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Abstract: (1) Background: A lower limb prosthesis replaces a lost body part with a differential
representation of gait function and its symmetry. Many physical, personal, and specific factors in
amputees influence gait asymmetry. The aim of this study was to determine the factors influencing
the asymmetry of gait in amputated patients. (2) Methods: The study group consisted of 12 people.
Gait quality was assessed using the MoCap OptiTrack® Motion Capture System and the results
were correlated with demographic factors (age, gender), morphological features (height, weight),
amputation-related factors (cause and side of amputation, prosthesis time, and prosthesis fixation),
and ailment pain. The control group consisted of 12 people. (3) Results: In the study group, a positive
correlation between the mean walking speed and height in the study group was demonstrated, as
well as a positive correlation between the difference in ROM and height, and a negative correlation
between the mean walking speed and age. A negative correlation between the difference in ROM and
age was found in both groups. A positive correlation was found between the width of the support
and the weight in the control group. No other statistical relationship with the parameters describing
gait asymmetry was found. (4) Conclusions: Statistical analysis showed that mean walking speed
and ROM difference in the study group were positively related to height and negatively to age. No
other statistical relationship with the parameters describing gait asymmetry was found.

Keywords: lower-limb prosthetic; gait asymmetry; walking speed; ROM difference

1. Introduction

The gait function is possible even with simple mechanical lower-limb prostheses [1,2].
Advanced bionic lower-limb prostheses allow for adjusting the settings within the ankle
joint depending on the gait cycle [3]. The running function is often associated with a
far-reaching modification of the prosthesis structure, where the mechanics and shape do
not resemble those of the amputated part of the limb [4].

The prosthesis replaces the lost part of the body. An important factor in prosthesis is
the recovery of lost functions, the most important of which is the gait function coming as
close as possible to the state before amputation. The problem arises at the stage of defining
the correct gait function. Gait is an individual feature of each of us, allowing us to stand
out, just like in the case of fingerprints. That this feature does not remain constant and is
adjusted depending on various factors [5].

Therefore, it is extremely difficult to determine the quality of gait in amputated patients.
There is no doubt that the quality of life of amputees is related to the quality of walking. It
has been shown that prosthesis is mainly related to the age of the patient [6]. On the other
hand, gait in people after lower-limb amputation never recreates the function of the gait
before amputation. Gait cycles are overimposed repetitive loops of stance and swing phase
for each leg with a ratio of 60 to 40%. Each step forward makes the upright body lose its
balance with consecutive steps to regain it temporarily. The forces produced by the gait
cycle allow the movement of the body. Those are the main features of the gait: movement
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and balance. They are strictly related to each other. A proper gait is harmonious due to
each cycle being repeated with proper timing.

The evaluation of the gait can be descriptive—by observation of the gait cycle or by
measuring its parameters, which can be grouped in three main categories: main temporal-
spatial, kinematic, and dynamic or additional.

Many factors can affect the quality of walking after amputation, but it is still difficult
to relate them to the quality of walking. Van Velzen et al. (2006) showed strong correlation
between balance and walking ability and doubtful or insufficient relations between other
elements of physical capacity and walking ability. Despite this, the authors point out that
other factors should not be ignored, especially at the rehabilitation stage [1].

Following lower-limb amputation, demographics (i.e., age, sex, and amputation eti-
ology) have been identified as non-modifiable factors impacting function [7]. Given the
complex interdependence of physical, personal, and specific factors in amputees influenc-
ing gait asymmetry, multivariate analyses can identify which of these factors have the
greatest impact on people with lower-limb amputation and can help clinicians focus their
treatment on the most critical factors [8].

The aim of this study was to determine the factors influencing the asymmetry of gait in
amputated patients. The study attempted to determine the correlation of the quality of gait
in prosthetic patients with demographic factors (age, sex), morphological features (height,
weight), factors related to amputation (cause and side of amputation, time of prosthesis,
and prosthesis fixation), and pain.

2. Materials and Methods

The study was conducted in two groups: the study group—consisting of people after
unilateral amputation in the area of the lower leg—and the control group.

