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Temporal spatial and metabolic measur es of walking in highly functional individuals

with lower limb amputations

Abstract

Objective

The aim of this descriptive exploratory study igécord the temporal spatial parameters and
metabolic energy expenditure during walking of wdiials with amputation, walking with
advanced prostheses and following completion of prefmensive rehabilitation, to able-

bodied controls.

Design

Cross-sectional

Setting

Multi-disciplinary comprehensive rehabilitation ¢en

Participants

Thirty severely injured United Kingdom military g@nnel with amputation and subsequent
completion of their rehabilitation programme (10lateral trans-tibial, 10 unilateral trans-
femoral, and 10 bilateral trans-femoral) were coragao (and of similar age, height and

mass (p >0.537) as) 10 able-bodied controls.
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I nterventions

Not applicable

Main Outcomes and Measures

Temporal spatial and metabolic energy expenditata avere captured during walking on

level ground at self-selected speed.

Results

The individuals with amputation were all male, wathmean age 29 years (SD = 4) and mean
New Injury Severity Score of 31 (SD = 16). Walkisgeed, stride length, step length and
cadence of individuals with a unilateral transdlbior trans-femoral amputation was
comparable to controls, and only for individualghwa bilateral trans-femoral amputation
was walking speed significantly slower (1-12m/s=p.025) and cadence reduced (96
steps/min, p = 0.026). Oxygen cost for individuaith a unilateral trans-tibial amputation
(0-15 ml/kg/m) was the same as for controls (0- ¥&gtm), and significantly increased by
20% (0-18ml/kg/m, p = 0.023) for unilateral traesabral and by 60% (0-24 mi/kg/m, p <

0.001) for bilateral trans-femoral individuals wamputation.

Conclusion

The scientific literature reports a wide range ait @nd metabolic energy expenditure across
individuals with amputation. The results of thisidst indicate that the individuals with
amputation have a gait pattern which is highly fiowal and efficient. This is comparable to
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a small number of studies reporting similar outcerfae individuals with a unilateral trans-
tibial amputation, but the results from this stuahe better than those on individuals with
trans-femoral amputations reported elsewheespite comparison with populations wearing
similar prosthetic componentry. Those studies tlmateport similar outcomes have included
individuals who have been provided with a comprehenrehabilitation programme. This
suggests that such a programme may be as impasnbr even more important than,
prosthetic component selection in improving metabehergy expenditure. The data are
made available as a benchmark for what is achievabl the rehabilitation of some

individuals with amputations, but agreeably maylm®possible for all amputees to achieve.

Keywords

Amputation, rehabilitation, gait
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IED Improvised Explosive Device

NISS New Injury Severity Score

RTA Road Traffic Accident

NHS National Health Service

KD Knee disarticulation

BKD Bilateral knee disarticulation

TT Trans-tibial
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Temporal spatial and metabolic measur es of walking in highly functional individuals

with amputations

| ntroduction

Provision of prostheses and rehabilitation carerfdividuals with amputation is becoming
increasingly important. The changing nature of rmodearfare, highlighted by recent
conflicts in Afghanistan and Iraq, has resultedhany service members suffering severe and
life threatening injuries, often resulting in traatic amputation of one or more limbs. In
civilian populations, the aftermaths of currenpoevious wars and road traffic and work-
based accidents are still a major cause of tragraatputation. Events such as the
Paralympics and Invictus games have highlightedtigle functionality of some individuals
and thus have increased the expectations amongrabtiduals with amputation (whatever

the cause) and wider society for high quality greses and rehabilitation outcomes.

Understanding the outcomes that individuals wheeltsad amputations can expect from their
rehabilitation programme and prosthetics provisgtihus becoming increasingly important.
In the scientific literature, however, there is siierable variation in the results of studies
which have set out to document how individuals vaitmputation walk. Some studies, for
example, have measured individuals with a unilatesas-tibial amputation as walking at

the same speed, stride and step length and wiitasimetabolic energy expenditure
compared to the able-bodiéd® Other studies report substantial differences betwe
individuals with a unilateral trans-tibial amputatiand the able-bodied of up to 55%.
Individuals who have had a trans-femoral amputadiso show considerable variability with
reported metabolic energy expenditure from 33%ugntb 73%* *® of values for the able-

bodied.
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Such variability could arise from a number of s@srwith the most obvious being cause of
amputation, prosthetics prescription, other charastics of the individual, and the nature of
the rehabilitation programme. Both Torburn ef%land Barth et aft” have reported that
walking patterns and metabolic energy expendittgesagnificantly greater in individuals
who have had an amputation as a consequence aflaadisease rather than trauma. For
practical reasons, however, most studies haveitedrelatively young and healthy
individuals. Most of these have had amputation @salt of trauma (with a much smaller
number having had cancer or congenital absenceforrdities). Given the relative
consistency of cause of amputation across the tegppstudies, this is unlikely to explain the

variability of results.

