The Foot 38 (2019) 19-23

journal homepage: www.elsevier.com/locate/foot

Contents lists available at ScienceDirect

The Foot

Original Article

The effect of additional activation of the plantar intrinsic foot muscles on

foot kinematics in flat-footed subjects

a,b,:::

Kazunori Okamura
Sadaaki Oki”

Check for
updates

z

, Shusaku Kanai”, Kengo Fukuda“, Satoshi Tanaka”, Takeya Ono”,

# Graduate School of Comprehensive Scientific Research, Prefectural University of Hiroshima, 1-1 Gakuen-cho, Mihara-shi, Hiroshima 723-0053, Japan
® Department of Physical Therapy, Faculty of Health and Welfare, Prefectural University of Hiroshima, 1-1 Gakuen-cho, Mihara-shi, Hiroshima 723-0053, Japan
© Department of Rehabilitation, Innoshima Ishikai Hospital, 1962 Innoshima nakanosyo-cho, Onomichi-shi, Hiroshima 722-2211, Japan

ARTICLE INFO ABSTRACT

Background: Strengthening exercises of the plantar intrinsic foot muscles (PIFMs) are often prescribed to flat-
footed subjects because of the capacity of the PIFMs to support the medial longitudinal arch (MLA). However, it
is unclear whether the capacity of the PIFMs to support the MLA is enough to change the foot kinematics in flat-
footed subjects. To confirm this, the current study examined changes in foot kinematics in flat-footed subjects
during standing and gait accompanied by changes in the activity of the PIFMs.

Methods: Eighteen flat-footed subjects were randomly assigned to an electrical stimulation group (ESG) or a
control group (CG). In the ESG, electrical stimulation to the PIFMs was applied during standing and gait to
simulate reinforcement of the PIFMs. Then, foot kinematics were measured using 3D motion analysis, and the
amount of change from baseline (when no electrical stimulation was applied) was compared between the groups.
Results: In the gait analysis, the time at which the MLA height reached its minimum value was significantly later
in the ESG, with no reduction in the MLA height at that time. Moreover, forefoot inversion angle and tibial
external rotation angle were significantly increased in the ESG at that time. In the standing analysis, there were
no significant differences between the groups.

Conclusion: The results revealed that in flat-footed subjects, the PIFMs have the capacity to support the MLA
enough to change foot kinematics during gait. Strengthening these muscles may be effective in preventing or
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treating lower extremity overuse injuries related to flat-foot alignment.

1. Introduction

Flat-foot alignment in which the medial longitudinal arch (MLA)
height is decreased has been described as a significant etiologic factor
in several lower extremity overuse injuries, including plantar fasciitis
[1,2] and medial tibial stress syndrome [3,4]. Although the plantar
fascia [5,6] and the posterior tibialis [7,8] are principal components
that prevent the decrease in MLA height, many previous studies have
focused on the capacity of the plantar intrinsic foot muscles (PIFMs) to
support the MLA as well [9-11]. Kelly et al. [9] reported that re-
inforcement of the PIFMs simulated by intramuscular electrical stimu-
lation counteracts MLA compression under load. In addition to this,
previous studies have reported that weakening of the PIFMs simulated
by a tibial nerve block [10] and fatigue-inducing exercise [11] leads to
a significant decrease in MLA height, as assessed by navicular drop.
Furthermore, because these studies focused on the capacity of the

PIFMs to support the MLA only under static conditions, in a recent
experiment in our laboratory [12], an attempt to confirm the capacity
of the PIFMs to support the MLA during gait was conducted. The results
revealed that additional electrical activation of the PIFMs during gait
caused a delay in the timing of the MLA height to reach the minimum
value without a reduction in MLA height, indicating that additional
activation of the PIFMs slowed the MLA deformation during the stance
phase of gait. These results suggest that the PIFMs have the capacity to
support the MLA enough to change the foot kinematics not only under
static conditions but also during gait.

