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Are wearable insoles a validated tool
for quantifying transfemoral amputee
gait asymmetry?

Isabelle Loiret!(>), Coralie Villa23, Boris Dauriac?4,
Xavier Bonnet?, Noél Martinet!, Jean Paysant' and Héléne Pillet?

Abstract

Background: Amputee gait is known to be asymmetrical, especially during loading of the lower limb. Monitoring asymmetry
could be useful in quantifying patient performance during rehabilitation. Wearable insoles can provide normal ground
reaction force asymmetry in real-life conditions.

Objectives: To characterize the validity of Loadsol® insoles versus force plates in quantifying normal ground reaction force
and gait asymmetry. To determine the influence walking speed has on loading asymmetry in transfemoral amputees.
Study design: This is a prospective study.

Methods: Six transfemoral amputees, wearing Loadsol® insoles, walked at three self-selected speeds on force plates.
Validity was assessed by comparing normal ground reaction force data from the insoles and force plates. The Absolute
Symmetry Index was used to calculate gait loading asymmetry at each speed.

Results: Normalized root mean square errors for the normal ground reaction forces were 6.6% (standard deviation =2.3%)
and 8.9% (standard deviation =3.8%); correlation coefficients were 0.91 and 0.95 for the prosthetic and intact limb,
respectively. The mean error for Absolute Symmetry Index parameters ranged from —2.67% to 4.35%. Loading asymmetry
increased with walking speed.

Conclusion: This study quantified the validity of Loadsol® insoles in assessing loading asymmetry during gait in transfemoral
amputees. The calibration protocol could be improved to better integrate it into a clinical setting. However, our results
support the relevance of using such insoles during the clinical follow-up of transfemoral amputees.

Clinical relevance

This is the first study to validate Loadsol® insoles versus force plates and report on loading asymmetry during gait at
three different speeds in transfemoral amputees. Loadsol® insoles, which provide visual and audio feedback, are clinically
easy to use and could have beneficial application in the amputee’s rehabilitation and follow-up.

Keywords

Validity, wearable insoles, transfemoral amputee, loading asymmetry, locomotion

Background

'Centre de médecine physique et de réadaptation Louis Pierquin,

Walking with a prosthesis is challenging, particularly
when the amputation is proximal to the knee joint. To cope
with the loss of functionality of prosthetic joints compared
to physiologic joints, people with lower limb amputations
often modify the kinematics of their contralateral or resid-
ual limbs, which results in gait deviations, such as vaulting
or pelvic hiking."* These deviations could be quantified
through biomechanical parameters derived from motion
capture systems, but the use of such techniques in a clinical
environment cannot be considered due to the complexity

IRR-UGECAM, Nancy Cedex, France

2Institut de Biomécanique Humaine Georges Charpak, Arts et Metiers
ParisTech, Paris, France

3Centre d’Etude et de Recherche sur I'’Appareillage des Handicapés,
INI, Woippy Cédex, France

“Handicap Technologie, PROTEOR, Seurre, France

Corresponding author:

Isabelle Loiret, Centre de médecine physique et de réadaptation
Louis Pierquin, IRR-UGECAM, Nord-Est, 75 Boulevard Lobau,
Nancy Cedex 54042, France.

Email: isabelle.loiretpro@gmail.com


https://uk.sagepub.com/en-gb/journals-permissions
https://journals.sagepub.com/home/poi
mailto:isabelle.loiretpro@gmail.com
http://crossmark.crossref.org/dialog/?doi=10.1177%2F0309364619865814&domain=pdf&date_stamp=2019-07-31

Table I. Demographic characteristics of the TFA (transfemoral amputee) group.