Over recent decades there have been consideratdaaas in prosthetic componentry with
the development of micro-processor knees, dynalagtie response feet, and powered ankle
units. Although, individuals with amputation exmesstrong preference for these devices,
studies making a direct comparison between conmealtiand new componentry have failed
to find clinically significant reductions in metadimenergy expendituré’® **9several
studies using essentially similar componentry hr@gerded quite different levels of
metabolic expenditur&: & 8 *suggesting that the variability is not primarigtated to

componentry.

Age of individuals is generally well-reported aihe studies showing particularly low levels
of energy ependiture tend to be on younger cohorfsOther individual characteristics,
which might affect walking ability such as gendrablth and motivation, are generally not
well reported (although ability and willingnessgarticipate in formal studies suggests a
certain baseline for both). Another potentially mngant factor that is generally not
particularly well reported or standardised is thleabilitation programme. This, supported by

the observation that many of the lowest energyscofstvalking in individuals with
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amputation are from the military who may have bgteef from particularly intensive

rehabilitation programmes, focussed on achieving kigh levels of function®: 3 %)

In summary high walking efficiency amongst indivadsiwho have had an amputation is
likely to be observed amongst younger, more mativandividuals in good general health
who have state of the art prosthetics prescriptamtswho have benefitted from an intensive
rehabilitation programme focussed on achieving legkls of functionality. The cohort of
British servicemen, who have been injured in reeears and have completed the
rehabilitation programme at the Defence Medicaldddiiation Centre (DMRC) Headley
Court, have these characteristics. Functional aeotah health outcomes indicate that they
have “achieved levels of physical function comprab healthy age-matched adults” and
had “mental health outcomes indicative of prepagsdrof full integration back into society”,

even though their original injuries were sevéfd.

Reporting the temporal spatial and metabolic messaf walking outcomes of this group
may thus provide a useful benchmark for futureiciihpractice both within this
establishment and more widely. The aim of this dpsee exploratory study is thus to
record temporal spatial parameters and metabodéiggrexpenditure during walking in UK
military personnel with amputation at differentévwho have completed the rehabilitation
programme at DMRC Headley Court, and compare tteeable-bodied asymptomatic

controls.

M aterials and methods

Participants
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This study was approved by the Ministry of DefeResearch Ethics Committee and the
University of Salford ethics panel. Informed verbal written consent to take part in this

study was obtained from each participant.

Thirty individuals with amputation (10 unilateraahs-tibial, 10 unilateral trans-femoral, and
10 bilateral trans-femoral) were recruited fromsb@vailable at the time of data collection
between October 2013 and August 2014. This is coabp@awith other studies of similar
design.* * & 1 2\nclusion criteria were that they could walk contimisly for at least twelve
minutes and had been wearing the same prosthesaisiéast six months prior to testing.
Prosthetics prescription, including design of soekel type of liner for each individual with
amputation, is presented in Table 1. All bilatérahs-femoral and 3 unilateral trans-femoral
individuals with amputation wore single-axis hydraunicro-processor knee units such as
the Genium or C-Leg (Otto Bock, Duderstadt, GermaoiyPlié (Freeedom Innovations,
Enschede, The Netherlands). The remaining unilaieras-femoral individuals with
amputation were fitted with a KX06 (Blatchford, Bagstoke, UK) which is a hydraulic
polycentric knee unit (without micro-processor e¢oht Prosthetic feet varied considerably
but were all dynamic elastic response feet. Indiald with amputation who had suffered
from a traumatic brain injury were excluded. Altlimiduals with amputation were
undergoing their rehabilitation programme at DMRE€aHley Court. The rehabilitation
programme described in Appendix 1 incorporates#me key components for each patient
and all were managed by the same rehabilitatiom e#2aDMRC Headley Court. This utilises
a structured and similar programme for each patalawing for individual variation and
needs. Inclusion criteria for controls stated thay must have been asymptomatic for at least

six months prior to testing and without previougangint or soft tissue surgery.

Demographic data were collected including age, bodgs (inclusive of prosthesis mass),

height, New Injury Severity Score (NISE)P, duration of rehabilitation (total time spent at

8



169

170

171

172

173

174

175

176

177

178

179

180

181

182

183

184

185

186

187

188

189

190

191

DMRC Headley Court for comprehensive rehabilitatjagime since injury, prosthetic foot
and knee prescription, socket design and typenef.liAn NISS of greater than 15 indicates

major trauma and 75 is the theoretical maximuns@meone who survives their injuries.

