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Abstract

Background: Lateral wedge insoles (LWI), standalone or with medial arch support (supported-LWI), have been
thoroughly investigated for their effects on modifying gait biomechanics for people with knee osteoarthritis.
However, plantar pressure distribution between these insole types has not been investigated and could provide
insight towards insole prescription with concomitant foot symptoms taken into consideration.

Methods: In a sample of healthy individuals (n = 40), in-shoe plantar pressure was measured during walking with
LWI, with or without medial arch support (variable- and uniform-stiffness designs), and a flat control insole
condition. Pressure data from the plantar surface of the foot were divided into seven regions: medial/lateral
rearfoot, midfoot, medial/central/lateral forefoot, hallux. Plantar pressure outcomes assessed were the medial-lateral
pressure index (MLPI) for the whole foot, and the peak pressure, pressure-time integral (PTI), and contact area in
each plantar region. Comfort in each insole condition was rated as a change relative to the flat control insole
condition. Repeated-measures analyses of variance were calculated to compare the plantar pressure outcomes
between insole conditions.

Results: Regionally, medial rearfoot and forefoot pressure were reduced by all wedged insoles, with the variable-
stiffness supported-wedge showing greater reductions than the standalone wedge. Lateral rearfoot and forefoot
pressure were reduced by both supported-LWI, but unchanged by the standalone wedge. In the midfoot, the
standalone wedge maintained pressure but reduced regional contact area, while both supported-LWI increased
midfoot pressure and contact area. All LWI increased the MLPI, indicating a lateral shift in plantar pressure
distribution throughout the weightbearing phase of gait. Comfort ratings were not significantly different between
insole conditions.
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Conclusions: Regional differences in plantar pressure may help determine an appropriate lateral wedge insole
variation to avoid exacerbation of concomitant foot symptoms by minimizing pressure in symptomatic regions.
Lateral shifts in plantar pressure distribution were observed in all laterally wedged conditions, including one
supported-LWI that was previously shown to be biomechanically ineffective for modifying knee joint load
distribution. Thus, shifts in foot centre of pressure may not be a primary mechanism by which LWI can modify knee
joint load distribution for people with knee osteoarthritis.
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Background
Shoe-worn lateral wedge insoles (LWI) are simple tools
used to modify gait biomechanics in people with medial
tibiofemoral osteoarthritis (knee OA). In this clinical
population, conservative biomechanical interventions
typically target reductions in magnitudes of the knee ad-
duction moment (KAM), a surrogate of knee load distri-
bution linked to structural [1, 2] and clinical worsening
of knee OA [3]. LWI, as standalone insoles or combined
with medial arch supports (supported-LWI), have been
thoroughly investigated for their effect on the KAM,
with a recent systematic review and meta-analysis
reporting 5–10% reductions across various outcomes of
the KAM during walking with various LWI designs [4].
As a foot-based intervention, evaluating LWI for their
effects on modifying plantar pressure distribution would
help inform other clinically-relevant features, such as re-
gional loading and comfort.
There is growing interest in concomitant foot and

ankle symptoms and their link to clinical features of
knee OA. Recent analyses of the Osteoarthritis Initiative
database have highlighted relationships between symp-
tomatic knee OA and concomitant foot and ankle symp-
toms, defined as pain, aching, or stiffness for more than
half of the days in the past 30 days [5–7]. Patients with
knee OA and concomitant foot symptoms have exhib-
ited poorer outcomes of overall health and physical
function at baseline [5], and a higher risk of worsening
knee pain in the subsequent 4 years [7], compared to
knee OA patients without concomitant foot symptoms.
Further, in individuals at risk of developing knee OA,
but asymptomatic and without radiographic signs at
baseline, the presence of foot and ankle symptoms in-
creased the likelihood of developing knee pain and
radiographic signs of OA over 4 subsequent years [6]. A
consistent effect of LWI is increased ankle eversion and
external eversion moment demands [4, 8, 9], with
greater angles of wedging also negatively affecting self-
reported comfort [10, 11]. Supported-LWI have been
shown to be effective at minimizing ankle eversion ef-
fects, while still reducing the KAM [8, 9, 12], and may
be preferred over a standalone LWI [13]. Considering
the clinical concerns of concomitant foot symptoms in
knee OA and that multiple LWI options have

demonstrated biomechanical efficacy, selecting an insole
for patients to avoid exacerbation of existing foot symp-
toms appears to be paramount.
Evaluations of pressure distribution underfoot with

