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Abstract This study aimed at evaluating spatiotemporal parameters (STP) and symmetry
index (SI), commonly used for evaluating amputee gait for routine clinical use, in individuals with
unilateral transtibial amputations wearing energy storage and return (ESAR) feet with fixed
ankles, prosthetic feet with adaptive ankles (PFAA) and prosthetic feet with microcontrolled
adaptive ankles (PFAA-MC) in ramp ascent and descent. Thirteen individuals with transtibial
amputations walked up and down a ramp. The STPs were measured in the amputated and intact
legs and the relationship between them was quantified using the SI. The results showed that the
use of PFAA-MC decreases walking speed in ramp descent (P < 0.018). However, this was the
only parameter that showed a significant change. Hence, the differences in the amputees' gait
pattern when using the above-mentioned prostheses may not be reflected by STP and their SI.

1. Introduction

The use of prosthetic devices aims at helping amputees to successfully return to their previous
activities of daily living, including functional and leisure activities. However, in many cases, the
prostheses do not fully replicate the physiological function of unimpaired limbs. In fact, in terms
of lower limb unilateral transtibial amputations (UTTAS), the use of prosthesis has shown a dec-
rement in walking speed [1] and an increment of the asymmetries between limbs in
spatiotemporal parameters (STP) and kinetics of the joints [2] when compared to unimpaired
people. These gait deviations may produce functional limitations in daily living.

A range of prosthetic feet may be prescribed for individuals with TTAs. One of these devices,
called “Energy storage and return” (ESAR) feet can use the mechanical compression occurring
at the time of loading response and midstance to store elastic energy that will be returned later
during terminal stance and preswing. This mechanism has the objective of contributing some of
the energy that the plantarflexors would normally provide at the time of push off [3], [4].
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Other devices are manufactured with the aim of allowing for a
larger ankle range of motion. One of these Prosthetic Feet with
Adaptive Ankles (PFAA) is produced by Chas. A. Blatchford and
Sons Ltd. (Basingstoke, UK): Echelon™, which allows for 6° and
3° of plantar and dorsiflexion respectively, relative to its neutral
(standing) position [5]. More recently, prosthetic feet with micro-
processor-controlled adaptive ankles (PFAA-MC) have been in-
troduced, such as the Elan foot (Chas. A. Blatchford and Sons,
Ltd., Basingstoke, UK). This foot includes sensors that can de-
termine the incline of the terrain and the walking speed or ca-
dence. Then, with this information, hydraulic damping settings
could be adjusted to predefined values so as to facilitate an op-
timal foot to ground interaction for conditions such as ‘ramp de-
scent' and 'ramp ascend' [6].

ESAR and PFAA hydraulic prostheses have been studied and
compared when used by the UTTA population while people
walked on level ground [5], [7]-[10]. However, very few studies
have investigated the effect of prostheses on other than level
ground surfaces. Kristal [11] showed that the hydraulic foot de-
creases internal stresses in the residuum of transtibial amputa-
tion to ascend stairs. William et al [12] tested an PFAA devel-
oped by his team on incline walking for three subjects and found
that their ability to adapt to the walking surface did not require
active control. Agrawa et al [13] studied differences in symmetry
in external work between four categories of prosthetic feet (in-
cluding ESAR, and PFAA-MC) during ramp ascent and descent
and found that prosthetic foot category appears to influence the
symmetry more during descent walking. Struchkov and Buckley
[6] determined that the use of PFAA-MC improved the gait bio-
mechanics of ramp descent in comparison to conventional an-
kle—foot mechanisms (PFAA and ESAR), suggesting that it
could reduce the biomechanical compensations used to walk
down slopes.

For the clinical evaluation of the effect of different prosthetic
feet, many tools are available, including questionnaires, STP,
kinematic and kinetic parameters. A review on the biomechani-
cal parameters used in the assessment of lower limb amputees
[14] showed that the STP were the most commonly reported
outcome measures. Given that the systems needed to measure
STP and their symmetry index are appealing for clinical use (in
terms of cost, easy to don and doff, time for measuring them and
portability), they appear as a promising option for evaluations in
clinical environments.