Based on these findings, in the fields of rehabilitation and sports
medicine, strengthening exercises of the PIFMs, such as short foot ex-
ercises, have been prescribed to correct foot alignment [13,14] and
prevent and/or treat lower extremity overuse injuries related to flat-
foot alignment [15]. However, previous studies confirmed that the
PIFMs have the capacity to support the MLA only in normal subjects
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[9-12], although strengthening exercises of the PIFMs are often pre-
scribed to flat-footed subjects. In flat-footed subjects, not only the
PIFMs but also other MLA support structures, such as ligaments, exhibit
hypofunction [16,17]. Therefore, it is unclear whether the capacity of
the PIFMs to support the MLA is enough to change the foot kinematics
in flat-footed subjects. To confirm this research question would be va-
luable for developing strengthening exercises of the PIFMs to flat-footed
subjects.

The current study sought to examine the effects of simulated re-
inforcement of the PIFMs via electrical stimulation on foot kinematics
during standing and gait, and to confirm whether the capacity of the
PIFMs to support the MLA is enough to change the foot kinematics in
flat-footed subjects. It is our hypothesize that, in flat-footed subjects,
simulated reinforcement of the PIFMs would cause changes in foot ki-
nematics during standing and gait associated with an enhanced ability
to support the MLA.

2. Material and methods
2.1. Subjects

A sample of 169 volunteers were screened at the authors’ institution
to identify individuals with flat-foot alignment. The navicular drop test
and 6-item foot posture index were used to select flat-footed subjects.
Although foot posture index is subjective, this non-invasive test has
been shown to be reliable and boundaries for different foot types have
been developed [18]. Flat-foot alignment was defined as a navicular
drop of > 10 mm [19,20] and a foot posture index score of > 5 points
[21]. The exclusion criteria included a history of a lower extremity
injury up to 6 months before participation. Moreover, subjects who had
preexisting conditions such as seizures and demand pacemakers were
also excluded, following the specifications of the electrical stimulation
device.

Eighteen subjects met all of the inclusion criteria. Subjects were
randomly allocated to 1 of 2 groups: an electrical stimulation group
(ESG) and a control group (CG). After randomization, both groups in-
cluded 9 subjects (CG: age = 20.1 * 1.4 years, height = 156.4 =+

5.4cm, mass=50.6 * 6.0kg, ESG: age = 20.3 * 1.3 years,
height = 161.5 = 9.5 cm, weight = 55.6 + 9.4 kg). This study was
approved by the Ethics Committee of the Prefectural University of
Hiroshima, and written informed consent was obtained from all sub-
jects.

2.2. Instruments

In this study, similar to the previous study [12], electrical stimula-
tion was delivered to the PIFMs using the WalkAide device (Innovative
Neurotronics Inc., Austin, Texas, USA). Foot kinematics and kinetics
were measured using a VICON system (Oxford Metrics, Oxford, UK).
The VICON system was comprised of 12 MX-T20S cameras running at
100 Hz and 6 force plates running at 1000 Hz (2 Kistler and 4 AMTI).
Reflective markers (diameter: 9.5 mm and 14 mm) were attached to the
subjects with double-sided tape. The VICON NEXUS was used to vi-
sualize and process 3-dimensional motion.

2.3. Electrical stimulation of the PIFMs

To strengthen the contractile force of the PIFMs, electrical stimu-
lation to the PIFMs using a method described in a previous study was
applied [12]. The electrical stimulation (250 ps pulse width, 20 Hz
frequency) applied to the PIFMs was provided from surface electrodes
attached on the muscle belly of the abductor hallucis (ABH) muscles.
The timing of electrical stimulation was controlled using the hand
switch by the same tester, and checked using the VICON system syn-
chronized with the WalkAide device. The stimulation intensity was
determined to be the threshold that each subject could endure without
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Fig 1. WalkAide and marker placements.

a: The main unit of the WalkAide device.

b: The surface electrodes to deliver electrical stimulation to the abductor hal-
lucis muscles.

c: The cable to synchronize the WalkAide device with the VICON system.

feeling pain.