LWI have primarily reported lateral shifts in the centre
of pressure (CoP) [9, 14, 15]. Lateralization of CoP is hy-
pothesized to reduce the KAM by shifting the medially-
oriented ground reaction force to shorten the frontal
plane moment arm between the reaction force vector
and the knee joint. Shifts in CoP may not be a reliable
mechanism of KAM reduction, however, since medial
shifts in CoP have also been found to reduce the KAM,
as seen with medial thrust gait [16] and laterally-wedged
footwear (wedged externally on the outsole) [17]. Inves-
tigations of KAM reduction often report CoP measured
by floor-mounted force platforms, which provide high fi-
delity kinetic information about the interface between
footwear and the ground, necessary for calculating joint
moments. In comparison, flexible in-shoe pressure sen-
sors provide a less expensive and portable method of
measuring pressure between the plantar foot surface and
the insole, in particular those with non-planar designs.
With a method for plantar pressure assessment that is
feasible for clinical settings, relevant information about
the foot-insole interface could inform insole prescription
when concomitant foot symptoms are present.
Assessments of regional plantar pressure distribution

could provide insight into how redistribution of plantar
pressure with insoles could influence perceived symp-
toms. In people experiencing foot pain from work-
related prolonged standing, contoured insoles shifted re-
gional peak pressures from the rearfoot to the midfoot,
and reduced sensations of pain, discomfort, and fatigue
compared to not wearing the insoles [18]. A cross-
sectional exploration of patients with knee OA reported
that greater knee pain was associated with increased
medial plantar loading and midfoot contact area during
gait [19], which suggests plantar pressure distribution
could be linked to perceived symptoms in the lower limb
with knee OA. In-shoe measured plantar pressure effects
for varus and valgus wedged insoles [20] and externally-
wedged footwear [21] have reported lateral shifts in
pressure with lateral foot posting. However, the regional
plantar pressure effects have not been evaluated for
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supported-LWI, nor interpreted with the intent of
informing insole treatment amongst concomitant foot
symptoms. Therefore, the aim of this study was to ex-
plore the effects of standalone LWI and supported-LWI
on plantar pressure distribution and perceived comfort
during gait in healthy adults.

Methods
The current investigation is a complementary analysis of
plantar pressure and comfort data obtained during gait
analysis of various LWI designed for knee OA. A sum-
mary of the joint kinematic and kinetic outcomes for
these insoles were reported in Tse et al. [12], which
found standalone medial arch supports increased the
KAM. Similar findings of increased KAM with medial
arch supports have been reported [22, 23], despite Hin-
man et al. [23] reporting non-significant increases in a
small sample with large variability in KAM change. For
this reason, standalone medial arch supports were ex-
cluded from the current analysis of plantar pressure out-
comes. However, outcomes across all insole conditions
are reported in Appendix 1 of supplementary materials.
Additionally, the current sample size was justified for de-
tecting a change in KAM with LWI from the affiliated
study [12]. Therefore, an additional sample size justifica-
tion was not conducted for the current exploratory as-
sessment of plantar pressure distribution and perceived
comfort with standalone LWI and supported-LWI.

Participants
A convenience sample of healthy adults from the univer-
sity and surrounding community were recruited via elec-
tronic and print media and word of mouth. Exclusion
criteria for study participation included any history of

orthotic insole use in the 12 months prior to physical
screening, or any musculoskeletal or neurological condi-
tion that impaired gait at the time of testing. Ethics ap-
proval for this study was received from the institutional
Clinical Research Ethics Board. All participants received
written and verbal explanations of the details prior to
providing written consent for study enrolment.

