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ARTICLE INFO ABSTRACT

Keywords: The present study’s aim was to identify the kinematic and kinetic gait patterns and to measure the
Lower limb amputation energy consumption in people with amputation according to both the anatomical level of amputation
Prosthetic gait and the type of prosthetic components in comparison with a control group matched for the gait speed.
Kinematic

Fifteen subjects with unilateral transtibial amputation (TTA), forty with unilateral transfemoral am-
putation (TFA) (9 with mechanical, 17 with CLeg and 14 with Genium prosthesis) and forty healthy
subjects were recruited. We computed the time-distance gait parameters; the range of angular motion
(RoM) at hip, knee and ankle joints, and at the trunk and pelvis; the values of the 2 peaks of vertical
force curve; the full width at half maximum (FWHM) and center of activity (CoA) of vertical force; the
mechanical behavior in terms of energy recovery (R-step) and energy consumption. The main results
were: i) both TTA and TFA show a common gait pattern characterized by a symmetric increase of step
length, step width, double support duration, pelvic obliquity, trunk lateral bending and trunk rotation
RoMs compared to control groups. They show also an asymmetric increase of stance duration and of
Peakl in non-amputated side and a decrease of ankle RoM in amputated side; ii) only TFA show a
specific gait pattern, depending on the level of amputation, characterized by a symmetric reduction of
R-step and an asymmetric decrease of stance duration, CoA and FWHM and an increase of Peakl in the
amputated side and of hip and knee RoM, CoA and FWHM in the non-amputated side; iii) people with
amputation with Genium prosthesis show a longer step length and increased hip and knee RoMs
compared to people with amputation with mechanical prosthesis who conversely show an increased
pelvic obliquity: these are specific gait patterns depending of the type of prosthesis. In conclusion, we
identified both common and specific gait patterns in people with amputation, either regardless of, or
according to their level of amputation and the type of prosthetic component.

Kinetic
Energetic gait parameters

* Corresponding author.
E-mail address: tiwana.varrecchia@uniroma3.it (T. Varrecchia).

https://doi.org/10.1016/j.humov.2019.03.008

Received 30 October 2018; Received in revised form 8 March 2019; Accepted 11 March 2019
Available online 16 March 2019

0167-9457/ © 2019 Elsevier B.V. All rights reserved.


http://www.sciencedirect.com/science/journal/01679457
https://www.elsevier.com/locate/humov
https://doi.org/10.1016/j.humov.2019.03.008
https://doi.org/10.1016/j.humov.2019.03.008
mailto:tiwana.varrecchia@uniroma3.it
https://doi.org/10.1016/j.humov.2019.03.008
http://crossmark.crossref.org/dialog/?doi=10.1016/j.humov.2019.03.008&domain=pdf

T. Varrecchia, et al. Human Movement Science 66 (2019) 9-21

1. Introduction

Prosthesis use in persons with lower limb amputation at different anatomic levels requires complex adaptation strategies, both in
the prosthesis and in the sound sides, during gait (Bateni & Olney, 2002; Tura, Rocchi, Raggi, Cutti, & Chiari, 2012) and other daily
life locomotor tasks (Ventura, Segal, Klute, & Neptune, 2011; Vrieling et al., 2008). Indeed, prosthetic gait reflects a mixture of
deviations from normal gait and adaptive and compensatory motions dictated by residual limb function after amputation. For this
reason, quantifying and characterizing the gait of persons with a prosthesis is an essential prerequisite to improve our ability to
develop new and ergonomic prosthetic devices, as well as to optimize the rehabilitation programs (Schafer, Perry, & Vanicek, 2018).

Many previous studies have been performed on gait kinematics and kinetics of people with amputation in order to characterize
their typical walking patterns.

It has been reported that the prosthetic limb shows a longer stride than the intact limb; however, the prosthetic limb’s stance
phase lasts less than that of the unaffected one (Bateni & Olney, 2002; Sanders, Bell, Okumura, & Dralle, 1998; Smidt, 1990). In
addition, a greater hip flexion in early stance of the prosthetic limb and a higher than normal knee flexion in the early stance phase of
the intact limb have been reported to probably improve the overall stability and energy expenditure, respectively (Bateni & Olney,
2002; Esquenazi, 2014).

Regarding the force interaction, when increasing walking speed, the vertical ground reaction force increases, particularly in the
intact limb (Nolan et al., 2003). This tendency to load the intact limb more than the prosthetic limb has been also reported during gait
initiation (Rossi, Doyle, & Skinner, 1995).