Age Gender Amputated Etiology Time since Prosthetic Prosthetic Height Mass
(years) side amputation foot knee (cm) (kg)
(years)

TFAOI 47 Female Right Tumor 35 Variflex LP® ~ RheoKnee® 154 72.8
TFA02 52 Male Right Trauma 34 Variflex XC®  RheoKnee® 169 75.2
TFAO03 34 Female Left Tumor 27 Trias® C Leg® 170 50.8
TFA04 39 Male Left Trauma 3 Triton® C Leg® 179 84.8
TFAO05 25 Male Left Trauma 1.5 Proflex® C Leg® 180 56
TFA06 32 Male Left Trauma 7 Proflex® RheoKnee® 180 95

The prosthetic devices are from Ottobock®: Cleg®, Triton®, and Trias® and from Ossiir®: Rheoknee®, Variflex LP®, and Variflex XC®.

of the instrumentation and processing required. Thus,
some authors have focused on analyzing the impact of gait
deviations on global parameters such as gait asymmetry
between prosthetic and contralateral limbs. The asymme-
try of spatio-temporal or kinematic parameters has been
quantified for both transtibial and transfemoral ampu-
tees (TFAs).57 Recently, Cutti et al.® and Rutkowska-
Kucharska et al.? have focused on the asymmetry of
ground reaction forces and have given reference values
for people with amputations. In addition, this asymmetry
has been shown to be related to long-term pain such as
osteoarthritis of the knee and hip joints, with prevalence
rates of 27% and 14%, respectively, which is significantly
higher than the rates observed in the general population'?
or individuals with osteopenia and osteoporosis.'! These
studies confirmed the clinical relevance of asymmetry
quantification in this population.

However, to be relevant in the clinical environment,
asymmetry must be quantified by validated, low-cost devices.
Pressure insoles appear to be an excellent option to address
this task as they can measure the pressure under both feet
with minimal instrumentation. Two studies have already
conducted this analysis using Pedar®® and CDG® sensor
shoes.® In addition, the validity and between-day repeata-
bility have been investigated for other systems!21¢ used
in various pathologies: diabetes,'” ankle osteoarthritis,!®
foot deformities, and flat foot.! However, none of the
above-mentioned devices were specifically designed for
long-term use in real-life conditions, nor are they afforda-
ble for clinical use during the rehabilitation process.

Loadsol® insoles have recently been introduced by
Novel (Munich, Germany) to overcome the limits of exist-
ing pressure insoles. These insoles are made with a single
capacitive force sensor covering the whole surface of the
foot. This new device directly measures the resulting foot
load without post-processing of pressure data. With a
mobile app on a smartphone, audio or vibratory feedback
can be obtained in real time. Therefore, by providing the
normal ground reaction force (NGrF) applied on each
lower limb, this system could have a beneficial application
in the rehabilitation and follow-up of lower limb amputees
to correct gait asymmetry during loading.

However, to our knowledge, no study has validated the
use of Loadsol® insoles in an amputee population. The first
aim of the study was to measure the accuracy of Loadsol®
insoles in quantifying NGrF compared to force plates
(considered the gold standard) during gait in a population
of individuals with a transfemoral amputation. The second
aim was to supplement the existing data on gait asymmetry
in this population by focusing on the influence of walking
speeds on level ground, which has only been partly
described previously.®

Methods

Participants

This prospective research was approved by the local eth-
ics committee (CPP IDF VI, No. 2014-A01938-39).
All participants gave their written informed consent prior
to study enrolment. Participants with a unilateral trans-
femoral amputation due to trauma or a tumor (n=6, mean
height: 172 = 10cm, mean mass: 75.5 £27.6kg, mean
age: 38 = 10years, time since amputation: 18 = 16years)
were included (Table 1). Participants wore a comfortably
fitted prosthesis and were able to walk without any assis-
tive device at various walking speeds. Participants were
excluded if they had any pathology or prosthetic limita-
tions causing pain.

Material

Loadsol® insoles (Novel, Gmbh, Munich, Germany) (Figure 2)
were placed in the participants’ shoes. Composed of a sin-
gle capacitive force sensor, each insole was able to record
and/or visualize NGrF applied by the foot in the shoe in
real time on a smartphone via a Bluetooth connection.
Measurements were sampled at 100 Hz.