Orthotic insoles
Four pairs of sulcus length orthotics were custom-
fabricated for each participant, using three-dimensional
laser volumetric casting by a Canadian Board-Certified
Pedorthist (Fig. 1). Non-contoured insoles fabricated
from ethyl-vinyl acetate foam (EVA) (Shore A stiffness
55) included a neutral 3 mm flat control (FLAT) and 5°
lateral wedge (WEDG). Two pairs of custom contoured
arch support insoles were fabricated from the volumetric
casts: (1) variable-stiffness (V-ARCH) was constructed
with plastazote foam laterally (Shore A stiffness 70) and
EVA medially (Shore A stiffness 20), (2) uniform-
stiffness (U-ARCH) was constructed with EVA (Shore A
stiffness 55). Two supported-LWI conditions were cre-
ated by affixing each custom arch support to the top of
the WEDG: WEDG+V-ARCH and WEDG+U-ARCH.
All insoles were covered with a full-length piece of neo-
prene and secured into a standardized sandal during all
walking trials (Fig. 1).

Procedure
All participants were randomly assigned a study limb of
interest and fitted with standardized sandals to match
their foot dimensions. The sandals had a neutral heel to
toe drop, Velcro straps to secure them to the feet, and
removeable footbeds, into which orthotic insoles could

Fig. 1 Insoles and standardized sandal set-up used for walking trials. A 3 mm flat control (FLAT). B 5° lateral wedge (WEDG). C Variable-stiffness
arch support (V-ARCH). D Uniform-stiffness arch support (U-ARCH). E Example of supported lateral wedge (WEDG+V-ARCH shown). F Sandal setup
with insole, neoprene topcover, and plantar pressure sensor
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be fitted. Prior to collecting data during walking in each
insole condition, participants were encouraged to accli-
mate to the insole and sandals by walking freely and re-
solving any fit abnormalities. For all participants the
FLAT condition was tested first, and the five remaining
insole conditions were systematically randomized with a
Williams Design to account for possible order and
carry-over effects. Walking speed was measured using
two commercial photoelectric timing gates placed a
known distance apart, and self-selected walked speed
was established as the mean walking speed during walk-
ing trials with FLAT. Walking trials were deemed suc-
cessful if the speed was within 5% of the average walking
speed with FLAT for all other conditions, and if the
study limb foot struck the ground completely within the
boundary of a floor-embedded force platform. A mini-
mum of five successful walking trials along a 10 m walk-
way were recorded in each insole condition.

Data collection and reduction
Plantar pressure was measured bilaterally using flexible
shoe-embedded sensors (F-Scan, Tekscan, Boston, MA,
USA) at 100 Hz. All sensors were trimmed to match the
sandal size and secured to the neoprene topcover with
double-side tape to ensure consistent sensor placement
among insole conditions (Fig. 1). Each sensor detects
pressure as an array of sensing units, with a surface area
resolution of 0.258 cm2 per sensing unit. Only data col-
lected during the stance phase of gait were processed
and analyzed. For each calculated outcome, the average
of five successful walking trials was calculated to repre-
sent its value in each insole condition.
Pressure data recorded by each sensing unit was fil-

tered using a zero-lag 4th order low-pass Butterworth
filter with a 25 Hz cut-off. For faulty sensing units that
detected non-physiological pressure, its data were re-
placed with the time-series average of its eight neigh-
bouring sensing units. A semi-automated masking
program was used to segment the foot into seven plantar
regions: hallux, forefoot (medial, central, lateral), mid-
foot, rearfoot (medial, lateral) (Fig. 2). All masks were
visually checked, and any erroneous regional masks were
manually corrected. For each plantar region, a represen-
tative time-series pressure signal was calculated as the

