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Abstract

Background: The size of the plantar intrinsic and extrinsic foot muscles has been shown to be associated with toe
flexor strength (TFS). Previous studies adopted the size of limited plantar intrinsic foot muscles or a compartment
containing several muscles as an independent variable for TFS. Among the plantar intrinsic and extrinsic foot
muscles, therefore, it is unclear which muscle(s) primarily contributes to TFS production. The present study aimed to
clarify this subject.

Methods: In 17 young adult men, a series of anatomical cross-sectional area of individual plantar intrinsic and
extrinsic foot muscles was obtained along the foot length and the lower leg length, respectively, using magnetic
resonance imaging. Maximal anatomical cross-sectional area (ACSAmax) and muscle volume (MV) for each
constituent muscle of the plantar intrinsic foot muscles (flexor hallucis brevis; flexor digitorum brevis, FDB; abductor
hallucis; adductor hallucis oblique head, ADDH-OH; adductor hallucis transverse head, ADDH-TH; abductor digiti
minimi; quadratus plantae) and extrinsic foot muscles (flexor hallucis longus; flexor digitorum longus) were
measured. TFS was measured with a toe grip dynamometry.

Results: TFS was significantly associated with the ACSAmax for each of the ADDH-OH (r = 0.674, p = 0.003), ADDH-
TH (r = 0.523, p = 0.031), and FDB (r = 0.492, p = 0.045), and the MV of the ADDH-OH (r = 0.582, p = 0.014). As for the
ADDH-OH, the correlation coefficient with TFS was not statistically different between ACSAmax and MV (p = 0.189).
Stepwise multiple linear regression analysis indicated that ACSAmax and MV of the ADDH-OH alone explained 42
and 29%, respectively, of the variance in TFS.

Conclusion: The ADDH-OH is the primary contributor to TFS production among the plantar intrinsic and extrinsic
foot muscles as the result of the stepwise multiple linear regression analysis.

Keywords: Maximal anatomical-cross sectional area, Muscle volume, Stepwise multiple linear regression analysis,
Adductor hallucis oblique head, Toe grip strength
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Introduction
Toe flexor strength (TFS) plays an important role in
postural control during standing [1] and walking [2].
TFS is positively associated with the performance of
sports-related activities in adolescents and young adults
[3–5], whereas older adults with a low level of TFS have
impairments of activities of daily living tasks [6–9].
Moreover, an intervention of a training program aiming
to enhance toe muscular strength improves jumping
height in young adults [10] and mobility in older adults
[11]. Thus, identifying influential factors for TFS will
provide useful information for designing a training pro-
gram aiming to enhance physical performance in various
populations.
TFS is generated by the combined activities of plantar

intrinsic and extrinsic foot muscles [12]. Some of the
plantar intrinsic foot muscles (i.e., flexor hallucis brevis,
FHB and flexor digitorum brevis, FDB) are specialized in
toe flexion, while others (e.g., abductor hallucis, ABH
and adductor hallucis) mainly act on toe adduction/ab-
duction [13]. Among the extrinsic foot muscles, only the
flexor hallucis longus (FHL) and flexor digitorum longus
(FDL) are specialized in toe flexion [13]. On the other
hand, the great toe alone can produce TFS twice as great
as the lesser toes can [14], the latter of which is about
one-third of the TFS produced by all toes [15]. Consid-
ering these, the magnitude of TFS may primarily depend
on the force generation capacity of the muscles that
mainly act on great toe flexion (i.e., FHB and FHL).
It is known that the anatomical cross-sectional area

(ACSA) [14–17] and muscle thickness [14] of plantar in-
trinsic or extrinstic foot muscles, determined by using
ultrasonography or magnetic resonance imaging (MRI),
significantly associates with TFS. Moreover, Kurihara
et al. [17] revealed through stepwise multiple linear re-
gression analysis that the ACSA of medial parts of plan-
tar intrinsic foot muscles was a major determinant for
TFS production. However, these studies have quantified
the size of limited plantar intrinsic foot muscles [14–16]
or a compartment containing several plantar intrinsic
foot muscles [17] as an independent variable for examin-
ing the association with TFS. Thus, the anatomical func-
tion of individual plantar intrinsic foot muscles has not
been considered for examining the relationship between
TFS and muscle size, and therefore little information is
available from previous findings as to which muscle(s)
primarily contributes to the magnitude of TFS.
Furthermore, the ultrasonographic studies cited above