The study group consisted of 12 people, including 4 women and 8 men. The age
range was 20–73 years. The most common cause of amputation was trauma, e.g., as a
result of a traffic accident (in half of the subgroup). Other causes were described as non-
traumatic (diabetes, sepsis). In seven people the amputated limb was the lower left limb,
and in five the right. Inclusion criteria included one-side below-knee amputation, time
since amputation, using the prosthesis for more than one year, and no additional support
during normal walking, whereas the exclusion criteria were bruises or scarring of the stum,
other conditions necessitating the readjustment of the prosthesis, other medical conditions
with possible pain localized in the limb (disc protrusion or other root compression due
to degeneration, osteoarthritis of the hip joint or knee joint), and lack of agreement to
participate in the study.

All subjects used a prosthesis with a rigid foot, that is, it did not reflect the movement
in the ankle joint. Three of the participants walked on a wooden one and the remaining
nine on a composite prosthetic foot. The types of prosthetic suspensions were as follows:
PIN (four people) and negative pressure; passive—five people and active—three people.
Most prosthetic users experienced pain in the lower lumbar spine, as well as around the
knee and hip when walking for a long time. There were also occasional pains and abrasions
in the area of the arrowhead. Excluding factors from the study were amputation at the
level of the knee joint and above, amputation of both lower limbs, lack of regular use of the
prosthesis, age under 18 or over 75 years, and the use of additional support while walking
(armpits, elbows, tripod, quadruple, walker, etc.).

The control group consisted of 14 people (4 women and 10 men) aged 24–45 years,
without developmental deformities in the lower limbs and with a negative medical history
of injuries in the lower limbs. Control-group inclusion criteria were healthy individuals
with no trauma of the lower limb in medical history, and exclusion criteria were malforma-
tion of the lower limbs or limb discrepancy, pain of any nature during walking, and lack of
the agreement to participate the study.
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2.1. Gait Analysis

The tests were performed in the biomechanics laboratory of the locomotor system at
ENforce Medical Technologies LLC (ul. Szelagowska 45 A, Poznan, Poland) in the period
from December 2021 until March 2022. The gait analysis was performed by a trained
physiotherapist (coauthor KŁ) with 2 years’ experience with gait analysis both in clinical
application and evaluating reports from the gait laboratory.

Gait quality was assessed on the basis of the following parameters:

• The difference in the length of the support phase of the left and right limbs (%)
(diff_supp_ph_%);

• The difference in the length of the support phase of the left and right limbs (s)
(diff_supp_ph);

• Width of the support base during the double-support phase (m) (width_supp_base);
• Average walking speed (m/s) (walking speed);
• Ankle ROM difference in flexion and extension of the normal limb to the prosthetic

joint (◦) (diff_ROM).

The studies were performed using the Motion Capture MoCap OptiTrack® system
(NaturalPoint, Inc. DBA OptiTrack—Corvallis, OR, USA). The gait study was performed on
motion-measurement equipment using slow-motion cameras recording the movement of
passive markers located at characteristic points on the subject’s body (Figure 1). Information
about the movement of individual points on the body was further embedded in the
coordinate system in Motive. The analysis of the results from the study was performed in
SST SYSTEMS Clinical 3DMA (Figure 2).

At the beginning, the examined person walked several laps around the laboratory
in order to become familiar with the measuring track, and then the gait recording began.
There were no tripping hazards in the measuring area and the floor was lined with a rubber
lining to minimize the risk of the patient slipping.

The task of the subject was to walk 20–30 times the length of the 6.5 m-long, 1.5 m-wide
track at the speed that was optimal for them. The number of passes depended on the
patient’s physical condition, the occurrence of pain symptoms, and the body’s capacity.

The processing of the receipt of the results to obtain the final reports and recordings
was performed with the Motive and STT Insight applications. The middle of all registered
crossings was analyzed. Additionally, the material for the analysis was verified by a
biomechanist and a physiotherapist in order to exclude incidental gait disturbances.

The final report included the assessed parameters in the form of averaging data from
several gait cycles, allowing the comparison of the left and right limbs at the same time. In
addition, the results were plotted on the parameters of healthy people available in the SST
SYSTEMS Clinical 3DMA application.

