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Abstract: Unilateral lower limb amputations usually present with asymmetric interlimb gait patterns,
in the long term leading to secondary physical conditions and carrying the risk of low physical
activity and impairment of general health. To assess prosthetic fittings and rehabilitation measures,
reference values for asymmetries as well as the most significant gait parameters are required. Kinetic
gait data of 865 patients with unilateral lower limb amputations (hip and knee disarticulations,
transfemoral, transtibial and foot amputations) and 216 able-bodied participants were quantitatively
assessed by instrumented gait analyses. Characteristic spatiotemporal (stance time, walking speed,
step length and width) and ground reaction force parameters (weight-acceptance and push-off peak)
were contrasted to normal gait. All spatiotemporal and ground reaction force parameters differed
significantly from normal gait with the largest differences in transfemoral amputations. These also
differed between amputation levels and showed age-dependencies. The stance time and push-off
peak difference were identified as the most discriminative parameters with the highest diagnostic
specificity and sensitivity. The present results mark the first step to establishing universal reference
values for gait parameters by means of which the quality and suitability of a prosthetic fitting and the
rehabilitation progress can be assessed, and are generalizable for all adults with unilateral lower limb
amputations in terms of level walking.

Keywords: kinetic gait parameters; spatiotemporal parameters; ground reaction force parameters
lower limb amputations; transfemoral amputations; transtibial amputations; foot amputations; knee
disarticulations; gait reference values

1. Introduction

Due to the loss of physiological joint and muscle functions and accompanying gait
alterations, patients with unilateral lower limb amputations (ULLA) usually present asym-
metric interlimb gait patterns and deviations from normal gait in spatiotemporal and
ground reaction force (GRF) parameters [1-19]. The stance time of the prosthetic limb,
for example, is shorter when compared to the intact limb, while the swing and step
times are longer [1,3-5,7,8,11,12,14,17-21]. The stance time of the intact limb is even
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longer than the stance time presented by able-bodied people [11,14,21]. Additionally,
the step length presents interlimb asymmetries, patient-dependent [9,14,22] either be-
ing longer [1,12,13,20,23] or shorter [7,18] for the prosthetic limb. The step width of pa-
tients with ULLA, on the contrary, is constantly higher when compared to able-bodied
people [5,18,24], whereas their walking speed is generally reduced [2,3,7,15,22,25]. The
weight-acceptance and the push-off peak of the vertical component of the ground reaction
force (GRF) are higher on the intact limb [4,6,8,14,16,18,19,21], though, in patients with
transfemoral amputations, the weight-acceptance peak might also be higher on the pros-
thetic limb [15,18]. Compared to the peaks of the able-bodied, they show the tendency to
be smaller [4,6,19,21].

The occurrence and the amount of the asymmetries described depend on a series
of factors, originating from either the prosthesis or the patient. These include the ampu-
tation level [18,26], the quality and length of the residual limb [2,10,27], the prosthetic
components [12,13,15,18,22,26], the prosthetic alignment [28], the socket fit, the patient’s
age, the reason for [25] and the time since amputation as well as the rehabilitation pro-
gram. Considering the amputation level, a more asymmetrical gait pattern is found in
transfemoral than in transtibial amputations, especially in terms of temporal parame-
ters [4,7,15,18,26]. Additionally, the shorter the residual limb is, the more asymmetrical the
gait pattern becomes [10,27]. Furthermore, asymmetries are also influenced by walking
speed; whereas temporal asymmetries reduce, loading asymmetries increase at higher
walking speeds [2,4,8,19]. Different kinds of technologies in terms of prosthetic compo-
nents, such as energy storage and return prostheses, microprocessor controlled or bionic
joints though have the potential to reduce asymmetries, at best up to an extent that is almost
comparable to those of able-bodied people [12,18,22].

In the long term, the asymmetries between the intact and the prosthetic limb and
the excessive loading of the intact limb might lead to secondary physical conditions, such
as joint and bone degenerations or lower back pain, carrying the risk of low physical
activity and subsequent impairment of general health [4,29-32]. Especially, an increased
prevalence of knee osteoarthritis is observed [31,33]. Therefore, people with ULLA are
encouraged to strive for the best possible symmetric gait pattern. Yet, certain asymmetries
remain unavoidable due to the persistent structural differences in the neuromuscular and
skeletal systems [34]. For the evaluation of rehabilitation measures and the selection of
the best prosthetic fitting, it is thus necessary to define universal reference values [15]
for the non-symmetrical optimal [34]. With the availability of profound reference values,
entering the clinical practice, it can be determined what a desirable gait pattern should
look like. Furthermore, the likelihood of the occurrence of physical consequences further
impairing the patient’s health and quality of life as well as the medical expenses of the
secondary medical conditions might noticeably be reduced. Several attempts to define
normative data [35] and symmetry indices [4,12] have already been made, though mainly
based upon small sample sizes with strict inclusion and exclusion criteria and focusing on
homogeneous patient collectives or certain amputation levels, limiting the generalizability
and clinical applicability of the results.

