Injury risk of interphalangeal and metacarpophalangeal joints under impact loading
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Abstract
Injuries to the metacarpophalangeal (MCP) and proximal interphalangeal (PIP) joints of the hand are particularly disabling. However, current standards for hand protection from blunt impact are not based on quantitative measures of the likelihood of damage to the tissues. The aim of this study was to evaluate the probability of injury of the MCP and PIP joints of the human hand due to blunt impact. 

Impact testing was conducted on 21 fresh-frozen cadaveric hands. Unconstrained motion at every joint was allowed. All hands were imaged with computed tomography and dissected post-impact to quantify injury. An injury-risk curve was developed for each joint using a Weibull distribution with dorsal impact force as the predictive variable. 

The injury risks for PIP joints were similar, as were those for MCP joints. The risk of injury of the MCP joints from a given applied force was significantly greater than that of the PIP joints (p=0.0006). The axial forces with a 50% injury risk for the MCP and PIP joints were 3.0 and 4.2 kN, respectively. 

This is the first study to have investigated the injury tolerance of the MCP and PIP joints. The proposed injury curves can be used for assessing the likelihood of tissue damage, for designing targeted protective solutions such as gloves, and for developing more biofidelic standards for assessing these solutions.
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Introduction
Injuries to the hand are of particular significance as they limit function pertinent to daily living. They constitute 28% of all injuries to the musculoskeletal system (Angermann and Lohmann, 1993; Hill et al., 1998; Packer and Shaheen, 1993). Disability from hand injuries may result in loss of sensation, strength and dexterity, which are the chief functional attributes of the hand (Chung and Spilson, 2001; Smith et al., 1985; Sorock et al., 2001). Furthermore, there is a clear relationship between occupation and predisposition to hand injuries. Manual workers have been identified as being at particular risk (Anakwe and Standley, 2006; Smith et al., 1985). Hence, it is important to protect the hand at the workplace. 

Furthermore, due to the effect of hand trauma on the ability to perform even the simplest of activities, injuries to the hand can have a dramatic effect on the function of a military unit. In World War II, 15% of soldier medical evacuations to the United States were as a result of hand trauma. Statistics from the United States Joint Theater Trauma Registry indicate that the high prevalence of hand injury persists in recent conflicts; in Operation Iraqi Freedom and Operation Enduring Freedom the most common site of fracture in the upper extremity was the hand (Hofmeister et al., 2007; Owens et al., 2007).

In order to safeguard the hand from trauma, it is necessary to have standards against which protective equipment may be compared. Ideally, these standards would be based upon quantitative measures of the likelihood of damage to the tissues due to the application of specified loads. At present, there are no validated standards for assessing the protective ability of gloves against blunt impact. The EU standard EN 388:2003 ("Protective gloves against mechanical risks") rates gloves for puncture, tear, blade cut, and abrasion resistance (British Standards Institution, 2004). The protective gloves standard for motorcyclists (BS EN 13594:2015) only measures defined areas of a glove’s ability to reduce forces transmitted to the hand caused by an impact, without any information about the force required to injure the hand (British Standards Institution, 2015). Most recent government procurement regulations reference International Standards Organization (ISO) and American Society for Testing and Materials (ASTM) standards as specifications for protective gloves. ISO 13999-3:2002 assesses the resistance of the glove to damage by a sharp, straight knife-edge; specifically, this test method only provides information about the resistance of the product to stabbing cuts, slashing cuts, shearing cuts, and impact cuts by acute-edged objects (ISO, 2004). 

Therefore, the aim of this study was to enable the prediction of the risk of injury to the small joints of the hand due to blunt impact. The objectives were to evaluate the probability of injury of the proximal interphalangeal (PIP) and metacarpophalangeal (MCP) joints of the human hand and create survivability curves from these data. Results of the study can help in assessing the likelihood of injury due to blunt impact, designing protective gloves and equipment, and informing standards for testing them.

Materials and Methods
Ethical approval for this study was obtained from the Tissue Management Committee of the Imperial College Tissue Bank (ICHTB) ethics committee (ethical approval number: 12-WA-0196). The cadaveric specimens were provided by a licensed human tissue facility and the tissue donors had consented to their use for scientific research.

