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Abstract

Background: Clinicians and researchers are beginning to pay attention to the importance of the intrinsic foot muscles
(IFMs). Among IFMs, the abductor hallucis (AbH) is associated with foot disorders. However, so far no method for
assessing the strength of the AbH has been established. In addition, previous studies have shown increased IFM activity in
the plantarflexed position of the ankle. Therefore, this study tests the hypothesis that a correlation will be found between
the cross-sectional area (CSA) of the AbH and the flexion torque and that the first metatarsophalangeal (MTP) joint would
be stronger in the plantarflexed (PF) position of the ankle joint than in the neutral (N) position.

Methods: Eight male and 8 female patients (16 lower limbs) were included in this study to measure the CSA of IFM and
the extrinsic foot muscles of the lower leg. Furthermore, the flexion torque of the first MTP joint was measured using a
handheld dynamometer at the N and PF positions of the ankle joint. Correlation analysis was performed to examine the
relationship between the CSA of each muscle and the flexion torque of the first MTP joint in the N and PF positions.
Results: In the N position, a correlation was found between the flexion torque of the first MTP joint and the CSA of
the AbH (r=0.818), flexor hallucis brevis (r=0.730), and flexor hallucis longus (r=0.726). In the PF position, a correlation
was found between the flexion torque of the first MTP joint and the CSA of the AbH (r=0.863) and flexor hallucis brevis
(r=0.680). (P<.05)

Conclusion: Overall, this study suggested that by measuring flexion torque of the first MTP joint in the PF position, AbH
strength can be estimated without using any expensive equipment.

Level of Evidence: Level V, mechanism-baced reasoning.

Keywords: intrinsic foot muscle, abductor hallucis, handheld dynamometer, cross-sectional area, ultrasound
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Previous studies have revealed that the foot and ankle joint
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is a highly complex structure with various roles in gait and
postural control, such as stability, mobility, weightbearing,
and elastic energy release.>*!¢ These functions of the foot
and ankle joint are regulated by the extrinsic foot muscles
and the intrinsic foot muscles (IFM), the importance of
which has been reported.?* While walking, the IFM works
with the extrinsic foot muscles.*? Thus, many clinicians and
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researchers have been paying attention to the importance of
the IFM in addition to the extrinsic foot muscles.

The clinically important muscle in IFM is the abductor
hallucis (AbH). AbH is the muscle with the largest cross-
sectional area (CSA) and volume in IFM.?'*° A previous
study showed that AbH activity decreased in patients with
hallux valgus.? In addition, patients with flatfoot and hallux
valgus have a smaller CSA of the AbH.!?° It has also been
reported that runners with injuries such as medial tibial
stress syndrome, patellofemoral pain, and plantar fasciitis
have smaller CSA in AbH.* Because AbH is associated
with various diseases, examining how to assess CSA in
ADH can be valuable to clinical practice, particularly in pre-
vention and rehabilitation.

Plantarflexion of the first metatarsophalangeal (MTP) joint
is one of the AbH functions,?® and Olivera et al** have shown
that electrical stimulation of the AbH to induce contraction
produces flexion torque at the first MTP joint. Therefore, pre-
vious studies analyzed various methods of evaluating the AbH
function using flexion of the big toe.>>!" However, these
results are subjective to the inspector and cannot be objec-
tively quantified. To solve these problems, previous studies
have measured toe flexion and pressure forces with a strain
gauge, dynamometer, and pedobarography.'®?*?2>2¢ These
studies have revealed a significant correlation with CSA for
some IFMs. Among them, Latey et al?? reported a correlation
between the great toe pressure measured by pedobarography
in the standing position and CSA of the AbH. However,
because only AbH and flexor hallucis brevis were measured
in their study, they were not considered in relation to other
muscles. Therefore, it is necessary to consider clinical evalua-
tion methods that better represent the function of AbH.