Within the rehabilitation centers of the Austrian Worker’s Compensation Board
(AUVA) an instrumented gait analysis system is used to monitor the rehabilitation progress
and to quantitatively assess the fitting of medical aids in the prosthetic and orthotic field.
The AUVA, therefore, holds a large amount of kinetic gait data of patients and able-bodied
people. The aim of the present study was hence to retrospectively analyze the large data
set to determine characteristic asymmetry ranges in spatiotemporal and GRF parameters at
different amputation levels and to contrast them to normal gait. Based on the aforemen-
tioned literature [28,36], several spatiotemporal and loading parameters are more likely to
account for an acceptable and symmetric gait pattern, thus primarily the following were
included: stance time, step length, step width, walking speed, cadence as well as weight-
acceptance peak and push-off peak. Furthermore, among these, the parameter with the
highest significance for the assessment of a symmetrical gait pattern should be identified.
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Focusing on a heterogeneous patient collective, the effects of prosthetic components, the
prosthetic alignment, and the reason for and the time since amputation were deliberately
not taken into consideration.

2. Materials and Methods
2.1. Participants

Kinetic gait data of 865 patients with ULLA, ranging from 16 to 83 years (M = 49.73 £ 14.74),
routinely collected during their inpatient rehabilitation stays, were enrolled. The amputation
levels included were hip disarticulation (HDA), transfemoral amputation (TFA), knee disarticu-
lation (KDA), transtibial amputation (TTA) and foot amputation (FA). Additionally, kinetic gait
data of 216 able-bodied voluntary participants, free from any serious injuries to the lower limbs,
were included.

2.2. Data Collection

The three-dimensional, instrumented gait analyses were performed in the AUVA’s
gait laboratories following the standardized protocol of the ‘Applied Gait Analysis’ [37].
Each laboratory is equipped with at least two piezoelectric force plates (Kistler Instrumente
AG, Winterthur, Switzerland), embedded in the middle of a 10 m level walkway, operating
at 2000 Hz. The patients walked up and down the walkway at a self-paced walking speed,
wearing athletic shoes, until ten correct trials were recorded. Trials, during which the
patients stepped outside the plates” edges or loaded two plates at the same time, were
excluded. Since the prosthetic fitting is adapted several times during an inpatient stay;,
usually the latest measurement result of each patient was included in the study.

2.3. Data Preprocessing

GREF data were analyzed with MATLAB (The MathWorks, Inc., Natick, MA, USA).
Prior to the calculation of spatiotemporal and GRF parameters, data were sampled down
to 250 Hz and normalized to the patient’s body mass at measurement time. A threshold
of 100 N of the resultant force was used to determine the gait events’ initial contact (IC)
and toe off (TO). The spatiotemporal and GRF parameters calculated were stance time,
step length, step width, walking speed, cadence, weight-acceptance and push-off peak [38].
Homogeneity of walking was defined by the absolute difference between the intact and the
prosthetic limb, or in able-bodied, between the left and right leg.

2.4. Statistical Analysis

Based on the given study design, retrospectively analyzed collected data, an a priori
sample size calculation was dispensed. However, we calculated the partial n? coefficient in
the ANOVAS to estimate the effect and variance explained by the amputation level. All
data were explored regarding their distribution and outliers largely deviating from the
respective group mean (mean =+ 35D) were excluded. The frequency of amputation levels
was compared by x? tests. Kinetic gait parameters of patients, grouped by amputation level,
and able-bodied participants were analyzed by Welch-ANOVA accounting for large sample
size differences and Games—Howell post-hoc tests to compare the subgroups. Additionally,
a multivariate linear regression including the asymmetry of stance time, step length, weight
acceptance peak and push-off peak and step width as predictors was applied to analyze the
influence of gait homogeneity on walking speed. Furthermore, a ROC (receiver operating
characteristics) analysis was performed to assess the sensitivity and specificity of the
parameters and graphically plot their diagnostic value. Due to the age-dependency of gait
parameters [39,40], patients younger than 15 years were excluded and older patients were
analyzed separately, splitting the group by mean age at retirement (60 years). All data were
analyzed by IBM SPSS Statistics for Windows (IBM Corp., Armonk, NY, USA) considering
a p-value of o < 0.05 as significant. Due to the low prevalence of HDA (n = 22, 12 using
walking aids), patients of this group were not included in the analyses, as were patients
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using any kind of walking aids (Table 1). For the purpose of comparison though, mean
values are shown in tables and figures.

3. Results

The total sample consisted of 699 male and 166 female patients with ULLA (mean
age =49.73 & 14.74) and 216 able-bodied subjects (M = 34.89 + 14.01; 48% females). TFA
(40.5%) and TTA (41.8%) were the most frequent amputations in both, females (x2(4) =98.52,
p <0.001) and males (x? ) = 557.45, p < 0.001). Patients using walking aids were on average
older (M = 56.54 & 14.9; n = 227) than patients without walking aids (M = 47.73 £ 14.9;
n =638, t(gs3) = —8.32, p < 0.001), and the use of walking aids was most prevalent in HDA
and TTA (x? = 14.81, p = 0.005) (Table 1).

Table 1. Prevalence of amputation levels split by age and sex.

Amputation Level

HDA TFA KDA TTA FA Total
<60 years female 9 50 14 48 9 130
6.9% 38.5% 10.8% 36.9% 6.9% 100.0%
male 11 232 40 204 49 536
2.1% 43.3% 7.5% 38.1% 9.1% 100.0%
total 20 282 54 252 58 666
3.0% 42.3% 8.1% 37.8% 8.7% 100.0%
>60 years female 2 14 0 17 3 36
5.6% 38.9% 0.0% 47.2% 8.3% 100.0%
male 0 54 10 93 6 163
0.0% 33.1% 6.1% 57.1% 3.7% 100.0%
total 2 68 10 110 9 199
1.0% 34.2% 5.0% 55.3% 4.5% 100.0%
total 22 (2.5%) 350 (40.5%) 64 (7.4%) 362 (41.8%) 67 (7.7%) 865
use of walking aids 12 92 10 100 13 227
(excluded) 54.5% 26.3% 15.6% 27.6% 19.4% 26.2%
Total included < 60 years 9 222 48 208 49 536 *
Total included > 60 years 1 36 6 54 5 103 *

Abbreviations: HDA: hip disarticulation, TFA: transfemoral amputation, KDA: knee disarticulation, TTA: transtib-
ial amputation, FA: foot amputation; * after exclusion of outliers and patients using walking aids.

