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Abstract

Background: Although co-activation of ankle muscles has been reported, relative ankle muscle activation in subjectswith
flat foot has not been carefully investigated. The aim of this study was to compare the relative activation index (RAI) on
the tibialis anterior (TA) and medial gastrocnemius (GTN) muscles during active ankle range of motion (ROM) between
subjects with and without flat foot.

M ethods: There were 17 subjects with flat foot and 17 age- and gender-matched control subjects who participated in this
study. The RAI based on electromyography (EMG) was measured during the agonist phase at a controlled velocity of
ankle motion (10°/second). The subject was seated upright with the tested foot held firmly onto a footplate that was
attached to atorque sensor. The ankle being measured was strapped to the leg support of the Intel stretch device at 60° of
knee flexion. The RAI was analyzed by the summation of EMG activity from the agonistic time window divided by the
total EMG activity during full active ankle ROM.

Results: The RAI was significantly different on the TA muscle (t = 3.08, P = 0.004), but no difference was found on the
GTN muscle (t = -1.24, P = 0.23) in subjects with flat foot. There was an interaction between group and RAI (F =7.89,
P = 0.007); however, the RAI demonstrated no interaction with age (F = 2.59, P = 0.14), height (F = 3.73, P = 0.06), or
weight (F = 2.96, P = 0.09).

Conclusions: The RAI indicated alack of TA muscle activation in the flat foot group. Such dissociated activation in the
flat foot group might be relevant to the inefficiency of synergistic motions. The relative activation of the agonistic phase
needs to be further investigated to compare co-activation of synergistic muscle activation with various functional tasks.
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1 Introduction

Ankle muscle stiffness is a common musculoskeletal dysfunction with proprioceptive deficits which are related to joint
stability ™ 3. The stiffness is generally defined as the ratio of moment to angular deflection of the specific joint 4 as
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quantified by the slope of the length-tension relationship ©*. This stiffness dominates the mechanical behavior of the ankle
muscles, contributes to the risk of falls, and impairs standing balance in daily activities!®.

The primary mechanism for lower limb mobility might be affected by ankle stiffness, which is more important than that of
knee and hip stiffness " 8. Ankle stiffness has been attributed to the functional consequences of abnormal kinematics,
kinetics, and altered muscle activation . Electromyography (EMG) activity has found that ankle stiffnessis related to
reduced dynamic mobility capacity as well as decreased strength and proprioception 23 Although the magnitude of
ankle motion is influenced by joint congruence and ligament elasticity **°, there islimited investigation on ankle active
range of motion (ROM), especialy in subjects with flat foot.

Radiographic investigations are the reference standard to determine the magnitude of flat foot; however, they fail to
quantify imbalance of ankle motion or to serve as an objective assessment of flat foot ¥, Flat foot deformity is a
depression of the medial longitudinal foot arch, which can lead to overuse of the lower limbs, injury, and foot dysfunction
as confirmed by the navicular drop test '* ?). Flat foot deformity contributes to muscul oskeletal injury viaaltered motion
of the lower extremity *. The relationship between foot mobility and lower limb motion was reported, and flat foot could
be recognized as arisk factor for postural stability *%¥. These previous studies investigated the quantified assessment of
mobility and validated flat foot assessment procedures. However, those studies were not clear whether the ankle muscles
are activated synchronously to modulate joint impedance or sequentially to perform distinct biomechanical functions. In
addition, most studies were not conclusive due to heterogeneity between studies, small effect size with therisk of bias, and,
more importantly, lack of an objective measure!® 24,

Although there is limited investigation of flat foot and ankle muscle activation, a loss of functional integrity may affect
ankle muscle stiffness in subjects with flat foot. The altered muscle co-activation could be from diminished peripheral
perception, delayed spina reflex-loop recruitment, or higher muscle activity levels with increased co-activation and
decreased spinal reflex transmission 221, However, arelative activation index (RAI) on the tibialis anterior (TA) and
medial gastrocnemius (GTN) muscles was not previously investigated to quantify specific phases of active ankle ROM. A
quantified RAI might differentiate the agonistic phase during dorsiflexion (DF) and plantar flexion (PF) in subjects with
and without flat foot.