[14–16] have determined ACSA or muscle thickness
from a single image in which the thickest region of
muscle belly was visually identified. In addition, Kurihara
et al. [17] measured the ACSA of a compartment con-
taining several plantar intrinsic foot muscles from a sin-
gle MR image at 80% of the foot length (FL), because

the ACSA of the entire plantar intrinsic foot muscle was
largest at the corresponding position [18]. However,
muscle volume (MV) and maximal anatomical cross-
sectional area (ACSAmax) have been shown to be more
strongly associated with joint torque [19, 20] or strength
[20] compared to ACSA and muscle thickness. Never-
theless, no studies have determined MV or ACSAmax of
individual plantar intrinsic muscles and examined its as-
sociation with TFS.
The purpose of the present study was to elucidate the

muscle(s) that primarily contributes to TFS production.
To this end, this study examined the association of
ACSAmax and MV of each constituent muscle of the
plantar intrinsic and extrinsic foot muscles with TFS,
and then conducted stepwise multiple liner regression
analysis by using TFS as a dependent variable with the
ACSAmax and MV values of the muscles as independent
variables. We hypothesized that the muscles that mainly
act on great toe flexion, i.e., the FHB and FHL, would be
selected as the primary contributors to TFS among the
individual plantar intrinsic and extrinsic foot muscle.

Methods
Participants
Seventeen healthy young men (age, 21.4 ± 1.9 yrs.; height,
171.0 ± 5.9 cm; body mass, 62.3 ± 5.8 kg; mean ± standard
deviation), with no history of a diagnosed neuromuscular
disorder or lower limb injury, voluntarily participated in
this study. This study was approved by the Ethics Com-
mittee of Ritsumeikan University. All participants pro-
vided prior written informed consent based on the
guidelines of the Declaration of Helsinki.

Experimental procedure
In this study, all participants firstly attended morpho-
logical measurements (body height and body mass).
Then, MRI measurements were conducted to obtain the
foot and lower leg images. After the completion of mor-
phological and MRI measurements, TFS was determined
by using a toe grip dynamometer.

Measurements
Muscle size variables (ACSAmax and MV)
T1-weighted MR images of foot and lower leg were ac-
quired using a 1.5 T (Signa HDxt, GE Healthcare UK
Ltd., Buckinghamshire) and 3.0 T (Magnetom Skyra, Sie-
mens Healthcare, Erlangen) MR system. Of all partici-
pants in this study, eleven participants were scanned by
1.5 T MRI, and the others (six participants) were
scanned by 3.0 T MRI, due to the update of the MR sys-
tem in Ritsumeikan university. To acquire the whole
foot image, the participants lay in a supine position on
the examination table of the MR systems with their
dominant foot and ankle encased in the ankle coils (1.5
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T MR system: HD Knee/Foot coil, GE Healthcare UK
Ltd., Buckinghamshire; 3.0 T MR system: Foot/Ankle coil,
Siemens Healthcare, Erlangen). To reduce motion artifacts
during image acquisition, the foot and ankle were posi-
tioned in the coils and stabilized with Velcro straps so that
the ankle was kept at an angle of 90 degrees of ankle plan-
tarflexion (neutral position). Serial whole foot images were
acquired from the sesamoids and calcaneal tuberosity of
foot perpendicular to the plantar aspect of the foot, using
a fast spin-echo sequence in 1.5 T MR system according
to Chang et al. [18] (repetition time = 500ms, echo time =
13ms, slice thickness = 4mm, gap between slices = 0mm,
field of view = 120 × 120mm, flip angle = 90 degrees,
matrix = 512 × 512) and 3.0 T MR system (repetition
time = 700ms, echo time = 12ms, slice thickness = 3.5
mm, gap between slices = 0mm, field of view =125 × 125
mm, flip angle =120 degrees, matrix = 1024 × 1024). The
data acquisition time for foot was approximately 9min.
For the lower leg image, participants lay on the examin-
ation table and lower legs were placed parallel to the main
magnetic field. Serial cross-sectional lower leg images
were acquired from the knee cleft to just proximal to the
malleoli (1.5 T MR system: repetition time = 600ms, echo
time = 7.7ms, slice thickness = 10mm, gap between
slices = 0mm, field of view = 360 × 360mm, flip angle =
90 deg, matrix = 256 × 256; 3.0 T MR system: repetition
time = 700ms, echo time = 9.4ms, slice thickness = 5mm,
gap between slices = 0mm, field of view = 360 × 360mm,
flip angle = 120 deg, matrix = 1024 × 1024). The data ac-
quisition time for each scan was approximately 3min.
Whole foot and lower leg images were analyzed by