Experimental protocol

Each participant walked at three self-selected speeds with
the Loadsol® insoles in their own shoes (comfortable speed
(self selected speed (SSS)), low self selected speed LSS),



and fast self-selected speed (FSS)) along an 8-m-level
walkway in a motion capture laboratory equipped with an
optoelectronic system (VICON® V8i, 100Hz) and three
force plates (AMTI®, 1000 Hz). Participants were required
to complete a 15-min warm-up period with the insoles in
their shoes. The insoles were then calibrated for recording.
The calibration protocol corresponded to the manufactur-
er’s recommendations, loading each lower limb alterna-
tively with full body weight without the support of the
upper limbs. A minimum of three trials were performed for
each participant and each speed condition.

Data analysis

Data analysis was divided into two parts: validation of the
Loadsol® insoles compared to the force plates only during
trials at SSS and quantification of asymmetry based on
insole data during trials at SSS, LSS, and FSS.

Loadsol® validation. ASCII insole data and force plate data
were post-processed using MATLAB®. To synchronize the
insoles and force plates, the first NGrF value above the
threshold of 20N for both measuring devices was taken as
the first instance of ground contact, and force plate data
were resampled at 100 Hz to correspond to the frequency
of the insoles. The steps simultancously recorded by both
insoles and force platforms were extracted based on the
SSS trial data.

Changes in NGrF over the cycle and four specific
parameters (Figure 1), considered to be clinically relevant,
were compared for each lower limb (intact and prosthetic)
with both the insoles and force plates:

1. Magnitude of weight acceptance peak force (Fzl1)
in Newton (N);

2. Magnitude of the second peak force or push-off
peak (Fz2) in Newton (N);

3. Force time integral (impulse) in Newton second
(N's);

4. Stance phase duration (time from heel strike to toe
off) in seconds (s).

The Absolute Symmetry Index (ASI) was used to calcu-
late all the parameters specified above according to the
definition proposed by Nolan et al.® The ASI can be used
to quantify the asymmetry between the limbs and is defined
in an amputee population using the following formula

(7-P)
ASI=—————x100
0.5(1+P)

where [ is the intact limb and P is the prosthetic limb. A
positive value indicates that the considered parameter is
higher for the intact limb than for the prosthetic limb.
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Figure |. Typical NGrF curve with specific parameters
indicated.

Fz1: magnitude of weight acceptance peak force (N); Fz2: magnitude
of the second peak force (N); impulse: force time integral (N's); stance
phase: time from heel strike to toe off (s).

The root mean square error (RMSE), normalized root
mean square error (NRMSE), Bland—Altman plots,?® and
Pearson’s coefficient were calculated to compare changes
in NGrF over the entire gait cycle for each lower limb
(intact and prosthetic). Bland—Altman plots?*® were drawn
for the specific parameters and corresponding ASI values
for each lower limb.

Gait asymmetry quantification. To assess gait asymmetry
and its relationship with walking speed, six to nine gait
cycles recorded with the insoles were used. The first and
the last steps of each trial were removed. ASI values for
the specific parameters were calculated for each subject
and the three walking speed conditions. Cadence was
expressed in strides per minute.

For each ASI value, Friedman’s analysis of variance
(ANOVA) was used to detect statistical differences
between the three walking speed conditions with a sig-
nificance level of 0.05. Considering the non-normal dis-
tribution of data, a post hoc non-parametric Wilcoxon
test with a Bonferroni correction was then performed to
test statistical differences using a side-by-side compari-
son of speed conditions. The alpha level was decreased
to 0.016.
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Figure 2. NGrF for intact and prosthetic limb of each TFA.
The thick solid line corresponds to NGrF with Loadsol® insoles
and the dotted line corresponds to NGrF with AMTI® force
plates. Mean error (ME) in Newton and normalized RMSE
(NRMSE) (%) obtained via insoles and that obtained by force
plate for each amputee (TFAOI-TFAQ6).

Results

Validation of Loadsol® insoles

The results show consistent similarities in NGrF data
between the two systems (Loadsol® insoles and AMTI®
force platforms) for the six subjects for both the pros-
thetic and contralateral limbs (Figure 2). Pearson’s coef-
ficient was excellent for both sides (0.91 and 0.95 for the
intact limb and prosthetic limb, respectively). The mean
NRMSE was 6.6% (standard deviation (SD)=2.3%) for
the prosthetic side and 8.9% (SD=3.8%) for the intact
side. The mean error (ME), which represents the bias
between both measurement systems, was less than 69N
for the prosthetic side and less than 67N for the intact
side (Figure 2).