Fig. 2 Representative plantar pressure map during a single stance phase.
The coloured box overlays demarcate the complete pressure map into
multiple plantar regions used for calculating pressure outcomes. Red
dashed line between the heel centroid and second toe delineates the
midline of the foot. White crosses (+) denote the trajectory of the centre of
pressure (CoP) throughout stance phase. Green dashed lines demonstrate
how the time-series medial-lateral pressure index is calculated as the
distance between the CoP and the foot midline (normalized to foot width).
Positive and negative MLPI indicate a CoP that is lateral and medial to the
foot midline, respectively
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average pressure of all active sensing units within the re-
gion. From the regional time-series pressure data, the
discrete outcomes extracted for analysis included: peak
pressure (kPa), pressure-time integral (kPa*sec), and
time of peak pressure (% stance). The contact area in
each plantar region was calculated as the sum of active
sensing units in the region multiplied by the surface area
per unit.
The medial-lateral pressure index (MLPI) represents

the medial-lateral plantar pressure distribution with re-
spect to the midline of the foot (heel centroid to 2nd
toe) throughout stance phase (Fig. 2). For each frame of
data, MLPI was calculated as the perpendicular distance
between the centre of pressure (CoP) and the midline of
the foot, normalized to the foot width [24]. Positive and
negative values indicate a CoP that is lateral or medial to
the midline of the foot, respectively. For each walking
trial, the mean MLPI and area under the MLPI curve
(AUC) during the first and second halves of stance phase
were calculated separately.
Participants rated insole comfort on a 15-point global

rating of change scale [25]. Using the FLAT insole con-
dition as the reference comparator, + 7 and − 7 repre-
sented a change in comfort that was maximally
“improved” or “reduced”, respectively. Zero represented
no change in comfort (equivalent to FLAT). Following
completion of walking trials in all insole conditions, par-
ticipants selected one insole as their most preferred.

Statistical analysis
Normality was evaluated via visual inspection of histo-
grams and supplemented with a Shapiro-Wilk test.
Homogeneity of variance was evaluated via Mauchly’s
test of sphericity. For discrete outcomes of MLPI, re-
gional plantar pressure, and comfort change, repeated
measures analyses of variance were used to test for dif-
ferences between four insole conditions (FLAT, WEDG,
WEDG+V-ARCH, WEDG+U-ARCH). Significant main
effects of insole condition were followed-up with post
hoc Tukey’s HSD pairwise comparisons. Statistical cal-
culations were completed with jamovi version 1.6 [26],
at an alpha level of α = 0.05.

Results
Forty healthy individuals participated in the study with
the following demographic information: 23 males, 17 fe-
males, mean (SD) age = 26.6 (2.9) years, height = 173.5
(8.6) cm, body mass = 71.2 (12.7) kg, BMI = 23.5 (2.8)
kg/m2. The median foot posture index was = 5 (25th per-
centile = 2; 75th percentile = 9). All evaluated outcomes
satisfied the assumptions for normality and homogeneity
of variance. The following summarizes the outcomes for
the four conditions that were statistically compared
(FLAT, WEDG, WEDG+V-ARCH, and WEDG+U-

ARCH). An extended summary of discrete outcomes for
all insoles can be found in Appendix 1 of supplementary
materials.

Regional plantar pressure
Lateral regional pressure
Lateral rearfoot and forefoot peak pressure and
pressure-time integral were decreased with WEDG+V-
ARCH (p < 0.05), when compared to FLAT. WEDG+V-
ARCH also had lower peak pressure and pressure-time
integral compared to WEDG (p < 0.05). WEDG+U-
ARCH reduced the peak pressure in the lateral rearfoot
and the pressure-time integral in lateral forefoot, com-
pared to FLAT (both p < 0.05). Discrete plantar pressure
outcomes for all regions are reported in Table 1, and en-
semble average curves for the lateral rearfoot and fore-
foot regions are found in Fig. 3a.
Contact area in the lateral rearfoot was increased with

WEDG+V-ARCH and WEDG+U-ARCH compared to
FLAT (p < 0.05) and WEDG (p < 0.05). Lateral forefoot
contact area decreased with supported-LWI WEDG+V-
ARCH and WEDG+U-ARCH compared to FLAT (p <
0.05). WEDG did not significantly change contact area
in the lateral rear- or forefoot compared to FLAT (p ≥
0.06). Discrete contact area values for all regions are re-
ported in Table 1.

