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ABSTRACT

Background and Objectives: Analysis of gait parameters and energy expenditure in different
walking speeds in trans-tibial amputees has been less investigated. This may provide an insight into
how they respond to it. The main aim of this study was to investigate the effect of walking speed
changes on gait parameters and metabolic energy consumption in unilateral trans-tibial amputees
using the prosthesis.

Methods: Thirty trans-tibial amputees fulfilling inclusion criteria were investigated for gait
parameters using a ten-meter walk test while these subjects walked with three different walking
speeds (comfortable, fast, and slow). Temporal-spatial gait parameters, such as step length, stride
length, velocity and cadence, and Physiological Cost Index (PCI) for metabolic energy consumption
were analyzed by repeated-measures ANOVA.

Results: Step length of a prosthetic side in the fast walking speed (0.67+0.10 m) was higher than
the normal comfortable speed (0.56+0.13 m) and least in slow walking (0.42+0.06 m). A similar
trend was observed for all gait parameters. PCI (beats/m) was least in normal comfortable speed
(0.08+0.09), followed by fast walking speed (0.11£0.08). It was highest when patients walked at a
slow speed (0.18+0.12). There was a significant difference in all temporal-spatial gait parameters
and PCI in three walking speed conditions (P<0.05).

Conclusion: Walking speed significantly affected all temporal-spatial and energy parameters in
unilateral trans-tibial amputees.
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f What is “already known” in this topic:

—» What this article adds:

rameters.

Effect of Walking Speed on Gait Parameters and Energy Expenditure

In addition to quantifying the temporal-spatial parameters and metabolic cost of unilateral transtibial amputee
gait with walking speed changes, this study provided an insight into any association between the observed pa-

Introduction

ranstibial Amputation (TTA) involves

amputation through the tibia, loss of

ankle joint, and partial loss of lower

extremity muscle groups that presents

considerable challenges to the amputees
during gait and other activities of daily living. TTA is
the second most common type of amputation primarily
due to traumatic injuries and vascular diseases. It is a
well-known fact that walking speed is reduced in TTA
compared to healthy subjects and is significantly de-
creased at higher levels of amputation. TTA results in
much asymmetry due to the functional loss of the ankle
plantar flexors, which have been shown to be critical in
providing body support, forward propulsion, and leg
swing initiation during normal walking [1]. Therefore,
efforts in the rehabilitation of amputees are directed at
the construction of a prosthesis, which provides normal
leg function and allows a more symmetrical gait. The
sound leg has to compensate for the other side, which
creates asymmetry with regards to shortened stance du-
ration and vertical and horizontal ground reaction forces
on the prosthetic limb [2].

In addition to specific walking speeds, circumstances
and environmental conditions cause alterations in veloc-
ity. An amputee with community ambulation may require
walking at a range of speeds in order to perform certain
activities, such as crossing a street, catching a bus, or
keeping up with peers [3]. However, two important pa-
rameters, such as an increase in energy expenditure and
reduction in walking speeds may impede the ability of
individuals using trans-tibial prostheses to participate in
chosen activities. It has been observed that with increas-
ing walking speed, temporal gait variables are reduced,
particularly on the prosthetic limb, while vertical ground
reaction force is increased in magnitude for the intact
limb [4]. Limited data exist on the effect of walking

speed on gait asymmetry and energy expenditure. Total
energy consumption during walking in traumatic TTA is
25 percent higher and their movement speed is lower by
13 percent compared to the normal population [5].

In literature, the studies conducted on walking speed and
its effects in unilateral TTA are lacking. investigation of the
effects of walking speed on minimum toe clearance (kine-
matics) and the temporal relationship between minimum
clearance and peak swing-foot velocity in unilateral TTA
using advanced prosthetic feet. Minimum toe clearance was
reduced on the prosthetic side and did not increase with the
walking speed increase. Peak swing-foot velocity consis-
tently occurred after the point of minimum toe clearance
on both limbs across all walking speeds [6]. Some studies
have investigated the effect of walking speed changes on the
metabolic energy in traumatic unilateral TTA [5, 7-10, 11].
However, conflicting results have been observed by earlier
researchers on the association between walking velocities
and energetic gait. Christine et al. observed that the energy
cost of gait increases at lower speeds and vice versa [7]. In
contrast, Sokhangoei et al. concluded that by increasing the
speed, the walking energy costs in the amputee group inten-
sifies [5]. Limited $tudies have investigated the effects of
alteration of walking speed on gait parameters in unilateral
TTA [10, 12]. There is only one study, which has evalu-
ated the effects on gait parameters and energy expenditure
by altering walking speed (slow, fast, and self-selected) in
subjects with TTA[10].