Thus, we sought to determine the effect of ankle joint
position on IFM. Hashimoto and Sakuraba reported that the
IFM muscle activity during toe flexion was greater in maxi-
mum plantarflexion of the ankle joint compared with the
ankle joint at neutral (N) position.'> This result suggests that
a plantarflexed (PF) position may increase the IFM activity.
Therefore, the flexion torque of the first MTP joint in the
ankle at the PF position may reflect the strength of the AbH
muscles among I[FMs. However, previous studies that mea-
sured the muscle strength in IFM performed toe exercises
only in the ankle at the N position. Thus, the relationship
between the toe muscle strength in the ankle at the PF posi-
tion and CSA of AbH is unclear.

To address this question, we aimed to test the hypothesis
that the correlation between the CSA of AbH and flexion
torque of the first MTP joint would be stronger in PF than
in the N position. The extrinsic foot muscles with ankle
plantarflexion action shorten in the PF position,?® and iso-
metric contractility is reduced as muscle fibers shorten
from their optimum length.'? Furthermore, given that IFM
increases muscle activity in the PF position,!® our hypoth-
esis is expected to be correct.

In this study, we investigated the relationship between
the flexion torque of the first MTP joint and the CSA of the
muscles of the lower extremity in the N and PF positions of
the ankle joint. By investigating the relationship between
the 2 positions, it is possible to examine which muscles
determine the toe strength in the PF position of the ankle
joint. Based on the study results, we would like to help
establish an evaluation method for the AbH that can be eas-
ily implemented in clinical practice.

Materials and Methods
Study Design

This study is a cross-sectional study.

Setting

This study was conducted at the medical institution to
which the author belongs from February to March 2023.

Sample Size

Sample sizes were calculated using Statistical Packages of
Social Sciences (SPSS version 28.0; IBM Corp, Armonk,
NY). We are planning a study to determine Pearson correla-
tion coefficient between the 2 variables (CSA, the flexion
torque of the first MTP joint). The correlation coefficient
reported in the previous study was r=0.645.22 To reject the
null hypothesis that the correlation coefficient is »=0 with a
power of 0.8, a sample of 14 persons is needed. The Type |
error probability associated with this null hypothesis test is
0.05.

Participants

This study was conducted in compliance with the
Declaration of Helsinki and received approval from the
ethics committee of the authors’ affiliated institution. The
eligibility criteria for participants were that they were aged
=18 years and did not have a neuromuscular disease of the
lower limbs that was currently being treated. The exclusion
criteria were a history of neuromuscular disease of the
lower limbs in the past year. We explained the outline of
the research to staff members of the author’s organization
who met the eligibility criterion. We asked staff who
expressed an interest to participate in the research. The par-
ticipants consisted of 8 males and 8 females, aged
18-35years (age, 26.5*5.7; height, 164.9* 11.8cm;
weight, 58.7 + 12.4kg, mean = SD). A total of 16 lower
extremities (dominant leg) were included in the study. The
principal investigator provided an explanation of the study
to the participants. Then, written informed consent was
obtained from all patients.
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CSA Measurement

Measurement was performed using a digital ultrasonic
diagnostic device (Noblus, Hitachi, Ltd, Tokyo, Japan)
equipped with a linear probe ranging from 5 to 18 MHz.
Following the protocol from a previous study,® ultrasonog-
raphy was used to measure the CSA of IFM and the extrin-
sic foot muscles of the lower leg, and specific measurement
sites can be found in Figure 1. Participants underwent AbH,
flexor digitorum brevis (FDB), and flexor hallucis brevis
(FHB) measurements in the extended position of the knee
joint and the N position of the ankle joint. Additionally, the
flexor digitorum longus (FDL), flexor hallucis longus
(FHL), and peroneus longus and brevis (PER) were mea-
sured in the flexed position of the knee joint and the N posi-
tion of the ankle joint (at O degrees). The measurements
were performed by a physical therapist with 13years of
clinical experience. The target muscles were contracted in
this study to confirm the muscle outlines. The experimenter
saved videos (AMI files) of muscle contraction. The joint
motions for each muscle were as follows: AbH, FHB, and
FHL on flexion of the big toe; FDB and FDL on flexion of
the first to fifth toes; and PER on ankle joint eversion. After
checking the outline of the muscle, CSA was measured
using images at rest.

