skeletally mature sheep acquired from a local abattoir, stored at -20° and used within 3 months. The tibiae were dissected out from the lower limb specimens, with all soft tissue removed leaving the periosteum intact. Prior to potting them in cylindrical cups with polymethyl methacrylate (PMMA) bone cement, the bones were measured for overall length, diameter at mid-diaphysis, and perimeter at mid-shaft using an osteometric board (Table 1). They were kept moist with sprayed water during potting, measuring, and prior to testing.

	
	Ovine
(n = 41)
	PMHS
(n = 5)

	Mass [g]
	199 ± 37
	475 ± 106

	Maximum length [mm]
	225 ± 21
	387 ± 37

	Mid-diaphysis thickness* [mm]
	15 ± 1
	28 ± 4

	Mid-diaphysis cortical thickness** [mm]
	4 ± 1
	10 ± 3

	Mid-diaphysis circumference [mm]
	57 ± 3
	87 ± 11

	Table 1 – Average mass and dimensions of the tibiae harvested from skeletally mature sheep and PMHS [* thickness of mid-diaphysis was measured in the direction of impact, ** cortical thickness was estimated at the location of impact using radiographs]



The anterior border of the tibia at mid-diaphysis was aligned to be vertical with the aid of an inclinometer, and the tibia was potted at both ends with bone cement (Simplex Rapid ACR300 Autopolymerising Acrylic Resin, Swindon, UK) (Figure 1). Five ovine samples were prepared with soft tissue simulant to investigate the effect of soft tissue simulant on the resulting injury pattern. In these, the exposed part of the tibia was cast in 20% by weight ballistic gelatine (Type A, 300 bloom, porcine, MM Ingredients Ltd, Dorset, UK). The preparation process of the gelatine has been described in detail previously22. Briefly, the gelatine was moulded into a rectangular block of 112  112  125 mm with one side set flush to the anterior border of the tibia as shown in Figure 1a. The distance between the posterior aspect of the tibia to the surface of the gelatine block was approximately 85 mm, which is the average thickness of soft tissue at the mid diaphysis of a human adult tibia23–25.
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	(a)
	(b)

	Figure 1: The bone sample (right tibia, lateral view) (a) with soft tissue simulant and (b) without soft tissue simulant



Compression plates were used to set the standing boundary condition to the sample. A 90 (± 5) N load was applied on the axial direction of the ovine tibiae, which was monitored with a 6-axis load cell (Sunrise Instruments, USA) (Figure 1). 
Impact testing with cylindrical FSPs was conducted to the mid-diaphysis of prepared tibia samples using the gas gun and sabot system described by Nguyen et al.22 (Figure 2a). FSPs with 4.5-mm diameter and 0.78-g mass were used. The speed at impact of the FSP was estimated using high-speed photography (Phantom VEO710L camera, AMETEK, USA) at 140000 fps. The system was triggered with the laser-light gates positioned at the end of the gas-gun barrel. A laser diode was mounted at the centre of the barrel to trace the expected trajectory of the FSP for locating the target point accurately.
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	(b)
	(c) 

	Figure 2: The experimental setup of the gas-gun system: (a) schematic of the setup, viewed from above, (b) schematic of the setup, viewed from the side, sectional, and (c) photograph of tibia sample from PMHS, viewed from above.