Outcome measures

Key data variables collected included walking spa#ilde and step characteristics, and
metabolic energy expenditure (oxygen consumptigrupé time, and oxygen cost per unit
distance). All data were collected simultaneouslthie gait laboratory at DMRC Headley
Court. Participants walked for five minutes at ssfected speed. An optoelectronic motion
capture system (Vicon, Oxford, UK) with ten T-SerMicon cameras and four strain-gauged
force plates (AMTI, Watertown, MA, USA) embeddedim a ten metre walkway was used
to capture three-dimensional kinematics and kisdotiowing the protocol detailed in
Appendix 1. This allowed the calculation of tempanad spatial parametehldetabolic

energy expenditure measurements were captured adteiamax (Cortex Biophysik GmbH,
Leipzig, Germany) via indirect calorimetry. All datvere normalised to body mass with
prosthesis to allow comparison with previous stsidfn average of the rate of oxygen
consumption (ml/kg/min) was calculated over th¢ lamute of data capture for each

participant, and this is divided by walking speedalculate oxygen cost (ml/kg/m).

Satistical analysis

No formal hypotheses are being tested and testb$tical significance are thus taken as
indicative of the relative probability of false piges. No corrections have been applied for
multiple comparisons but the likelihood of thisaddressed in the Discussion. All data were

checked for normality using the Kolmogorov Smirriest. Between group differences across



192

193

194

195

196

197

198

199

200

201

202

203

204

205

206

207

208

209

210

211

212

213

214

215

the three levels of amputation and the controleveempared using a one-way ANOVA
followed, if statistical significance (P<0.05) wiasind, bypost-hoc analysis of each
amputation level group against control using L&aghificant Difference. Othedata were
compared using a Kruskall-Wallis test with post-lanalysis between each group of
individuals with amputation versus control, usindividual Mann-Whitney tests. For
between leg comparison (prosthetic versus intagtateral individuals with amputation) or
right versus left (bilateral individuals with amptibn and controls), parametric data were
compared using an independent t-test and non-p#éiardata using a Mann-Whitney test.
Statistical analysis was conducted using SPSSigitat Package for the Social Sciences)

Version 20 (IBM Corporation, New York, USA).

Results

Individuals with amputation and controls were @irailar age, height, and mass (Table 1)
(p>0.537 lowest p value for any comparison withtoals). Injuries sustained during
operations in Afghanistan or Iraq were the mostmmmm cause of amputation with 21 from
improvised explosive devices (IED), 3 from mined@me from a gunshot wound. Five
required amputation after non-operational injurtesee following road traffic accident
(RTA), and two from other crush injuries. Mean Nif8&all individuals with amputation
was 31 which increased with severity of limb logsthwinilateral trans-tibial (95% CI 10-22),
compared to unilateral trans-femoral (17-30, p 0)D&nd bilateral trans-femoral (44-55, p
<0.001. Individuals with a bilateral trans-femaoaahputation required significantly longer
inpatient rehabilitation (22 months, p < 0-001)ttf@ose with a unilateral trans-tibial (5
months, p < 0.001), or unilateral trans-femoral atapon (6 months, p <0.001). Prosthetics

prescription for each individual with amputatiorpiesented in Table 1.

10



216

217

218

219

220

221

222

223

224

225

226

227

228

229

230

231

232

233

234

235

236

237

238

Walking speed, stride length, and cadence of iddiis with a unilateral trans-tibial or trans-
femoral amputation was comparable to control (p#0)3 95% confidence intervals for
walking speed of individuals with a unilateral tsatibial (1-28-1-44 m/s) or unilateral trans-
femoral amputation (1-08-1-36 m/s) overlapped clemably that of the controls (1-25-1-33
m/s). Only for individuals with a bilateral transAafioral amputation was walking speed
significantly slower (1-00-1-24 m/s, p 0-030), aadence reduced (89-103 steps per minute,
p 0.026) whilst stride length was similar to cohtfp 0.206, Table 2). For between limb
comparison, stance time was significantly longar tfee intact limb (62- 66%) than the
prosthetic limb (60- 62%, p 0.010) for the unilaletrans-tibial group. No other differences

were reported between limbs for other groups.

Oxygen uptake data were not available from thredigg@ants with amputation, two

unilateral trans-tibial and one unilateral transyéeal, due to two not wanting to wear a gas
mask and a failed calibration for the other. Theameate of oxygen consumption increased
with increasing amputation level but the differemoenpared with control subjects was only
statistically significant for the bilateral transafioral group (43% greater, p = 0.001). Oxygen
cost for individuals with a unilateral trans-tibiamputation (0-13-0-16 ml/kg/m) was the
same as for controls (0-14-0-16 ml/kg/m), and 8aamtly increased by 20% (0-16-0-20
ml/kg/m, p = 0.023) for individuals with a unilagéértrans-femoral and by 60% (0-20-0-27

ml/kg/m, p < 0.001) for individuals with a bilatéteans-femoral amputation (Table 2).