Medial regional pressure
Medial rearfoot and forefoot peak pressure and
pressure-time integral were reduced by WEDG, WEDG+
V-ARCH, and WEDG+U-ARCH (all p < 0.05) when
compared to FLAT. Both supported-LWI (WEDG+V-
ARCH and WEDG+U-ARCH) also reduced medial rear-
foot and forefoot peak pressure and pressure-time inte-
gral compared to WEDG (p < 0.05). Ensemble average
curves for the medial rear- and forefoot regions are
found in Fig. 3b.
Contact area in the medial rearfoot decreased with

WEDG, compared to FLAT (p < 0.05). The WEDG+V-
ARCH and WEDG+U-ARCH increased medial rearfoot
contact area when compared to WEDG (p < 0.05), but
were not different from FLAT. Medial forefoot contact
area was unchanged by any insole compared to FLAT
(p ≥ 0.32).

Midfoot pressure
Midfoot peak pressure and pressure-time integral were
unchanged with WEDG (p ≥ 0.13), and increased with
WEDG+V-ARCH (p < 0.05) and WEDG+U-ARCH (p <
0.05), compared to FLAT. Ensemble average curves for
the region are found in Fig. 4.
Compared to FLAT, midfoot contact area was in-

creased with WEDG+V-ARCH and WEDG+U-ARCH
(p < 0.05), while decreased with WEDG (p < 0.05).
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Medial-lateral pressure distribution
Through early and late stance phase, all laterally-wedged
insole conditions (WEDG, WEDG+V-ARCH, WEDG+
U-ARCH) shifted the medial-lateral plantar distribution
laterally, exhibiting increased mean and AUC MLPI
compared to FLAT (p < 0.05). Discrete values of MLPI
are summarized in Table 2 and their corresponding en-
semble average curves for all insole conditions are found
in Fig. 5.

Comfort change
Rated as a change in comfort compared to FLAT, the
comfort ratings for WEDG (mean [SD] = − 1.2 [2.3]),
WEDG+V-ARCH (mean [SD] = − 0.8 [2.3]), and
WEDG+U-ARCH (mean [SD] = − 0.7 [2.5]) were not sig-
nificantly different from each other (p ≥ 0.58).

Discussion
In the current study we assessed plantar pressure distri-
butions of healthy individuals walking with LWI and
supported-LWI compared to a flat control insole. The
regional distribution of plantar pressure differed between
insole conditions. WEDG reduced medial rearfoot and
forefoot pressure, while maintaining lateral rearfoot and
forefoot pressures compared to FLAT. Meanwhile,
WEDG+V-ARCH exhibited greater reductions in medial
and lateral rearfoot and forefoot pressure than WEDG,
and increased midfoot pressure and contact area com-
pared to FLAT. Early and late stance phase MLPI were
increased by all wedged insole conditions, indicative of a
lateral shift in CoP throughout the stance phase of gait.

No differences in comfort were observed between insole
conditions. In light of the redistribution of plantar pres-
sure between LWI conditions, insole prescription may
be best informed by its appropriateness for pre-existing
foot symptoms. Especially in patients with concomitant
knee OA and foot symptoms, clinicians incorporating
insoles for biomechanical intervention of medial tibiofe-
moral OA should consider both kinetic effects at the
knee and effects on pressures in plantar regions in their
clinical decision making.
A speculated mechanism by which LWI reduce the