3.1. Kinetic Gait Parameters

The mean walking speed differed significantly between the patient groups (F(4, 169) = 40.78,
p < 0.001,1? = 0.161) and was lowest in TFA followed by FA (Table 2). All patients walked
significantly slower than able-bodied subjects (p < 0.001). Patients with TFA showed a lower
walking speed compared to KDA (p = 0.039) and TTA (p = 0.002), but not compared to FA
(p = 0.959). No significant difference was found between KDA and TTA (p = 0.983) or FA
(p = 0.660) nor between TTA and FA (p = 0.788).

The mean cadence was significantly lower in all patient groups (F, 173 = 46.01,
p <0.001, n2 =0.197), with the lowest values in TFA and FA (Table 2). Additionally, cadence
in TFA was lower compared to KDA (p = 0.015) and TTA (p = 0.011), but not compared to
FA (p = 0.438).

The step width was significantly larger in all patient groups (F4, 170) = 164.73, p < 0.001,
n? = 0.471), with the largest step width at the highest amputation level (Table 2). Step width
in TFA was significantly larger compared to TTA (p < 0.001) and FA (p < 0.001) as well as in
KDA compared to TTA (p = 0.004) and FA (p = 0.023). No difference was found between
TTA and FA.
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Table 2. Reference values for kinetic gait parameters in unilateral lower limb amputations and physiological gait (age: 16-60 years).

HDA (n=9) TFA (n = 222) KDA (n = 48) TTA (n = 208) FA (n = 49) NORM (n = 201)
Age mean £ SD 35.13 +12.46 44.31 +11.07 41.63 +12.42 43.64 +12.08 42.89 +11.59 33.94 +12.94
95% CI 2471 45.54 42.82 45.79 37.94 45.32 41.95 45.33 39.45 46.33 32.17 35.71
min-max 17 49 16 60 16 60 16 60 16 59 16 60
Walking speed ** mean £ SD 55.62 +13.87 66.15 +8.80 70.34 +8.89 69.53 +10.29 67.40 +11.73 76.23 +7.90
(m/min) 95% CI 44.03 67.22 64.97 67.34 67.70 72.98 68.09 70.97 63.92 70.89 75.15 77.32
median 52.61 66.05 70.23 68.85 66.00 76.28
min-max 39.69 79.08 41.75 89.65 52.57 96.37 39.13 98.80 46.58 103.20 55.66 100.92
Cadence ** mean £ SD 87.7095 +19.4387  100.7493 +9.4313 105.0909 +7.9803 103.7823  £9.4822 103.7325 +11.0224  112.2100  £8.6769
(1/min) 95% CI 71.4583 103.9606 99.4815 102.0172 102.7210 107.4607  102.4568  105.1079 100.4592 107.0058  111.0238  113.3961
median 83.5410 101.4885 105.6078 103.8062 102.7089 112.4227
min-max 63.5055 119.0476 72.4813 122.7496 87.2995 122.0504 68.1818 135.0193 81.8889 131.9261 88.1597 141.9558
Step width (m) ** mean + SD 0.1565 £0.0209 0.1651 +0.0350 0.1503 +0.0345 0.1299 +0.0286 0.1293 +0.0310 0.0921 +0.0251
95% CI 0.1390 0.1741 0.1604 0.1698 0.1400 0.1605 0.1259 0.1339 0.1201 0.1385 0.0887 0.0956
median 0.1591 0.1646 0.1435 0.1274 0.1213 0.0915
min-max 0.1250 0.1856 0.0792 0.2970 0.0875 0.2424 0.0499 0.2190 0.0785 0.2185 0.0271 0.1631
Stance time (s) ** mean £ SD 1.0047 +0.2642 0.8070 +0.1026 0.7581 +0.0708 0.7704 +0.0853 0.7718 +0.0952 0.6819 +0.0599
intact limb 95% CI 0.7839 1.2256 0.7932 0.8208 0.7371 0.7791 0.7585 0.7823 0.7435 0.8001 0.6737 0.6901
median 1.0283 0.7832 0.7489 0.7607 0.7698 0.6768
min-max 0.6520 1.4208 0.6276 1.1860 0.6204 0.9531 0.5744 1.1618 0.5836 0.9920 0.5063 0.8834
Stance time (s) ** mean + SD 0.8309 +0.1880 0.7157 +0.0780 0.7054 +0.0647 0.7301 +0.0767 0.7373 +0.0831 0.6833 +0.0603
amp. limb 95% CI 0.6737 0.9881 0.7052 0.7262 0.6861 0.7246 0.7194 0.7409 0.7127 0.7620 0.6751 0.6916
median 0.8467 0.7024 0.6973 0.7196 0.7407 0.6773
min-max 0.5644 1.1244 0.5713 1.0124 0.5836 0.9196 0.5508 1.0553 0.5748 0.9710 0.4987 0.8766
Stance time (s) ** mean + SD 0.1738 +0.0791 0.0952 +0.0495 0.0533 £0.0292 0.0432 +0.0273 0.0410 +0.0317 0.0076 +0.0059
diff. 95% CI 0.1077 0.2399 0.0886 0.1019 0.0447 0.0620 0.0394 0.0471 0.0316 0.0504 0.0068 0.0084
median 0.1816 0.0898 0.0555 0.0382 0.0336 0.0062
min-max 0.0831 0.2964 0.0173 0.2580 0.0003 0.1204 0.0006 0.1492 0.0022 0.1530 0.0000 0.0280
Weight-acceptance ** mean £ SD 1.1531 +0.1291 1.1151 +0.0997 1.1084 £0.1080 1.1343 +0.0864 1.2036 +0.1369 1.1162 £0.0702
peak (intact limb) 95% CI 1.0451 1.2610 1.1017 1.1285 1.0763 1.1405 1.1222 1.1464 1.1629 1.2442 1.1066 1.1258
median 1.0991 1.1153 1.0968 1.1247 1.1661 1.1099
min-max 1.0558 1.4027 0.8761 1.4013 0.9307 1.4258 0.9364 1.4288 0.9591 1.6149 0.9971 1.3307
Weight-acceptance ** mean + SD 1.1552 +0.0891 1.0632 +0.0850 1.0807 +0.0725 1.0607 +0.0709 1.0980 +0.0904 1.1200 +0.0691
peak (amp. limb) 95% CI 1.0807 1.2297 1.0517 1.0746 1.0592 1.1022 1.0508 1.0707 1.0712 1.1249 1.1106 1.1295
median 1.1415 1.0468 1.0802 1.0529 1.0784 1.1093
min-max 1.0619 1.3083 0.8487 1.4693 0.9478 1.2527 0.9130 1.3253 0.9664 1.4150 0.9955 1.3267
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Table 2. Cont.