Discussion

The ultimate aim when managing the rehabilitatibaroindividual with amputation is to

achieve good functional outcomes. Self-selectedimglspeed, metabolic oxygen cost, and

11
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gait pattern are all strong indicators of this. Tésults of this study indicate that the

individuals with amputation in this study have adtional and efficient gait pattern.

Individuals with amputation in this study walkedaasimilar speed or faster (Figure 1), with a
longer stride length, more symmetrical step lengttd narrower stride width than in
comparable studidd & 8 12 18.19.22.28¢ 4roups with similar age, mass and activity level
using similar prosthetic components. Individualghva unilateral trans-tibial amputation had
the same oxygen cost of walking as the controlslwhias only been observed in two other
studies™ ¥ (Figure 2). The oxygen cost of walking for indivas with unilateral trans-
femoral amputation in this study was only 24% gee#itan that of the controls. In
comparison, the oxygen cost of walking for indivatkiwith this level of amputation in other
studies™ * 6811 25. 883nges from 25% (0- 20 mli/kg/fi)lto 50% (0- 30 ml/kg/m> greater
than that of controls (Figure 2). The oxygen cdsvalking for individuals with a bilateral
trans-femoral amputation in this study is 25% kbss the only other reported cohort study,
and individuals with amputation in this study wallsgnificantly fastef*® In summary, the
data indicate that individuals with amputationhiststudy perform at least as well as and in
manycases better than those described in the literatureims of gait function (temporal

spatial parameters) and efficiency (metabolic epesgpenditure).

Differences to previous studies are unlikely taalbmnsequence of the prosthetics
prescription which is similar to previous studiederms of the characteristics that are likely
to affect level walking in a straight line at setflected speed. The primary developments in
prosthetics design over the period covered by teesies have focussed on allowing
adaptability in individuals with amputation to wadk different speeds and to cope with
sloped or uneven surfaces. Such developments drdilaty to have a minor effect on

studies of walking in laboratory conditions at ss#fected speed on a flat surface.

12



263  The individuals with amputation cohorts also diffemewhat. As a consequence of either
264 intentional or unintentional recruitment bias, mststdies have been on relatively healthy
265 individuals with amputation resulting from localiseauma or cancer. The extent of injuries
266  other than amputation is poorly described in presistudies. The majority of individuals
267  with amputation in this study have had major lifieetatening trauma (as indicated by the
268 NISS scores) and have sustained a range of offoeies (e.g. gastro-intestinal, genital) and
269 there is no reason to suspect that other cohovis Wwalked less well because their

270  concomitant injuries were more severe.

271 The positive outcomes found in this study may fefsain a variety of factors, including

272 other patient characteristics and the rehabilitegisogramme. This is a particularly highly
273  motivated cohort in that many of whom engage inueadce sport (including rowing the

274  Atlantic and walking across Greenland!). The reliaion programme is also likely to be
275 influential, but poor specification of this in theerature makes detailed comparison difficult.
276  The length of the military rehabilitation programthat individuals with amputation in this
277  study have completed is probably of similar lentgtithat in others who report similarly

278 positive results™ > |ts intensity and focus on the highest levelsuofctional outcome is
279 likely to be greater than that of civilian prograesrsuch as those proposed by the British
280  Society of Rehabilitation Medicin&" the British Association of Chartered Physiothestpi
281 in Amputee Rehabilitatioft® or the Dutch Evidence Based Guidelines For Amjnrtadnd
282 Prosthetics Of The Lower Extretyi ®® Whilst these include recommendations that

283 individuals are advised about, such as returnirgptwt and other hobbies, their main focus is
284  on achieving competence in the activities of diliyng. Given the apparent success of this

285  programme, a fuller description is supplied in Apge 2.

286  From this study, we propose that this dataset (roongprehensively documented in

287  Appendix 3) could be used as a benchmark againstvita compare other studies or clinical

13
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results from individuals with amputation. Nearlystldies compare the walking ability of
individuals with amputation to that of the “normalble-bodied, which is generally an
unobtainable goal. Instead, comparing the walkimftg to individuals with amputations,
but who are rehabilitated to the highest functideaél, may be more appropriate. However,
considering the characteristics of each individuigh amputation will always be important,
as it may be equally unrealistic to compare outcfram an elderly and unwell individual
with an amputation due to vascular disease witfotlieomes from the young otherwise

healthy individuals with amputation due to traureparted in this study> ¥

Study Limitations

There are a number of limitations to this studyffédent studies adopt different procedures
for mass normalisation, principally in whether thass of the prosthesis is included along
with that of the individual. There are argumentsedither approach but, perhaps more
importantly, this is not always reported explicithl metabolic energy expenditure was
normalised to body mass plus prosthesis whichlealtl to lower normalised values than
studies normalising to body mass only, and this aw@punt for some of the differences with
previous studies. The aim of this study was to dlesthe cohorts studied rather than to
detect differences between them, and the p-valees anly intended to be indicative of the
strength of results. It can be argued that, whilahy p-values are below 0.05, there is still a
risk of false positives as a consequence of theipheitests applied. The consistency of
results across a range of outcome measures, haveenggrests that this is unlikely. The
generally narrow 95% confidence intervals on mogiartant parameters suggest that the

overall conclusions of the paper are still valid.
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Conclusions