It is generally accepted that increasing the flexibility of the ankle joint promotes better performance and decreases the
number of injuries!®?¥; however, contradictory findingswere reported in the literature ***. The dissociated activationin
the ankle muscles is critical for the control of the co-activated muscle pattern by the RAI. More importantly, there is
limited clinical investigation on agonist responses during ankle motion in subjects with and without flat foot. The RAI
might be related to individual characteristics, including age, height, and weight. Such differences have the potential to
contribute to variations in the co-activation of the ankle musclesin older adults with flat foot.

Therefore, the aim of this study was to compare the RAI on the TA and GTN ankle muscles during specific phases of DF
and PF while considering demographic factors between subjects with and without flat foot. The hypothesis of this study
was that there would be a different RAI on the agonistic phase during ankle ROM between subjects with and without flat
foot.

2 Methods

2.1 Participants

Participants with flat foot were recruited from the University community by advertisement. Individuals were eligible to
participatein the study if they: 1) measured > 9 mm on the navicular drop test, 2) were 30 years of age or older, 3) were not
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diagnosed with any lower extremity injuries, and 4) had no acute pain or dysfunction surrounding the ankle or foot at the
time of the study.

Individuals were excluded from participation if they: 1) reported continuous pain or underwent surgery on a lower
extremity within the past 2 months, 2) had a diagnosed psychological illness that might interfere with the study protocol,
3) had experienced overt neurological signs (sensory deficits or motor paralysis), 4) had active medical, surgical, or
neurologic illness, painful conditions, history of peripheral neuropathies, or any disorders affecting the central nervous
system, or 5) were pregnant.

Subjects were withdrawn from the study if they requested to withdraw. The control group was recruited based on similar
individual characteristics as the subjects with flat foot. Those subjects who met study inclusion criteria received
information regarding the study and signed a copy of the Institutional Review Board approved consent form.

2.2 Experimental setup

Each participant’ s subtalar joint was measured for the navicular height. The distance between the tubercle of the navicular
bone was measured in sitting (non-weight bearing position) as well as in standing (full-weight bearing position). The
normal range of navicular drop was defined between 5 and 9 mm from the navicular drop test [*®!. Therefore, participants
with a navicular drop exceeding 9 mm were included in the flat foot group. For reliability in our study, the intra class
correlations were calculated to determine navicular drop. The intra class correlation coefficients were used to determine
the degree of test-retest reliability, ranged from 0.85 to 0.93, and were interpreted as excellent 2.

A B C

Figure 1. The experimental setup for ankle stiffness measurements. A): The device was fixed to the chair to prevent
movement relative to the subject. The seat was adjusted to align the ankle flexion axis at aselected knee flexion ROM. The
foot of the subject was fixed on the footplate, and the lower leg was fixed to aleg support. B): A LabVIEW program was
designed to control the data-acquisition device and to obtain the data. C): A six-axisforce sensor was mounted between the
motor shaft and the foot attachment. The surface EMG electrodes were placed over the GTN and TA muscles.

The outcome evaluation included EM G analysis using the Intel stretch device (Rehabtek, IL, USA). Thereliability of this
device was previously reported . As shown in Figure 1, this study investigated ankle muscle activation patterns during
agonist and antagonist phases of ankle movement. The subject was seated upright on the chair with the tested foot held
firmly onto afootplate that was attached to a torque sensor. The lower extremity being measured was strapped to the leg
support at 60° of knee flexion. The thigh and trunk were strapped to the seat and backrest, respectively, with the seat and
leg support adjusted to a comfortable position for the knee and hip joints at 60° and 85° of flexion, respectively. The
participant actively moved the ankle joint at a consistent velocity of 10°/second.
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Figure 1 indicates the experimental setup for ankle stiffness measurements. The device was fixed to the chair to prevent
movement relative to the subject, and a LabVIEW program was designed to control the data-acquisition device and to
obtain the data. The aluminum footplate, lined with rubber pads, supported the whole length of the sole and the medial side
of the foot. A molded clamping device with afirm cushioning pad pressed the dorsum of the foot onto the footplate. The
ankle joint was fixed to permit active and passive ROM at the neutral position. This position minimized contributions of
the passive and intrinsic components associated with ankle joint movement. The position of the footplate was al so adjusted
to align the ankle flexion axis with the axis of the torque sensor. The footplate was mounted onto the motor shaft through
a 6-axis force sensor that measured the torques at the ankle joint. The ankle joint was moved actively in DF and PF
directions, and the motion was monitored digitally by position/velocity and torque.

