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Abstract. [Purpose] Few studies on the transverse arch (TA) in the forefoot have been conducted. The forefoot
is where pains occur most frequently and is related to walking and balance; hence, paying attention to TA is vital.
However, the relationship between TA and foot muscles has not been investigated. Therefore, this study aims to
investigate muscles related to TA. [Subjects and Methods] Nineteen healthy young males were included. Measure-
ments of their feet, excluding one foot with recent foot pain (n=37), were obtained. The height of TA (TAH) was
measured in two ways: during 10% and 90% loading of body weight. The cross-sectional area and thickness of five
muscles were measured: flexor digitorum longus, peroneus longus and brevis, flexor hallucis brevis, flexor digi-
torum brevis (FDB) and abductor hallucis (ABH). All measurements were performed with an ultrasound device.
[Results] FDB and ABH were correlated with TAH during 10% and 90% loading after removing the effect of body
mass index and age. The greater FDB and ABH, the higher TAH. [Conclusion] As FDB becomes larger, the second,
third and fourth metatarsal heads are raised more. Furthermore, the height of the first metatarsal head is lowered by

a larger ABH. These mechanisms may increase TAH.
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INTRODUCTION

The foot is the only part of the human body that is in contact with the ground during typical activities of daily living and
is thus considered one of the most important parts. The function of the foot depends on its morphological structure and the
shape of the longitudinal and transverse arches!). These arches in the foot have a characteristic structure. The arch structure
enhances energy sufficiency by enabling the accumulation and release of mechanical energy generated during a loading ac-
tion, such as walking and running!-?). There are three arches in the foot: medial longitudinal arch (MLA), lateral longitudinal
arch (LLA), and transverse arch (TA). MLA and LLA are constructed on the sagittal plane from the rearfoot to the forefoot,
and TA is formed on the coronal plane in the forefoot. Although few studies on TA have conducted, some studies reported the
importance of the forefoot. That foot pain occurs most frequently in the forefoot® %, and that forefoot bones may be related
to superior sprint performance®. Therefore, the forefoot, particularly the TA, is the part to be paid attention.
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The TA consists of five metatarsal heads. Several previous studies measured the TA on the surface, such as foot width
measurement, or using 3-dimensional foot scanner, and few studies measured the TA with an ultrasound (US) device, which
could confirm the position of the bone® 7. US imaging could be highly usable in various situations and has the advantages
of non invasiveness, low cost, and high portability compared with other imaging techniques, such as computed tomography
(CT) and magnetic resonance imaging (MRI). According to Kondo et al., static measurement of the TA during loading is
related to a change in the ankle plantar moment and hip joint extension angle during gait®. Weijers et al. reported that the soft
tissue of the forefoot changes during loading, which in turn has an important function in shock absorption®). These studies
showed the importance of foot structure and function during loading. Since it is difficult to evaluate forefoot structure in the
weightbearing position with other imaging techniques, such as CT and MRI, US imaging was used in this study.

Numerous studies on the relationship between MLA and muscles have been conducted. Angin et al. showed that people
who have high MLA have larger flexor digitorum longus (FDL) and flexor hallucis longus, and have smaller peroneus longus
and brevis (PER), flexor hallucis brevis (FHB) and flexor digitorum brevis (FDB)?. Gray et al. and Mann et al. reported
that various intrinsic foot muscles, such as the abductor hallucis (ABH), FDB, and interosseous muscle, contribute to MLA
stabilization during propulsion!®% ') and presented different views on the relationship between muscles and MLA, and their
studies showed that both intrinsic and extrinsic muscles may be related to the foot arch. For the TA, the previous studies
reported that the TA is related to walking and balance® '? and to medial tibial stress syndrome!?). However, no investigations
about the muscles constituting the TA have been conducted. Similar to MLA, the TA is presumed to be related to muscle
structure. Therefore, in this study, both the intrinsic and extrinsic muscles were focused and evaluated with their correlation
with the TA.

Morphological evaluation of muscles often includes the determination of muscle cross-sectional area (CSA) and thick-
ness. Muscle morphology measurement (CSA, muscle thickness) has been shown to be indicative of muscle performance,
including strength, thereby providing a surrogate measure of mechanical function!®. In this study, FDL, PER, FHB, FDB and
ABH were selected as representative of the intrinsic and extrinsic muscles because a more accurate estimation of muscles by
US and calculation of muscle CSA and thickness can be achieved.

This study aims to determine the muscle that is related to the TA using an US device.

SUBJECTS AND METHODS

Nineteen males (age, 23.9 + 1.6 years; body mass index (BMI), 21.9 + 1.3) participated in this study, and measurements
of their feet, excluding one foot with recent foot pain, were obtained (n=37). All participants were university students or
graduate students and provided written informed consent. This study was in accordance with the current local guideline
and the Declaration of Helsinki, and was approved by the Ethical Committee for Human Experiments of Kyoto University
(R0O645-2).