HDA (n=9) TFA (n = 222) KDA (n = 48) TTA (n =208) FA (n = 49) NORM (1 = 201)
Weight-acceptance ** mean + SD 0.0604 +0.0572 0.1006 +0.0805 0.0905 £0.0706 0.0921 £0.0696 0.1298 £0.0930 0.0268 +0.0193
peak (diff.) 95% CI 0.0126 0.1082 0.0897 0.1114 0.0695 0.1114 0.0824 0.1018 0.1022 0.1575 0.0241 0.0294
median 0.0483 0.0860 0.0749 0.0763 0.1159 0.0229
min-max 0.0047 0.1588 0.0007 0.3974 0.0003 0.2822 0.0013 0.3198 0.0095 0.3921 0.0000 0.1000
Push-off peak ** mean £ SD 0.9924 +0.0755 1.0842 +0.0722 1.1130 £0.0805 1.0673 +0.0811 1.0653 +0.0683 1.1078 +0.0588
(intact limb) 95% CI 0.9293 1.0555 1.0745 1.0939 1.0891 1.1369 1.0559 1.0786 1.0450 1.0856 1.0998 1.1159
median 1.0012 1.0736 1.1002 1.0557 1.0566 1.1035
min-max 0.8970 1.1183 0.9442 1.3314 0.9682 1.3044 0.9005 1.4026 0.9537 1.2420 0.9254 1.4044
Push-off peak ** mean + SD 1.0440 +0.0793 0.9925 +0.0472 1.0064 +0.0457 0.9858 +0.0555 0.9972 +0.0653 1.1080 +0.0569
(amp. limb) 95% CI 0.9777 1.1103 0.9862 0.9989 0.9928 1.0200 0.9781 0.9936 0.9779 1.0166 1.1003 1.1158
median 1.0251 0.9910 1.0084 0.9760 0.9891 1.1004
min-max 0.9613 1.2235 0.8003 1.1826 0.9155 1.1151 0.8540 1.1898 0.9038 1.1748 0.9840 1.3888
Push-off peak ** mean + SD 0.0797 £0.0905 0.0993 +0.0675 0.1106 +0.0779 0.0941 +0.0649 0.0876 +0.0626 0.0199 +0.0149
(diff) 95% CI 0.0040 0.1553 0.0903 0.1084 0.0875 0.1338 0.0850 0.1032 0.0690 0.1062 0.0178 0.0219
median 0.0472 0.0900 0.0929 0.0827 0.0865 0.0152
min-max 0.0068 0.2814 0.0017 0.3546 0.0027 0.2789 0.0001 0.3410 0.0060 0.3316 0.0000 0.0875
Step length (m) ** mean £ SD 0.6255 +0.0363 0.6442 +0.0524 0.6619 +0.0557 0.6649 +0.0605 0.6272 +0.0670 0.6778 +0.0375
intact limb 95% CI 0.5952 0.6559 0.6372 0.6513 0.6453 0.6784 0.6564 0.6733 0.6073 0.6471 0.6726 0.6829
median 0.6303 0.6457 0.6650 0.6615 0.6153 0.6760
min-max 0.5496 0.6665 0.5161 0.7992 0.5387 0.8464 0.5070 0.9126 0.5195 0.8636 0.5797 0.8103
Step length (m) ** mean £ SD 0.6373 +0.0319 0.6573 +0.0508 0.6710 +0.0668 0.6689 +0.0615 0.6653 +0.0611 0.6789 +0.0380
amp. limb 95% CI 0.6106 0.6640 0.6504 0.6641 0.6512 0.6909 0.6603 0.6775 0.6471 0.6834 0.6737 0.6841
median 0.6408 0.6572 0.6698 0.6675 0.6617 0.6756
min-max 0.5960 0.6830 0.5423 0.8664 0.5280 0.8843 0.5363 0.8344 0.5597 0.9021 0.5872 0.8237
Step length (m) ** mean + SD 0.0392 0.0168 0.0477 0.0334 0.0456 0.0283 0.0392 0.0278 0.0528 0.0390 0.0173 0.0133
diff. 95% CI 0.0252 0.0533 0.0432 0.0522 0.0372 0.0540 0.0353 0.0431 0.0412 0.0644 0.0155 0.0192
median 0.0447 0.0404 0.0440 0.0331 0.0470 0.0147
min-max 0.0097 0.0552 0.0004 0.1549 0.0009 0.1059 0.0000 0.1287 0.0021 0.1544 0.0001 0.0539