Interlimb asymmetry has been demonstrated for the stance
time of UTTA, normally being the stance time longer on the in-
tact limb [15], [16]. This could partly be due to subjects having
more confidence in their intact leg. However, an increased
stance phase and consequently loading period may lead to sec-
ondary pathologies in the intact limb [14]. Therefore achieving
gait symmetry is one of the main concerns in UTTA [17], [18].

When using different prosthesis, the evaluation of STP and
symmetry in the literature focused on the comparison between
ESAR and PFAA, on level ground walking. Sedki and Moore [19]
reported that patients using PFAA like Echelon foot have re-
ported higher satisfaction levels in many facets of prosthetic use

(during the activities of daily living). Moore [8] showed a statisti-
cally significant reduction in asymmetry of stance phase dura-
tion of level ground walking, when using hydraulic PFAAs pros-
theses when compared with ESARS. The author suggested that
this could be one of the possible reasons for the increase in re-
ported levels of satisfaction. Ko et al [20] evaluated ankle angle
and external work symmetry on different terrains (level ground,
7° slope, 15 cm high stairs) and found an overall increase in
symmetry in PFAA and PFAA-MC. The authors then discussed
that this improvement in symmetry when using adaptive ankle
feet may influence spatiotemporal parameters. A previous study
[21] investigated the STP and symmetry index for amputees
walking on level ground using different prosthesis. The results
of the study did not show statistically significant differences for
the conditions evaluated. However, the evaluation of STP on in-
cline walking when using ESAR, PFAA and PFAA-MC is still
pending. Hence, this paper aims at evaluating STP and their
symmetry in subjects ascending and descending a 5° incline,
using three different prosthetic feet (ESAR, PFAA, PFAA-MC).

2. Methods
2.1 Participants

Fourteen participants were involved in this study. The data of
one of them was discarded due to loss of markers during the
trials. Data from thirteen physically active, unilateral transtibial
amputees (mean (SD)) age 38.23 (13.2) years, mass 75.1 (15.4)
kg, height 1.76 (0.07) m), K2-K4 ambulatory level [22] was ana-
lysed. The participants had used their current foot for at least
four months (10.8 (13.05) years, range 0.3-47 years). At the time
of testing, six participants were using an ESAR foot, five used
PFAA, one used PFAA-MC and one used PFAA and PFAA-MC.
Each participant gave written informed consent prior to their in-
volvement. The local ethics committee approval was obtained
for the protocol.

2.2 Protocol and prosthetic intervention
2.2.1 The Ramp

The ramp (5 ° incline, 6 m long and 1m wide) was custom
made and it incorporated a raised surface at its upper end to
provide a stable area for resting and turning.

2.2.2 Prosthetic conditions

Subjects walked up and down the ramp using three different
prostheses: one ESAR (Esprit), one PFAA (Echelon) and one
PFAA-MC (Elan) from the Endolite family ((Chas. A. Blatchford
and Sons Ltd., Basingstoke, UK).

The order of the prostheses used in the experiment depended
on the type of prosthesis the participant used habitually (either
ESAR or PFAA). If the participant habitually used an ESAR
prosthesis, then they would start with a PFAA. And vice versa if
they normally used a PFAA. In this way, a minimum familiariza-
tion time with the nonhabitual prosthesis, was ensured.




An experienced prosthetist was in charge of fitting the pros-
thesis and ensured the best possible alignment and setting ad-
justments for each prosthetic foot. The prosthetist also ensured
that each foot was attached to the shank pylon with as close to
the same alignment and set-up as possible. All the other com-
ponents of the prosthesis (socket, suspension, shank pylon and
its alignment) were not modified during the study. The settings
which control the rates of articulation within the hydraulic feet
(damping) were adjusted by the prosthetist until deemed to pro-
vide optimal function at self-selected, comfortable walking
speed.

For the PFAA-MC device to detect the incline and swtich to a
ramp mode a minimum of two steps are required. With the ob-
jective of ensuring that the prosthesis was in the appropriate
ramp mode (either ascent or descent), it was switched remotely
using a Bluetooth connection before the person started walking

(6].
2.3 Data acquisition and processing

Participants walked up and down the ramp at self selected
speed [23], using their own comfortable shoes. Kinematic data
of six ramp ascent trials and six ramp descent trials were col-
lected at 200 Hz. A motion capture system (Qualisys ProReflex,
Goteborg, Sweden) with eleven cameras was used for data col-
lection.