Impact testing was conducted on the MCP and PIP joints of 21 fresh-frozen cadaveric specimens with a mean age of 57 years (range 41–73 years) that were stored at -20°C. The specimens were intact from the fingertips to the midpoint of the forearm. Prior to testing the specimens underwent computed tomography (CT) scanning (Siemens Somatom Definition AS 64, Erlangen, Germany) in order to exclude any pre-existing orthopaedic pathology. The specimens were thawed at room temperature (23±2°C) and were kept moist with 0.15 mol/l saline. For every impact test, the joint of interest was rested on the polished steel surface of a hemispherical dome 100 mm in diameter (standard BS EN 1621-1:2012), which was mounted on a 6-axis load cell (Sunrise Instruments, USA) (Figure 1).  A stud was secured into the intramedullary canal of the radius and screwed into a universal joint at the other end. The universal joint was connected to a horizontal rod that could rest at a height of choice on a permanent fixture. This enabled the wrist to be positioned in a neutral attitude on the dome to allow full passive range of motion at every joint (Figure 1). The impactor had a mass of 2.5 kg (BS EN 13594:2015) with a flat face, 25 mm in diameter. Impact force (dorsal) and speed-at-impact data were recorded at 25 kHz using a National Instruments PXIe data acquisition system (Newbury, Berkshire, UK). Data were filtered using a low-pass Butterworth filter with a cut-off frequency of 1 kHz.
Each joint was tested at target energy levels of 5 J (2 m/s), 14 J (3 m/s) or 20 J (4 m/s). CT scans were performed on all hands following impact. Hands, for which no injury was detected in the CT scan following impact at the 5 J energy level, were tested again at a higher energy level. All hands were then dissected by a hand surgeon (DE), who was blinded to the results of the CT scans and impact energy levels, in order to identify the injuries. CT-scan and dissection data were combined and injuries were classified based on the Hand Injury Severity Score (HISS) (Campbell and Kay, 1996). For descriptive purposes the corresponding Arbeitsgemeinschaft für Osteosynthesefragen/Orthopaedic Trauma Association (AO/OTA) classification (AO Foundation, 2018) has been included as supplementary material. Tendon and skeletal injuries of the hand were scored independently, and the total score represented the injury severity. Nerve injuries were excluded as it was not possible to quantify these clinically. 
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	Figure 1: The experimental set‐up of the drop tower. (a) Photograph of the cadaveric hand, viewed from above. (b) Schematic of the setup, viewed from the side.


Statistical analysis and development of the risk function

The Weibull, log-normal, and log-logistic distributions were among the candidate distributions used for estimating the parametric survival function. A likelihood-criteria best-fit analysis was conducted, using NCSS statistical software (v11, Utah, USA), to determine the most optimal distribution and showed that the Weibull distribution was fitting best in most cases.
For each joint a Weibull survival analysis (Mckay, 2010; Quenneville et al., 2011; Yoganandan et al., 2016b) was conducted for peak dorsal impact force using NCSS. The Weibull regression model is [image: image3.png]P(x) =1 — e~ G/D"



, where P is the probability of injury, x is the predictor variable, and λ and κ are the scale and shape parameters, respectively. 
To derive a survivability curve, data were classified as uncensored and right censored. Uncensored data included samples that sustained tendon and skeletal injuries. Right censored data included samples that sustained no injury. If multiple tests were conducted on the same specimen, the data were classified as interval censored, with the lower bound of the interval representing the force from the non-injurious tests and the upper bound representing the force sustained during the injury test. If the repeated test, however, did not result in injury, the force from the highest severity test was used as right censored (Yoganandan et al., 2016). Differences in peak force between MCP and PIP joints were compared using a two-tailed unpaired Student t-test with the significance level set at 0.05.
The Normalised Confidence Interval Size (NCIS) was defined as the ratio of the width of the confidence intervals (CI) to the magnitude of the response variable from the most optimal candidate distribution at a specific risk level. The sizes were calculated at the 5%, 10%, 25%, 50%, 75%, 90%, and 95% risk levels. A lower magnitude of the NCIS is associated with a tighter CI at the chosen probability level. A lower NCIS magnitude is associated with a tighter confidence interval at the chosen probability level. The quality index, proposed by the ISO and used in cadaveric experiments, was also determined (Petitjean et al., 2015). The value of NCIS <0.5 was defined as good, 0.5≤ NCIS <1.0 as fair, 1.0 ≤ NCIS <1.5 as marginal, and NCIS ≥1.5 as acceptable in the adjectival ratings of the index.
Results
The dataset consisted of 21 specimens, 4 of which were tested again at a higher velocity following a non-injurious outcome at a lower impact velocity. Data for two PIP2, one PIP3, one MCP4, and one MCP5 were missed in the data collection and so were not used in the calculations of the injury-risk curves. All skeletal injuries were accompanied by tendon injuries. The injury risk curves for MCP and PIP joints are plotted in Figures 2 and 3, respectively, with associated 95% confidence intervals (CIs). Since the mean peak dorsal impact force at 50% injury risk was similar between the PIP joints and similar between the MCPs joints (Figure 4), it was deemed appropriate to plot an aggregate injury curve for the PIP and MCP joints, respectively (Figure 5). The axial dorsal impact forces at 50% injury risk for the MCP and PIP joints were 3.0 and 4.2 kN, respectively.