The results showed significant changes in the gait pa-
rameter, which indicates that the amputee’s gait is not
normalized in various walking speeds. The investigators
reported a minimum value of PCI indicating better gait
efficiency at higher walking speed during the initial pe-
riod of walking. Therefore the intent of this study was to
assess whether there is any change in temporal-spatial
parameters and energy expenditure in unilateral TTA
wearing prostheses that walked with fast, slow, and com-
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Figure 1. (a) Residual limb and prosthetic system; (b) Oxymeter used for PCl measurement

fortable speed. Secondly, the objective was also to inves-
tigate the effect of walking speed changes on metabolic
energy consumption. The prosthesis used in this study
was modular in design with a PTB socket, Ranger foot
(solid ankle), and cuff suspension. The prosthetic com-
ponents used in this study were confined as there is evi-
dence describing the influence of prosthetic components
on gait parameters among this population [13]. It was
hypothesized that there could be significant differences
in gait parameters and energy consumption in unilateral
TTA using prosthesis while walking at different speeds.
Manipulating walking speed could give a valuable in-
sight into how amputees respond to different physical

Figure 2. Performance in 10 m walk test

a: Right prosthesis; b: Left prosthesis.

demands made on them, such as increased or decreased
walking speed. This study also focused on whether the
amputees get exhausted or face any other complications
while walking at different speeds. This will encourage
the prosthetist whether to suggest amputees vary walk-
ing speeds during normal activities.

Methods
Study population

Thirty subjects of either sex with unilateral TTA using
prosthesis for at least the past three months [14] were

Patraet al. Effect of Walking Speed on Gait Parameters and Energy Expenditure. Func Disabil J. 2021; 4:E41
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(a) Foot Impression; (b) Measurement of Gait Parameters during 10 m walk test

recruited as per the inclusion and exclusion criteria. The
inclusion criteria were a minimum residual limb length
of four inches from the medial tibial plateau, [13, 15]
no contracture on the proximal joints, and good muscle
strength and range of motion around the knee. Subjects
with other associated neurological or orthopedic condi-
tions, complicated stump (pain, wound, etc.), or signifi-
cant pathology in cardiopulmonary status were excluded.

Study tools and instrumentation

A 10-meter walk test [16] was performed for temporal-
spatial gait parameters (stride length, step length, veloc-
ity, and cadence) and an Oximeter (Figure 1b) was used
to calculate the physiological cost index (PCI) [17].

Study procedure and protocol

After initial screening and obtaining demographic
information, the subjects were instructed to walk with
a prosthesis (Figure 1a) on a 10-meter walk test paper
(Figure 2) with three different walking speeds (custom-
ary, fast, and slow) in standard environmental condi-
tions. The walking sequence was randomized and a
repeated measure experimental study design was used
for the clinical data recording. A pause or rest period of
five minutes was given to maintain heart rate to come
to a baseline level in between three trials [18]. Interven-
tion data regarding different parameters were collected by
measuring with steel rule or cloth tape measure (Figure 3)
whereas data on metabolic energy expenditure was col-
lected through a digital Oximeter. Then, the data were
analyzed and compared among three walking conditions.

Ethical approval

The participants received oral and written information
and gave their written informed consent. The study was
approved by the ethical committee of Swami Vivekanan-
da National Institute of Rehabilitation Training and Re-
search, Cuttack.

Data analysis

Data were managed on an excel spreadsheet. IBM SPSS
23.0 was used for data analysis. A repeated-measures
ANOVA was used to compare temporal-spatial gait pa-
rameters and PCI in three walking conditions (normal,
fast, and slow). A post hoc test was performed to explore
which particular differences between pairs of means are
significant. The significance level of P<0.05 was fixed. Ef-
fect size (d) was also calculated to quantify the amount of
effect that walking speed has on gait parameters and en-
ergy expenditure, with d<0.2 considered very small effect
size, 0.5>d=>0.2 a small effect size, 0.5< d<0.8 a medium
effect size, and d>0.8 considered large effect size.

Results

The anthropomorphic and demographic data of the
subjects were recorded and presented in Table 1. There
were 18 male and 12 female subjects. With reference to
the side of amputation, there were 16 subjects with right
and 14 subjects with left trans-tibial amputation.