Reflective markers were placed on the lower limbs of the par-
ticipants and on equivalent positions on the prosthetic limb. Two
additional markers were placed on the toe and at equivalent po-
sition on the prosthesis (see Fig.1).

Gait events were estimated from kinematic data [24]. Spatio-
temporal parameters (speed, step length, cycle time, step time,
stance time and swing time) were computed using the software
Visual3D (Version 6.01.08, C-Motion, Germantown, MD). The
length of the step was expressed as a percentage of the partic-
ipants height while the temporal parameters were normalized to
the Cycle Time [25]. Symmetry Index (SI) for all the parame-
ters was defined as [17] Eq. (1):

1. mMin(PR.PL) ,100 @)
max(PR, PL)

Where PR and PL represent the gait parameter value for the
right and left limb, respectively [17]. For each parameter and
each prosthesis, a mean values was calculated for each partic-
ipant.

Fig. 1. Marker set used in the study.

2.4 Statistical analyses

As statistical descriptors, the median and the first and third
quartiles (g1 and g3) of each outcome measure was used.
Tthen a non-parametric analysis was carried out using the Fried-
man test. In case that the results showed a statistically signifi-
cant difference, then a Dunn—Bonferroni post hoc test with ad-
justment for multiple comparisons [26] was performed. Statisti-
cal analysis was done using SPSS (23.0.0.0, IBM, Armonk New
York U.S.A.). The alpha level set at 0.05. The effect size was
calculated using the Kendall's W coefficient [27]. Values of W
was interpreted as follows: W<0.11, very weak; 0.11<W=<0.30,
weak; 0.31< W <0.50, moderate; 0.51< W <0.70, strong; and
W>0.71, very strong effect [28], [29].

3. Results and Discussion
3.1 Spatio Temporal Parameters (STP)

Table 1 shows the results of the STP for the sound and pros-
thetic limbs, for descending the ramp and for the three different
prostheses. From the table it is possible to see that walking
speed was faster when using ESAR, showing a difference of
0.15 m/s between ESAR and PFAA-MC, which is approximately
a variation of 11.7%.
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Statistically significant difference between the groups with a
moderate size effect was found.

The Dunn’s Post test indicated a statistically significant differ-
ence between ESAR and PFAA-MC (p <0.05). PFAA-MC pre-
sented the minimum descending velocity 1.21 (1.09 1.31) m/s
and ESAR showed the maximum 1.36 (1.12 1.4) m/s (see Fig.
2). Given that the working principle for PFAA-MC is to reduce
the velocity of the first rocker and hence the velocity of the ad-
vancement of the tibia during ramp descent, a slower speed in
descending the ramp could be expected, and could imply a bet-
ter control of the speed of walking. It is also in accordance with
the results found by Struchkov et al [6] who found that shank
angular velocity during single-support was significantly lower for
the PFAA-MC foot than either the PFAA or ESAR, with no sig-
nificant differences between the later.

No other parameter showed statistically significant differences
between the prosthesis, and the results are supported by a weak
W value.

Table 1. Median value, first and the third quartile (q1 g3) for Step length (SL)
expressed as % of body high (BH), Step Time (StT), Stance Time (ST),
Swing time (SwT), expressed in % of Gait Cycle and Speed (m/s) for Ramp
Descent

Ramp Descent

Parameter Prosthesis p W
ESAR PFAA PFAA-MC
Speed (m/s) 1.36 1.24 1.21]0.018 | 0.31
(91 g3) (1121.40) | (1.111.30) | (1.091.31)
Prosthetic limb
SL (%) 40 39 39 | 0526 | 0.05
(91 g3) (35 40) (36 42) (3541)
StT (%) 50 50 50 | 0.595 | 0.04
(91 3) (49 51) (4951) (4951)
ST (%) 65 65 65 | 0.332 | 0.09
(91 g3) (64 67) (64 67) (6567)
SwT (%) 35 35 35(0.294 | 0.09
(g1 g3) (3437) (33 36) (32 36)
Sound limb
SL (%) 38 36 37(0.728 | 0.02
(91 93) (34 40) (35 39) (3339)
StT (%) 51 50 51(0.226 | 0.11
(q1 g3) (50 51) (49 51) (50 51)
ST (%) 66 66 67 | 0.135 | 0.15
(g1 g3) (65 68) (66 68) (66 68)
SWT (%) 35 33 3410207 | 0.12
(91 g3) (3335) (3336) (3334)