For the specific parameters (Fzl, Fz2, impulse, and
stance phase) and their corresponding ASI values, the
Bland—Altman plots (Figure 3) for both the prosthetic and
the intact limbs showed interindividual variations in accu-
racy. The average normalized mean error (NME) for the
group of TFAs ranged from —9.18% to 3.73%. The highest
ME was found for Fz2. The ME of the stance phase dura-
tion was close to 0. The ASI ME for each parameter ranged
from —2.67% to 4.35%.

Gait asymmetry quantification

Mean cadence was 43.2 strides per minute for LSS, 51.5
for SSS, and 59.6 for FSS. No significant difference was
found for any of the parameters between the walking speed
conditions. Walking speed had an impact on NGrF ASI
parameters. Loading asymmetry increased with walking
speed.

Figure 4 depicts ASI parameter results for each TFA
based on cadence. Concerning Fz1 asymmetry, five sub-
jects had negative Fz1 ASI values at LSS and four sub-
jects, at SSS, corresponding to a higher Fz1 value for
the prosthetic limb than for the intact limb. At FSS, five
subjects had positive Fz1 ASI values with a maximum
of 35.85% ASI, suggesting that the force was higher on
the intact limb than on the prosthetic limb. Maximum
ASI values were obtained for Fz2 with 44.68% at FSS.
Almost all subjects had positive ASI impulse values,
ranging from —0.97% to 38.41%, regardless of the walk-
ing speed. Only one patient (TFA02) showed an ASI
value lower than 11% for all parameters, regardless of
cadence.

Discussion

Loadsol® validation

The first aim of this study was to assess the validity of
Loadsol® insoles to quantify NGrF during gait in people
with transfemoral amputation. Loadsol® insoles were com-
pared to force platforms considered as a gold standard.
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Bland-Altman?° plots were used to characterize the con-
sistency of both measurement systems for NGrF and
asymmetry quantification. Our results support the valid-
ity of Loadsol® insoles with a mean difference of —1.70 N
for the intact limb and —8.56 N for the prosthetic limb.
The validity of this approach has already been investi-
gated by Burns et al.2! on a population of 13 healthy sub-
jects walking on a treadmill, resulting in a mean

difference of 44.2N when considering both feet.
Complementary metrics (NME and NRMSE) were also
consistent with studies in the literature concerning other
insoles.?22

It must be noted that no previous study focused on the
validation of insoles during gait in people with amputa-
tions except the one by Agrawal et al.2*25 The authors used
F-Scan® sensors (Tekscan Inc., Boston, USA) with five



people with transtibial amputations but did not report on
the ME or the NRMSE.

Inspection of the Bland—Altman plots highlighted the
interindividual variability of NGrF accuracy and some-
times revealed an overestimation of force values com-
pared to the AMTI® force plates. This overestimation was
not reported in the validation studies done with other
insoles.®20 The overestimated values could be explained
by the sensitivity to the calibration procedure, which has
already been shown by De Berardinis et al.2¢ for
Medilogic® insoles in healthy subjects. Another source of
this discrepancy may lie in the difference in temperature
inside the shoe between the prosthetic and contralateral
limb, given that temperature is known to have an impact
on measures.?’ Individuals with transfemoral amputations
can have difficulties in fully loading their prosthetic limb
due to a lack of balance (loss of joints and muscles) and
proprioception. To improve calibration, the therapist
could perform the procedure using his own shoes before
inserting the insoles in the patient’s shoes. Another pos-
sibility would be to conduct independent and individual
post-processing.?8