Each tibia was impacted at the anteromedial surface of the mid-shaft, which was fairly flat and thus likely to ensure the repeatability between tests (Figure 2b,c). The laser pointer was used for alignment to ensure that the point of contact was immediately medial to the anterior border of the tibia. The impact velocity of the FSPs was between 20 and 600 m/s, giving a range of kinetic energy of 0.156 – 140.4 J and momentum of 0.0156 – 0.468 Ns. Tibiae with no fracture after impact were tested again at a higher impact velocity until a fracture occurred. Most multiple-tested samples underwent two impacts, one at a low velocity (typically below 100 m/s) and one at a high velocity (typically above 300 m/s). 
Before and after each impact test, each tibia underwent radiographic scanning using a mini C-arm (Fluoroscan® InSightTM FD system, USA) to detect any fracture in the sample and assist with the injury classification. The modified Winquist-Hansen (mWH) classification26,27 was used to score the tibia fractures by four trauma and orthopaedic surgeons (IR, JC, AR, DS) independently, who were blinded to the condition of the impact tests.
To validate this work, the same experimental model without the soft tissue simulant was performed on five tibiae from post mortem human subjects (PMHS) (Figure 1b, 2c). The PMHS samples had an age median of 54 and range between 53 to 85 (Table 2). They were fresh frozen at -20°, with no relevant known pathology that could affect the tissues of the lower limbs, and acquired from a licensed human tissue facility. The Tissue Management Committee of the Imperial College Tissue Bank ethics committee had granted ethical approval for this study (ethical approval number: 12-WA-0196). All specimens were scanned using computed tomography with 0.5×0.5 mm pixel size at transverse slices of 1 mm thickness (Siemens Somatom Definition AS 64, Erlangen, Germany) prior to testing to verify that there was no pre-existing pathology. For the PMHS tibiae, the compressive load was 380 ± 5 N28,29 (Figure 1b).

	Specimen ID
	Age
[years]
	Gender
	Height
[cm]
	Weight
[kg]
	Note

	03-14-10043
	85
	male
	180.34
	69.4
	left leg

	10-07005
	53
	female
	162.56
	65
	right leg

	10-07005
	53
	female
	162.56
	65
	left leg

	04-15-0866
	54
	male
	182.88
	68
	right leg

	04-15-0890
	56
	male
	172.70
	63.5
	left leg

	Table 2 – Summary of human cadaveric samples



Statistical analysis
The NCSS statistical software (v11, Utah, USA) was used to select the appropriate parametric distribution and perform the distribution fitting. A likelihood-criteria best-fit analysis, with the aid of probability plots, was performed to choose the distribution that best fit the data for each fracture type of the ovine tibia. The lognormal distribution was the one picked among all the best fits in the vast majority of cases (Table 4, Additional Information), hence, it was chosen as the probability distribution to represent the risk for all fracture types utilised in this study in both ovine and PMHS tibiae.
The lognormal regression model is, where  is the probability of fracture,  is the predictor variable which is the impact velocity of the FSP,  and  are respectively the scale and shape coefficients associated with the predictor variable, and  is the standard Gaussian error function. To generate the injury-risk curve for each type of fracture, the data were classified as left-censored if the corresponding samples sustained the type of fracture of interest or a more severe one. Data associated with samples that sustained less severe or no fracture were classified as right censored. For samples undergoing multiple tests, interval censoring was used whereby data with the relevant fracture were classified as left censored.

Results 
Fracture types observed in the ovine tibia
A total of forty-nine tests were performed on ovine samples, eight of which resulted in no injury; these samples were re-used for impacting at a higher velocity. Post-impact radiographs of ovine tibiae across the range of impact velocities tested are reproduced in Figure 3. At lower velocities (typically below 100 m/s), no penetration into bone occurred. There were either scratches or a shallow indentation in the outer layer of the cortical wall where the FSP hit (classified as no injury F0, Figure 3a – 100 ± 10 m/s). With increasing impact velocity, tibial bone injury progressed from (i) a puncture at the anterior aspect with no escaping of the FSP posteriorly and no damage to the lateral and medial cortex (classified as EF1, Figure 3a – 120 ± 10 m/s), to (ii) a punctured hole at the front with a large opening at the posterior aspect where the FSP escaped, sometimes accompanied by butterfly-pattern fractures (classified as either EF2 or EF3, Figure 3 – 200 ± 10 m/s), to (iii) a front punctured hole with a larger opening at the back and multiple fractures and crack lines (classified as EF3 or EF4, Figure 3 – 310 ± 10 m/s), to finally (iv) a comminuted fracture (classified as EF4, Figure 3a&b – 590 ± 10 m/s). 
Injuries in samples tested with and without the soft-tissue simulant are shown in Figure 3. Across three different impact velocities of 200, 310 and 590 m/s, the tested tibiae sustained fractures classified as EF3, EF3 and EF4, respectively. At each velocity, the fracture type seen in the tibia was the same with or without the soft-tissue simulant.