Image Measurements

The video files were analyzed using the Image J software
(National Institute for Health, Bethesda, MD). The CSA
measurement was performed by the same evaluator who
conducted ultrasonographic measurements. Previous studies
have demonstrated high interrater reliability (intraclass cor-
relation coefficient [ICC] 3.1, range 0.91-0.98) regarding
CSA measurements using this method.® To obtain the ICC in
this experiment, the same evaluator performed 2 CSA mea-
surements on the same day for 5 participants before this
experiment.

Big Toe Strength

The flexion torque of the first MTP joint was measured
using a handheld dynamometer (HHD) (mobieZ; SAKAI
Medical Co, Ltd, Tokyo, Japan). Participants were placed
in a sitting position with the knee joint on the measure-
ment side in full extension. A treatment bed (IP-WPHO003;
Inter Reha Co, Ltd, Tokyo, Japan) was used to fix the par-
ticipant’s ankle joint in the N (ankle joint O degrees) and
PF (ankle joint plantarflexion 45 degrees) positions.
Participants practiced flexion movement of the first MTP
at their respective ankle angles, followed by performing 3
consecutive maximal isometric contractions of 3 seconds.
The subject performed the force against the resistance of
the first MTP joint in the dorsiflexion direction without

any joint movement. The peak force of each contraction
was recorded by HHD, and the average value was calcu-
lated. An experienced physiotherapist (with 13 years of
clinical experience) performed the measurements. The
evaluator immobilized the participants’ foot and HHD,
ensuring that they did not perform plantarflexion of the
ankle and flexion movements of the hallux IP joint (see
Figure 2). Additionally, the length of the hallux (distance
beyond the MTP joint) was measured, and the flexion
torque of the first MTP joint was calculated based on the
average value of the obtained force using the HHD.

Date Collection

All measurements were taken on the same day. To prevent
the effects of temporary muscle hypertrophy caused by
muscle contraction, the measurements were carried out in
the following order: (1) CSA using ultrasonography and (2)
the flexion torque of the first MTP joint.

Statistical Analysis

Statistical analysis was conducted using SPSS (version
28.0; IBM Corp). Preliminary measurements were used to
obtain the ICC (1, 2) of CSA measurements. Furthermore,
ICC (1, 3) was calculated from the results of the flexion
torque of the first MTP joint measurement. Pearson correla-
tion coefficient was calculated using the CSA of each mus-
cle as the independent variable and the flexion torque of the
first MTP joint as the dependent variable for each position.
To control the overall Type I error, the P value was adjusted
using Bonferroni correction. After the correction, the sig-
nificance level was set at P <.05.

Results

ICC (1, 2) obtained from preliminary CSA measurements
were AbH of 0.974, FDB of 0.908, FHB of 0.921, FDL of
0.877, FHL of 0.984, and PER of 0.972, confirming high
intraclass reliability. The ICC (1.3) obtained from the first
MTP flexion torque measurement was 0.968 for the N
position and 0.973 for the PF position, confirming high
intraclass reliability. The measured values of flexion
torque of the first MTP joint and the CSA for each muscle
are presented in Table 1. In addition, the scatter plots for
both are shown in Figure 3. The correlation coefficients
between the flexion torque of the first MTP joint and the
CSA of each muscle are shown in Table 2. In the N posi-
tion, a correlation was found between the flexion torque of
the first MTP joint and the CSA of the AbH, FHB, and
FHL. In the PF position, a correlation was found between
the flexion torque of the first MTP joint and the CSA of
the AbH and FHB.
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ADbH : Abductor Hallucis

The CSA was acquired on a scanning
line drawn perpendicular to the long axis

\

medial malleolus.

of the foot at the anterior aspect of the =

FDB : Flexor Digitorrum Brevis

longitudinally along a line from the medial
tubercle of the calcaneus to the third toe at
the thickest portion of the muscle and then
the probe was then rotated through 90°  to
measure the CSA.

FHB : Flexor Hallucis Brevis

longitudinally along the shaft of the 1st
metatarsal at the thickest portion of the
muscle, and then the probe was rotated
90° to obtain CSA of the muscle.