The findings from this study indicate that indivadsi with unilateral trans-tibial amputation
can achieve a similar metabolic cost of walkingivte-bodied individuals, and the cost of
walking for individuals with uni- and bilateral tra-femoral amputations is lower than in
previous reports. The overall outcome of careridiiiduals with amputation may be
influenced by a variety of other factors, includegg, fithess, and motivation, and the
present results indicate the added importance riicgeation in an advanced rehabilitation
programme. The programme provided by the autharaesexample of advanced
rehabilitation for individuals with amputations titan produce highly functional outcomes

and excellent economy.
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Figurelegends

Figure 1. Comparison of walking speed (mean and standariati@v) in individuals with a
unilateral trans-tibial and trans-femoral amputatiluring walking reported by this study and
others!®: 7+ 8.12,14. 20,23, 24. 2R}issing error bars indicate that the standardatewi was not
provided in source. Solid black line indicates cohtin all studies except Schmalz ef*al
speeds were identified from over ground walkind.stlidy cohorts are comprised either
entirely or predominantly of individuals who had@unations as a consequence of trauma.
All study cohorts wore elastic response feet anttorprocessor knee joints except some

individuals with amputation iff: 2

Figure 2. Comparison of oxygen cost (mean and standard @vjan individuals with a
unilateral trans-tibial and trans-femoral amputatiuring walking reported by this study and
others 38 12,20, 24,26, 2% f_se|ected walking speed for individuals withpautation except

@D but similar speed to all other investigations. $hg error bars indicate that the standard
deviation was not provided in source. Normalisatmbody mass and prosthesis used by this
study, while used normalisation to just body wefghe® 2Ofor & 4 1224 26ethods of
normalisation not defined. All studies includediinduals who had sustained a traumatic
amputation. All study cohorts wore elastic respdiesé and micro-processor knee joints

except 2®

20



Table 1. Characteristics of participants

Age Mass Height Cause DL L. T|_m_e Socket Socket Torque Prosthetic Prosthetic
Group (years) (kg) (m) e of am GG, M type liner Adaptor foot knee
Y 9 P: (months)  (months) yp ap
23 78-2 1.81 N/A Crush 36 12 TSB Iceross sport pin Yes Echelon VT N/A
29 88-5 1-86 17 IED 11-8 61 PTB none No VSP N/A
24 119-6 1-86 12 IED 4.2 8 PTB No No Variflex XC N/A
Unilateral 28 84-9 1-86 29 IED 13-4 33 PTB cushion Yes Echelon VT N/A
trans- 32 94.1 1.85 12 Mine 21 69 TSB Iceross pin No Reflex Shock N/A
tibial 28 89:5 1.75 17 IED 5.7 19 TSB Iceross synergy No Echelon VT N/A
28 84-5 1-80 17 IED 4.9 20 PTB Pin No Reflex Shock N/A
35 103.7 1-80 5 IED 5-9 19 TSB Pin Yes Echelon VT N/A
26 87-8 1-90 21 IED 6-3 20 TSB Pin Yes Echelon VT N/A
24 66:5 1.74 N/A Crush 6-0 7 TSB Pin No Variflex XC N/A
Mean (SD) 28 (4) 90 (14) 1-82(0-05 16 (7) 5 (3) 27 (22)
32 88-8 1-69 24 IED 4.5 39 IBS Seal in liner No Axtion C-LEG
29 85.3 1.78 22 RTA 6-8 8 DEB Seal in No Variflex xc KX06
35 83:5 1-81 43 Mine 5.2 32 IC Seal in No Reflex shock KX06
Unilateral ZGKE 98-6 1-89 18 IED 4.8 44 DEB Seal in No LPRR Plie
trans- 27¢ 94-3 1-80 16 GSW 4.9 26 DEB No No Variflex xc KX06
femoral 27 89-9 1.75 18 IED 6-9 71 IBS No No L_PRR KX06
30°° 83-8 1-87 29 IED 3.5 23 DEB No Yes Elite VT KX06
27 96-9 1-87 18 Mine 6-7 98 n/n Seal in No Triton HD X3
27 80-3 1-75 34 RTA 11-4 22 DEB Guardian No Echelon KX06
35 81-1 1-71 16 RTA 3-8 29 IBS Seal in No Variflex xc KX06
Mean (SD) 29(3) 89(6) 1-81(0-06 24 (9) 6 (2) 39 (27)
29 86-7 1.91 36 IED 6-7 32 IC (r) DEB () Sealin (r) Alpha cushion ( No Low profile triton Genium
24 85-5 1.85 59 IED 7-8 33 Quad Seal in No Axtion C-leg
28 68-1 1.67 57 IED 12-3 40 n/n Seal in No Axtion C-leg
Bilateral 28T 88.8 1-85 50 IED 17-2 27 TSB (I) IC (r) Seal in (r) Activa (1) Yes (I) Triton shock +LPRR  Genium
trans- 29 72-9 1-83 41 IED 13-4 46 IC Seal In No LPRR Gen!um
femoral 34 78-9 1-75 57 IED 12-5 39 IC Seal in No LPRR Genium
37K 88-7 1-89 41 IED 15-9 28 DEB No No LPRR Genium
29 90-4 1-81 48 IED 10-9 24 IBS Seal in No LPRR Genium
27 136-2 1.82 50 IED 17-7 32 DEB Seal in (r) Sock fit (I) No LPRR Genium
25 70-7 1-76 54 IED 22:1 43 IC Seal in Yes Triton shock Genium
Mean (SD) 29 (4) 90 (20) 1-82(0-07 49 (8) 24 (5) 35(7)