	

	(a)

	

	(b)

	Figure 3: Radiographs of anterior/posterior (left) and lateral/medial (right) view of the ovine tibia after being impacted by the projectile at different impact velocities without tissue simulant (a) and with tissue simulant (b). Radiographs of impacts at 200 m/s were taken after tissue simulant was removed.



Injury-risk curve for the ovine tibia
Of the 41 injured ovine tibiae, 5/41 sustained an EF1 fracture, 7/41 sustained an EF2 fracture, 19/41 sustained an EF3 fracture, and 10/41 sustained an EF4 fracture. The risk curves for fracture types EF1 or greater (EF1+), EF2 or greater (EF2+), EF3 or greater (EF3+), and EF4 or greater (EF4+) are plotted in Figure 4, with associated 95 percentile confidence intervals. The survival analysis outputs are summarised in Table 5 (Additional Information). The impact velocities at 50% risk for these fracture types were 108, 145, 184, and 374 m/s, respectively.
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	Figure 4: Injury-risk curves for the ovine tibia with (a) EF1+, (b) EF2+, (c) EF3+ and (d) EF4+ fracture classified according to the mWH classification26. The dashed lines indicate 95% confidence intervals.




Injury-risk curve for the human tibia
The ratio of the anterior cortical thickness of PHMS to that of ovine tibiae (2.50, Table 1) was used to scale the obtained risks of fracture in ovine tibiae to the corresponding risk curves for the PMHS tibiae (Figure 5, black curves). The scaling was performed as , where ρ is the cortical thickness ratio. The predicted impact velocities at 50% injury risk of EF1+, EF2+, EF3+ and EF4+ fractures for PHMS were 271, 363, 459 and 936 m/s, respectively.

	
	

	(a)
	(b)

	
	

	(c)
	(d)

	Figure 5: Injury-risk curve for the human cadaveric tibia with (a) EF1+, (b) EF2+, (c) EF3+, and (d) EF4+ mWH fractures obtained by scaling from the ovine results (black). In comparison, experimental results and fittings are also shown for EF1+ and EF2+ mWH fractures (a&b, grey). The dashed lines indicate 95% confidence intervals. 



Nine experiments for validation were carried out on PMHS tibiae with impact velocities between 120 and 370 m/s. 4/9 resulted in no injury, 3/9 resulted in an EF1 fracture and 2/9 resulted in an EF2 fracture. The injury-risk curves with associated 95 percentile confidence intervals, from lognormal and step function fitting, for these two injury types (EF1+ and EF2+) are shown in Figure 5a&b (grey curves). The impact velocities with a 50% probability of fracture obtained from this survival analysis were 250 and 356 m/s respectively. The graphs show good agreement between the injury-risk curves scaled from the ovine results with those obtained from the PMHS experiments.

Discussion 
This study is the first to generate injury-risk curves due to penetration at different fracture severities for the tibia. A gas-gun system was utilised, which allowed for excellent reproducibility of the velocity and location at impact. The ovine model was used9,30–33 to produce the desired risk curves, which were subsequently scaled to the human and validated by tests performed with PMHS.
The tibia from skeletally mature sheep was chosen because of its similar geometry to the human tibia, specifically to the tibia of 5-year-old boy33–38, as well as its similar Young’s modulus to the adult human tibia39,40 (Table 3). For these reasons, the compression of half the body weight of a 5-year-old boy was applied to the ovine samples as the relevant boundary condition representing a standing posture. For the PMHS tibiae, half the body weight of a young adult human was applied as the boundary condition. 