The obtained parameters describing the quality of gait were combined with the following
epidemiological data: age, weight, height, side of amputation, period of prosthesis, cause of
amputation, occurrence of pain, type of prosthetic foot, and type of prosthetic socket.
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2.2. Statystical Analysis

The analysis used Statistica software (Version 13.0, StatSoft Inc., Tulsa, OK, USA).
Spearman’s rank correlation was performed to determine the relationship between the
gait-quality parameters and epidemiological and clinical parameters. The analysis was
performed to evaluate variables from the independent assumption showing the mutual re-
lationships between the analyzed factors by applying principal component analysis (PCA).

3. Results

There was no correlation between the difference in the length of the support phase
of the left and right limbs and age, body weight, and height in either the control or the
amputation group. In the control group, there was a positive correlation (0.54) with the
width of the base of support during the double-support phase, which was not shown in the
amputated group.

A positive correlation was found between the average walking speed and height in the
study group. The parameter was significantly negatively correlated with age in the study
group (−0.76), whereas in the control group the correlation was −0.46 and no statistical
significance was demonstrated (Table 1.).

Table 1. Characteristics and correlation coefficients for the parameters of gait quality and epidemio-
logical factors for the amputee group and the control group.

Parameters Age Weight Height Duration of
Prosthesis Pain Age Weight Height

Characteristic
(mean ± SD) 47.7 ± 15.6 91 ± 16.4 176.9 ± 9.5 28.8 ± 7.7 79.4 ± 14.7 181 ± 8.6

Amputation group Control group

diff_supp_ph_% 0.08 −0.01 −0.04 0.05 0.09 0.21 0.36 0.15

diff_supp_ph −0.02 −0.01 −0.05 −0.10 0.08 −0.01 0.32 0.13

width_supp_base 0.25 0.16 0.17 −0.12 0.25 −0.26 0.54 *
p = 0.047 0.07

Walking speed −0.74 *
p = 0.01 −0.23 0.76 *

p = 0.01 −0.03 −0.19 −0.46 −0.04 0.11

diff_ROM −0.57 0.22 0.67 *
p = 0.03 −0.48 −0.13 −0.61 *

p = 0.04 −0.38 −0.51

Duration of
prosthesis 0.13 −0.37 −0.40 0.27

Pain −0.09 0.34 −0.20

* Statistical significance (p < 0.05)

The ratio/difference of ankle-joint ROM for both limbs was negatively correlated with
age in both the control and amputation groups. A significant positive correlation was
shown between the ankle ROM ratio of both limbs and the height in the test group (−0.61),
whereas in the control group the correlation was the opposite (−0.51).

The gait-quality parameters were not statistically significantly associated with pain
intensity or duration of prosthesis.

In PCA in the amputation and control groups, the difference in the length of the
support phase of the left and right limbs (s) and (%) was described by factor 2, whereas the
epidemiological parameters were described by factor 1, with age and duration of prosthesis
correlated with each other (Figures 3 and 4).
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support phase of the left and right limbs (s). Projection of the variables on the factor plane of the first
two principal components for the amputated group (a) and the control group (b).

In PCA in the amputation and control groups, the width of the support base during
the double-support phase (m) was described by factor 2, whereas the epidemiological pa-
rameters were described by factor 1, with age and duration of prosthesis in the amputation
group correlated with each other (Figure 5).
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Figure 5. A graphic illustration of the principal component analysis of the epidemiological parameters
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In PCA in the amputation and control groups, mean walking speed was described by
factor 1 as opposed to age. Body weight was described by factor 2 (Figure 6).
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In PCA in the amputation and control groups, the difference in ROM was described
by factor 1, and was opposite to age. Pain in the amputation group was described by factor
2, and age was correlated with the duration of prosthesis for factor 1 (Figure 7).
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Figure 7. A graphic illustration of the principal component analysis of the epidemiological parameters
(age, height, weight), duration of prosthesis, and the parameter of ROM difference in the ankle joint
between the limbs. Projection of the variables on the factor plane of the first two principal components
for the amputated group (a) and the control group (b).