The temporal-spatial gait variables are shown in Table 2.
It contains the means and standard deviations of the mea-
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Table 1. Demographic data of the subjects
Demographic Parameters MeanSD
Age (y) 45.7+12.6
Weight (Kg) 63.5:7.8
Height (cm) 154.6+10.3
Time since amputation (y) 6.7+3.1
Time since using the current prosthesis (y) 2.5t1.4
Table 2. Comparison of the measured gait parameters and Physiological Cost Index (PCl)
Mean+SD
Walking
Condition Step Length (N) Step Length (P) Stride Length Velocity Cadence PCI
(m) (m) (m) (m/min) (Steps/Min)  (Beats/Meter)
Normal 0.65%0.13 0.56+0.13 1.01+0.32 45.5+24.1 91.7+41.5 0.08+0.09
Fast 0.7410.12 0.6710.10 1.31+0.22 67.0£28.4 110.7+43.6 0.11+0.08
Slow 0.49+0.12 0.42+0.06 0.84+0.18 27.418.0 69.2+18.6 0.18+0.12

surements of step length (normal), step length (prosthet-
ic), stride length, cadence, velocity, PCI. Results of this
Study indicated that the step length (m) of the prosthetic
side in the fast walking speed (0.67+0.10) was higher
than the normal comfortable speed (0.56+0.13) and least
in slow walking (0.42+0.06). Similarly, the stride length
(m) performed in the fast gait trial (1.3120.22) was also
higher than the normal comfortable speed (1.01+0.32)
and least in slow speed (0.84+0.18). Cadence (Steps/
min) significantly increased in fast speed (110.7+43.6)
followed by normal comfortable speed (91.7+41.5) and
then in slow speed (69.2+18.6). The velocity ranged from
fast (67.0+28.4) to normal (45.5+24.1) and slow speed
(27.448.0). PCI was least in normal comfortable speed
(0.08+0.09), followed by fast walking speed (0.11+0.08).
It was highest when patients walked at a slow speed
(0.18+0.12). There were significant differences observed
in gait parameters and PCI values across all speeds
(P<0.05). After obtaining significant F statistics, post-
hoc analysis indicated that differences between all pa-
rameters were significant at all speeds (P<0.05); how-
ever, the effect sizes were medium (0.5< d <0.8).

Discussion
The intention of this study was to investigate the ef-

fect of walking speed changes on gait parameters and
metabolic energy consumption in unilateral TTA. It was

observed that with the walking speed changes, each of
the discussed gait parameters (Step length, stride length,
cadence) and energy expenditure (PCI) meaningfully
changed. It is known that the instantaneous speed varies
from one instant to another during the walking cycle, but
the average speed is the product of the cadence and the
stride length.

Effect of walking speed changes on Temporal-spatial
gait parameters

In our study, each of the gait parameters increased sig-
nificantly in fast, and then gradually decreased in normal
and slow speed, respectively. Step length was less at
slow speed followed by normal and fast walking speed.
These results are in accordance with earlier research by
Majumdar et al. (2008) who observed that step time pa-
rameters, including single support time, single swing
time, and step length significantly reduced with the speed
diminution while double support in both limb and step
duration in prosthetic limb augmented [10]. The ground
reaction force patterns were moreover similar in different
walking speeds; however, there was a significant differ-
ence in the force amplitude and rate of increment with
slower to a higher speed. In another study, Isakov et al.
(1996) performed gait analysis of unilateral TTA while
ambulating at their own freely selected speed and at a
faster speed. The faster gait trial affected all temporal and
distance parameters in both legs significantly. The step

Patraet al. Effect of Walking Speed on Gait Parameters and Energy Expenditure. Func Disabil J. 2021; 4:E41
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Figure 4. Graphical comparison of measured gait parameters and Physiological Cost Index (PCl)

length, stride length, cadence, and velocity all increased
by increasing the gait speed [11]. Sanderson et al. (1997)
observed that increase in speed from 1.2 to 1.6 m/s was
associated with an expected decline in stride time that
indicates an increase in stride rate as speed is increased
[19]. The general response to increased walking speed
was to increase stride length and rate, increase ground
reaction force peaks, and increase the magnitude of net
joint moments [12]. These results are also in line with
our study. In another study, Nolan et al. (2003) investi-
gated the effects of increased walking speed on temporal
and loading asymmetry in highly active TTA [20]. They
concluded that with increasing walking speed, temporal
gait variables reduced in duration, particularly on the
prosthetic limb, while vertical ground reaction force in-
creased in magnitude, especially on the intact limb. For
the temporal variables, all amputees were observed to
have a longer stance time and shorter swing time on their
intact limb compared to their prosthetic limb. All tempo-

ral values were observed to decrease with walking speed.
For swing and step time duration, the prosthetic limb ap-
peared to be affected more by walking speed, whilst for a
stance time duration, the intact limb appeared to be most
affected by walking speed [4].