The dorsal impact forces at different injury risk levels for the individual and combined MCP and PIP joints are shown in Tables 1 and 2, respectively. The NCIS data ranged from 0.12 to 0.91 at all injury risk levels for the MCPs (Table 1) and from 0.13 to 0.67 for the PIPs (Table 2). The quality index ranged from fair to good. The mean peak force required to cause injury to the PIP joints was significantly greater than that for the MCP joints (p = 0.0006).
	 
	 
	Lower bound
	Mean
	Upper bound
	 
	 

	Joint
	Risk level
	Force (N)
	NCIS
	Quality index

	MCP 1
	0.05
	1635
	2104
	2707
	0.51
	Fair

	
	0.10
	1941
	2365
	2881
	0.40
	Good

	
	0.25
	2440
	2782
	3173
	0.26
	Good

	
	0.50
	2900
	3209
	3550
	0.20
	Good

	
	0.75
	3210
	3590
	4015
	0.22
	Good

	
	0.90
	3401
	3898
	4466
	0.27
	Good

	
	0.95
	3493
	4067
	4736
	0.31
	Good

	MCP 2
	0.05
	945
	1399
	2071
	0.80
	Fair

	
	0.10
	1252
	1713
	2345
	0.64
	Fair

	
	0.25
	1832
	2273
	2819
	0.43
	Good

	
	0.50
	2489
	2911
	3404
	0.31
	Good

	
	0.75
	3041
	3538
	4116
	0.30
	Good

	
	0.90
	3427
	4081
	4859
	0.35
	Good

	
	0.95
	3623
	4394
	5330
	0.39
	Good

	MCP 3
	0.05
	830
	1290
	2005
	0.91
	Fair

	
	0.10
	1146
	1626
	2309
	0.72
	Fair

	
	0.25
	1773
	2248
	2850
	0.48
	Good

	
	0.50
	2505
	2984
	3554
	0.35
	Good

	
	0.75
	3122
	3730
	4456
	0.36
	Good

	
	0.90
	3558
	4392
	5420
	0.42
	Good

	
	0.95
	3783
	4780
	6041
	0.47
	Good

	MCP 4
	0.05
	899
	1306
	1896
	0.76
	Fair

	
	0.10
	1179
	1597
	2164
	0.62
	Fair

	
	0.25
	1711
	2117
	2619
	0.43
	Good

	
	0.50
	2329
	2708
	3149
	0.30
	Good

	
	0.75
	2888
	3289
	3745
	0.26
	Good

	
	0.90
	3298
	3791
	4357
	0.28
	Good

	
	0.95
	3508
	4081
	4748
	0.30
	Good

	MCP 5
	0.05
	1303
	1738
	2319
	0.58
	Fair

	
	0.10
	1599
	2022
	2556
	0.47
	Good

	
	0.25
	2116
	2496
	2945
	0.33
	Good

	
	0.50
	2668
	3003
	3380
	0.24
	Good

	
	0.75
	3133
	3473
	3851
	0.21
	Good

	
	0.90
	3459
	3864
	4316
	0.22
	Good

	
	0.95
	3621
	4083
	4605
	0.24
	Good

	Combined MCPs
	0.05
	1301
	1524
	1785
	0.32
	Good

	
	0.10
	1613
	1831
	2079
	0.25
	Good

	
	0.25
	2168
	2366
	2581
	0.17
	Good

	
	0.50
	2779
	2960
	3153
	0.13
	Good

	
	0.75
	3326
	3532
	3751
	0.12
	Good

	
	0.90
	3753
	4020
	4307
	0.14
	Good

	
	0.95
	3984
	4299
	4639
	0.15
	Good

	Table 1: Summary of survival analysis output for the MCPs

	 
	 