KAM is through lateralization of the foot CoP, which re-
duces the frontal plane moment arm between the knee
joint and the medially-oriented ground reaction force
vector. We found the LWI and supported-LWI increased
the mean and AUC of MLPI by 1–4% of foot width (~
1–4 mm) throughout stance phase, which is in agree-
ment with the lateral shifts in CoP reported by previous
works that also evaluated gait with and without LWI,
but that used force platform technology [9, 14, 15].
While CoP lateralization appears to be involved in KAM
reduction with LWI, it is unlikely to be the primary
mechanism of effect. Hinman et al. reported only a weak
correlation (r = 0.25) between the lateral shift in CoP
with LWI and change in KAM peak [15]. In the current
study we also found WEDG+U-ARCH had the largest
lateral shifts in CoP, but was previously reported to be
ineffective at reducing the KAM [12]. In a different bio-
mechanical assessment of medial thrust gait, a medial
shift in CoP was found to be linearly related to KAM re-
duction (r = 0.40–0.70) [16]. Considering these

Table 1 Regional plantar pressure outcomes by insole condition, reported as mean (standard deviation)

Plantar Region Pressure Outcome FLAT WEDG WEDG + V-ARCH WEDG + U-ARCH

Lateral Rearfoot Peak Pressure (kPa) 133.0 (24.1) 132.6 (26.0) 122.0 (22.6) a,b 126.1 (23.4) a

Pressure-Time Integral (kPa*sec) 30.0 (6.4) 29.0 (5.3) 26.7 (5.5) a,b 28.3 (6.9)

Contact Area (cm2) 18.7 (2.3) 18.1 (2.1) 19.5 (2.2) a,b 19.9 (2.6) a,b

Lateral Forefoot Peak Pressure (kPa) 106.1 (31.8) 108.6 (33.3) 85.6 (26.7) a,b 100.7 (32.2)

Pressure-Time Integral (kPa*sec) 30.6 (10.4) 32.4 (10.7) 22.0 (7.3) a,b 26.8 (10.1) a,b

Contact Area (cm2) 12.9 (2.6) 12.6 (2.3) 12.2 (2.2) a 12.3 (2.2) a

Medial Rearfoot Peak Pressure (kPa) 150.3 (23.2) 131.9 (26.1) a 105.3 (27.6) a,b 99.3 (21.5) a,b

Pressure-Time Integral (kPa*sec) 32.9 (6.7) 26.6 (5.8) a 21.4 (6.1) a,b 20.4 (5.2) a,b

Contact Area (cm2) 17.5 (2.1) 16.5 (2.1) a 17.9 (2.5) b 17.9 (2.8) b

Medial Forefoot Peak Pressure (kPa) 125.3 (43.0) 105.4 (39.6) a 96.9 (34.2) a,b 93.4 (37.0) a,b

Pressure-Time Integral (kPa*sec) 30.1 (10.3) 23.4 (8.6) a 20.2 (7.3) a,b 18.3 (7.6) a,b

Contact Area (cm2) 14.4 (1.8) 13.9 (2.1) 14.5 (2.6) 14.7 (2.6)

Midfoot Peak Pressure (kPa) 42.8 (11.8) 45.6 (10.6) 48.1 (12.9) a 48.0 (12.9) a

Pressure-Time Integral (kPa*sec) 14.1 (4.6) 15.5 (4.7) 16.2 (4.8) a 16.2 (5.2) a

Contact Area (cm2) 34.7 (8.7) 31.8 (7.7) a 50.9 (9.3) a,b 52.8 (9.1) a,b

All values reported as mean (standard deviation)
a denotes a significant difference from FLAT (p < 0.05)
b denotes a significant difference from WEDG (p < 0.05)

Tse et al. Journal of Foot and Ankle Research           (2021) 14:55 Page 6 of 11