FDL : Flexor Digitorum Longus

transverse line drawn at 50% of the distance
between the medial tibial plateau and
inferior border of the medial malleolus on
the medio-posterior aspect of the tibia.

T : Tibia

FHL : Flexor Hallucis Longus
Probe at same level and posteriorly to FDL

F : Fibula

PER : Peroneus longus and brevis

captured at a line 50% between fibular
head and the inferior border of the lateral
malleolus.

F : Fibula

PER |}

Figure |. Cross-sectional area measurement methods (probe position, orientation, and sample images).
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Figure 2. The flexion torque of the first metatarsophalangeal joint was measured using a handheld dynamometer in the N (ankle
joint 0 degrees) and PF (ankle joint plantarflexion 45 degrees) positions. N, neutral; PF, plantarflexed.

Table 1. Results for CSA of Lower Limb Muscles and First
MTP Torque.

Variable Value, Mean = SD
CSA, cm?
AbH 2.36 =0.54
FDB 1.67 =0.44
FHB 1.55+0.48
FDL 1.83 +0.56
FHL 2.34+0.64
PER 3.64+0.63
First MTP torque, Nm
N position 2.10+0.84
PF position 1.41 =0.68

Abbreviations: AbH, abductor hallucis; CSA, cross-sectional area; FDB,
flexor digitorum brevis; FDL, flexor digitorum longus; FHB, flexor
hallucis brevis; FHL, flexor hallucis longus; MTP, metatarsophalangeal; N,
neutral; PER, peroneus longus and brevis; PF, plantarflexed.

Discussion

The aim of this study is to test the hypothesis that the PF
position has a stronger correlation between the CSA of the
AbH and the flexion torque of the first MTP joint than the N
position. Based on our literature search, this is the first

study to examine the relationship between the flexion
torque of the first MTP joint and the CSA of the extrinsic
and intrinsic foot muscles in both N and PF positions.

FHL has the action of flexing the great toe in the N posi-
tion.'3!? On the other hand, FHL shortens in the PF position
because of its ankle plantarflexion action,” and isometric
contractility is reduced as muscle fibers shorten from their
optimal length.'> Furthermore, Hashimoto and Sakuraba
reported that the action potential of the IFM during toe flex-
ion is higher in the PF position than in the N position.'?
Therefore, it is considered that the contribution of AbH and
FHB increased relatively because FHL does not have much
effect on the flexion of the first MTP joint at the PF
position.

According to Guilford’s Rule of Thumb, a method of
interpreting correlation coefficients,'* AbH showed high
correlation in both the N position (»=0.818) and the PF
position (»=0.863). On the other hand, FHB showed high
correlation at the N position (»=0.730) but moderate cor-
relation at the PF position (»=0.680). Previous research has
investigated the relationship between CSA of IFM and flex-
ion force of the big toe, and correlations have been found
only for AbH.??> The results of this study show a similar
trend, suggesting that the flexion torque of the first MTP
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Figure 3. The relationship between CSA of each muscle and first MTP flexion torque. N=16, open circle: N position. filled circle: PF

position.

Table 2. Pearson Correlation Coefficient Between Torque and
CSA of the Individual Muscles.?

N-Position Torque PF-Position Torque

CSA R P r P
AbH 0.818* .001 0.863* >.001
FDB 0.565 270 0.440 >.999
FHB 0.730* 016 0.680* .045
FDL 0.645 .084 0.572 246
FHL 0.726* 017 0.670 .0548
PER -0.049 >.999 -0.075 >.999

Abbreviations: AbH, abductor hallucis; CSA, cross-sectional area; FDB,
flexor digitorum brevis; FDL, flexor digitorum longus; FHB, flexor
hallucis brevis; FHL, flexor hallucis longus; MTP, metatarsophalangeal; N,
neutral; PER, peroneus longus and brevis; PF, plantarflexed.

"Boldface indicates significance (P<.05).