The two factors influencing the gait in people with amputation are the level of the amputation and the type of prostheses.
Regarding the former factor, the gait in people with transfemoral amputation seems to be more asymmetric than that in people with
transtibial amputation: they show wider steps of longer duration compared to people with transtibial amputation (Highsmith et al.,
2011). Concerning the latter factor, in recent years the prostheses have improved in design, materials, and technology (Chitragari,
Mahler, Sumpio, Blume, & Sumpio, 2014) to be more effective in terms of efficiency of ambulation, minimization of the asymmetries,
and reduction of compensatory movements, which, over time, may prove damaging to individuals. Actually, subjects with lower limb
amputation wear different type of prostheses, such as the old concept mechanical prostheses or the most recent and technologically
advanced prostheses (Microprocessor Controlled Knees (MPKs)), i.e. CLeg and Genium (Cutti et al., 2017; Highsmith et al., 2016;
Kannenberg, Zacharias, Mileusnic, & Seyr, 2013). These differences are related to different aspects, including individuals’ preference
and adaptation, time from the amputation/prosthesis implantation, local insurance laws for the prosthesis reimbursement.

To date, no consistent study has evaluated the impact of the different types of prostheses on the gait function according to the
anatomical level of amputation. Such analysis would allow better understanding of the advantages and disadvantages of the different
types of prostheses. In addition, some limitations are present in many studies, since most of them included a small sample of subjects
(Segal, Orendurff, Czerniecki, Schoen, & Klute, 2011b; Shell, Segal, Klute, & Neptune, 2017; Sturdy, Gates, Darter, & Wilken, 2014),
had no control group (Highsmith et al., 2011; Howcroft, Lemaire, Kofman, & Kendell, 2015; Sturdy et al., 2014), and did not match
controls for the gait speed (Fradet, Alimusaj, Braatz, & Wolf, 2010; Sturk et al., 2017). Since many kinematic and kinetic variables are
speed-dependent (Kluge, Krinner, Lochmann, & Eskofier, 2017; Stoquart, Detrembleur, & Lejeune, 2008), not controlling for the
speed (by not including a control group walking at matched gait speed) may create uncertainty in the interpretation of the pathologic
gait pattern and may not allow detection of a reliable and specific gait pattern in order to distinguish what is unique from what is
common. Furthermore, the lack of a matched speed comparison between people with amputations and healthy subjects do not allow
discriminating the primary deficits from compensatory mechanisms.

The aim of the present study was to identify the kinematic and kinetic gait patterns and to measure the energy consumption in a
large sample of people with amputations according to both the anatomical level of amputation and the type of prosthetic components
in comparison with a control group matched for the gait speed.

2. Materials and methods
2.1. Subjects

Fifty-five subjects with lower-limb amputation from the prosthetics center of Italian Workers’ Compensation Authority (INAIL) of
Rome were enrolled in this study between September 2015 and September 2018. All patients had a unilateral transtibial or trans-
femoral amputation as a consequence of a workplace traumatic accident. Among subjects with transfemoral amputation, mechanical
prosthesis (Kannenberg et al., 2013; Tura et al., 2012), and two types of MPKs prosthesis: CLeg and Genium (Ottobock, Duderstadt,
Germany) (Highsmith et al., 2016) were used. INAIL provided the same type prosthetic foot (Ossur Variflex foot), as well as the same
sockets and suspensions for all participants (Ossur, Reykjavik, Iceland). All patients wore their prosthesis daily at least since 2 years,
and were able to ambulate independently along level surfaces without mobility aids. None of the subjects had any chronic disease,
cardiac complication, uncontrolled asthma or diabetes mellitus, severe osteoporosis, or cognitive disorder.

The study group included 15 subjects with transtibial amputation (TTA) (15 men; age, 52.81 * 14.51years; height,
176.44 + 5.40cm; mass, 87.44 = 11.08kg) and 40 subjects with transfemoral amputation (TFA) (37 men; age,
54.94 = 12.31 years; height, 172.85 *+ 7.95 cm; mass, 83.47 * 15.69 kg). Among the 40 subjects with TFA, 9 wore a mechanical
prosthesis (TFAy;), 17 a CLeg prosthesis (TFAc), and 14 a Genium prosthesis (TFAg).