	Parameter
	Ovine
	5-year-old boy
	Young adult
	

	Bone density [g/cm3]
	1.2 – 1.7 39
	1 – 1.3 39,40
	1.4 – 2.0 39,41
	

	Max. length [mm]
	245 33
	245 36
	401.4 ± 23.4 42
	

	Mid-shaft cortical area [mm2]
	174 ± 2.7 35
	145 43
	193 ± 79 35,43,44
	

	Circumference at mid-shaft [mm]
	57 ± 3
	68.1 ± 6.9 38
	86.2 ± 5.5 45
	

	Young’s modulus [GPa]
	15 – 25 39
	-
	14 – 22 39,40
	

	Body mass [kg]
	-
	18.3 46
	76 - 80 28,47
	

	Height [cm]
	-
	110 46
	180 47
	

	Table 3 – Morphology and bone properties of ovine and human tibia
	



Since the FSP used was small compared to the overall dimensions of the tibia, the injurious effects of the impact were localised, thus rendering the material behaviour and the local geometry of importance to the outcome. As the material properties of ovine and human tibiae are similar, the cortical thickness at the location of impact was deemed as the most influential parameter in determining the injury outcome; it was therefore chosen for scaling. Comparisons between the scaled injury-risk curves and the observed ones (Figure 5a&b) validate this scaling parameter. This geometry ratio may also be an appropriate scaling factor when other long bones are considered. It should be noted that the lowest impact velocity resulting in an EF1 fracture in the PMHS series (263 ± 10 m/s) was obtained from the 85-year-old specimen which had also undergone several impacts at lower velocities. This may explain why the EF1+ injury-risk curve from tests with PMHS is very close to the lower bound of the scaled curve for EF1+ fractures (Figure 5a). It is likely therefore that the EF1+ injury-risk curve will be shown to agree better with the one presented by scaling from the ovine tests should additional tests are carried out with more representative PMHS samples. 
[bookmark: _GoBack]When developing the injury-risk curve for EF1+ fractures of PMHS, the fitting solution diverged and so a step function was fitted instead; similarly, the EF1+ curve for ovine samples has very narrow confidence intervals. These were because for EF1+ fractures in the PMHS series there was no overlap in the velocity regions that resulted in fracture and in those that did not, and in the ovine series there was a small overlap involving just two tests. Considering the repeatability of the apparatus and the minimal anatomical variability between ovine samples, this is also likely related to the relative geometry of FSP and bone at the location of impact. The bone is brittle and softer than the steel FSP; furthermore, the cortical thickness of the tibia is of similar magnitude to the dimensions of the FSP used. Upon impact by the cylindrical FSP, high shear stress and large adiabatic shear bands result in localised plastic deformation in the form of the drill-hole fracture accompanied by cracks and fragmentations (when the impact energy was sufficient), similar to the modes of penetration observed in thin steel or ceramic armour plates48. The bone marrow provides a medium for cavitation effects, which explains the realistic large exit hole observed in this test series; this would result in ‘collateral’ damage of surrounding soft tissue49. A higher impact velocity, and thus higher pre-impact energy, resulted in wedged-open cone cracks, butterfly fractures, and subsequently comminution; this is in line with what is reported by other studies of bone fracture49–51. As the fracture severity increases, there is greater variation in the response of the bone to the strike of the FSP and also in wider confidence intervals. There is no clear distinction between the 50% injury risk between the EF2+ and EF3+ groups for both ovine (respectively 145 ± 18 m/s and 183 ± 40 m/s) and PMHS (respectively 363 ± 46 m/s and 459 ± 102 m/s) models. However, there is no overlap of the 95% confidence intervals with the group below (EF1+) and above (EF4+), providing defined thresholds to reduce the injury severity outcomes by means of velocity attenuation.
The choice of a 0.78-g cylindrical FSP was based on the study by Breeze et al.52 who examined penetrating explosive fragments recovered from neck injuries in UK personnel deployed to Afghanistan. The study identified the three most common shapes and average typical mass of fragments to be cylindrical (51% - 0.78 g), spherical (27% - 0.44 g), and stellate (10% - 0.37 g). The NATO standard AEP-2920, which was established to evaluate and classify personal armours against bullet and fragmentation threats using standard procedures, was consulted to design the cylindrical FSP used here; it was made of carbon steel, 4.5 mm in diameter and 6.27 mm in length. In reality, the metal fragments are not always carbon steel so they can be smaller and lighter52, and multiple impacts from soil ejecta and FSPs are also commonly observed10. To study the injury mechanism more thoroughly, different types of fragment (projected area, length, shape such as ball bearing and chisel nosed to name but a few), multiple fragments and soil ejecta should also be considered. 