Fig. 3 Ensemble average of the regional plantar pressure for the (a) lateral and (b) medial rearfoot (solid lines) and forefoot (dashed lines). The
colours representing each insole condition are as follows: FLAT (black), WEDG (green), WEDG+V-ARCH (red), WEDG+U-ARCH (yellow)
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discrepant shifts in foot CoP and KAM reduction, it is
possible lateralizing CoP with LWI is less important to
reducing the KAM than other alterations occurring be-
tween the foot and knee, such as frontal plane tibial in-
clination or knee angle. The frontal plane knee
alignment during gait has been shown to completely me-
diate the relationship between ankle eversion and magni-
tudes of the KAM [27], which is relevant to how LWI
can alter KAM as a foot-based biomechanical interven-
tion. It is important to acknowledge our investigation
measured CoP with flexible in-shoe sensors atop non-
planar insole surfaces, which may differ from CoP mea-
sured by floor-mounted force plates. Nonetheless, the
value of in-shoe plantar pressure assessment of LWI
may be more relevant to considerations regarding

regional pressure changes that could impact comfort or
existing foot symptoms.
The growing concern between concomitant foot and

ankle symptoms and poorer clinical features of knee OA
[5, 7] highlights a need for LWI intervention to
minimize the likelihood of generating or exacerbating
foot symptoms. Our affiliated evaluation of the insoles
from this study found WEDG and WEDG+V-ARCH to
be effective at KAM reduction [12]. Differences in the
regional plantar pressure profiles may help inform which
of these two LWI could be more appropriate for bio-
mechanical intervention in patients experiencing con-
comitant foot symptoms. For example, in the WEDG
condition, peak pressure and PTI were maintained in
the lateral rearfoot and forefoot, but reduced in the

Table 2 Medial-Lateral Pressure Index (MLPI) outcomes by insole condition

MLPI Outcome FLAT WEDG WEDG + V-ARCH WEDG + U-ARCH

Early Stance Mean (% foot width) 3.2 (2.9) 5.5 (2.5) a 5.8 (3.0) a 6.9 (3.0) a,b

AUC (% foot width * sec) 1.0 (0.9) 1.8 (0.8) a 1.9 (1.0) a 2.3 (1.0) a,b

Late Stance Mean (% foot width) −2.5 (5.7) 0.5 (6.0) a −0.4 (5.9) a 0.9 (6.2) a

AUC (% foot width * sec) −0.8 (1.9) 0.2 (2.0) a −0.1 (2.0) a 0.4 (2.1) a

All values reported as mean (standard deviation)
Positive (lateral) and negative (medial) values indicate the centre of pressure position relative to the midline of the foot
a denotes a significant difference from FLAT (p < 0.05)
b denotes a significant difference from WEDG (p < 0.05)

Fig. 4 Ensemble average of the regional plantar pressure for the midfoot. The colours representing each insole condition are as follows: FLAT
(black), WEDG (green), WEDG+V-ARCH (red), WEDG+U-ARCH (yellow)
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medial rearfoot and forefoot, compared to FLAT. Mean-
while, WEDG+V-ARCH exhibited greater reductions in
the medial and lateral rearfoot and forefoot than WEDG,
with lower peak pressure and PTI (Fig. 3 & Table 1).
The arch contouring and variable-stiffness design of
WEDG+V-ARCH appeared to be redistributing pressure
from the rearfoot and forefoot into the midfoot, which
was seen as greater midfoot peak pressure, PTI, and con-
tact area compared to FLAT (Fig. 4 & Table 1). Previ-
ously, increased medial and decreased lateral peak foot
forces during walking have been associated with greater
self-reported knee pain in symptomatic patients with
knee OA [19]. As such, the observed pattern for WEDG
and WEDG+V-ARCH to redistribute plantar pressure
laterally by reducing medial pressures may be relevant to
the treatment of medial knee OA. Selecting a LWI to
minimize regional pressures based on patients’ existing
foot symptoms may also be less likely to elicit adverse
reactions to insole treatment. With the pressure distri-
butions reported, patients experiencing symptoms in the
rearfoot or forefoot may be better suited for WEDG+V-
ARCH, since pressure in these affected plantar regions
are considerably lower, and less likely to exacerbate
symptoms. In contrast, patients experiencing symptoms
in the midfoot region may be better suited for WEDG
alone, since this insole does not significantly increase
midfoot pressure compared to FLAT. Future clinical trial