Control

Mean (SD) @)

78(8) 1-84(0-07




Table 1XP knee disarticulation (rather than true trans-fexhamputation)®<® bilateral knee disarticulatioh™"" trans-femoral and trans-tibial
amputation (rather than bilateral trans-femoraBRR: low profile reflex rotate, RTA: road traffic@dent, IED: improvised explosive device,
Crush: crush injury, GSW: gunshot wound, PTB: patindon bearing, TSB: total surface bearing,jd€hial containment, IBS: ischial bearing
socket, DEB: distal end bearing, N/A: Not appli@hlhe duration of rehabilitation listed in Tableepresents the time spent attending a
rehabilitation programme at XXxX XXXXXXX XXxXx, i$ti time from injury represents the time from irnjjuo when the person attending data

collection for the study



Table 2: Comparison of temporal and spatial parameterspaggen consumption and cost between individuall einputation and control

ACCEPTED MANUSCRIPT

groups.
Par ameter Unilateral trans-tibial Unilateral trans-femoral
I ntact Prosthetic I ntact Prosthetic
Walking Speed (m/s) 1-36+5% 1.22-5%
(1-28-1-44) (1-08- 1-36)
p=0.015 p=0.340 p=0.340
Stride Length (m) 1.46-1% 1.42-3%
(1-38-1-54) (1-28-1-57)
p=0.575 p=0.893 p=0.538
Stride Width (m) 0-13+9% 0-18*+54%
(0-11- 0-15) (0-15- 0-22)
p=<0.0001 p=0.517 p=<0.0001
Cadence (steps/min) 112+6% 103-3%
(107- 117) (97- 109)
p=0.005 p=0.124 p=0.521
0-73-1% 0-73+0% 0-72-3% 0-71-3%
Step Length (m) (0-69- 0-78) (0-68-0-77) (0-63- 0-80) (0-64- 0-78)
p=0.834 p=0.875
63-8+1% 60-9-3% 64-0+1% 62-3 -Po
Stance Time (% cycle) (62-1- 65-5) (60.0- 61.8) (61-0- 67-0) (60-7- 63-9)
p=0.010 p=0.336
O, Consumption (ml/kg/min) 12-3+9% 13-3+17%
(11.0- 13-7) (11-4- 15-2)
p=0.004 p=0.456 p=0.138
O, Cost (ml/kg/m) 0-15+0% 0-18+20%
(0-13- 0-16) (0-16- 0-20)
p=<0.0001 p=0.987 p=0.023




Table 2: p-values in first column are for ANOVA ass all four groups where p<0-05. All entries giasrthe mean with percentage difference relative to
data from control group and then 95% confidenceriratl in parenthesi§.asterisks are results of post-hoc comparisongtistically significant difference

from control (p < 0-05). ** statistically significadifference between prosthetic and intact lowabs (p < 0-05).
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Figure 1. Comparison of walking speed (mean and standard deviation) in individuals with a

unilateral trans-tibia or trans-femoral amputation during walking reported by this study and

others,®® 7:8.12.14.20.23. 24. 28) \isqing error bars indicate that the standard deviation was not

provided by source. Solid black line indicates control. In al studies except Schmalz et a

speeds were identified from over ground walking. All study cohorts are comprised either

entirely or predominantly of individuals who had amputations as a consequence of trauma.