The impact velocity was chosen as the input variable for the injury risk curves as it can provide useful thresholds when assessing the performance of ballistic armours, as the metric of assessment is the velocity at 50% risk of complete or partial penetration. Variables such as energy, momentum, cross-sectional area, the nature of contact (such as sharp or blunt), and the FSP material properties, to name but a few could be considered individually or as co-variates in the survival analysis.
The modified Winquist-Hansen classification was employed in this study as it guides treatment, particularly the stabilisation of the fracture site. We had considered both the Red Cross classification53 and the Orthopaedic Trauma Association (OTA) fracture and dislocation classification54. The Red Cross classification, however, does not allow discrimination between clinically significant fractures, which help determine management; in this study, all injuries from impacts of 210 m/s and above would have been classified as the same type (F2). The OTA classification, which is more commonly used, provides useful details on the fracture mechanism and allows discrimination between more complex fractures; it does not allow, however, for incomplete fractures, which are relatively common following penetrating injuries to bone55. In this study, injuries to nineteen ovine bones and seven human bones which involved incomplete fractures were unclassifiable using the OTA system.
The lognormal distribution was used for the survivability analysis following a best-fit analysis. Each test was treated as a single entry for the statistical calculation. Repeated samples whose post-impact radiographs verified no existence of injury were impacted again away from the previous point of contact, but still in the mid-diaphysis. This allowed for the minimum required number of specimens – especially human – to be used. The tests resulting in injury were classified as left censored because the minimum impact velocities to incur fracture were unknown, whereas the tests with no injury were classified as right censored. This approach has been used by others and is known to be potentially conservative56,57. 
This study focused on a pre-stressed tibia, assuming a limb under load during gait at the time of injury and the penetration occurring at the anterior aspect of the mid-diaphysis. The same experimental model can be applied readily to study the effect of different postures, such as a suspended tibia, and of impact at other locations, such as the proximal and distal diaphysis or at the posterior aspect, on the resulting injury. For impact at other locations around the cross section such as posterior or lateral where there is a substantial amount of soft tissue, the impact velocities obtained from experiments on the bone only need to be adjusted to include the necessary kinetic energy for penetrating the required thickness of soft tissue simulant22. For the same impact velocity, the same fracture classification outcomes for specimens with and without ballistic gelatine justifies the exclusion of the soft tissue simulant in the main experimental model of this study, especially since this study focuses on injuries to the anterior aspect of the tibia. It needs to be noted that with the soft tissue simulant present, some bone fragments can be retained close to the fracture site and recovered during surgery, hence the resultant injuries may be less severe to what is predicted in this experimental model. The benefits in time efficiency thanks to a simpler experimental model, however, outweigh the downside of possible overestimation in the injury outcomes. Furthermore, the absence of skin tissue in this experimental model may also have led to overestimation of the true fracture risk. In this study, the focus was on the risk of fracture to the tibia. For a full injury-risk assessment, the risk of overall injury would need to include the level of soft tissue disruption, which could be a more substantial burden to the surgical treatment and recovery pathways than the bone fracture at lower speeds of impact.