A significant positive correlation was demonstrated between the ROM difference in
the ankle joint between the limbs and height only in the group of patients after traumatic
amputations. No other significant correlations were found. Opposite correlations were
found for the groups of patients after traumatic and non-traumatic amputation in all factors
(age, weight, height, duration of prosthesis, pain) for the parameters of the difference in the
length of the support phase of the left and right limbs (%) and (s) (Table 2).

Table 2. Correlation coefficients for the gait-quality and epidemiological parameters by cause of
amputation. * statistical significance (p < 0.05).

Gait Parameters Cause of Amputation Age Weight Height Duration of Prosthesis Pain

diff_supp_ph_%

Traumatic

0.2 −0.30 −0.20 0.4 0.53

diff_supp_ph 0.2 −0.36 −0.10 0.4 0.43

width_supp_base 0.2 −0.21 −0.05 0.2 0.65

Walking speed −1.0 −0.70 0.80 −0.6 −0.53

diff_ROM −0.6 0.10 0.9 * −1.0 0.05

diff_supp_ph_%

Non-traumatic

−0.5 0.5 0.5 −1.0 −0.87

diff_supp_ph −0.5 0.5 0.5 −1.0 −0.87

width_supp_base −0.9 0.9 0.9 0.0 0.50

Walking speed −1.0 1.0 1.0 −0.5 0.00

diff_ROM −0.5 0.5 0.5 −1.0 −0.87

In the group of amputations due to non-traumatic reasons, the difference in the length
of the support phase of the left and right limbs (s) and (%) was described by factor 2 and
was opposite to pain, whereas in the traumatic group the parameters correlated with each
other. At the same time, the parameter the difference in the length of the support phase of
the left and right limbs was opposite to the period of prosthesis, regardless of the reason
for the amputation. Epidemiological parameters were described by factor 1 regardless of
the cause of amputation (Figures 8 and 9).
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first two principal components for the amputated group with a division for the cause of amputation:
non-traumatic (a) and traumatic (b).
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Figure 9. A graphic illustration of the principal component analysis of the epidemiological parameters
(age, height, weight), duration of prosthesis, and the parameter of the difference in the length of the
support phase of the left and right limbs (s). Projection of the variables on the factor plane of the
first two principal components for the amputated group with a division for the cause of amputation:
non-traumatic (a) and traumatic (b).

In the group of amputations due to non-traumatic reasons, the width of the support
base during the double-support phase (m) was described by factor 1 and correlated with
weight and height and was opposite to age. In this group, the pain and the period of
prosthesis were described by factor 2.

In the trauma group, the width of the base of support during the double-support phase
(m) correlated with pain symptoms in relation to factor 2, whereas the epidemiological
parameters were described by factor 1 (Figure 10).
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Figure 10. A graphic illustration of the principal component analysis of the epidemiological param-
eters (age, height, weight), duration of prosthesis, and the parameter of the width of the support
base during the double-support phase. Projection of the variables on the factor plane of the first
two principal components for the amputated group with a division for the cause of amputation:
non-traumatic (a) and traumatic (b).

There was a significant negative correlation between walking speed and age for the
pressure-fixation group, but it did not differ from the pin-lock suspension system. There
were no other significant correlations or large differences between the groups based on the
suspension system of the prosthesis (Table 3).

Table 3. Correlation coefficients for the gait-quality and epidemiological parameters based on
suspension systems: pin-lock and pressure. * statistical significance (p < 0.05).

Gait Parameters Suspension Systems Age Weight Height Duration of Prosthesis Pain

diff_supp_ph_%

Pin-lock

0.40 0.00 −0.20 0.40 0.74

diff_supp_ph 0.32 0.21 0.11 0.11 0.89

width_supp_base 0.40 0.20 0.80 −0.40 0.63

Walking speed −0.80 0.60 0.40 −0.80 −0.21

diff_ROM −0.40 0.80 0.20 −0.40 0.95

diff_supp_ph_%

Pressure

0.00 0.26 −0.09 −0.20 −0.49

diff_supp_ph −0.22 −0.03 0.03 −0.41 −0.79

width_supp_base −0.07 0.32 0.00 −0.12 −0.40

Walking speed −0.81 * −0.31 0.71 0.60 0.10

diff_ROM −0.32 0.71 0.60 −0.37 −0.10

There were no other significant correlations or differences between the groups based
on the side of the prosthetic (Table 4).
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Table 4. Correlation coefficients for the gait-quality and epidemiological parameters based on side of
amputation. * statistical significance (p < 0.05).