Forty healthy subjects were recruited as the control group (C) and were age-sex-speed matched with subjects with TFA (Cyyrpa)- A
subgroup of 15 healthy subjects was age-sex-speed matched with subjects with TTA (C,,rra) and a subgroup of 13 age-sex-speed

10



T. Varrecchia, et al. Human Movement Science 66 (2019) 9-21

matched subjects with TFA (TFA,,) was age-sex-speed matched with 13 subjects with TTA (TTA,,) to analyze the effect of different
anatomical levels of amputation.

2.2. Gait analysis

"Gait was analyzed by using an optoelectronic motion analysis system (SMART-DX 6000 System, BTS, Milan, Italy), consisting of six infra-
red cameras (sample frequency, 340 Hz) used to detect the movement of twenty-seven passive spherical markers placed over prominent bony
landmarks (Davis, Ounpuu, Tyburski, & Gage, 1991; Wu et al., 2002, 2005). In detail, the markers were placed over the head, the cutaneous
projections of the spinous processes of the seventh cervical vertebra and sacrum, and bilaterally over the acromion, olecranon, ulnar styloid
process, anterior superior iliac spine, and greater trochanter for all the subjects with TTA and TFA and C. In addition, markers were placed,
bilaterally in C and unilaterally on the amputated side of subjects with amputation, over the lateral femoral condyle, fibula head, lateral
malleoli, fifth metatarsal head, and heel (for these last two points the markers were placed on the shoes). In subjects with TTA and TFA,
amputated limb markers were placed over symmetrical points (no anatomical landmarks) with respect to the homologous marker’s position
on the non-amputated limb. Furthermore, wand markers were placed bilaterally on femurs and legs (Davis et al., 1991). Two dynamometric
platforms (Kistler 9286AA, Winterthur, Switzerland), adjacent to each other in the longitudinal direction, but displaced by 0.2 m in the lateral
direction, were used to acquire ground reaction forces (sampling rate, 680 Hz). Data acquisition from the optoelectronic cameras and
dynamometric platforms was integrated and synchronized.

2.3. Experimental procedure

C and subjects with TTA and TFA underwent an initial training session to become familiar with the assessment procedures.
Patients were asked to walk with their shoes at comfortable self-selected speeds along a walkway while looking forward. Because we
were interested in natural locomotion, only qualitative instructions were provided, and each subject was free to choose his own
cadence. On the other hand, C were requested to walk with their shoes at their preferred speed and at a lower speed to match the
speed between groups (see 2.4.1). At least ten trials were recorded for each subject and for each speed. To avoid fatigue, groups of
three trials were separated by 1-min rest periods in subjects with amputation.

2.4. Data analysis

After each acquisition performed by Smart Capture (BTS, Milan, Italy), data were processed using SMART Tracker and Analyzer
software (BTS, Milan, Italy) and Matlab software (version 7.10.0, MathWorks, Natick, MA, USA). The gait cycle was defined as the
interval between two successive foot contacts of the same leg. Kinematic and kinetic data were time-normalized to the duration of the
gait cycle and interpolated to 101 samples using a polynomial procedure. In this study, heel strike and toe off instants were calculated
from kinematic data. After this preprocessing procedure, time-distance, kinematic, and kinetic parameters were calculated. For
people with amputations, each parameter was calculated for the amputated (A) and non-amputated (NA) side, while for C the
parameters were evaluated without distinguishing between sides.

2.4.1. Speed matching procedure

Walking speed was matched between groups as follows: only the walking trials of C (preferred speed or at a lower speed) whose
speed was near to a corresponding subject with amputation were considered. Furthermore, only a subgroup of subjects with TFA
(TFA,,) was age-sex matched with subjects with TTA. To have the speed match between the groups of TFA,,, and TTA, 2 subjects with
TTA were excluded, leaving only 13 subjects (TTA,,), because their speeds were far from those of the age-sex matched subjects with
TFA,,. Paired two-sample t-test was used to investigate the differences in walking speed between patients and C, both TTA vs. Cy,rra
and TFA vs. Cyyrra, and between TTA,, and TFA,. In this way, the mean speed values were not statistically different (the p value for
statistical significance was set at 0.05) between groups (TTA 1.08 + 0.16 m/s, Cypra 0.97 = 0.20m/s, p = 0.116; TFA
0.92 = 0.20m/s, Cpyyra 0.93 = 0.25m/s, p = 0.813; TTA,, 1.05 + 0.15m/s, TFA,, 0.94 = 0.16 m/s, p = 0.084).