Abbreviations: HDA: hip disarticulation, TFA: transfemoral amputation, KDA: knee disarticulation, TTA: transtibial amputation, FA: foot amputation, NORM: normal gait (control
group); amp. limb: amputated limb, diff.: difference between amputated and intact limb (correspondingly left/right limb in able-bodied); Note: walking speed: describes how fast a person
moves in m/min; cadence: number of steps per minute; step width: distance between the heels of the two feet during double stance; stance time: time between the initial contact (IC) and
the following toe-off (TO) of the same foot (time during which the foot has ground contact); weight-acceptance peak and push-off peak: the two characteristic peaks of the typically M-shaped
vertical component of the GRE, the first taking place at the transition from loading response to mid stance, the second during terminal stance; step length: the spatial distance from the IC
of one foot to the IC of the contralateral foot. Significant differences between normal gait in healthy subjects and patients are indicated by ** p < 0.001, and similarly in patients between
the intact and prosthetic side.
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Similarly, the stance time difference was significantly larger in all patient groups
(F4, 156) = 280.70, p < 0.001, n? = 0.522), with TFA showing the largest difference (Table 2).
All patient groups also differed from TFA (p < 0.001), though there was no statistical
difference between KDA, TTA and FA. Figure 1 (upper part) displays the stance time in
able-bodied people contrasted to different amputation levels (Figure 1A). Comparison of
the mean stance time indicated a significantly shorter stance time of the amputated limb in
TFA (t17) = 24.09, p < 0.001), KDA (t(47) = 12.25, p < 0.001), TTA (t(p03) = 18.19, p < 0.001)

and FA (t46) = 6.15, p < 0.001) (Table 2).
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Figure 1. (A): Stance time difference between the intact and affected limb at different amputation levels
and in healthy participants (left/right side, resp.) (B): Push-off peak difference between the intact and
affected limb at different amputation levels and in healthy participants (left/right side, resp.).
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The step length difference was significantly larger in all patients (Fy 165 = 561.40,
p < 0.001), with the largest difference in FA, and a larger difference in TFA than in TTA
(p=0.030). The comparison of sides indicated a larger step length of the amputated
side in all patient groups, which was significant in TFA (t»14) = —3.364, p < 0.001) and
FA (t(45) =—481, p< 0001)

Considering the weight-acceptance peak, all patients showed a larger difference than
the able-bodied subjects (F(4 158) = 96.08, p < 0.001, n? = 0.209) with the largest difference in
the FA group (Table 2), but no differences between the patient groups.

Also the absolute push-off peak difference was significantly larger in all patients
(F4, 157) = 151.45, p < 0.001, 12 = 0.276) with the largest asymmetry in KDA, while no
differences were found between the patients groups (Table 2). Furthermore, the comparison
of the amputated and intact limb revealed a larger weight-acceptance peak of the intact limb
in TFA (t17) = 6.49, p < 0.001), KDA (ty7) = 1.71, p < 0.047), TTA (t03) = 11.72, p < 0.001)
and FA (tye = 6.13, p < 0.001). Additionally, the mean push-off peak was larger for the
intact limb in TFA (t217) = 17.34, p < 0.001), KDA (t47) = 8.91, p < 0.001), TTA (t207) = 14.72,
p <0.001) and FA (t(46) = 5.67, p < 0.001) (Figure 1B).

3.2. Parameters for a Symmetrical Gait Pattern

Regarding the results of the multivariate linear regression, a significant model
(F(5,207) = 3.82, p = 0.003) was observed in the able-bodied group, indicating the asym-
metry of the push-off peak as significantly contributing to walking speed, though the
overall fit was low (R? = 0.294, R?adj. = 0.086, Table 3). In the patients’ group, a signifi-
cant model (F5 505 = 51.10, p < 0.001) was observed indicating stance time asymmetry
as the best predictor for walking speed, followed by the push-off peak (R? = 0.338,
RZadj. = 0.332) with a high goodness of fit (Table 3A). Multivariate regression was also
performed group-wise and confirmed the stance time and push-off peak difference as
the most important predictors in all groups.

Table 3. Regression analysis summary of kinetic gait parameters predicting walking speed (A) and
summary of ROC analysis (B).