In this study, TAH of the foot region, the CSA and thickness of the five muscles that may be related to TAH were
measured. TAH was evaluated using a weightbearing plantar ultrasound imaging device (WPUID) (Fig. 1), as previously
described!®. An US diagnostic device (Noblus, Hitachi Aloka Medical, Tokyo, Japan) was placed in WPUID. Briefly, partici-
pants placed one foot on a solid gel block for US evaluation. The other foot was placed on a digital weighting scale to adjust
the weightbearing rate of each foot. In this study, US images were obtained when subjects bore 10% and 90% of their weight.
At the time of measuring the 10% loading position, the subject was instructed that 90% of the body weight was applied to
the weight scale. In the measurement at 90% load, conversely, the subject was instructed that the 10% load would be applied
to the weight scale. The device acquires images using B-mode US with a frequency of 9.0 MHz during weightbearing.
US evaluation of forefoot structure in the coronal plane showed good agreement with CT and repeatability based on two
ultrasonograms'®). Moreover, US images were obtained at positions where the following four points were confirmed: each of
the lowest points of the epiphysis of the medial sesamoid bone (MS), the lateral sesamoid bone (LS), the second metatarsal
bone (2MT) and the fifth metatarsal head (SMTH). The US images were transferred to a computer and analyzed using ImageJ
software (National Institutes of Health). The length of the line perpendicular (LP) to the line passing through both the MS and
SMTH as well as the length between MS and SMTH (LMS5) were identified. TAH was calculated as follows: LP/LMS5 x 100.

The CSA and thickness of the foot muscles were measured with an US diagnostic device that is similar to that used in TAH
measurement. The US images of PER, FDL, FHB, FDB, and ABH were obtained using the same device. CSA was defined as
the area of the cross-section of a structure perpendicular to its longitudinal dimension. Thickness of the structure was defined
as the distance between its aponeuroses'®. US images of the foot muscles on both feet of each subjects were obtained.

Moreover, the details of probe position for measuring each muscle (FDL, PER, FHB, FDB and ABH) followed the method
described by Crofts et al'”. The CSA of FDL was determined on a transverse line drawn at the middle between the medial
tibial plateau and the inferior border of the medial malleolus on the medio-posterior aspect of the tibia. The CSA of PER was
obtained at a line located the center between the fibular head and the inferior border of the lateral malleolus. The CSA of FHB
was measured in a perpendicular direction along the shaft of the first metatarsal at the thickest portion of the muscle. The CSA
of FDB was scanned in a perpendicular direction along a line from the medial tubercle of the calcaneus to the third toe at the
thickest portion of the muscle. The CSA of ABH was obtained on a scanning line perpendicular to the long axis of the foot
at the anterior aspect of the medial malleolus. The muscle thickness of all muscles was scanned rotated by 90 degrees at the
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Table 1. The average of CSA, thickness, LP, LM5 and TAH

CSA (mm?) 162.9 +33.2
FDL .
Thickness (mm) 159+29
CSA 496.6 + 78.7
PER .
Thickness 173 +£2.8
CSA 184.5+£46.2
FHB .
Thickness 16.1 £2.0
CSA 226.6 +48.8
FDB .
Thicknesss 100+ 19
CSA 248.8 +£46.9
ABH .
Thickness 127+ 1.6
Fig. 1. Weight-bearing plantar ultrasound-imaging device. . LMS (mm) 727 +2.4
One forefoot (right foot in this case) was placed on a solid gel block During 10% LP (mm) 00434
for ultrasound evaluation and the other foot was placed on a digital loading ’ '
weighing scale. The scale is used to measure the body weight on TAH 124+47
the foot to measure on the opposite side. . o LM5 74.9+£2.3
During 90% 92+32
loading
TAH 124+4.5

Data presented as mean + standard deviation.

FDL: flexor digitorum longus; PER: peroneus longus and
brevis; FHB: flexor hallucis brevis; FDB: flexor digitorum
brevis; ABH: abductor halluces; LMS5: length between me-
dial sesamoid bone and 5th metatarsal heads; LP: length
of the line perpendicular to LMS; TAH: transverse arch
height.

position of each CSA. Each subject was in the prone position for FHB and FDB scanning and in the supine position for ABH,
FDL, and PER scanning. All muscles were scanned with the ankle joint in the neutral position. All measurement images were
transferred to a computer and analyzed using ImagelJ software (National Institutes of Health).

All statistical analyses were performed using SPSS version 20.0 (IBM Corp., Armonk, NY, USA). To identify normality,
the Shapiro-Wilk test was employed. The correlations between TAH with 10% or 90% loading and the CSA and thickness
of each of the five muscles were determined using the Pearson correlation analysis. Furthermore, partial correlation analysis
was performed to remove the effect of BMI and age from the correlation estimates. A p value less than 0.05 was considered
statistically significant.