2.4. Data collection protocol

The 29 reflective markers (14 mm or 9.5 mm) were placed following
the Plug-in-Gait lower model and Oxford Foot Model specifications.
Similar to our previous study [12], the Plug-in-Gait lower model was
used to calculate kinetic parameters to prevent an avoidance response
from a sensation such as pain from electrical stimulation. The Oxford
Foot Model markers and an additional navicular tuberosity marker
were applied to the side of the lower extremity that achieved the
highest score on the foot posture index (Fig. 1). The WalkAide device
was attached to the same side of the lower extremity (Fig. 1). After
calibration with the subjects in an anatomical neutral position, the
medial malleolus and posterior calcaneus proximal markers were re-
moved, according to the protocol of the Oxford Foot Model [22,23].
The marker of the distal 1st metatarsal, recorded as one of the re-
movable markers on the protocol, was not removed because it was
necessary to calculate the MLA height. The MLA height during gait was
represented by the navicular height. The navicular height during gait
was defined as the perpendicular distance of the navicular tuberosity
marker above the plantar plane of the foot bisecting the markers on the
distal 1st metatarsal, distal 5th metatarsal, and heel [12].

Following these procedures, the gait trials and static standing trials
were conducted with 28 markers. The details of the protocol for the gait
and standing trials were described in our previous study [12]. In brief,
all subjects were asked to walk along an 8-m walkway at their preferred
normal speed for the baseline measurement, and 5 gait trials were re-
corded. The stimulation intensity was then determined for each subject.
The determination of stimulation intensity was performed not only for
the ESG, but also for the CG. A static standing trial was then conducted.
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The subjects were required to place approximately 90% of their body
weight on the observed lower extremity, and were allowed to stabilize
their balance with a rod held in the opposite hand and be toe-touch
contact to the floor with the opposite lower extremity [13]. After the
force plate data determined that the weight bearing on the observed
lower extremity was approximately 90% of body weight, recording was
conducted for 10 seconds. In the ESG, electrical stimulation was de-
livered to the PIFMs for the last 5 seconds. Upon completion of a static
standing trial, gait trials were conducted again. At this time, in the ESG,
electrical stimulation to the PIFMs was delivered from mid-stance to
pre-swing, at which time the PIFMs are known to be active [24,25].
Regardless of whether electrical stimulation was provided or not, all
gait trials in both groups were performed with the tester walking di-
agonally behind the subject to operate the hand switch.

2.5. Statistical analysis

In the gait trials, gait velocity and the following parameters during
the stance phase of the observed limb were selected for statistical
analysis: stance phase duration, minimum navicular height, time at
which the navicular height reached the minimum value, forefoot angle
relative to the rear foot and rear foot angle relative to the tibia at that
time, internal ankle moment (plantar flexion, eversion, abduction) at
that time, and maximum ground reaction force (anterior, medial, and
vertical directions) in the second half of the stance phase. All para-
meters were averaged across all 5 trials.

The navicular height from the floor was used for statistical analysis
only in the standing trials, compared with previous studies [12,13]. The
navicular height from the floor of the intervals excluding the first and
last second of the first and second half of the 10-s recording periods
were averaged.

The Shapiro-Wilk test was used to determine the normality of the
data. For the baseline value of all of the parameters and the amount of
change from the baseline of all parameters, independent sample t-tests
or Mann-Whitney U tests were conducted to evaluate the differences
between the 2 groups. Differences were considered significant at the
p < 0.05 level. All statistical tests were conducted using SPSS 20.0 for
Windows (SPSS Inc., Chicago, Illinois, USA).

3. Results

There were no statistically significant differences in the baseline
values of the parameters between the 2 groups (Table 1). Similar to
previous studies [12,26], in both groups, the time at which the navi-
cular height reached the minimum value was equivalent to the phase of
terminal stance.

Table 2 shows the amount of change from baseline. In the gait
analysis, the electrical stimulation to the PIFMs in the ESG was deliv-
ered from 20.2 + 3.6% to 57.7 * 2.2% of the gait cycle corre-
sponding to the phase from mid-stance to pre-swing. Regardless of
whether electrical stimulation to the PIFMs was provided or not, gait
velocity and minimum navicular height were consistent. In contrast,
slightly extended right stance phase duration was observed in the ESG.
Moreover, the time at which the navicular height reached the minimum
value was significantly later in the ESG compared with the CG. At that
time, the significantly increased reduction in forefoot eversion (frontal
plane plane) angle relative to the rear foot, and rear foot abduction
(transverse plane) angle relative to the tibia, were seen in the ESG.
There were no significant differences between groups in the change in
kinetic parameters, such as internal ankle moment and ground reaction
force.