The electrode sites on each participant were shaved, and rubbing alcohol was used to reduce skin impedance. The
electrodes were placed on the muscle belly about 1/3 of the distance from the insertion of the individual muscles and
oriented parallel to the direction of the tested muscle fibers®3. A reference electrode was placed on the patella. The EMG
data were collected using Noraxon Telemyo (Noraxon Inc., Scottsdale, AZ, USA), and surface EMG electrodes were
placed over the GTN and TA muscles. The EMG signals were amplified, band-pass filtered (10 Hz, 450 Hz), and notch
filtered (60 Hz, 120 Hz) before being digitally recorded at 1000 Hz and processed into the root mean square.

2.3 Data reduction

As Figure 2 indicates, 14 cycles of DF and PF were performed during the 120 sec recording time. Surface EMG data
recorded from the GTN and TA muscles, and each cycle was identified by the peak point of the angle channel (see
Figure 2A) and averaged throughout al cycles (see Figure 2B). Based on the angle of the ankle and the surface EMG
pattern of the GTN, PF started at 10% and ended at 60% of the cycle, while DF started at 60% and ended at 10% of the
successive cycle (see Figure 2B). Therefore, most of the surface EMG power of the GTN was expected during the PF
phase, while the TA muscle was expected to be active during the DF phase.
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Figure 2. Recorded signals and phase identification process. A): The angle and surface EMG data from GTN and TA
muscles. The starting point of each cycle was identified and is shown by acircle. The GTN muscle was active during PF,
and the TA muscle was active during DF. B): All identified cycles were averaged. PF was identified by the angle of the
ankle (10%-60% of cycle), and DF was identified for the rest of the cycle (0%-10% and 60%-100%).

In order to quantify the relative activation of a muscle on the agonistic phase, the summation of the muscle activity based
on surface EMG from the agonistic time window was divided by the total surface EMG during the cycle. For example, the
activity of GTN from 10% to 60% over total GTN was computed as GTN relative activation of a muscle on the agonistic
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phase. The activity of TA from 60% to 10% of the successive cycle was computed as TA relative activation of amuscle on
the agonistic phase.

Three examples are shown in Figure 3 to describe the sensitivity of the relative activation of a muscle on the agonistic
phase. Thefirst subject (see Figure 3A) had isolated the GTN in PF (dotted box) and isolated the TA in DF. Both muscles
had high relative activation of a muscle on the agonistic phase (> 0.7), which indicates that they were not used as
antagonists during opposite movements. The second subject (see Figure 3B) had good isolated activity in PF (GTN index
= 0.65), while the TA muscle was also activated in PF as well as DF, which resulted in low TA relative activation of a
muscle on the agonistic phase (0.54). The third subject (see Figure 3C) activated the TA more in PF than in DF, which
resulted in low TA RAI during PF (0.35).

Our previous study indicated that the reliability ICC,, ; coefficient of ankle stiffness between-day for both examiners was
0.77 for theright ankle and 0.76 for the left ankle with a0.05 standard error of measurement for ankle stiffnessfor theright

side and 0.04 for the left side. The ICC values of the two examiners were also high (0.87 and 0.86) based on Chronbach's
apha!®.

A \J N \,/\,_/
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Figure 3. An example of the RAI of agonist muscle performance for threeindividual subjects. A): GTN was active during
PF (dotted box), and the relative ankle index value was 0.74. The TA was selectively active during DF, and the relative
ankleindex was 0.86. B): This subject had relatively good activation of GTN during PF, but TA was also active during PF.
Therefore, the relative ankle index was 0.54 for TA. C): This subject had high activation of TA during PF of which
activation was higher than DF.

2.4 Statistical analysis

Statistical analyses were completed using SPSS 22 (SPSS, Chicago, IL). An independent t-test was used to analyze
dependent variables based on group. A mixed repeated measure analysis of variance (ANOV A) was used between groups
for each dependent variable. For all statistical tests, type | error rate was set at 0.05.