Conclusions 
This study defined thresholds in the impact velocity of a 0.78 cylindrical FSP required to cause different levels of fracture severity to the tibia. It is the first study to report the risk of fracture to a long bone due to an FSP. Ovine and human tibiae were used. The impact velocity (± 95% confidence interval) at 50% risk of an EF1+, EF2+, EF3+, and EF4+ fracture in an ovine model was respectively 108 ± 11 m/s, 145 ± 18 m/s, 184 ± 41 m/s, and 374 ± 73 m/s, and in the human 271 ± 30 m/s, 363 ± 46 m/s, 459 ± 102 m/s, and 936 ± 182 m/s. The scaling factor from ovine to human was found to be 2.5. These results can be used to predict the probability of tibia fracture due to secondary blast, to inform the development of personal protective equipment, and to compare the efficacy of mitigating strategies
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Additional information 
	Likelihood
	EF1
	EF2
	EF3
	EF4

	Lognormal
	-3.211812
	-5.301443
	-19.31096
	-13.55698

	Lognormal10
	-3.211812
	-5.301443
	-19.31096
	-13.55698

	Loglogistic
	-3.307814
	-5.401762
	-18.22338
	-13.62328

	Weibull
	-3.223709
	-5.766252
	-21.94027
	-14.41746

	Normal
	-3.220194
	-5.465859
	-24.1926
	-14.46943

	Logistic
	-3.304921
	-5.571882
	-22.28825
	-14.58716

	Extreme Value
	-3.224921
	-6.0929
	-27.12246
	-15.89981

	Exponential
	-13.04852
	-17.70006
	-23.68058
	-19.63722

	Table 4 – Summary of distribution selection for different mWH injury types of ovine tibiae



	Fracture
	Risk level
	Impact velocity (m/s)
	NCIS
	Quality Index

	
	
	Lower bound
	Mean
	Upper bound
	
	

	EF1+
	0.05
	77
	93
	111
	0.37
	Good

	
	0.1
	82
	96
	112
	0.31
	Good

	
	0.25
	90
	102
	114
	0.24
	Good

	
	0.5
	98
	108
	120
	0.20
	Good

	
	0.75
	101
	116
	132
	0.27
	Good

	
	0.9
	103
	123
	146
	0.35
	Good

	
	0.95
	103
	127
	156
	0.42
	Good

	EF2+
	0.05
	91
	115
	146
	0.48
	Good

	
	0.1
	99
	121
	149
	0.41
	Good

	
	0.25
	113
	132
	155
	0.32
	Good

	
	0.5
	128
	145
	164
	0.25
	Good

	
	0.75
	141
	159
	180
	0.25
	Good

	
	0.9
	149
	173
	202
	0.31
	Good

	
	0.95
	153
	182
	218
	0.36
	Good

	EF3+
	0.05
	53
	85
	136
	0.98
	Fair

	
	0.1
	67
	101
	151
	0.83
	Fair

	
	0.25
	99
	134
	180
	0.60
	Fair

	
	0.5
	147
	184
	229
	0.45
	Good

	
	0.75
	201
	252
	314
	0.45
	Good

	
	0.9
	249
	334
	449
	0.60
	Fair

	
	0.95
	277
	396
	565
	0.73
	Fair

	EF4+
	0.05
	158
	215
	293
	0.63
	Fair

	
	0.1
	189
	243
	313
	0.51
	Fair

	
	0.25
	247
	298
	361
	0.38
	Good

	
	0.5
	308
	374
	454
	0.39
	Good

	
	0.75
	359
	470
	615
	0.54
	Fair

	
	0.9
	399
	576
	830
	0.75
	Fair

	
	0.95
	424
	651
	999
	0.88
	Fair

	Table 5 – Summary of survival analysis output for ovine tibiae including the normalised confidence interval size (NCIS) and quality index



	Fracture
	Risk level
	Impact velocity (m/s)
	NCIS
	Quality Index

	
	
	Lower bound
	Mean
	Upper bound
	
	

	EF2+
	0.05
	190
	255
	342
	0.60
	Fair

	
	0.1
	214
	274
	352
	0.50
	Good

	
	0.25
	254
	310
	379
	0.40
	Good

	
	0.5
	291
	356
	436
	0.41
	Good

	
	0.75
	314
	408
	531
	0.53
	Fair

	
	0.9
	327
	462
	651
	0.70
	Fair

	
	0.95
	334
	497
	739
	0.81
	Fair

	Table 6 – Summary of survival analysis output for PMHS tibiae including the normalised confidence interval size (NCIS) and quality index
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