In the standing analysis, there were no significant group differences
in the change in navicular height from the floor.
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Table 1

The baseline value in each group. NH = navicular height, FF = forefoot,
RF = rear foot, TB = tibia, DF = dorsiflexion, EV = eversion,
AB = abduction, PF = plantarflexion, BW = body weight. Stance phase dura-
tion, RF DF angle relative to TB, and internal ankle PF moment were analyzed
using Mann-Whitney U tests.

Variable CG(N =9 ESG (N =9) Mean diff p
Mean SD Mean SD
Gait
Speed (m/s) 1.2 0.2 1.2 0.2 0.1 0.38
Stance phase duration (ms) 6344 68.6 6467 606 —12.2 0.86
NH from plantar plane
Minimum value (mm) 6.5 4.8 3.8 5.9 2.7 0.29
Timing (% stance phase) 75.8 5.3 77.8 3.8 —-2.0 0.21
Foot kinematics
FF angle relative to DF 8.0 4.4 8.5 4.9 -0.6 0.80
RF ()
EV -0.1 7.2 —-2.7 2.6 2.6 0.34
AB 11.0 7.5 9.4 3.8 1.6 0.58
RF angle relative to DF 8.3 5.3 12.2 3.6 -3.8 0.11
TB (")
EvVv -28 57 -3.8 5.8 -1.0 0.80
AB -27.8 11.8 -232 115 -—46 0.42
Internal ankle moment PF 11145 164.5 1221.1 153.2 -106.6 0.30
(N mm/kg)
EV 433 448 67.1 40.3 —23.8 0.25
AB 74.6 72.0 64.3 47.9 10.2 0.73
Ground reaction force (%
BW)
Anterijor direction 21.7 3.7 20.6 3.9 1.1 0.55
Medial direction 6.2 1.5 6.7 1.6 -0.5 0.52
Vertical direction 106.4 6.2 107.1 4.1 -0.8 0.76
Standing
NH from floor (mm) 35.7 4.6 35.3 6.6 0.4 0.90

4. Discussion

In the current study, the authors examined changes in foot kine-
matics during standing and gait accompanied by changes in PIFM ac-
tivity to evaluate whether the capacity of the PIFMs to support the MLA
is enough to change the foot kinematics in flat-footed subjects.

The main finding of this study was that the reinforcement of the
PIFMs during the stance phase of gait caused a delay in the time re-
quired for the navicular height to reach the minimum value, without
any reduction of navicular height at that time. Because similar changes
have been reported in subjects with normal feet [12], the current
finding suggests that, in not only normal subjects but also flat-footed
subjects, the PIFMs have the capacity to slow MLA deformation during
the stance phase of gait. In addition to this, although the minimum
navicular height during the stance phase of gait did not increase with
reinforcement of the PIFMs, significant changes in foot segment kine-
matics associated with increased MLA height were observed. In the
ESG, electrical reinforcement of the PIFMs caused a significantly in-
creased forefoot inversion angle relative to the rear foot and an in-
creased rear foot adduction angle relative to the tibia, which is identical
to the increased tibial external rotation angle relative to the rear foot.
These movements are caused by ABH contraction [27], and accom-
panied with increased MLA height. Therefore, the PIFMs may have
attempted to elevate MLA height in the ESG. However, we were likely
unable to detect the change in MLA height because the changes be-
tween foot segments were relatively small. Thus, it remains possible
that a more powerful contractile force of the PIFMs would increase the
minimum navicular height during the stance phase. Therefore, the re-
sults of this study suggest that, in flat-footed subjects, the PIFMs have
the capacity to support the MLA enough to change foot kinematics
during gait.
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Table 2

The amount of change from baseline in each group. NH = navicular height,
FF = forefoot, RF = rear foot, TB = tibia, DF = dorsiflexion, EV = eversion,
AB = abduction, PF = plantarflexion, BW = body weight. Stance phase dura-
tion, FF DF angle relative to RF, internal ankle AB moment, and NH from floor
at standing, were analyzed using Mann-Whitney U tests.