2.4.2. Time-distance parameters

The following time-distance gait parameters were calculated for each subject: walking speed (m/s); cadence (step/s); step width
(m); step length (m) (from the heel strike of a limb and the subsequent heel strike of the other limb); stance, swing, and double
support phases durations (expressed as percentages of the gait cycle duration). Step length and the step width were normalized to the
limb length of each subject.

2.4.3. Kinematic data

The anatomical and prosthetic joint angles for the hip, knee, ankle, trunk, and pelvis (frontal, sagittal, and transverse plane) were
computed. Based on these variables, the joint range of motion (RoM) was calculated as the difference between the maximum and
minimum values during the gait cycle.

2.4.4. Kinetic data
The vertical component of the ground reaction forces (Vertical Force, VF) provided by the dynamometric platforms, was nor-

malized to the subject’s body weight (Serrao et al., 2016).
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For each subject and gait speed, the values of the 2 peaks of VF (Peaklyr and Peak2yy) were computed. Furthermore, the full
width at half maximum (FWHM) and the center of activity (CoA) of VF (FWHMyr and CoAgy) were computed (Varrecchia et al.,
2018). FWHM was calculated as the sum of the time durations during which the VF curves were higher than their half maximum. The
CoA was calculated using circular statistics as follow:

200
A= Z (cos 6; X VF)

i=1 (€Y
200
B= (sin 6; X VE)
E ‘ @
CoA = tan*l(B/A) 3

where 6, is the angle that varies from 0° to 360° to plot in polar coordinates (polar direction denoted the phase of the gait cycle).

2.4.5. Energy consumption measurement

The mechanical behavior was measured in terms of energy recovery and energy consumption in relation to the whole-body center
of mass (CoM). This methodology has been validated both in normal (Cavagna, Thys, & Zamboni, 1976; Cavagna, Willems,
Legramandi, & Heglund, 2002) and abnormal gait patterns (Detrembleur, Dierick, Stoquart, Chantraine, & Lejeune, 2003; Don et al.,
2007), and gives information on the mechanical energy expenditure involving the whole skeletal muscle system during walking.

The whole-body CoM was calculated as the centroid of a set of elements composed by 13 body segments (head, trunk, arms,
forearms, pelvis, thigh, shanks, and feet). The computation was performed by considering kinematic and anthropometric data to-
gether with the body segment parameters (de Leva, 1996; Zatsiorsky, Seluyanov, & Chugunova, 1990), according to the weighted
average of the individual body segments’ center of mass (Ranavolo et al., 2017):

1 n

CoM, = —Exi X m;
m = (€))
1 n

CoM, = —Zy- X m;
m = %)
1 n

CoM;, = —Zzix m;
mia (6)

where CoM,, CoM,, and CoM, are, respectively, the instantaneous x, y, and z components of the CoM position, m is the whole-body
mass of the subject, n = 13 is the number of parts being considered, x;, y;, and z; are the components of the CoM position of the iy,
part, and m; is the mass of the iy, segment or residuum or prosthesis components.

The kinetic energy (Ey) associated with CoM displacements during the gait cycle was calculated as the sum of the kinetic energy
on the x (Ei), ¥ (Exy), and z (Ey,) axes as follows:

—_ — 1 2 2 2
Ex = Exx + Eky + By, = Em(vx + Vy + VZ) @
where m and v,, v, and v, are, respectively, the mass and the three velocity components of the CoM evaluated starting from its
components (CoM,, CoM, and CoM,). Furthermore, the potential energy (E;) associated with CoM was calculated as follows:

E, = mgh 8)

where h is the vertical (y) CoM component and g is the gravity acceleration.

The total mechanical energy (E.) associated with CoM was computed as the sum of Ey and E,,.