Gait Parameters Site Age Weight Height Duration of Prosthesis Pain

diff_supp_ph_%

Left

0.30 0.20 −0.50 0.4 0.32

diff_supp_ph 0.21 0.15 −0.36 0.4 0.22

width_supp_base 0.30 0.20 −0.50 0.4 0.32

Walking speed −0.90 * −0.60 0.70 −0.2 −0.74

diff_ROM −0.50 0.60 0.70 −1.0 −0.74

diff_supp_ph_%

Right

0.20 −0.70 0.10 −0.30 −0.21

diff_supp_ph 0.05 −0.36 0.00 −0.56 0.05

width_supp_base 0.05 −0.15 0.76 −0.67 0.16

Walking speed −0.70 0.30 0.82 0.30 0.63

diff_ROM −0.60 −0.10 0.67 −0.10 0.58

4. Discussion

Statistical analysis showed that mean walking speed and ROM difference in the
study group were positively related to height and negatively to age. No other statistical
relationship with the parameters describing gait asymmetry was found.

Asymmetry of the gait is one of the parameters evaluating the functionality of the
prosthesis. There is an array of potential factors influencing the positive reception of the
prosthesis as well as its failure. The prosthesis process is personalized, i.e., prostheses are
usually tuned to individual characteristics based on the general pattern. Therefore, it is
difficult to define potential traits that influence gait asymmetry in this population, in addi-
tion to the fact that the manufacturing process is usually dispersed within the population,
yielding small potential groups to analyze the data with the use of classical statistics. The
study points to epidemiological data that are more prone to causing gait asymmetry that
may be addressed during the process of prosthesis production and rehabilitation for new
users. Multivariate analysis indicated that pain symptoms and the period of prosthesis
were of significant importance in the case of parameters describing the asymmetry of gait
(asymmetry of the support phase), especially in patients after amputation in the course of
metabolic disease, but other factors such as age, height, and weight determined the main
variability of the system in two basic factors.

These factors were less important in patients with traumatic amputations, but they
also did not affect the major variability of the two basic factors. In addition, pain complaints
were of the greatest importance in the group of amputated people in the course of metabolic
disease in relation to the difference in mobility of the ankle joint, without being one of the
main factors describing system variability. On the other hand, in the group of patients
after traumatic amputation, the factor of highest importance included in the group of main
factors was growth.

It is not always possible to walk after an amputation. Van Velzen et al. (2006) pointed out
that the total number of people with an amputation regaining walking ability (with or without
walking aids such as crutches) in different studies ranges from 56% to 97%, and the percentage
of outdoor walkers is even smaller, between 26% and 62% [1]. The possibility of making a
prosthesis does not always mean it will be used effectively. The obvious cause is both the age
and the performance of the amputee, which was also shown in the above analysis.

Analyses of walking speed after amputation show variability—some studies show a
reduction in walking speed, and some studies show no changes [9]. To reduce transport
costs and discomfort, patients with lower-limb amputation spend more time on the intact
limb and reduce their walking speed [10]. In our group, the average walking speed was
also significantly lower than in the control group.
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Gait asymmetry has been found in most studies. Jaegers et al. (1995) [11] showed that
asymmetry was dominant, especially in patients after amputation within the thigh. Long-
term studies confirm that asymmetry may persist in the 10-year period after prosthesis
without the possibility of indicating a trend of improvement in gait symmetry in the later
period [11–13].

Many studies, apart from the kinematic assessment, do not analyze the factors that
could potentially influence gait asymmetry. Seth et al. (2015) demonstrated a relation-
ship between step-length and stance-time asymmetry that was associated with poor
performance-based physical function, suggesting in the conclusions that gait asymme-
try may be a factor in poor physical function after lower-limb amputation [14]. They
indicated physical function as the main factor of asymmetry in the study, as well as in the
study protocol. At the same time, fewer symmetry disturbances are observed in people
with amputation below the knee.