2P values were adjusted by Bonferroni correction.

joint in the PF position is more affected by AbH than FHB.
AbH is a multipennate muscle with an advantage in gener-
ating force. It has the largest PCSA of the IFMs, providing
greater tension than FHB.'® Consequently, the influence of
FHB on the flexion torque of the first MTP joint is smaller
than that of AbH.

We consider the clinical applications of this study. The
joint torque exerted by muscle contraction is strongly asso-
ciated with CSA.” Therefore, the flexion torque of the first

MTP joint in the PF position may reflect the CSA of the
AbH and FHB, and it especially strongly reflects AbH. As
the flexion torque of the first MTP joint in the PF position
correlates with the CSA of the AbH, so it may be possible to
estimate the strength of the AbH without expensive equip-
ment, such as ultrasonic diagnostic devices or magnetic
resonance imaging. Currently reported clinical testing
methods for IFM, such as manual muscle testing (MMT),
are performed with toe MTP joint flexion in the N position.’
However, based on our study, measuring the muscle strength
in the N position does not seem to provide a focused evalu-
ation of AbH. In contrast, measuring the flexion torque of
the first MTP joint in the PF position may allow for a
focused evaluation of AbH. In foot disorders related to
AbH, measuring the first MTP flexion torque in the PF
position may allow for the early detection of muscle weak-
ness and/or atrophy in AbH. When found, clinicians may
consider using exercises that flex the first metatarsophalan-
geal joint in the PF position as a training method for AbH.
The toe curl exercises and short foot exercises, which are
representative training methods for IFM including AbH, are
exercises performed in the N position of the ankle joint.!”
Compared with these exercises, the first MTP flexion in the
PF position of the ankle joint may have the potential to
greatly improve the CSA and strength of the AbH.

There were some limitations in this study. First, the foot
was manually immobilized during the measurement of the
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flexion torque of the first MTP joint. However, the flexion
torque of the first MTP joint measured in this study is much
smaller than that of the knee and ankle joints; thus, manual
fixation is considered to have a small negative effect.
Second, muscles with flexion action at the first MTP joint
include the adductor hallucis oblique head (ADDH-OH)."
However, when measuring the CSA of ADDH-OH using
ultrasonography, the boundary with the surrounding tissues
is unclear?’ and could not be measured in this study. Third,
this study used the anatomical cross-sectional area (ACSA)
as the measured parameter in ultrasonography, not the phys-
iological cross-sectional area (PCSA). The PCSA, which is
calculated based on muscle volume, pennation angle, and
fascicle length, is strongly correlated with the torque gener-
ated by the muscles.'? Therefore, it is preferable to employ
PCSA rather than ACSA to examine the relationship
between muscle size and toe strength. However, a previous
study showed that ACSA can reflect muscle strength with
comparable accuracy to PCSA.* Therefore, the ACSA in
this study may adequately reflect the muscle strength of the
IFM and lower-leg muscles. Fourth, this study did not have
sufficient power to prevent type 2 errors due to multiple
comparison. Therefore, the effects of muscle groups that
were not shown to be significantly correlated in this study
cannot be excluded. We would like to verify the results of
this study by increasing the sample size and improving
detection power in the future. Fifth, this study did not com-
pare muscle strength in the neutral and plantarflexion posi-
tions of the ankle joint. Measurements of the CSA can be
done in those 2 positions in future studies. Furthermore, as
the study participants were healthy adults, data do not
include younger or older participants. However, the rela-
tionship between the CSA and muscle strength is indepen-
dent of age,’! suggesting that similar results are expected in
younger and older individuals. Finally, there are concerns
that this study has been unable to rule out the effects of a
history of neuromuscular diseases of the lower limbs and
that it cannot be generalized to subjects with foot diseases
or deformities. Future studies should confirm whether the
relationship between IFM and the flexion torque of the first
MTP joint is also observed in these patients.

In this study, the flexion torque of the first MTP joint
was measured in different ankle joint positions, and the cor-
relation between the CSA of the muscles involved in the
foot was investigated. The results of this study revealed that
the flexion torque of the first MTP joint measured in the PF
position was more strongly associated with the CSA of the
AbH than the N position.
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