15 *
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Fig. 2. Box plot of Walking Speed in descending the ramp for the three pros-
thesis conditions. Walking speed was the only parameter that showed a sta-
tistically significant differences between prostheses (P<0.05, W =0.31) and
the post hoc analysis showed difference between ESAR y PFFA-MC,
(P<0.05 shown by *)

Also the differences in the median values of the temporal pa-
rameters were within 2% of Gait Cycle (approximately 20 ms)
and for Step Length, the difference was 2 % of Body Height,
which implies a small variation in the parameters.

Table 2 shows the results for ascending the ramp. In this case,
none of the median of the parameters showed statistically sig-
nificant differences. The differences in the median values of the
temporal parameters were within 1% of Gait Cycle and for Step
Length, the difference was 4 % of Body Height.

Similar studies are scarce so comparison of results with others
is limited. In particular, a full comparison of spatio temporal pa-
rameters between different prosthesis when walking on ramps
was still pending, so a direct comparison of results is not possi-
ble.

Ko et al [20] presented qualitative results only for the pros-
thethic side of one person with amputation walking on ramps
with different prosthesis. Their results on the prosthetic side
showed a relationship between stance and swing phase of ap-
proximately 60 to 40% [20], which is similar to the results ob-
tained in this study.

Other studies measured spatio temporal parameters in ampu-
tees walking on level ground and reached similar results [21],
[30], [31]. In particular, Kovac et al [30] studied differences in
STP between healthy and transtibial amputees with their current
prosthetic foot. Their results showed values of walking speed of
1.3 (m/s), stance phase in the range between 65 and 67%,
Swing Time between 33 and 35% and Step Length between 40
and 42, results very similar to the ones presented in this paper.

Also, and as reported before [15], [16], the stance phase on
the prosthetic side is slightly shorter than on sound side, contrib-
uting to a more asymmetrical gait.




Table 2. Median value, first quartile and the third quartile (g1 g3) for Step
length (SL) expressed as % of body high (BH), Step Time (StT), Stance Time
(ST), Swing time (SwT), expressed in % of Gait Cycle and Speed (m/s) for
Ramp Accent.

Ramp Ascent
Parameter Prosthesis p W
ESAR PFAA PFAA-MC
Speed (m/s) 1.31 1.22 125| 0.05]0.23
(91 93) (1.131.40) | (1.111.34) | (1.09 1.36)
Prosthetic limb
SL (%) 44 40 40(0.146 |0.15
(91 g3) (37 46) (37 46) (36 45)
StT (%) 50 50 50 0.900 |0.01
(91 g3) (4951) (4952) (4951)
ST (%) 66 66 66 | 0.690 | 0.03
(91 g3) (64 69) (64 68) (65 69)
SwT (%) 34 34 3410657 |0.03
(91 03) (3236) (3235) (3235)
Sound limb
SL (%) 39 39 40 [ 0.746 | 0.02
(91 g3) (3743) (3741) (36 41)
StT (%) 50 50 50| 0.227 |0.11
(91 g3) (4951) (4951) (4951)
ST (%) 67 68 670.469 |0.06
(91 g3) (66 68) (66 69) (66 69)
SwT (%) 32 32 330616 |0.04
(91 g3) (3234 (3134) (3034)

3.2 Symmetry Index (SI)

Table 3 shows the results of the median, g1 and g3, statistical
p values and sample effect size (W) of the symmetry index for

each STP. Results showed median values of Sl was at least 90%

for all conditions (ascent or descent, prostheses and all STP).

Similar results have been reported in the literature. For exam-
ple, symmetry values greater than 88% have been reported in
UTTA [17], [21], [32], [33], while results greater than 94% were
found for unimpaired subjects [33], [34].