3 Results

The subject demographics are summarized in Table 1. Seventeen control subjectsand 17 subjectswith flat foot enrolled in
the study. The ages of the subjects ranged from 33 to 74 years, and there was no significant difference between groups
(t =-0.94, P = 0.35). There were no differences on height (t = 1.42, P = 0.16), weight (t = 0.21, P = 0.83), foot length
(t=1.91, P=0.06), or foot width (t = 1.35, P = 0.18). However, the navicular drop test indicated a significant difference
between groups (t = 24.48, P = 0.01).
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Table 1. Summary of participants demographics and groups with selected demographics

Variable Control group Flat foot group t P
Number of participants 17 17

Age (years)

Range 34-62 33-74 -0.94 0.35
Mean + SD 43.65 £ 10.85 47.71 £ 14.01

Height (cm)

Range 155-174 141-180 1.42 0.16
Mean + SD 163.24 + 4.88 158.88 + 11.58

Weight (kg)

Range 48-82 45-93 0.21 0.83
Mean + SD 65.06 + 10.58 64.01 + 16.21

Foot length (cm)

Range 22-28 21-27 191 0.06
Mean + SD 2496+ 1.94 2376+ 1.68

Foot width (cm)

Range 8-11 9-12 135 0.18
Mean + SD 10.10+0.89 9.66+0.81

ND (mm)

Range 5.3-8.2 11.2-14.4 24.48 0.01*
Mean + SD 6.47+0.79 12.23+0.76

Note. SD: standard deviation, ND: navicular drop, * P < 0.05.

The relative activation of each muscle on the agonistic phase during ankle ROM was quantified during movement in the
device, and the RAI of each muscle was compared between subjects with and without flat foot. As shown in Figure 4, the
RAI was significantly different on the TA muscle (0.70 =+ 0.09 for control group vs. 0.54 + 0.19 for flat foot group;
t=3.08, P =0.004), but there was no difference on the GTN muscle (0.74 %= 0.09 for control group vs. 0.77 & 0.07 for flat
foot group, t =-1.24, P = 0.23), in subjectswith flat foot. The mixed repeated measure ANOVA indicated that there wasan
interaction between group and RAI (F = 7.89, P = 0.007). However, the RAI demonstrated no interactions with age
(F=259, P=0.14), height (F = 3.73, P = 0.06), or weight (F = 2.96, P = 0.09).

4 Discussions

The purpose of this study was to compare the RAI on the TA and GTN ankle muscles during the agonistic phase of ankle
motion between subjects with and without flat foot. The hypothesis of this study was that there would be a different RAI
for the agonistic phase during ankle ROM between subjects with and without flat foot. The results of this study indicated
that the RAI significantly decreased on the TA muscle in subjects with flat foot. There was an interaction between group
and RAI; however, the demographic factors, such as age, height, and weight, demonstrated no interaction with RAI.

In order to activate the ankle muscles by the TA at a constant velocity (10°/second), proper co-activation of the
antagonistic muscles (GTN) is also required. The relative activation of a muscle on the agonistic phase of the TA
decreased below 0.5, which indicated that the TA muscle was more active during PF than DF. These results provided
evidence that PF requires a certain level of antagonist co-activation possibly due to the lack of coordinated GTN muscle
recruitment in the flat foot group.
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Figure 4. The group difference of RAI for ankle muscles. There were significant differences on the TA muscle (t = 3.08,
P =0.004), but there were no differences on the GTN muscle (t = -1.24, P = 0.23). There was an interaction between group
and RAI (F =7.89, P =0.007).

The primary cause for the development of flat foot deformity is posterior tibialis tendon dysfunction 9. The tibialis
posterior is located in the deep posterior compartment of the leg. Without the tibialis posterior, the other ligaments and
joint capsules gradually become weak. Thus flatfoot develops; and, therefore, gait and balance are seriously affected.
Although the posterior tibialis muscle plays akey role during gait, this muscle activation can be measured by either needle
insertion or ultrasonography *%. The RAI on the GTN muscle by surface EMG indicated a synergistic action to maintain
the medial longitudinal arch of the foot. The insufficient support of the medial longitudinal arch from flat foot deformity
could disrupt the function of the TA muscle.