(A) Variable B SE B t |7
patients (constant) 70.69 1.66 47.71 <0.001
stance time * —86.17 8.3 —0.405 —10.39 <0.001
weight—acceptance peak * 10.55 494 0.083 2.14 0.033
push—off peak * 4791 5.69 0.327 8.42 <0.001
controls (constant) 759 2.49 30.51 <0.001
push—off peak * 113.13 36.32 0.213 3.11 0.002
CcI
(B) AUC SE P
Lower Upper
stance time * [s] 0.962 0.007 0.000 0.948 0.975
weight acceptance peak * 0.824 0.015 0.000 0.795 0.853
push—off peak * 0.894 0.011 0.000 0.871 0.916
step length * [m] 0.786 0.017 0.000 0.753 0.819
walking speed [m/min] 0.757 0.019 0.000 0.721 0.794
step width [m] 0.897 0.012 0.000 0.874 0.92

Note: * indicates the difference between the affected and intact limb (correspondingly the left and right leg in
healthy controls) in the gait parameters.

The ROC analysis displays the diagnostic accuracy and very high sensitivity of the
stance time (AUC = 0.962, p < 0.001) and the push-off peak (AUC = 0.894, p < 0.001)
difference compared to other gait characteristics (Table 3B). All patients/participants were
correctly classified, and by applying a cut-off value of 0.01733 s for stance time difference
a maximum sensitivity (0.92) and specificity (0.93) can be achieved with the highest Youden-
index (sensitivity + specificity — 1) at ] = 0.84 (Figure 2).



J. Clin. Med. 2022, 11, 2683

9of 15

ROC-curve

— stance time*
weight-acceptance peak*
push-off peak*
step length*

— step width

—walking speed
reference line

Sensitivity

0.0

0.0 02 04 06 08 1.0
1-Specificity

Figure 2. Sensitivity and specificity of kinetic gait parameters in patients with ULLA (* difference
between intact and affected side).

3.3. Kinetic Gait in Older Patients

Due to the low prevalence of HDA, KDA and FA in elderly patients (Table 1), only pa-
tients with TFA and TTA were statistically compared to the corresponding group of younger
patients. For TFA, a multivariate ANOVA revealed a significant effect between older and
younger patients (F 242) = 8.583, p < 0.001, n? = 0.175). The stance time (F(1, 242) = 12.86,
p < 0.001, % = 0.05) and step length (Fa, 242) =4.90, p = 0.028, 12 = 0.019) differences became
larger, the step width broader (F(q, 249y = 4.15, p = 0.043, n? = 0.017) and the walking speed
slower (F(q, 242) = 46.93, p < 0.001, n? = 0.16) with age. Yet, the push-off peak difference was
lower in elderly patients (F(1, 242) = 46.93, p <0.001, 12 =0.16). In TTA the significant effect of
age (F, 241y = 9.809, p < 0.001, 1% = 0.196) was based on a significantly slower walking speed
(Fq1, 241) = 46.57, p < 0.001, n? = 0.159), while the asymmetries of the weight-acceptance
(F1, 242 = 845, p = 0.004, n* = 0.033) and push-off peak (F(1, 242) = 20.62, p < 0.001, n* = 0.077)
were even smaller in elderly patients (Table 4).



J. Clin. Med. 2022, 11, 2683 10 of 15
Table 4. Reference values for kinetic gait parameters in unilateral lower limb amputations and physiological gait (age > 60 years).
TFA (n = 36) KDA (n =6) TTA (n =54) FA (n=5) NORM (n = 6)
Age mean + SD 67.53 +4.62 67.00 +6.48 67.96 +5.87 71.00 +4.24 65.00 +2.16
95% CI 65.92 69.14 60.20 73.80 66.27 69.64 32.88 109.12 61.56 68.44
median 67 63.5 67 71 65.5
min—max 61 78 63 79 61 83 68 74 62 67
Walking speed mean + SD 55.03 +8.77 ** 62.18 +7.77 58.70 +8.43 ** 58.19 +0.59 69.56 +2.43
(m/min) 95% CI 51.97 58.09 54.03 70.34 56.28 61.12 52.93 63.45 65.69 73.44
median 56.65 64.19 59.66 58.19 69.95
min—max 35.51 69.09 48.56 69.75 38.80 76.70 57.77 58.60 66.26 72.09
Cadence mean + SD 90.8833 +11.0952 ** 96.4483 +9.5907 95.4255 +9.5375 97.2344 +3.0366 112.9120 +5.2382
(1/min) 95% CI 87.0120 94.7546 86.3835 106.5131 92.6860 98.1650 69.9516 124.5172 104.5769 121.2471
median 92.0238 98.2322 96.6270 97.2344 111.3532
min—max 63.2022 110.8647 79.2602 107.2194 70.8343 111.9299 95.0872 99.3816 108.4599 120.4819
Step width (m) mean + SD 0.1781 +0.0313 ** 0.1783 +0.0291 0.1325 +0.0281 0.1410 +0.0001 0.1041 +0.0118
95% CI 0.1672 0.1890 0.1478 0.2087 0.1244 0.1406 0.1404 0.1415 0.0853 0.1229
median 0.1725 0.1792 0.1323 0.1410 0.1087
min—max 0.1214 0.2454 0.1397 0.2272 0.0700 0.1962 0.1409 0.1410 0.0867 0.1124
Stance time (s) mean + SD 0.9245 +0.1566 ** 0.8374 +0.1145 0.8373 +0.0987 0.7999 +0.0189 0.6753 +0.0427
intact limb 95% CI 0.8698 0.9791 0.7172 0.9575 0.8089 0.8656 0.6298 0.9701 0.6075 0.7432
median 0.9018 0.8257 0.8124 0.7999 0.6816
min—max 0.6964 1.3756 0.7232 1.0236 0.7080 1.1600 0.7866 0.8133 0.6177 0.7204
Stance time (s) mean + SD 0.7954 +0.1230 0.7730 +0.0782 0.7998 +0.0914 0.7923 +0.0199 0.6729 +0.0385
amp. limb 95% CI 0.7525 0.8383 0.6910 0.8551 0.7736 0.8261 0.6134 0.9711 0.6116 0.7343
median 0.7818 0.7524 0.7893 0.7923 0.6767
min—max 0.6088 1.1596 0.6900 0.8976 0.6788 1.0916 0.7782 0.8063 0.6223 0.7160
Stance time (s) mean + SD 0.1291 +0.0606 0.0975 +0.0357 0.0399 +0.0245 0.0077 +0.0010 0.0047 +0.0014
diff. 95% CI 0.1079 0.1502 0.0601 0.1349 0.0328 0.0469 —0.0010 0.0164 0.0025 0.0069
median 0.1181 0.1086 0.0360 0.0077 0.0045
min—max 0.0320 0.3128 0.0332 0.1260 0.0028 0.0916 0.0070 0.0084 0.0033 0.0065
Weight—acceptance mean + SD 1.0618 +0.0946 1.0866 +0.0966 1.0831 +0.0914 1.1082 +0.0142 1.0863 +0.0363
peak (intact limb) 95% CI 1.0288 1.0948 0.9852 1.1880 1.0569 1.1094 0.9805 1.2358 1.0286 1.1440
median 1.0280 1.0921 1.0622 1.1082 1.0868
min—max 0.9630 1.3374 0.9667 1.1798 0.8745 1.3413 1.0981 1.1182 1.0506 1.1212
Weight—acceptance mean + SD 1.0440 +0.0695 1.0610 +0.0687 1.0576 +0.0584 1.0374 +0.0042 1.0983 +0.0426
peak (amp. limb) 95% CI 1.0197 1.0682 0.9890 1.1331 1.0408 1.0743 0.9993 1.0755 1.0306 1.1660
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Table 4. Cont.