The fraction of mechanical energy recovered during each walking step (R-step) (Cavagna et al., 2002) was calculated as follows:

Wi+ Wik — Wi wr
R — step = # =|1- %

Wp + ka Wp + ka (9)

where W, Wi, W, represent the positive work (sum of the positive increments over one step) produced by the gravitational
potential energy, by the kinetic energy of forward motion, and by the total mechanical energy, respectively. Additionally, the total
energy consumption (TEC) was calculated as follows (Cavagna et al., 1976; Varrecchia et al., 2018):

+
Wtat

TEC =
0.21 (10)

TEC was then normalized to the body weight and step length. For each subject, R-step and the normalized TEC values of all the
steps were averaged.
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2.5. Statistics

The Shapiro-Wilk test was used to analyze the normal distribution of the data. The dependent t-test or the Wilcoxon’s signed-rank
test were used to evaluate the differences between the A and NA sides of subjects with TTA and TFA for each time-distance, kine-
matic, kinetic, and energy consumption measurements. Furthermore, paired two-sample t-test or the Mann-Whitney test (two-tailed)
was used for each parameter to test for between-group differences (TFA vs. Ctra, TTA vs. Corra, and TFA,, vs. TTA,,). To evaluate
the effect of the gait speed on the CoA across the gait cycle, Watson-Williams test was used to test for circular data (Varrecchia et al.,
2018).

Furthermore, one-way ANOVA was used also to evaluate the differences among the three subgroups of subjects with TFA for each
evaluated parameter. Post hoc analyses (with Bonferroni’s corrections) were performed when ANOVA showed significant differences.

Significance level was set at p < 0.05. All analyses were performed using SPSS 20.0 (SPSS Inc., Chicago, IL, USA) and Matlab
(version 8.3.0.532, MathWorks, Natick, MA, USA) software.

3. Results
3.1. Time-distance parameters

The means, standard deviations, and statistical results for each time-distance parameter and for each group are presented in
Table 1.

3.1.1. People with amputation vs. controls

Significantly increased step width, step length, and double support duration in both sides were found in both TTA and TFA groups
compared to the C (Cy,rra and Cyrra). Stance duration was significantly increased in the NA side in both TTA and TFA groups, and
significantly decreased in the A side in the TFA group. Conversely, the swing duration was significantly decreased in the NA side in
both TTA and TFA groups, and significantly increased in the A side in TFA group (Table 1).

Significantly shorter stance duration and longer swing duration were found in the A side than in the NA side (Table 1, Fig. 2) in
TTA and TFA groups.

3.1.2. Type of prostheses (TFAy;, TFAc and TFAg)

A significant effect of the type of prosthesis on the step length of the NA side was detected. Post hoc analysis revealed higher
values for the Genium prosthesis compared to mechanical prosthesis (Table 1).

A significantly shorter step length in A side than in the NA one (Table 1) was found in TFAg subgroup. Furthermore, significantly
shorter stance duration and longer swing duration in the A side than in the NA one (Table 2) were found in all three TFAy;, TFA¢ and
TFAg subgroups.

3.1.3. TTA,, vs. TFA,,

A significant effect of the type of amputation (TTA,, vs. TFA,;,) on the stance and swing duration was found in both sides, with the
stance significantly increased and the swing significantly decreased in the NA side in TFA,, group compared to TTA,, group, (Table 1).
Conversely, the stance significantly decreased and the swing significantly increased in the A side in TFA,, group compared to TTA,
group (Table 1).

Significantly shorter stance duration and longer swing duration in the A side than in the NA one (Table 1) were found both in
TTA,, and TFA,,.

3.2. Kinematic data

The means, standard deviations and statistical results of RoM for the hip, knee, ankle, pelvic, and trunk for each group are shown
in Fig. 1.

3.2.1. People with amputation vs controls

Significantly increased hip and knee RoMs in NA side were found in TFA compared to Cp,rpa (Fig. 1). Furthermore, significantly
decreased ankle RoMs in A side were detected in both TTA and TFA compared to the speed matched C (Cy,rra and Cprra) (Fig. 1).

Significantly increased pelvic obliquity, trunk lateral bending, and trunk rotation RoMs of both sides were found in both TTA and
TFA groups compared to C (Figs. 1 and 2). Moreover, pelvic tilt, pelvic rotation, and trunk flection-extension RoMs of both sides were
significantly increased in TFA group compared to C,tra group (Figs. 1 and 2). Fig. 2 also shows that people with amputation walked
with the pelvis and trunk ante-flexed (flexed in a forward direction) compared to C.

A significantly shorter hip and knee RoMs were found in the A side than in the NA side (Fig. 1) in TFA group. Furthermore, a
significantly shorter ankle RoMs were found in the A side than in the NA side (Fig. 1) in both TTA and TFA groups.