using specially designed image analysis software (SliceO-
matic 5.0Rev-3b, Tomovision Inc., Montreal). Seven
plantar intrinsic foot muscles and two extrinsic foot
muscles were separately segmented by one examiner
(YK): FHB, FDB, ABH, adductor hallucis oblique head
(ADDH-OH), adductor hallucis transverse head
(ADDH-TH), abductor digiti minimi (ABDM) and quad-
ratus plantae (QP), as plantar intrinsic foot muscles, and
FHL and FDL as extrinsic foot muscles. The segmenta-
tion was manually performed in every image from the
most proximal to the most distal image in which the
muscle was visible (Fig. 1). Non-contractile tissues such
as bone, tendon, fat, connective tissue, nerve tissue, and
blood vessels were carefully excluded. Other plantar in-
trinsic foot muscles (e.g., lumbrical and flexor digiti
minimi) were excluded from the analysis because these
muscles could not be visually separated from each other.
Foot length (FL) was determined as the distance be-

tween the medial calcaneal tuberosity and sesamoids
bone of the first metatarsal in MR images [18]. The posi-
tions of all ACSAs of each intrinsic foot muscle were
expressed relative to FL (0% FL: medial calcaneal tuber-
osity, 100% FL: sesamoids bone of the first metatarsal).

Furthermore, lower leg length (LL) was determined as
the distance between the most prominent point of the
medial malleolus at the tibia and intercondylar eminence
of tibia in MR images. The ACSAs of each extrinsic foot
muscle were expressed relative to LL (0% LL: most
prominent point of medial malleolus, 100% LL: intercon-
dylar eminence of tibia).
Two variables, ACSAmax and MV, were adopted as

representing the size of each muscle and muscle groups
(explained below). ACSAmax was defined as the maximal
ACSA along the FL (or LL), and muscle volume (MV)
was calculated by summing all the ACSAs for each
muscle multiplied by the slice thickness. Intra-rater re-
peatability for measuring ACSAmax and MV of four par-
ticipants in this study was assessed by intra-class
correlation coefficients (ICC). The ICC (1, 3) values of
ACSAmax and MV of individual muscles were 0.869–
0.999 and 0.842–0.996, respectively, and good to excel-
lent repeatability was confirmed [21]. In addition,
ACSAmax and MV of four muscle groups were analyzed:
whole plantar intrinsic foot muscles (all analyzed plantar
intrinsic foot muscles), extrinsic toe flexors (FHL and
FDL), intrinsic great toe flexors (FHB, ABH, ADDH-OH,
and ADDH-TH), and intrinsic lesser toes flexors (QP,
FDB, and ABDM).

TFS
In accordance with the procedure adopted in a previous
study [22], the maximum voluntary isometric TFS was
measured using a commercially available isometric dyna-
mometer (T.K.K. 3361, Takei Scientific Instrument Co.,
Niigata). The participants were seated in a chair and po-
sitioned the hip and knee joints at 90 degrees of flexion
with the ankle joint at 90 degrees of dorsiflexion (neutral
position) for generating TFS. The participant’s foot was
placed on the dynamometer with the posterior heel ad-
justed at the heel stopper, and the first proximal phalan-
geal gripped the grip bar. During the measurement, the
participants were instructed to cross their arms in front
of their chest and gripped the grip bar using all toes as
much as possible without any extraneous movements.
Familiarization trials for 2–3 times with submaximal
force outputs were conducted before the actual measure-
ments. After participants completed the familiarization
trials and a rest period of three minutes, the participants
performed the task with maximal effort for at least 3 s.
The maximal trial was repeated twice with at least one-
minute rest, and the larger value of the two measure-
ments was used for further analysis. The ICC for the
two measurements was 0.869.