TFA (n = 36) KDA (n = 6) TTA (n =54) FA (n=5) NORM (1 = 6)
median 1.0374 1.0269 1.0641 1.0374 1.0962
min—max 0.9122 1.2084 0.9971 1.1620 0.9233 1.2258 1.0344 1.0404 1.0484 1.1524
Weight—acceptance mean £ SD 0.0741 +0.0709 0.0961 +0.0855 0.0608 +0.0573 ** 0.0708 +0.0100 0.0228 +0.0157
peak (diff.) 95% CI 0.0493 0.0989 0.0064 0.1859 0.0444 0.0773 —0.0188 0.1603 —0.0023 0.0478
median 0.0504 0.0931 0.0417 0.0708 0.0253
min—max 0.0021 0.2874 0.0070 0.1954 0.0001 0.2515 0.0637 0.0778 0.0022 0.0382
Push—off peak mean + SD 1.0535 £0.0512 ** 1.0319 +0.0737 1.0189 +0.0528 1.0252 £0.0493 1.0445 +0.0635
(intact limb) 95% CI 1.0357 1.0714 0.9546 1.1092 1.0037 1.0341 0.5818 1.4686 0.9435 1.1456
median 1.0462 1.0106 1.0221 1.0252 1.0282
min—max 0.9824 1.1912 0.9574 1.1362 0.9221 1.1283 0.9903 1.0601 0.9873 1.1345
Push—off peak mean £ SD 0.9834 $0.0443 0.9924 +0.0438 0.9845 $0.0423 0.9387 +0.0429 1.0554 +0.0466
(amp. limb) 95% CI 0.9679 0.9988 0.9464 1.0385 0.9723 0.9966 0.5537 1.3237 0.9813 1.1295
median 0.9888 0.9908 0.9831 0.9387 1.0440
min—max 0.8647 1.1115 0.9225 1.0477 0.8589 1.0731 0.9084 0.9690 1.0143 1.1194
Push—off peak mean £ SD 0.0712 +0.0595 0.0648 +0.0510 0.0502 +0.0388 ** 0.0865 +0.0065 0.0229 +0.0140
(diff) 95% CI 0.0504 0.0920 0.0113 0.1183 0.0390 0.0613 0.0281 0.1449 0.0007 0.0451
median 0.0640 0.0797 0.0432 0.0865 0.0211
min—max 0.0004 0.2350 0.0009 0.1210 0.0015 0.1514 0.0819 0.0911 0.0090 0.0406
Step length (m) mean + SD 0.5864 £0.0569 ** 0.6599 +0.0618 0.6133 +0.0423 0.5877 +0.0332 0.6164 +0.0111
intact limb 95% CI 0.5665 0.6062 0.5950 0.7248 0.6012 0.6255 0.2898 0.8856 0.5988 0.6340
median 0.5926 0.6542 0.6088 0.5877 0.6134
min—max 0.4563 0.6970 0.5897 0.7444 0.5231 0.7359 0.5642 0.6111 0.6071 0.6315
Step length (m) mean £ SD 0.6121 +0.0502 0.6231 +0.0426 0.6123 +0.0554 0.6112 +0.0121 0.6172 +0.0353
amp. limb 95% CI 0.5946 0.6297 0.5784 0.6677 0.5964 0.6282 0.5023 0.7201 0.5611 0.6733
median 0.6174 0.6435 0.6103 0.6112 0.6146
min—max 0.5176 0.7017 0.5437 0.6515 0.5001 0.7749 0.6027 0.6198 0.5868 0.6529
Step length (m) mean £ SD 0.0627 +0.0533 0.0707 +0.0699 0.0373 +0.0328 0.0320 +0.0333 0.0221 +0.0019
diff. 95% CI 0.0440 0.0813 —0.0027 0.1440 0.0278 0.0467 —0.2675 0.3316 0.0191 0.0252
median 0.0491 0.0488 0.0289 0.0320 0.0219
min—max 0.0016 0.2053 0.0039 0.1735 0.0007 0.1447 0.0084 0.0556 0.0201 0.0246