3.2.2. Type of prostheses (TFAy, TFAc, and TFAg)
A significant effect of the type of prosthesis on the hip and knee RoMs in the A side and on the pelvic obliquity RoM was found in
both sides. Post hoc analysis revealed higher values of the hip and knee RoMs in the A side of TFAg subgroup compared to TFAy,
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Fig. 1. The means, standard deviations, and statistical results of range of motion for the hip, knee, ankle, pelvic, and trunk for each group. Cpyrra:
healthy subjects age-sex-speed matched with TTA; TTA: subjects with transtibial amputation; C,,rra: healthy subjects age-sex-speed matched with
TFA; TFA: subjects with transfemoral amputation; TFAy: subjects with transfemoral amputation with mechanical prosthesis; TFAc: subjects with
transfemoral amputation with CLeg prosthesis; TFAg: subjects with transfemoral amputation with Genium prosthesis; TFAR,: a subgroup of 13 age-
sex-speed matched subjects with a subgroup of TTA; TTA,,: a subgroup of 13 age-sex-speed matched subjects with a subgroup of TFA.

subgroup (Fig. 1) and lower values of the pelvic obliquity RoMs for the Genium prosthesis (TFAg) compared to mechanical prosthesis
(TFAyp in both sides (Fig. 1).
Significantly decreased knee and ankle RoMs in the A side than in NA side were found in TFAy,, TFAc, and TFAg subgroups

A CmTTA vs TTA B CmTFA vs TFA
a.1 : e - : . b.1 : - 0 - s ;
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5 20 10 10 40 10
e __—
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0 /_/\/ 1~ o0 /\ 0 //‘\/ Op——~_—= 0 /\
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% gait cycle % gait cycle % gait cycle % gait cycle % gait cycle % gait cycle
HSurma —TTAAside ——TTA NAside HSwra ~ — TFAAside ——TFA NAside

Fig. 2. Pelvic obliquity, pelvic tilt, pelvic rotation, trunk lateral bending, trunk flection-extension, and trunk rotation in both sides were found in
both TTA and TFA groups compared to controls. C,,rra: healthy subjects age-sex-speed matched with TTA; TTA: subjects with transtibial ampu-
tation; Cpyra: healthy subjects age-sex-speed matched with TFA; TFA: subjects with transfemoral amputation.
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(Fig. 1). Furthermore, a significantly decreased hip RoM in A side than in NA side (Fig. 1) was detected in TFAg subgroup.

3.2.3. TTA,, vs. TFA,

A significant effect of the type of amputation (TTA,, vs. TFA,,) on the knee, pelvic tilt, and trunk flexion-extension RoMs was
found, with the knee RoM significantly decreased in the A side in TFA,, subgroup compared to TTA,, subgroup (Fig. 1) and the pelvic
tilt and trunk flexion-extension RoMs significantly increased in both sides in TFA,, subgroup compared to TTA,, subgroup (Fig. 1).

A significantly shorter hip and knee RoMs were found in the A side than in the NA side (Fig. 1) in TFA,, subgroup. Furthermore, a
significantly shorter ankle RoM was found in the A side than in the NA side (Fig. 1) in both TTA,, and TFA,, subgroups. Significantly
shorter trunk lateral bending, trunk flexion-extension, and trunk rotation RoMs were found in the A side than in the NA side (Fig. 1)
in both TTA,, and TFA,, subgroups.

3.3. Kinetic data

The curves of the vertical force for C,rra and TTA (Fig. 3A) and for C,rpa and TFA (Fig. 3B) are shown in Cartesian coordinates as
mean curves (a.1 and b.1), and in polar coordinates as mean curve (a.2 and b.2), as well as single and mean CoA values (a.3 and b.3),
all expressed as percentage of gait cycle.

The means, standard deviations, and statistical results of VF for each group are reported in Table 3.

3.3.1. People with amputation vs. controls

A significantly increased Peaklyr value in NA side and a significantly decreased Peak2yr value in A side were found in TTA group
compared to Cp,rra group (Table 2). Significantly increased Peaklyg, CoAyr, and FWHMyr values in NA side were found in TFA
compared to Cyrpa (Table 2). Furthermore, significantly increased Peaklyr value and significantly decreased FWHMyr and CoAvyr
values in A side were found in TFA compared to C,tga (Table 2).

Peaklyr was significantly lower in the A side than in the NA side (Table 2) in TTA group. A significantly lower Peak2yy value was
found in the A side than in the NA side (Table 2) in both TTA and TFA groups. Furthermore, significantly higher Peaklyr and lower
FWHMyr and CoAyr values were found in the A side than in the NA side (Table 2) in TFA.