Gait asymmetry quantification

The second aim of the study was to assess gait asymmetry
in a group of TFAs on level ground at different walking
speeds. In the present study, the index proposed by Nolan
et al.® was chosen to quantify the asymmetry of gait
parameters. However, it must be pointed out that no con-
sensus exists in the literature. To compare our results at
SSS to the ones revealed by Cutti et al.,’ the authors con-
verted their results according to our indexes. All our
results fall within the intervals defined by Cutti et al. for
the asymmetry of stance duration (median: 10.4%, 25th
percentile: 4.9%, 75th percentile: 14%), first peak in
NGrF (median: —2%, 25th percentile: —22.2%, 75th per-
centile: 3.9%), and impulse (median: 14.8%, 25th percen-
tile: 0%, 75th percentile: 21.4%) reported for people
equipped with (MPK). Our results also confirm that an
overloading of the prosthetic limb can be observed at
SSS. However, analysis at FSS highlighted individual dif-
ferences that could not be observed at SSS. In particular,
ASI values for cadence increased, especially at FSS,
which is consistent with previous results in the litera-
ture.>62425 In addition, this speed condition resulted in
greater forces on the intact limb than on the prosthetic
limb, potentially increasing the risk of degenerative
pathologies. Incidence of pain and osteoarthritis in the
contralateral limb is known to be correlated to the over-
loading of the contralateral limb.!!

The results also show interindividual variability of the
parameters used to quantify the asymmetry in the group of
TFAs. Thus, such parameters seem sensitive to individual
ability and could be used to discriminate TFAs regarding

asymmetry as shown in Figure 4. At FSS, the symmetry is
very difficult to maintain, except for TFA02. This subject
had an ASI value under 11.2 % for each ASI parameter
even at FSS, which is close to the ASI values observed in
able bodies.® These results prove that amputees can walk
with minor loading asymmetry with a prosthesis with an
MPK and a K3 prosthetic foot. The differences observed
between amputees demonstrated the importance of the
quantification of asymmetry during rehabilitation.

Limitations

This study presents several limitations. The overall number
of amputees was limited but showed the importance of test-
ing several walking speeds as individual differences can be
highlighted as this analysis revealed. In addition, similar to
Tekscan®* and Pedar® insoles,?® Loadsol® insoles only
measures the “normal component of the ground reaction”
force. It does not measure shear forces. However, the verti-
cal force corresponds to more than 90% of the resultant
force during walking.!? Long-term recordings have not
been performed compared to those performed in healthy
subjects with Pedar®?® and Medilogic® sensors.?? The pos-
sible drift of the insoles as Hurkmans et al.?8 observed with
the Pedar® system should be taken into account. The
authors propose a drift correction algorithm to integrate a
zero setting after 1 h of usage in the protocol.

Furthermore, insole force measurements may have
been influenced by the type of footwear.23 Our participants
wore their own shoes rather than standardized shoes.
Moreover, two participants (TFAO1 and TFA02) wore
therapeutic insoles on the intact side. Thus, Loadsol insoles
were positioned between the therapeutic insole and the
shoe, which could have enhanced the stiffness of the shoe
and affected the results.

Finally, further studies are necessary to evaluate differ-
ent calibrations for amputees, between-day repeatability,
influence of long-term recordings, and particularly, the
possibility of drift.

Conclusion

The present prospective study quantified the validity of
Loadsol® insoles compared to force platforms and the pos-
sibility to assess loading asymmetry during gait in TFAs.
The study highlights the effect of walking speed on asym-
metry. Gait analysis at fast speed revealed some differences
between individuals. After correcting the calibration prob-
lem described above and verifying the occurrence of drift,
this device, which is “clinically easy to use,” could be bene-
ficial for both researchers and clinicians. This system
shows evidence of beneficial application in the rehabilita-
tion and follow-up of patients with lower limb deficiencies
(amputation and fractures) by providing the proportion of
force transmitted by each lower limb using a vibrating or



audio feedback system. Performance (evaluation during
real-life activities) and capacity (evaluation in a laboratory)
could be assessed through long-term recordings. Moreover,
real-time NGrF feedback opens perspectives for rehabilita-
tion techniques. Auto-rehabilitation between rehabilitation
sessions could be also considered and should be very useful
in enhancing recovery of gait symmetry.
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