Gait asymmetry is probably inevitable due to the high variability of demographic,
musculoskeletal, and prosthetic features [15]. Determining the factors influencing asym-
metry remains a problem. Adamczyk et al. postulate that asymmetry is, unfortunately, an
element that is to some extent impossible to avoid in amputees [15]. A significant limitation
is also the adopted methods of analysis, where it has been shown that the analysis of
single factors describing asymmetry is insufficient for the evaluation of comprehensive gait
function [16].

Time since amputation, below-knee amputation, and male gender were predictors of
better quality of life and better adaptation to amputation [17]. We showed no effect of the
duration of prosthesis as a factor of gait asymmetry. Gait asymmetry during walking was
significantly related to physical fitness in adults with unilateral lower-limb amputation,
and the increase in stride length and the asymmetry of posture time corresponded to the
deterioration of the results [14].

A slight increase in the size of the load, as seen here, in combination with kinematic
changes, may initiate trauma and lead to pain complaints, the presence of which in people
with lower-limb amputation is influenced by the presence of more than two comorbidities
and phantom pain [8,18]. Our study did not find any factors that would increase the risk of
painful symptoms. Only the opposite relationship between pain and asymmetry of gait
was demonstrated between patients after traumatic and non-traumatic amputations.

Researchers indicate that two research pathways should be delineated to better pre-
dict gait-asymmetry factors—experimental-design parameterization and model-based
simulations—but combining them to improve real-world performance remains a chal-
lenge [19].

Sanders et al. (2018) analyzed the effects of three different outpatient aids (traditional
crutches, knee scooters, and prostheses) on lower-limb muscle activation as measured by
surface EMG. The researcher indicated that the temporary-injury prosthesis showed the
smallest total deviation of muscle activation from normal gait [20]. It has also been shown
that amputees increase the co-activation of the muscles of the healthy limb while walking
as a compensatory/adaptive mechanism for coping with prosthetic limbs, possibly playing
a role in prosthetic gait asymmetry and energy consumption. [21]. Other authors showed
that amputees walked symmetrically, but had stance-time asymmetry, and the metabolic
cost of symmetrical walking was 13.6% higher [22].

The main limitation of the research is the small size of the analyzed groups. In the
review study, the size of the groups ranged from eight to 17 people. In addition to the small
size of the groups, they were heterogeneous in terms of the analyzed factors. Another limita-
tion may be the limited number of factors that were defined to assess the asymmetry. There
are more of them, because asymmetry is a very complex and multi-variant phenomenon.
However, adding more would pose an even greater analytical challenge. With such small,
heterogeneous groups, the tools of classical statistics usually turn out to be imprecise. There-
fore, taking the above into account, we decided to assess the relationship of epidemiological
factors with gait-symmetry indicators using PCA. The greatest advantage of PCA is the
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utilization of collectives of multivariate data of the unrelated characteristic. Through the
calibration and modeling process, it is suitable for pattern recognition and classification.
The diversity of the data through PCA allows for the correction of the impact of the specific
traits on the whole system, as well as compression of the information for the benefit of the
statistical-process control. Additionally, it is important that PCA can be performed on small
samples without significant loss of the quality of the obtained results, which is a significant
limitation for classical statistics. All of the above elements indicate that PCA may be the
optimal method for analyzing gait disturbances in amputees.

5. Conclusions

The presented studies indicate that the age and height of the patient influenced the
walking speed and the differences in ROM in the study group. In addition, there were
clear differences in the impact of pain on quality in traumatic and non-traumatic patients.
Moreover, no other statistical correlations with the parameters describing gait asymmetry
were found. The pain symptoms and the period of prosthesis were of significant importance
in the case of parameters describing the asymmetry of gait (asymmetry of the support
phase), especially in patients after amputation in the course of metabolic disease, but other
factors such as age, height, and weight determined the main variability of the system in
two basic factors.
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