Theimbalance of ankle muscles could be caused by relative muscle activation, especially task-specific co-activation of the
musclesaswell asahigh level of specificity intheir function. The RAI might be useful to apply for cyclic maneuvers, such
asjoint movement, since the relative activation on the agonistic phase is sensitive to detect co-activation of corresponding
muscles. In addition, the relative activation of the agonist phase provides further insight into the mechanism underlying
dissociated activations in synergistic ankle movement. Since most dysfunctions develop into imbalances of muscle
activation, the selective activation of the ankle muscles needs to be adjusted during movement in each phase of ankle
motion.

It was al so reported that excessive pronation, which was determined by navicular drop, was attributed to a decreasein PF
strength and generates less torque . Since excessive pronation affects the timing and magnitude of extrinsic muscle
activity, subjects with flat foot lack coordinated ankle motion. Further studies are required to investigate the roles of the
various ankle muscles in subjects with flat foot during active ankle ROM. It is important to monitor co-activation
following specific interventions based on the RAI by evaluating subjects with flat foot. Thisindex would suggest that the
agonistic phase of the GTN muscle might be altered in subjects with flat foot as a result of navicular drop.

The distribution of relative activation of the ankle muscles on the agonistic phase for the TA wasrelatively higher than the
GTN muscle, which impliesthat the TA muscle was selectively activated during DF in the control group. Previous studies
suggested that young adults and seniors use different ankle strategies to adjust their balance due to atered antagonist
muscle co-activation as seniors demonstrated higher TA contributions during single limb standing ¥ *. However, the
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results of our study demonstrated no interaction with RAI for aging, body weight, or height even though our previous
study indicated that gender and body weight were critical factors for ankle stiffness .

Although our study was performed in alaboratory environment, the RAI during the agonist phase needs to be compared
with the antagonist phase for specific ankle muscle activations to quantify theindex for subjects with and without flat foot.
The relative activation of a muscle on the agonistic phase was sensitive to detect co-activation of corresponding muscles
during the antagonistic phase. It is important for the ankle muscles to be flexible in order to have better coordinated
performance during ankle movement.

However, the underlying mechanisms that determine the activation levels of individual muscles are not well understood in
individuals with flat foot. A mechanism underlying the dissociated activations in specific phases of the ankle muscles
needs to be investigated for specific muscle control to specific motor tasks. The co-activation of the TA between DF and
PF can be observed during ambulation in a phase-dependent manner. Therefore, arelative index for the ankle movement
on the agonistic phase might be important to apply co-activation patterns during functional activities, especialy for those
subjects with lower limb dysfunctions.

There were severa limitationsto the current study. One limitation was the ages of the participants (which ranged from 33
to 74 yearsin the flat foot group) who comprised a small sample size. This age variation as well as anatomic variations
among individuals might invalidate the results; however, subgroup analyses would provide more accurate results of
intra/inter-variability for future studies. Even though our study did not include subjects who possess altered mechanical
changes with possible proprioceptive disruption, increasing the number of subjects would serve to increase the power of
the study as well.

Second, our study examined only static sitting posture, which could affect ankle stiffness less than a dynamic condition. In
this position, the GTN muscle might be affected, which is influenced by other structures. As a consequence, the
measurements of relative ankle muscle activation for the agonist phase may differ significantly compared with other
studies. However, our study investigated mainly relative ankle muscle activation, especially during the agonist phase, to
compare subjects with and without flat foot. These findings suggest that further investigations are needed which focus on
the functional characteristics of specific tasks that develop and/or maintain ankle muscle activation.

5 Conclusions

Theresults of this study indicated that the RAI was significantly different on the TA muscle, but no differenceonthe GTN
muscle in subjects with flat foot was found. The ability to accurately quantify the agonistic phase of muscle activation and
factorsthat influence it has been poorly understood. Although no muscle activation onset time was measured in our study,
the flat foot group demonstrated relatively dissociated activation on the TA during DF. Future studies should include a
larger sample size with further investigation of synergistic ankle muscle activation during various activities in subjects
with flat foot.
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