RESULTS

The average CSA and thickness of each muscle, LP, LMS5, and TAH are shown in Table 1. The Pearson correlation and
partial correlation coefficients between TAH during 10% or 90% loading and the CSA and thickness of each of the five
muscles are shown in Tables 2 and 3. The CSA of FDB (10%: =0.56, 90%: =0.49) and thickness of FDB (10%: r=0.42,
90%: r=0.33) and ABH (10%: r=0.42, 90%: r=0.42) were significantly correlated with TAH at both 10% and 90% loading.
Furthermore, after removing the effect of BMI and age, the associations between TAH and the CSA of FDB (10%: r=0.58,
90%: r=0.51) and between TAH and the thickness of FDB (10%: 7=0.45, 90%: r=0.37) and ABH (10%: r=0.42, 90%: r=0.43)
remained highly significant.

DISCUSSION

This study was the first study to investigate the association between TAH and the muscles around the ankle joint. The
most important finding in our study was that subjects who had a high TAH during both 10% and 90% loading had larger FDB
and ABH. For MLA, a previous study reported that larger extrinsic muscles may reflect compensatory activities to maintain
the shape of the MLA?. However, for the TA, the result of our study suggested that larger intrinsic muscles keep TAH than
extrinsic muscles.

FDB is a fusiform muscle originating from the medial calcaneal process and the plantar aponeurosis. At its distal aspect,
it is divided into four parts, which gives rise to four tendons that insert into the lateral four toes on the plantar surface of the
intermediate phalanx'®. Anatomical muscle CSA and muscle volume are valuable predictors of muscular strength and power
output'®2D. Considering the origin and insertion of FDB, the power to flex the proximal interphalangeal (PIP) joint of the
lateral four toes should increase as the FDB grows larger. In this study, TAH was measured in the standing position. Thus,
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Table 2. The correlations coefficients between TAH Table 3. Partial correlation coefficients between TAH

and muscles and muscles
Pearson correlation coefficients (r) Partial correlation coefficients with the effect of BMI
TAH during 10% loading and age removed (r)
Thickness CSA TAH during 10% loading
FDL -0.14 0.227 Thickness CSA
PER 0.097 0.162 FDL 0.012 0.232
FHB 0.289 0.202 PER 0.159 0.217
FDB 0.424%* 0.564** FHB 0.298 0.217
ABH 0.415* 0.147 FDB 0.448** 0.577%*
TAH during 90% loading ABH 0.42* 0.154
Thickness CSA TAH during 90% loading
FDL 0.08 0.095 Thickness CSA
PER —0.054 0.06 FDL 0.138 0.107
FHB 0.257 0.143 PER 0.04 0.148
FDB 0.326* 0.485%* FHB 0.268 0.161
ABH 0.423%* 0.241 FDB 0.368* 0.514%*
Data presented as mean =+ standard deviation. ABH 0.434** 0.264
*p<0.05, **p<0.01. Data presented as mean =+ standard deviation.
TAH: transverse arch height; FDL: flexor digitorum *p<0.05, **p<0.01.
longus; PER: peroneus longus and brevis; FHB: flexor TAH: transverse arch height; FDL: flexor digitorum
hallucis brevis; FDB: flexor digitorum brevis; ABH: longus; PER: peroneus longus and brevi; FHB: flexor
abductor halluces; CSA: cross-sectional area. hallucis brevis; FDB: flexor digitorum brevis; ABH:

abductor halluces; CSA: cross-sectional area.

the action of the measured muscle was similar to a closed-chain action, and it is expected that the height of the metatarsal
head increases as the flexor angle of the PIP joint increases (Fig. 2). Further, some studies on cadaver feet showed that the
muscular slip for the fifth toe, or for the fifth and fourth toes is much smaller and the tendons are thinner than that for the other
toes!®-22-23)_ Therefore, the flexor force applied to the PIP joint of the second, third, and fourth toes could be greater, thereby
increasing the height of the second, third, and fourth metatarsal heads, respectively; the height of the first and fifth metatarsal
heads did not increase. This finding could explain the higher TA in individuals with large FDB.