Abbreviations: TFA: transfemoral amputation, KDA: knee disarticulation, TTA: transtibial amputation, FA: foot amputation, NORM: normal gait (control group); amp. limb: amputated
limb, diff.: difference between amputated and intact limb (correspondingly left/right limb in able-bodied); Note: walking speed: describes how fast a person moves in m/min; cadence:
number of steps per minute; step width: distance between the heels of the two feet during double stance; stance time: time between the initial contact (IC) and the following toe-off (TO) of
the same foot (time during which the foot has ground contact); weight-acceptance peak and push-off peak: the two characteristic peaks of the typically M-shaped vertical component of the
GREF, the first taking place at the transition from loading response to mid stance, the second during terminal stance; step length: the spatial distance from the IC of one foot to the IC of the
contralateral foot. Significant differences between younger (<60 years) and older (>60 years) patients are indicated by ** p < 0.001. Note that statistical analyses were only performed for
the groups of TFA and TTA.
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4. Discussion

The results of the spatiotemporal and GRF parameters of people with ULLA corre-
spond to the asymmetries reported in the literature [1-19]. The steady decrease of walking
speed, cadence and increase of step width with amputation level (Table 2) indicate that
these parameters are linked to the length of the residual limb [2,7,18] and substantiate that
a patient is more unsteady the more joints are missing [41]. This is further proven by the
absolute stance time difference, which shows a remarkable leap in value when FA, TTA
and KDA are compared to HDA and TFA.

Considering the GRF peaks, it shows that the intact limb is loaded excessively during
weight-acceptance, especially in FA, and less during push off. Yet, this does not apply to
KDA, as their results are comparable to physiological gait. This might also explain why the
absolute differences of the push-off peak are surprisingly high. The peaks of the amputated
limb are smaller than the corresponding peaks of the abled-bodied participants. Whereas
in terms of weight-acceptance, KDA and FA show, respectively, high peaks compared to
TFA and TTA, only patients with KDA manage to slightly exceed their own body weight at
the end of the stance phase.

These findings also outline the importance of the load-bearing capacity of the residual
limb and the potential advantages of prosthetic restorations in the form of joint disarticula-
tions. They contradict the repeatedly postulated problematic effect of the height difference
between the knee joint axes [42,43] and support the assumption, that people with KDA are
less likely to be affected by pain than people with TFA or TTA [44]. As no differentiation
between Lisfranc, Chopart, Pirogoff, or Syme 47 was recorded for FA, no further conclusive
findings could be drawn in this regard. Yet, the variability of the results allows the pre-
sumption that the amputation level and the accompanying soft tissue coverage influence
the load-bearing capacity distinctively.

The patient’s age has a modulating role on most spatiotemporal gait parameters,
indicating that gait becomes slower and more asymmetrical with age, while asymmetries
of the loading parameters do not significantly change with age.

According to the results of the multivariate linear regression and ROC analysis, the
parameter with the highest sensitivity for a simple assessment of the homogeneity of gait
is the stance time (difference), followed by the push-off peak. Physical interventions or
adjustments thus should emphasize the improvement of the symmetry of these parameters,
to prevent non-use of prostheses and further deterioration [45].

The present study differentiates from previously conducted studies most notably in
terms of the number of underlying data. Moreover, it did not focus on any specific kinds
of prosthetic components, fittings, or technologies [12,15] nor did it take the reason for
or the time since amputation into consideration. Therefore, the results are to the greatest
possible extent generalizable for all adults with ULLA, allowing intra and interindividual
comparisons of absolute values in common units.

Yet, it has to be considered that the reference values proposed are only valid for level
walking and are not applicable to uphill or downhill walking. Especially the preservation of
an intact knee joint is keen for the latter, and therefore, it can be assumed that the asymmetry
ranges will then be more pronounced. Furthermore, the low number of patients with HDA,
especially older patients and without the usage of walking-aids, limits the applicability and
evaluation of gait patterns in this patient group. Another limitation concerns the sampling
method, using data routinely assessed during the inpatient stay, which might bias the
results and impact the power.

5. Conclusions

The universal reference values for interlimb gait patterns of patients with ULLA
provide physicians, orthopedic technicians, therapists and researchers with a way to
evaluate any kind of changes to the prosthetic alignment and to assess innovations in
the connection between the residual limb and the socket or the success of a particular
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gait training. Furthermore, they support the quantified documentation of rehabilitation
measures, add to the standardization of the assessment of prosthetic fittings and might
even be used to test the postulated effect of prosthetic components to justify their use by
the payers. The resulting asymmetry ranges should provide a profound basis by means of
which it could be determined how a desirable gait pattern looks when all guidelines on
rehabilitation post amputation are thoroughly followed.
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