All study cohorts wore el astic response feet and micro-processor knee joints except some

individual s with amputation.

(1, 26)
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studies included individuals who had sustained a traumatic amputation. All study cohorts

wore elastic response feet and micro-processor knee joints except.* 2%



Appendices
Appendix 1 Detailed data capture protocol

The motion capture system (Vicon, Oxford, UK) reteat the locations of retro-reflective
markers attached to the skin or prosthesis fobé&shang anatomical coordinate systems of,
and to track the movement of the pelvis, thighnghaend foot segments during walking. The
placement of these markers is described in Appendbte 1, and demonstrated in Appendix
Figure 1. Kinematic data were collected at 120Ha& ground reaction forces at 1200Hz. A
static standing trial was recorded for each paudict so to calculate the location of joint
centres. All data were digitised within Vicon, atien exported for modelling and analysis
within Visual 3D (C-Motion, Rochelle, USA). A modspecific to the height and mass of
each participant was created. The inertial paramdte each segment are based upon the
recommendations from De Leva et aloint kinematics were calculated for the pelvig, h
knee and ankle using inverse dynamics. This allgpesific constraints to be applied at the
joints of the virtual model so to limit rotation dor translation. The pelvis permitted six
degrees of freedom, but only sagittal, coronal taadsverse plane rotation were permitted at
all other joints. Gait events (initial contact, tok and initial contact after swing phase) were
defined from contact with the force plates. All @latere normalised to 0-100% of the gait
cycle and exported as an ASCIl. MATLAB (MathworRgatrick, MA, USA) was used to
extrapolate and export the required data to MidtoB&cel for calculation of the GPS as

similar to described in Baker et?l.



Appendix Tablel: Marker placement for amputee and control participants

Segment

Marker Placement

Pelvis

Markers were placed onto the right and left antesigoerior iliac spine and right and left
posterior superior iliac spine.

These were used to define and track this segment

Thigh

To track the thigh segment three markers were dlaoto the mid-point of the anterior
aspect of the thigh in a triangle cluster formatma another marker placed onto the mid
point of the posterior aspect of the thigh

To define the thigh segment, the hip joint centas wreated using recommendations by
Harrington et af.and a marker was placed onto the medial and lateralyles of the

femur or onto the knee joint centre of a prosthietiee.

Shank

To track the shank segment tour markers were plecadquare cluster formation onto tl
lateral distal aspect of the shank, the socketrémrs-tibial amputees or the prosthetic kne
for trans-femoral amputees.

To define the shank segment, markers were placexdtbe medial and lateral condyles o
the femur or the knee joint centre of a prosthiatiee, and the medial and lateral mallelo

or the equivalent for the prosthetic foot

e

Foot

To track the foot segment a marker were placeaprof the shoe overlaying the mid-poi
of the posterior and lateral aspect of the calcarea on top of the®12™ and &'
metatarsal heads.

To define the foot segment, markers were placed th& medial and lateral malleoli and

metatarsal heads 1 and 5.




Appendix Figure 1. Marker placement for amputee and control participants

Appendix 2: Description of rehabilitation programme

The ethos of the rehabilitation programme starth warly rehabilitation, firstly, during the
acute phase in hospital, and then, secondly, mageghase at XXXX XXXXXXX XXXXX.
Rehabilitation at xxxx xxxxxxx xxxxx utilising pexdic in-patient rehabilitation of between
two to six weeks at a time, which is segmented wiitle at home before returning for more
rehabilitation depending on what is suitable fa gatient. Rehabilitation is inter-disciplinary
with emphasis on managing the physical and psygmabconsequences of injury.
Individual and group based sessions utilising pitheirapy, exercise therapy, prostheses
fitting, and occupational theory are key for indiwals with amputation to regain muscular
strength, co-ordination and control post-injurytisat they can learn to walk with their

prostheses as soon as possible. The mental heatth which includes psychological



support, social work and counselling, play an dguaiportant role in helping many patients
manage the psychological disturbances from wairigaody. This includes coming to terms
with the probable change in career due to medisahdrge from military service post-injury,
and the effect all of the above have on the pasi¢amily. Rehabilitation continues until the
inter-disciplinary team agree that optimum possfbtection has been achieved, mental
health issues have been addressed, pain is cextrathd appropriate social and vocational
plans are in place. Due to nature of their potéotizer injuries all rehabilitation is bespoke
and guided by patient goal setting, with input frbra inter-disciplinary team. Complications
from those injuries can impact on the rehabilitatio different ways, be it returning to
hospital for further surgeries or limiting theitiolate functional level — for example spinal

injuries precluding running and impact work.