Additionally, FDB has two functions: the first is to assist FDL in maintaining stability of the lesser digits against the
ground during propulsion and the second is to stabilize the intermediate phalanx of each toe posteriorly against the proximal
phalanx, and the proximal phalanx against its respective metatarsal head'®). These functions are also related to balance ability
and walking. Okai et al. reported that FDB has a vital contribution to postural control?”. Moreover, Green and Brekke, and
Hughes et al. described FDB as a stance phase muscle of walking?- 29, All previous studies agreed that FDB is active from
heel lift through toe off, to maintain the digits in the rectus position, thereby obtaining the necessary stability during the
propulsive phase of gait. Moreover, these studies and this study may support the finding that TAH is related to balance ability
and walking® 12,

ABH, which is located medial to the first metatarsal, originates from the medial process of the calcaneal tuberosity
and inserts into the medial aspect of the proximal phalanx and sesamoid bone?’-28). ABH is described not only as abductor
but also as flexor of the metatarsophalangeal (MTP) joint of the hallux. Further, ABH prevents abnormal transverse plane
motion?”). ABH has the same insertion, which is proximal to proximal phalanx, and the same action to flex the MTP joint as
those of FHB. Thus, ABH and FHB work to lower the height of the proximal phalanx and first metatarsal head during the
closed-chain action (Fig. 3). However, differences between the two muscles were noted. Kura et al. showed that ABH has the
largest CSA among the intrinsic muscles®”. ABH, FDB, and abductor digiti minimi muscles are described in layer one and
FHB is described in layer three?!-32). Kelly et al. revealed that individual activation of ABH and FDB is sufficient to produce
forces large enough to induce angular metatarsals displacements (flexion and adduction)?3. Apparently, these previous stud-
ies showed that the flexion muscle force applied to the MTP joint by ABH is greater than that by FHB. In this study, TAH
was defined by the medial sesamoid bone attached to first metatarsal head, the fifth metatarsal head and the second metatarsal
head. Therefore, it is speculated that ABH lowers the height of the first metatarsal head, thereby increasing TAH. In addition,
previous studies showed that ABH also relates to hallux valgus and flat foot® 3%, and it is observed that ABH is related to
several kinds of foot deformations.

No change in TAH during 10% loading and 90% loading was noted; consequently, TAH during 10% and 90% loading
did not change the correlation coefficient with the muscles. Although some studies showed that the height of the medial lon-
gitudinal arch decreases to absorb shock from the ground when load is applied®?, little difference in the TAH between 10%
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Fig. 2. The skeleton of the foot, excluding the hallux and Fig. 3. The skeleton of the foot and ABH from the inside on

medial cuneiform, and FDB from the inside on the the sagittal plane.

sagittal plane. Deformation of first metatarsal bone may occur as the muscu-
Deformation of lateral four metatarsal bones may occur as lar strength of ABH increases. ABH may make the first meta-
the muscular strength of FDB increases. FDB may make tarsal head height low.
lateral four metatarsal heads height high. ABH: abductor halluces.

FDB: flexor digitorum brevis.

and 90% loading was observed in our study. However, both LP and LMS5 were slightly greater in the 90% loading than in the
10% loading. LMS5 possibly increased because the TA collapsed because of the load similar to that of the medial longitudinal
arch. For LP, muscle action during loading may be related to the change. TAH during 10% loading and 90% loading was
measured in the standing position. During 10% loading, the TA was higher because of larger FDB and ABH. Various studies
have shown muscles working during loading. Intrinsic foot muscles in human locomotion and postural control, especially
ABH, FDB, and quadratus plantae, has increased in size? 3% 3% 39), Further, Basmajian and Stecko involved incrementally
adding weights to the legs of seated subjects and reported that activation of intrinsic muscles increased with increased loading
of the foot?”). These previous reports showed that FDB and ABH work more effectively and increase LP during 90% loading.
Therefore, in the present study, LP and LM 5 during 90% load increased, thereby our study showed no difference in TAH
during 10% loading and 90% loading.

This study has some limitations. Firstly, the subjects were only healthy young men from the same university. Some studies
demonstrated that men and women have different flexibility of muscles and ligaments®®. Hence, these results would not
be necessarily the same as those in women; thus, future studies are needed. Furthermore, whether the same results can be
obtained in elderly people or children remains unknown, and it is possible to solve problems of the deformity of the feet in
future investigation. Secondly, in addition to the muscles investigated, other factors may be related to TAH. Some muscles
were not included in our investigation, and bone shape and ligaments may be related to TAH. Previous studies showed that
the medial longitudinal arch is affected by plantar aponeurosis and other ligaments® 3. Therefore, an investigation of the
relationship between TAH and ligaments is warranted. Particularly, deep transverse metatarsal ligament, which is a series
of four short ligamentous bands that span between the distal ends of adjacent metatarsal bones and intersect with the plantar
ligaments of the MTP joint*?, runs across and connects all metatarsal heads that construct the TA. Therefore, the relationship
between the ligament and TAH should also be investigated.

In conclusion, this study is the first study to investigate the relationship between the TA and muscles, and showed that
TAH is related to FDB and ABH. As the TA is related to injuries and performance, the results of this study have an important
relevance in the prevention of foot injuries and improvement of performance.
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