	Lower bound
	Mean
	Upper bound
	 
	 

	Joint
	Risk level
	Force (N)
	NCIS
	Quality index

	PIP 2
	0.05
	1936
	2670
	3683
	0.65
	Fair

	
	0.10
	2405
	3123
	4055
	0.53
	Fair

	
	0.25
	3224
	3885
	4681
	0.37
	Good

	
	0.50
	4080
	4704
	5423
	0.29
	Good

	
	0.75
	4772
	5469
	6268
	0.27
	Good

	
	0.90
	5251
	6107
	7104
	0.30
	Good

	
	0.95
	5490
	6467
	7619
	0.33
	Good

	PIP 3
	0.05
	2027
	2724
	3661
	0.60
	Fair

	
	0.10
	2480
	3142
	3982
	0.48
	Good

	
	0.25
	3256
	3835
	4518
	0.33
	Good

	
	0.50
	4034
	4567
	5169
	0.25
	Good

	
	0.75
	4627
	5240
	5934
	0.25
	Good

	
	0.90
	5017
	5795
	6693
	0.29
	Good

	
	0.95
	5209
	6105
	7155
	0.32
	Good

	PIP 4
	0.05
	1935
	2549
	3358
	0.56
	Fair

	
	0.10
	2352
	2936
	3667
	0.45
	Good

	
	0.25
	3067
	3578
	4174
	0.31
	Good

	
	0.50
	3803
	4253
	4756
	0.22
	Good

	
	0.75
	4391
	4874
	5410
	0.21
	Good

	
	0.90
	4788
	5385
	6057
	0.24
	Good

	
	0.95
	4984
	5671
	6454
	0.26
	Good

	PIP 5
	0.05
	1359
	1892
	2635
	0.67
	Fair

	
	0.10
	1735
	2273
	2977
	0.55
	Fair

	
	0.25
	2426
	2935
	3551
	0.38
	Good

	
	0.50
	3203
	3672
	4209
	0.27
	Good

	
	0.75
	3889
	4380
	4933
	0.24
	Good

	
	0.90
	4391
	4984
	5658
	0.25
	Good

	
	0.95
	4646
	5330
	6114
	0.28
	Good

	Combined PIPs
	0.05
	1983
	2329
	2734
	0.32
	Good

	
	0.10
	2415
	2750
	3131
	0.26
	Good

	
	0.25
	3166
	3468
	3798
	0.18
	Good

	
	0.50
	3973
	4249
	4544
	0.13
	Good

	
	0.75
	4681
	4986
	5312
	0.13
	Good

	
	0.90
	5224
	5606
	6017
	0.14
	Good

	
	0.95
	5515
	5958
	6436
	0.15
	Good

	Table 2: Summary of survival analysis output for the PIPs
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	Figure 2: Injury curves for each metacarpophalangeal (MCP) joint
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	Figure 3: Injury curves for each proximal interphalangeal (PIP) joint
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	Figure 4: Mean peak dorsal forces of the metacarpophalangeal (MCP) and proximal interphalangeal (PIP) joints at 50% injury risk. Error bars represent the 95% confidence interval of the dorsal force at 50% injury risk.
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	Figure 5: Injury curves for all metacarpophalangeal (MCP) and proximal interphalangeal (PIP) joints combined. Dotted lines indicate 95% confidence intervals.


Discussion
This is the first study to have investigated the injury tolerance of the MCP and PIP joints under impact loading at different energy levels. As all individual MCP and PIP joints presented similar forces to fracture, they were combined to form aggregate injury curves (Figure 4). Interestingly, the PIPs were stronger than the MCPs; this was statistically significant since the 95% CIs of the two curves do not overlap. 
The peak force from the force-time history was chosen as the force at fracture and was treated as uncensored data. Analysis of acoustic-emission signals has shown that peak force corresponds to initiation of fractures in the human lumbar spine, facial bones and tibia (Allsop et al., 1988; Arun et al., 2014; Funk et al., 2002). Strain gauges have also been used to show that tibial fractures occur at the time of the peak force with compressive strain signals (Mckay and Bir, 2009). Thus, it was deemed appropriate to consider the peak force as uncensored data in the present study. An additional benefit of treating the peak force as uncensored data is that uncensored data provide much more information than censored data, thus improving the statistical power of the statistical model.