work examining this potential impact on clinical care is
needed to confirm these preliminary findings from
young, healthy individuals.
Ratings of comfort change relative to FLAT were not

significantly different between any of the LWI condi-
tions. These insoles were tested over a period of 10–15
min per insole condition, using a small sample (n = 40)
of healthy individuals that did not use orthotic insoles
habitually. As such, it is unsurprising that average com-
fort ratings for all LWI ranged between 0 (no change)
and − 1 on a − 7 to + 7 scale. Evaluating insole comfort
in healthy individuals provides foundational information
prior to use in clinical populations that could have con-
comitant foot pathologies. Future research in the com-
fort effects of these LWI would benefit from longer
study durations and using cohorts of patients with knee
OA. As previously mentioned, only WEDG and WEDG+
V-ARCH reduced the KAM [12]. Until we know other-
wise with data from patients with knee OA, these insoles
can perhaps be treated equivalently for their biomechan-
ical efficacy, and the prescription of either LWI should
prioritize minimizing regional pressures and improving
subjective comfort.
Findings from this study should be interpreted within

the context of several limitations. Firstly, healthy adults
without a history of orthotic use were recruited for this
exploratory study of plantar pressure changes with LWI

Fig. 5 Ensemble average of the medial-lateral pressure index throughout stance phase for all insole conditions. Positive and negative MLPI indicate a
CoP that is lateral or medial to the foot midline, respectively. The colours representing each insole condition are as follows: FLAT (black), WEDG (green),
WEDG+V-ARCH (red), WEDG+U-ARCH (yellow)
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and supported-LWI, intended for patients with knee
OA. While it is imperative future investigations be con-
ducted within the target clinical population to assess the
effects on pain and other clinically-relevant outcomes,
our findings did not demonstrate any immediate effects
of plantar pressure distribution or comfort that would
pose any major risk of adverse effects with insole use. In-
deed, current clinical guidelines [28] for management of
knee OA do not necessarily support the use of LWIs for
knee OA – based primarily on contradictory findings of
pain improvement [29]. While any biomechanical bene-
fits of these devices are generally not considered in these
guideline recommendations, our current findings do
provide new evidence that may be used in such deci-
sions. Next, we used flexible in-shoe pressure sensors to
measure plantar pressure distribution from a non-planar
surface at the foot-insole interface, which may not reflect
the CoP measured by floor-mounted force platforms or
pressure mats. Indeed, floor-measured data provides
CoP data necessary for evaluations of mechanisms of
KAM reduction. However, we demonstrated in-shoe
pressure sensors are a cost-effective method to obtain
regional pressure distribution information that could in-
form the insole prescription process amidst consider-
ations of existing foot symptoms. Finally, while longer
acclimatization periods with insoles are common for
clinical practice (~ 2–4 weeks), the number of insole
conditions insoles that we tested prevented us from
doing so within the current study design. However, par-
ticipants were encouraged to take as long as they felt
was necessary to adjust to the sensation of each new
orthotic, prior to collection of gait trials.

Conclusion
In our exploration of plantar pressure in healthy adults
walking with LWI, with or without medial arch support,
the data demonstrated pressure distributions that may
streamline the selection process for which type of LWI
to implement for biomechanical intervention. All LWI
shifted the medial-lateral distribution laterally, including
the WEDG+U-ARCH which was previously shown to be
ineffective at reducing the KAM. Therefore, shifts in foot
CoP may not be the primary mechanism by which LWI
can reduce the KAM. Regional plantar pressure distribu-
tions point towards using the WEDG+V-ARCH for indi-
viduals experiencing foot symptoms in the rearfoot and
forefoot, and the WEDG for individuals experiencing
foot symptoms in the midfoot. Since comfort ratings did
not differ between insole conditions, the proposed ar-
rangement of LWI recommendations aims to reduce
pressures in the associated plantar region and minimize
the chance of exacerbating concomitant foot symptoms
in patients with knee OA.
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