Variable CG(N =09 ESG (N =9) Mean diff p
Mean SD Mean SD
Gait
Speed (m/s) -0.01 0.02 -0.04 0.06 0.03 0.12
Stance phase duration -11 12.7 25.6 265 —26.7 0.01
(ms)
NH from plantar plane
Minimum value (mm) -0.3 0.5 -0.3 1.1 —-0.01 0.97
Timing (% stance -0.1 2.4 2.2 1.6 -2.3 0.03
phase)
Foot kinematics
FF angle relative to DF -0.9 1.6 05 1.0 -1.4 0.05
RF (")
EV 0.6 1.0 -0.8 1.4 1.4 0.02
AB 0.3 0.8 0.03 1.2 0.2 0.63
RF angle relative to DF 1.0 1.4 -0.1 1.6 1.1 0.14
TB ()
EV -06 09 03 2.1 -1.0 0.22
AB 0.2 1.0 —-1.4 1.4 1.6 0.01
Internal ankle moment PF —7.0 457 -23 60.6 —4.7 0.85
(N mm/kg)
EV —-46 26.1 2.0 26.1 —-6.6 0.60
AB 143 246 1.4 18.7 129 0.34
Ground reaction force
(% BW)
Anterior direction 0.04 0.8 -0.3 1.4 0.3 0.67
Medial direction 0.2 0.3 -0.3 0.9 0.5 0.11
Vertical direction 1.1 2.1 0.2 3.4 0.9 0.53
Standing
NH from floor (mm) -0.2 0.3 0.4 0.6 -0.6 0.06

These results are valuable for clinicians who treat lower extremity
overuse injuries related to flat-foot alignment. Flat-footed patients have
been found to exhibit smaller cross-sectional areas of the PIFMs [16].
Atrophy and hypofunction of the PIFMs may be some of the etiologic
factors for lower extremity overuse injuries related to flat-foot align-
ment. In fact, patients with plantar fasciitis, a typical overuse injury
related to flat-foot alignment [2], have been reported to exhibit reduced
volume in the PIFMs [28,29]. Because plantar fascia tension during gait
is strongly correlated with foot alignment during gait [30], to
strengthen the capacity of the PIFMs as dynamic supporters of the MLA
would contribute to reduction in the stress on the plantar fascia, and
may be helpful to prevent and/or treat plantar fasciitis.

In the standing analysis, the navicular height from the floor tended
to increase with reinforcement of the PIFMs. However, this change was
small (0.4 mm) and did not achieve statistical significance. In subjects
with normal feet, simulated reinforcement of the PIFMs using the
protocol applied in the present study was previously found to induce a
1.6-mm increase in navicular height in the standing position, and this
change was significant [12]. This difference would be caused by hy-
pofunction of the MLA support structures other than PIFMs in flat-
footed subjects. Therefore we should be aware that strengthening ex-
ercises of the PIFMs may be less effective in flat-footed subjects at
changing static and dynamic foot alignment compared with subjects
with a normal foot.

This study had several limitations that should be considered, in
addition to the limitations of our experimental protocol discussed in our
previous study [12]. First, we used the navicular drop test and the 6-
item foot posture index to select flat-footed subjects. These non-invasive
tests are common in clinical settings, and have been widely used in
previous studies [16,19,20]. However, the validity and reliability of
these measures is inferior compared with invasive X-ray examination.
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Second, the randomized research design and the use of 2 types of tests
to select flat-footed subjects required relatively small sample sizes in
each group. Although our experimental design was useful for improving
the quality of the study, the small sample size may have made it diffi-
cult to detect statistically significant differences. Finally, this study was
limited to evaluations during standing and gait. For example, plantar
fasciitis is also common in runners [1,2]. Moreover, the activities of the
PIFMs increase with increasing gait velocity [31]. Therefore, future
studies should be performed to confirm in flat-footed subjects that the
capacity of the PIFMs to support the MLA is enough to change the foot
kinematics during running.

5. Conclusion

The simulated reinforcement of the PIFMs by electrical stimulation
caused changes in foot kinematics during gait associated with an en-
hanced ability to support the MLA. This finding suggests that, in flat-
footed subjects, the PIFMs have the capacity to support the MLA enough
to change foot kinematics during gait. Therefore, strengthening this
capacity may be effective in preventing and/or treating lower extremity
overuse injuries related to flat-foot alignment.
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