Following a best-fit analysis, the survival analysis using the Weibull distribution was used to derive injury-risk curves; the peak dorsal impact force was used as the predictive variable. Statistical simulation showed that survival analysis using the Weibull distribution was the most appropriate for generation of these injury-risk curves, resulting in the lowest error regardless of sample size (Petitjean and Trosseille, 2011). In addition, McMurry and Poplin (2016) argue that the Weibull distribution has biomechanical advantages (zero loading predicting zero risk by default), and that any difference between competing distributions is likely insignificant (McMurry and Poplin, 2016). 
Preliminary tests were conducted at impact energy of 5 J, based on the motorcycle-glove impact-protection standard (BS EN 13594:2015). We found that this energy level was largely non-injurious. Therefore, in order to generate the injury curves, we increased the energy levels to get a range of injurious and non-injurious levels of impact, which allowed us to design the test matrix reported. 
The samples were scanned prior to testing to exclude any pre-existing orthopaedic pathology. However, the bone mineral density (BMD) data of individual specimens were not gathered. Bone fracture is associated with bone strength, which is related to BMD (Lancianese et al., 2008). Parameters such as age, sex and body mass are known to influence BMD (Chen et al., 2011; Dalsky et al., 1988; Ding et al., 1997; Duncan et al., 2002; Havaldar et al., 2012). BMD is nominally constant between age 20-49 years and degrades after 50 years old (Sezer et al., 2015). The specimens tested had a mean age of 57 years (range 41–73 years), representing an older population. BMD was not included as a covariate in deriving the injury risk curves. Therefore, the injury curves reported may be overestimating the risk of injury to a younger population.
Specimens that did not sustain injury at lower energy levels were tested again at a higher energy level to utilise the specimens further. Repeated loading may have affected the biomechanical response and decreased the tolerance to impact of the joints. The dorsal impact forces at injury after the second impact, however, were within 6% of those for specimens impacted only once; therefore, the data were considered suitable to be included in the analysis. 
Impact tests were carried out with the hand in a relaxed position. It may be that the angle of flexion or tension in the tendons at the time of impact may increase or decrease the probability of injury at the joints. The injury risk of a functional hand where the finger flexors are taut, thus simulating an ‘active’ grasp posture, should be considered in the future. These will be taken into consideration in subsequent studies.

Debilitating injuries to the hand result in loss of hand functionality, which have significant implications in the workplace and in activities of daily living. Fractures to the joints of the fingers and associated soft tissue damage due to impact trauma require complex surgical reconstructions; these rarely restore functionality to its original state and do not eradicate the accelerated onset of joint arthritis (Fusetti and Della Santa, 2004; Henry, 2008; Kurzen et al., 2006).  Owing to the more proximal location of the MCPs compared to the PIPs, the number of intrinsic and extrinsic finger muscles crossing the MCPs is higher than those crossing the PIPs. Hence, a damage at the MCP level would inherently be more functionally debilitating to the fingers than damage at the PIP level. Moreover, results from this study showed that the PIPs can sustain higher loads before fracture compared to the MCPs. Therefore, future hand protection strategies, including protective-glove design, should consider specifically the protection of the MCPs. The current motorcycle-glove impact-protection standard (BS EN 13594:2015) allows up to 4 kN of peak transmitted force through the MCPs; this corresponds to a 90 ± 5% probability of fracture according to this study (Figure 5).
This study derived injury-risk curves based on survival analysis to describe the injury tolerance of the PIP and MCP joints of the human hand. The dorsal impact forces at 50% injury risk for the MCP and PIP joints were 3.0 and 4.2 kN, respectively. The risk of injury of the MCP joints was significantly greater than that of the PIP joints. It is anticipated that the injury-risk curves proposed may be used for designing targeted protective solutions, such as gloves, and inform standards for testing them.
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