Effect of walking speed changes on energy expenditure

In our study, the energy parameter (PCI) was signifi-
cantly affected by changing walking speed. PCI was least
in normal comfortable speed, followed by fast walking
speed and highest in slow speed. However, the amputees
did not show any sign of getting exhausted or faced any
other complications while walking at different speeds.
The results are well supported by Genin et al. (2005)
who found that the self-selected speed influenced the en-
ergy cost of gait [21]. They observed that the energy cost
of gait was much higher at lower speeds and an increase
in gait speed in amputees could decrease the energy cost
of gait [7]. Similarly, Majumdar et al. (2008) observed

Patraet al. Effect of Walking Speed on Gait Parameters and Energy Expenditure. Func Disabil J. 2021; 4:E41
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that PCI was higher during slow walking speed in sub-
jects with unilateral TTA [5]. They observed no signifi-
cant difference in PCI in various walking speeds. There
is a gradual drop in PCI value with the speed increment,
which indicated a better gait efficiency at a higher speed
of walking [10].

However, Sokhangoei et al. (1973) concluded that by in-
creasing the speed, the walking energy costs in the ampu-
tee group intensify compared to control subjects [3]. The
trend is similar in comparison to previous studies but there
are only differences in the three walking conditions due
to the use of different materials and walking environment.
Bastien et al. (2003) observed that energy expenditure rate
increases faster with speed than in normal subjects walking
[7]. Below the optimal walking speed (1 m/s), TTA does
not consume more energy than control subjects. However,
when speed increases above 1 m/s, the mass-specific aver-
age power becomes significantly greater in the TTA group
than in control subjects. As the fastest sustainable speed
reached by TTA (1.7 m/s), their power consumption was
20% greater than that of the control subjects [19].

There are some studies, which proved that the use of
different prosthetic components has an impact on gait
parameters and energy expenditure indices. Gard et al.
(2003) in their study revealed significant differences in
the temporal-spatial gait parameters and GRF with the
addition of the shock-absorbing pylon [8]. Hsu et al.
(1999) reported that during both walking and running,
the Re-Flex vertical shock pylon significantly reduced
energy cost, increased gait efficiency, and decreased
exercise intensity compared to the flex-foot or SACH
foot [9]. They suggested that the design benefits of the
prosthetic mechanisms are speed-dependent and the dif-
ferences become more apparent at speeds above 1.12
m/s [21]. Bateni et al. (2004) reported that the PCI was
greater with steel components than when using titanium
for all participants [17]. The results of our study are also
in agreement with a recent study conducted by Sibley
et al. (2021) who found significant differences between
limbs at both speeds (comfortable and fast) for all gait
variables (temporal-spatial: P<0.006; kinetics P<0.008),
except single support time during fast walking (P=0.218)
[22]. Speed of walking during PCI tests tended to be
greater when the steel components were replaced with
titanium. Hence, in our study, a single set of components
were used for all subjects as alteration of components
and materials can result in variations in gait parameters
and energy expenditure [23, 24].

2021, Volume 4

Clinical implication

This study provided an insight into how amputees
respond to different walking speeds and quantified the
gait parameters and metabolic cost in different walking
speeds. It gave an idea to encourage the patients to walk
at normal speed during gait.

Limitation of Study

It is a single-center study. Instrumental gait analysis
could not be performed. No training or accommodation
period was given for walking at fast and slow speed

Future Scope

The results can reveal the necessity of paying more atten-
tion to the anatomical and biomechanical principles in man-
ufacturing the prostheses and the new approaches and com-
ponents, which decrease the energy needed during walking.

Conclusion

In conclusion, the speed of gait in TTA significantly
affected all temporal-spatial as well as energy expendi-
ture. Although the trend is the same, there are differences
in mean scores compared to previous studies. Analysis
of gait in amputees provided the necessary information
or focused research and development on prosthetic com-
ponents, which can duplicate normal leg functions.
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