3.3.2. Type of prostheses (TFAy;, TFAc, and TFAg)

No significant effects of the type of prosthesis on the VF values were detected for both sides (Table 2).

A significantly increased Peaklyy value was found in A side than in the NA side (Table 2) in TFA¢ and significantly decreased
(p < 0.05) Peak2yy values were found in A side than in the NA side (Table 2) in TFA¢ and in TFAg subgroups. Furthermore,
significantly decreased FWHMyr and CoAyr values were found in A side than in the NA side (Table 2) in all three TFAy;, TFAc, and
TFAg subgroups.

A VR Cyyrry vs TTA B VR Cpyypy vs TFA
Curra TTA A side TTANA side Cutra TFA A side TFA NA side
a1 b.1
15 1.5
= 5 1
m 1 &
o ES
£ 05 0.5 l
0
% 700 O 100 0 100 o, 10 0 0 0 100
% gait cycle % gait cycle % gait cycle % gait cycle % gaiticycle % gait cycle
FWHM
25 b.2 2 FwaM % pweM
50 “o 50 0 50 ’ 0
75 75 75
25 b.3 25 25 25
¥
50 0 50 0 50 0 50 0 50 0 50 0
75 75 75 75 75 75
% gait cycle % gait cycle % gait cycle % gait cycle % gait cycle % gait cycle

Fig. 3. Curves of the vertical force for Cpyrra and TTA and for C,,rra and TFA shown in Cartesian coordinates as mean curves (a.1 and b.1), and in
polar coordinates as mean curve (a.2 and b.2), as well as single and mean CoA values (a.3 and b.3), all expressed as percentage of gait cycle. Cyyrra:
healthy subjects age-sex-speed matched with TTA; TTA: subjects with transtibial amputation; C,,rra: healthy subjects age-sex-speed matched with
TFA; TFA: subjects with transfemoral amputation.
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3.3.3. TTA,, vs. TFA,

A significant effect of the type of amputation (TTA,, vs. TFAy,) on the VF values was detected. Peaklyy was significantly decreased
in the NA side in TFA,, group compared to TTA,, group (Table 2). FWHMyf was significantly increased in the NA side and sig-
nificantly decreased in the A side in TFA,, group compared to TTA,, group (Table 2).

Significantly lower values were found in the A side than in the NA side for Peaklyyr and Peak2yg in TTA;,, for FWHMyg in both
TTA,, and TFA,, group, and for CoAvyr in TFA,, (Table 2).

3.4. Energy consumption measurement
Fig. 4 shows means, standard deviations, and statistical results of R-step and TEC values.

3.4.1. People with amputation vs controls
A significantly lower value of R-step in TFA subgroup compared to Cp,tra Subgroup was found (Fig. 4). No significant differences
of TEC values were detected.

3.4.2. Type of prostheses (TFAy, TFAc and TFAG)
No significant effects of the type of prosthesis were found on both R-step and TEC (Fig. 4).

3.4.3. TTA,, vs. TFA,,
A significant effect of the type of amputation on R-step was found, with R-step value of TTA,, subgroup being significantly higher
than that of TFA,,. Instead, no significant effect of the type of amputation on TEC was detected (Fig. 4).

4. Discussion

This study aimed to identify both common and specific gait patterns in people with amputation, either regardless of, or according
to their level of amputation and the type of prosthetic component. Furthermore, this study was focused on the symmetric and
asymmetric aspects of these patterns.

To have a global picture of all the gait deficits for both the common and the specific gait patterns, the data were summarized in
Table 3.

In general, regardless of the level of amputation and type of prosthesis, subjects with TTA and with TFA showed a common gait
pattern characterized by a symmetric increase of step length, step width, double support duration, pelvic obliquity, trunk lateral
bending, and trunk rotation range of motions with increased pelvis and trunk ante-flexed (flexed in a forward direction) posture.
Almost all these gait deficits reflect compensatory mechanisms adopted by people with amputation presumably to increase their
stability in the frontal plane (increased step width), to maintain the most stable configuration (increased double support duration), to
assist the lift of the affected limb (increased trunk lateral bending), while increasing the time of the stance and the force production
during weight acceptance in the unaffected limb. Conversely, the reduced ankle joint range of motion in the prosthetic limb, which is
the common prosthetic joint in both subjects with TTA and with TFA, is directly linked to the use of the prosthesis.