The differences between prosthesis in SI were small (around
2%) and the results from the statistical test showed no signficiant
difference between them. CT and ST showed a statistically sig-
nificance differences when comparing the three prostheses
however when performing the post hoc analysis, the compari-
son between the pairs reported non-significant differences. For
CT and ST, the difference between each pair was for all cases
P > 0.05. This effect of finding a statistically significant difference
when performing the Friedman test, but not finding significant
differences between the pairs could due to the Bonferroni cor-
rection, in which case the results are considered not statistically

different [35].

The lack of statistical significance may be explained by a num-
ber of reasons, some of which are limitations of the study. In
general, the effect size was weak and in many cases, it was very
weak. This could have been influenced by different variables. A
larger sample may be needed to observe differences. Also, the
functional capabilities of participants of this study ranged from
the ability to walk independently (K2) to the ability to participate
in professional triathlons (K4). This variability in the mobility abil-
ity of the participants may disguise real differences in walking
patterns. It should also be considered that the action of prosthe-
ses on the gait of transtibial amputees is quantitatively reflected
differently according to the parameter studied.

Table 3 Median values, first quartile and the third quartile (q1 g3) of SI for
Step length (SL), Step Time (StT), Stance Time (ST), Swing time (SwT) and
Cycle Time (CT).

Parameter Prosthesis p W
ESAR | PFAA ‘ PFAA-MC
Descent

SL (%) 93 92 94| 0.728 |0.02
(a1 g3) (89 95) (88 96) (89 96)

StT (%) 95 95 95]0.513 | 0.05
(g1 g3) (94 96) (94 96) (94 96)

ST (%) 97 97 96 | 0.296 | 0.09
(g1 g3) (96 98) (95 97) (96 98)

SwT (%) 94 94 94| 0414 |0.07
(g1 g3) (92 96) (93 96) (93 96)

CT (%) 98 98 980011 |0.35
(gl g3) (97 98) (97 98) (98 99)

Ascent

SL (%) 90 90 91]0.375 |0.08
(gl g3) (86 94) (88 92) (8893)

StT (%) 95 95 95]10.285 |0.10
(gl g3) (94 96) (93 96) (94 97)

ST (%) 97 96 96]0.014 |0.33
(qlg3) (96 98) (95 97) (9597)

SwT (%) 94 93 9410.933 |0.01
(g1 g3) (90 95) (90 95) (93 96)

CT (%) 98 98 98]0.303 |0.09
(g1 g3) (98 99) (98 98) (97 98)
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Finally, it has been suggested that experienced prosthetic us-
ers (as the ones that participated in this study) may quickly adapt
to modifications performed in their prosthesis, and this would not
be reflected as a change in their pattern [36]. In fact, Varrecchia
et al [37] studying STP in transfemoral amputees when using
different prostheses found statistically significant differences
only for step length in the sound limb.

This could imply that gait retraining may be needed in order to
exploit any prosthetic modification and also to modify the gait
pattern. And probably only then statistical differences between
prosthesis may be found. In this study, only one of the partici-
pants used two of the three types of prosthesis evaluated.
Therefore, it may be necessary to provide appropriate retraining
to the subjects before the measurements.

From the results of this study and under the set conditions, the
STP did not varied when using different prosthesis, except for
walking speed, even when the parameters studied in this re-
search are those commonly reported [14] and it has been shown
that transtibial amputees present statistically significant changes
in the parameters when compared to unimpaired people [37]. In
this study, there was a speed difference of 0.15 m/s between
ESAR and PFAA-MC, (which represents approximately a varia-
tion of 11.7%) for descending the ramp. Gard [36] suggested
that walking speed probably provides a better indication of a per-
son’s walking ability than any other quantitative gait measure.
And this may be reflected in its ability to report changes between
prostheses even when gait retraining was not provided.

Other biomechanics variables, such as joint angle, joint mo-
ments or power may reflect better the difference in gait pattern
due to a change in prosthesis.

4. Conclusions

This paper aimed at evaluating STP and their Sl in subjects
with unilateral transtibial amputation when ascending and de-
scending a 5° incline, using three different prosthetic feet (ESAR,
PFAA, and PFAA-MC).

Walking speed showed differences between the prostheses
when subjects descended the ramp. However, this was the only
parameter that showed a significant change. Hence, the differ-
ences in the amputees' gait pattern when using the above-men-
tioned prostheses may not be reflected by STP and their Sl in
the conditions proposed in this study.
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