Statistical analysis
Descriptive data are presented as means ± SDs. The
ACSAs for each constituent muscle of plantar intrinsic
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Fig. 1 MRI images of right foot. Original and analyzed MR images are shown at the left and right side, respectively. Panel a, b, and c indicate MRI
cross-sectional images obtained at the level of the mid-shaft of the first metatarsal of the foot, tarsometatarsal (Lisfranc) joint, sustentaculum tail,
respectively. ABDM (abductor digiti minimi), ABH (abductor hallucis), ADDH-OH (adductor hallucis oblique head), ADDH-TH (adductor hallucis
transverse head), FDB (flexor digitorum brevis), FHB (flexor hallucis brevis), QP (quadratus plantae) were manually segmented
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and extrinsic foot muscles along the FL and LL, respect-
ively, were calculated at 5% intervals by spread sheet
software (Microsoft Excel, Microsoft Corp., Redmond,
WA) and expressed relative to the FL and LL, respect-
ively. Normality of measured variables was assessed by
the Shapiro-Wilk test. MV of the ABDM was the only
variable that was not normally distributed, and it was
log-transformed for further analysis. All subsequent ana-
lysis was conducted by using parametric statistical tests.
Pearson’s correlation coefficients were computed to
examine the relationship between muscle size and TFS.
When either or both of ACSAmax and MV had a signifi-
cant correlation with TFS, the differences between these
correlation coefficients for TFS in that muscle were sta-
tistically assessed by an online resource (http://
comparingcorrelations.org [23] was used to implement
Meng et al.’s [24] z test (two dependent groups, overlap-
ping, and two-tailed test)). Stepwise multiple liner re-
gression analysis was conducted by using TFS as a
dependent variable, with ACSAmax or MV of the muscles
that were significantly correlated with TFS as independ-
ent variables. The level of significance was set at p <
0.05. All data were analyzed using statistical software
(SPSS 27.0, IBM Co., USA) unless otherwise stated.

Results
ACSAmax and MV of the individual plantar intrinsic and
extrinsic foot muscles
FL, LL, and TFS were 15.4 ± 0.8 cm, 35.4 ± 1.8 cm, and
148.1 ± 35.0 N, respectively. Descriptive data on ACSA-
max and MV for each of the plantar intrinsic foot mus-
cles are summarized in Table 1. Among the analyzed
plantar intrinsic foot muscles, the ACSAmax was the lar-
gest in the ADDH-OH, followed by the FHB, ABH,
ABDM, FDB, QP, and ADDH-TH. The MV was the lar-
gest in the ABH followed by the FDB, ABDM, ADDH-
OH, FHB, QP, and ADDH-TH. Descriptive data on
ACSAmax and MV of the extrinsic foot muscles are sum-
marized in Table 2. The ACSAmax and MV for the FHL
were larger than those of FDL.

Associations of ACSAmax or MV with TFS
Pearson’s correlation coefficients between TFS and
ACSAmax or MV of individual muscles or muscle groups
are summarized in Table 3. TFS was positively corre-
lated with the ACSAmax for each of the ADDH-OH,
ADDH-TH, and FDB, and also with the MV of the
ADDH-OH. The magnitudes of the correlation coeffi-
cients with TFS were not statistically different between
ACSAmax and MV (i.e., the r value of ACSAmax and TFS
vs that of MV and TFS) in any muscles of the ADDH-
OH, ADDH-TH, and FDB (z = − 1.443 – − 0.562, p =
0.149–0.599). The ACSAmax of the intrinsic great toe
flexors was positively associated with TFS, but those of

the whole plantar intrinsic foot muscle, intrinsic lesser
toes flexors, and extrinsic toe flexors were not (Table 3).
Moreover, MV of any other muscle groups was not sig-
nificantly correlated with TFS.
Stepwise multiple liner regression analysis using

ACSAmax as independent variable selected the ACSAmax

of the ADDH-OH as an explainable factor for TFS:

Table 1 ACSAmax and MV in each of the plantar intrinsic foot
muscles

ACSAmax (cm
2) MV (cm3)

Mean ± SD Mean ± SD

(Range) (Range)

Whole plantar intrinsic foot muscles 9.14 ± 1.31 92.64 ± 15.95

(6.61–11.42) (63.82–126.59)

Intrinsic great toe flexors 7.04 ± 1.27 48.46 ± 8.69

(4.43–9.01) (33.36–68.58)

FHB 3.05 ± 0.65 12.44 ± 2.55

(1.94–4.65) (7.60–17.12)

ABH 3.01 ± 0.55 21.76 ± 4.58

(2.26–4.10) (15.35–32.41)

ADDH-OH 3.42 ± 0.59 12.76 ± 2.27

(2.19–4.40) (8.08–18.06)

ADDH-TH 1.01 ± 0.29 1.51 ± 0.54

(0.50–1.64) (0.79–2.90)

Intrinsic lesser toes flexors 6.20 ± 0.90 44.17 ± 8.21

(4.32–7.89) (30.42–58.02)

QP 1.97 ± 0.44 11.49 ± 2.54

(1.35–2.88) (7.76–16.51)

FDB 2.48 ± 0.41 16.62 ± 3.58

(1.76–3.19) (10.07–23.16)

ABDM 2.90 ± 0.55 16.06 ± 2.92

(1.95–3.85) (9.73–19.94)

ABDM abductor digiti minimi, ABH abductor hallucis brevis, ACSAmax maximal
anatomical cross-sectional area, ADDH-OH adductor hallucis oblique head,
ADDH-TH adductor hallucis transverse head, FDB flexor digitorum brevis, FHB
flexorhallucis brevis, MV muscle volume, QP quadratus plantae

Table 2 ACSAmax and MV in each of the extrinsic foot muscles

= ACSAmax (cm
2) MV (cm3)

Mean ± SD Mean ± SD

(Range) (Range)

Extrinsic toe flexors 5.33 ± 0.89 88.60 ± 13.74

(4.10–7.02) (72.02–114.57)

FHL 4.74 ± 0.65 67.93 ± 13.01

(3.63–5.63) (49.37–94.51)

FDL 1.55 ± 0.22 20.66 ± 3.22

(1.20–2.00) (15.76–27.06)

ACSAmax maximal anatomical cross-sectional area, FHL flexor hallucis longus,
FDL flexor digitorum longus, MV muscle volume
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TFS(N) =10.61 × [ACSAmax of ADDH-OH (cm2)] +
40.26 (adjusted R2 = 0.418). Similarly, using MV as an in-
dependent variable selected the MV of the ADDH-OH
as an explainable factor for TFS: TFS(N) =8.94 × [MV of
ADDH-OH (cm3)] + 34.04 (adjusted R2 = 0.294).

Discussion
The present study is the first case that determined the
ACSAmax and MV for each constituent of the plantar in-
trinsic and extrinsic foot muscles and examined their as-
sociations with TFS. The major findings obtained here
were that 1) TFS was significantly correlated with the
ACSAmax of the ADDH-OH, ADDH-TH, and FDB, as
well as with the MV of the ADDH-OH, and 2) the
ACSAmax and MV of the ADDH-OH alone explained 42
and 29%, respectively, of the variance in TFS by stepwise
multiple liner regression analysis. These results indicate
that among the plantar intrinsic and extrinsic foot mus-
cles, the ADDH-OH primarily contributes to TFS
production.
At the start of the present study, we hypothesized that

the muscle(s) mainly act on great toe flexion would be
primarily contribute to the magnitude of TFS. However,
the current results refuted this. The reason why the
ADDH-OH was selected as the primary contributor to
TFS may be attributable to a unique characteristic of this
muscle having multiple functions of adduction and
flexion of the great toe. The participants in this study
were asked to grasp a solid straight bar for the TFS