The increased step length is likely related to a compensatory increased movement of the trunk and pelvis (Fig. 1), since both the

‘ | CmTTA
RStep TEC
hd TTA
* |

hd Cu
> 50 & 1 TFA
o0 hd TFA
e o | i
2 ] 4 || TFAy
_§ S 3o I g 0.6 lud TFA.
g § 20 § 0.4 M TFAG
S A =
(@]
= 10 0.2 W TTA,

B TEA,,

0 0

Fig. 4. Means, standard deviations, and statistical results of fraction of mechanical energy recovered during each walking step (R-step) and total
energy consumption (TEC) values for each group. C,,rra: healthy subjects age-sex-speed matched with TTA; TTA: subjects with transtibial ampu-
tation; Cy,rra: healthy subjects age-sex-speed matched with TFA; TFA: subjects with transfemoral amputation; TFAy;: subjects with transfemoral
amputation with mechanical prosthesis; TFAc: subjects with transfemoral amputation with CLeg prosthesis; TFAg: subjects with transfemoral
amputation with Genium prosthesis; TFA,,: a subgroup of 13 age-sex-speed matched subjects with a subgroup of TTA; TTA,,: a subgroup of 13 age-
sex-speed matched subjects with a subgroup of TFA.
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knee and hip joint range of motions of the prosthetic limb were either not increased, in the TTA group, or even reduced, in TFA group.
However, it is not possible to exclude that the lack of sensory feedback (Fan et al., 2008) might have played a role in determining a
hypermetric foot placement in the prosthetic limb, which, in turn, would have influenced the foot placement of the unaffected limb,
as adaptive mechanism of the new support base schema (Head & Holmes, 1911; Ivanenko et al., 2011).

The subjects with TFA showed a specific gait pattern that differed from that of C and subjects with TTA in terms of kinematic,
kinetic, and energetic behavior. The subjects with TFA reduced the duration of the stance and increased the duration of the swing in
the prosthetic limb. Moreover, they increased the hip and knee joint range of motions in the unaffected limb. Interestingly, in the
prosthetic limb of subjects with TFA, the Peakl was increased, while the full width at half maximum was reduced. In general, the
Peak and full width at half maximum parameters express two different spatio-temporal aspects of the force production. The first
represents the maximal force produced in a given instant during the loading response subphase, while the second represents the
amount of the force production (> 50% of the maximum) maintained during the whole duration of the stance. In this view, the
subjects with TFA seem to be unable to control the prosthetic limb during the heel strike, likely caused by a reduced deceleration of
the prosthetic limb from the late swing to the initial contact, leading to an increase in the Peakl. At the same time, they are unable to
produce and maintain an adequate force during the whole stance phase, leading to a decrease of the full width at half maximum. Such
behavior is reflected by the shift of the center of activity toward the initial contact event (initial part of the stance). Conversely, the
full width at half maximum was increased in the unaffected limb, which compensated by producing a stronger force maintained for a
longer time, determining, in this case, a shift of the center of activity toward the toe off event (final part of the stance). Altogether
these findings deeply reflect the essence of the asymmetric gait (Iosa et al., 2014) revealing the greater effort achieved by subjects
with TFA to compensate for the reduced motor performance by increasing both motion and force production in the unaffected limb.
As a final result, this specific gait pattern makes the subjects with TFA unable to recover energy during the stance phase (Fig. 4).

People with amputation with Genium prosthesis (TFAg) showed a longer step length in NA side and increased hip and knee range
of motions in the prosthetic side compared to subjects with mechanical prosthesis, who, conversely, showed a symmetric increased
pelvic obliquity. These findings indicate that the type of prosthesis influences the gait pattern of people with amputation both in
terms of gait performance and adaptation (Highsmith et al., 2016). In this view, the increased step length and hip and knee ranges of
motion, together with the trend of gait speed (Table 1), might reflect a better gait performance for the Genium vs mechanical
prostheses. Conversely, the increased pelvic obliquity seems to reflect a greater compensatory effort in subjects with mechanical
prostheses, likely aimed to lift the limbs during the gait progression.

In conclusion, in spite of common gait pattern in subjects with lower limb prostheses, both the anatomical level of amputation and
type of prostheses determine a specific gait pattern that should be taken into account when developing new and ergonomic prosthetic
devices and when planning the rehabilitation programs aimed at improving the physiology of gait and reducing the gait asymmetries.
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