Appendix 3: Benchmark data

Appendix 3 Table 1: Temporal spatial parameters, and oxygen consumption and

oxygen cost for n=10 unilateral trans-tibial individuals with amputation

1 2 3 4 5 6 7 8 9 10
\(’,fjlsk)ing speed 153 126 117 151 150 130 152 130 125  1.30
?nt]r)ide length 137 144 135 154 153 133 149 135 180 144
?nt]r)ide width 013 014 020 013 011 009 008 016 012 0.5
(CS?SSQ%Z minute) 134 105 104 118 117 105 1043 109 112 116
I(::?Ct leg step length 075 069 070 075 075 065 074 066 092 073
(P,;c)’sme“‘: legsteplength 565 075 065 078 08 069 075 068 085 070
'(Ezicft é‘;?t Sctyacr}g)e time 63 64 67 60 61 63 63 69 62 66
(F;/roo(fft g‘;tiifc';fgl es)tance time 59 62 62 59 61 60 62 59 62 63
(C,)T:?;Sge ,nm(i:r?)nsumption 138 105 100 146 1063 112 149 132  nid nid
Oxygen cost 015 013 014 016 012 014 016 017  n/d nid

(ml/kg/m)

eTable2: ®n/d: no data available



Appendix 3 Table2: Temporal spatial parameters, oxygen consumption, and oxygen

cost for n=10 individuals with a unilateral trans-femoral amputation

Walking speed

1.19 0.96 1.10 1.50 1.12 131 1.10 1.60 1.10 1.22
(m/s)

Stride length

m) 1.28 1.04 1.30 177 1.34 151 1.28 177 1.36 1.59

Stride width

m) 0.19 0.30 0.13 0.19 0.12 0.19 0.21 0.13 0.18 0.21

Cadence

(steps per minute) 112 111 102 102 100 104 103 109 97 92

Intact leg step length 068 050 065 095 072 069 063 093 067 074

(m)

(Pnzc)’smet'c legsteplength 69 053 065 08 065 08 065 084 069  0.85
Intact leg stance time

(% of gait ycle) 61 71 60 59 60 70 69 59 65 66
Prosthetic leg stance time 64 59 64 63 65 5o 5o 62 62 o

(% of gait cycle)

Oxygen consumption

(ml/kg/min) 111 13.8 11.2 13.7 115 10.3 n/d 18.3 12.3 17.7

Oxygen cost

(ml/kg/m) 0.15 0.23 0.17 0.15 0.17 0.13 n/d 0.18 0.20 0.24

eTable3: °n/d: no data available



Appendix 3 Table 3: Temporal spatial parameters, oxygen consumption, and oxygen

cost for n=10 individuals with a bilateral trans-femoral amputation

Walking speed

1.26 1.32 1.10 1.22 0.94 1.03 1.20 0.91 0.90 1.40
(m/s)

Stride length

m) 1.50 n/d* 121 1.49 1.33 1.18 1.53 117 1.36 1.55

Stride width

m) 0.22 n/d* 0.21 0.20 0.23 0.22 0.19 0.26 0.22 0.25

Cadence

(steps per minute) 99 n/d 109 98 85 104 94 93 79 109

Right leg step length 076 n/d* 059 073 067 060 076 057 068  0.79

(m)

'(‘n‘:f)t leg step length 077 nid* 062 076 066 058 077 060 068 075
Right leg stance time

% of gart eyele) 61 71 60 59 60 70 69 59 65 66
Left leg stance time 64 59 64 63 65 59 59 62 62 66

(% of gait cycle)

Oxygen consumption

(ml/kg/min) 155 20.8 14.6 14.6 121 15.7 13.2 15.9 133 26.1

Oxygen cost

(ml/kg/m) 0.20 0.27 0.22 0.20 0.22 0.26 0.18 0.29 0.25 0.31

eTable4: ®n/d: no data available



Appendix 3 Table4: Temporal spatial parameters, oxygen consumption, and oxygen

cost for n=10 controls (able-bodied/asymptomatic)

1 2 3 4 5 6 7 8 9 10
\(/r\/ne}'sl()'ng speed 133 130 131 120 132 123 131 139 130  1.30
?,;r)' delength 145 145 132 148 138 146 153 152 139 172
?,;r)' de width 012 015 011 012 012 012 012 012 012 0.1l
Cadence

(teps per minute) 110 107 119 97 115 101 103 110 112 91
?,;]g)ht leg step length 073 074 065 08l 069 070 075 074 071 087
'(‘nff)t leg step length 072 072 067 067 069 076 078 078 068  0.85
Right leg stance time

(% of galt ycle) 61 63 61 63 66 63 63 63 67 61
Left leg stance time

(% of gait oycle) 61 63 61 62 66 62 62 69 63 60
Oxygen consumption

(mifkg/min) 109 115 110 112 119 130 119 113 93 113
Oxygen cost 014 015 015 014 015 018 015 013 012 015

(ml/kg/m)