measurement. Toe grasping is often observed in the
plantar grasp reflex, which is one of the primitive re-
flexes and consists of the combination of flexion and ad-
duction of the toes [25]. Taken together, the toe
grasping on the toe grip dynamometer for producing
TFS can be considered as a complex multiple movement
consisting of flexion and adduction rather than simple
flexion of the toes. Therefore, the ADDH-OH, which
acts on both adduction and flexion of the great toe, ap-
pears to contribute to TFS production more strongly
than the muscles specialized in great toe flexion (i.e.,
FHB and FHL).
It is worth noting that among the plantar intrinsic and

extrinsic foot muscles, not only the ADDH-OH but also
ADDH-TH acts on both the flexion and adduction of
the toes [13]. However, the ADDH-TH was not selected
as the determinant for TFS. This may be due to the
morphological differences between the two muscles.
First, the ACSAmax and MV of the ADDH-OH were
about 2.4 and 7.5 times, respectively, larger than those of
the ADDH-TH (Table 1). Second, the ADDH-OH runs
along the longitudinal direction of the foot and contracts
closely parallel to the direction of the great toe move-
ment during TFS production. On the other hand, the
running direction of the ADDH-TH is perpendicular to
the longitudinal axis of the foot, and this muscle con-
tracts transversely and orthogonally to the direction of
the great toe movement during TFS production. Thus, it
is likely that the morphological features of the ADDH-
OH would be suited for producing TFS more than that
of the ADDH-TH, and consequently the ADDH-OH
alone might have been selected as the contributor for
TFS.
In general, force generation capacity of a muscle is

theoretically best related to its physiological cross-
sectional area (PCSA) [26]. Thus, adopting PCSA rather
than ACSAmax and MV as independent variables would
be desirable to examine the association of muscle size
with TFS. However, the determination of PCSA in vivo
needs data concerning pennation angle and fascicle
length in addition to MV [19], and the procedure deter-
mining the PCSA of foot muscles has not been estab-
lished likely due to their complex architecture. On the
other hand, a previous study revealed that the correl-
ation coefficients of ACSAmax and MV with muscle
strength are comparable to that of PCSA [20, 27]. In the
current results as well, both ACSAmax and MV of the
ADDH-OH were selected as explainable factors for TFS,
without a significant difference between ACSAmax and
MV in their correlation coefficients with TFS. Thus, this
study supports the previous studies [20, 27] and recom-
mends future studies adopt either ACSAmax or MV as a
representative muscle size index for examining the asso-
ciation between muscle size and TFS in vivo.

Table 3 Correlations coefficients between TFS and ACSAmax or
MV of the individual muscles or muscle groups

ACSAmax MV

r p r p

Plantar Intrinsic foot muscles 0.361 0.154 0.385 0.127

Intrinsic great toe flexors 0.604 * 0.010 0.454 0.067

FHB 0.442 0.076 0.430 0.085

ABH 0.364 0.151 0.277 0.282

ADDH-OH 0.674 ** 0.003 0.582 * 0.014

ADDH-TH 0.523 * 0.031 0.474 0.054

Intrinsic lesser toes flexors 0.244 0.345 0.267 0.300

QP 0.115 0.660 0.126 0.631

FDB 0.492 * 0.045 0.271 0.293

ABDM 0.366 0.149 0.310 0.226

Extrinsic toe flexors 0.401 0.111 0.376 0.137

FHL 0.333 0.191 0.399 0.112

FDL 0.106 0.687 −0.009 0.974

Significance of Pearson’s correlations coefficients is indicated as follows:
*p < 0.05, **p < 0.01. ABDM abductor digiti minimi, ABH abductor hallucis
brevis, ACSAmax maximal anatomical cross-sectional area, ADDH-OH adductor
hallucis oblique head, ADDH-TH adductor hallucis transverse head, FDB flexor
digitorum brevis, FDL flexor digitorum longus, FHB flexor hallucis brevis, FHL
flexor hallucis longus, MV muscle volume, QP quadratus plantae
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This study has some limitations relating to the proced-
ure adopted for the TFS determination. We used a toe
grip dynamometer to measure TFS, as this is one of the
most commonly used devices [3–6, 8, 9, 15, 17] with its
reliability confirmed [22]. Alternatively, other studies
have measured TFS using a hand-held dynamometer
[16] or plantar pressure platform [14]. Soysa et al. [28]
reviewed the methods for measuring plantar intrinsic
foot muscle strength and pointed out that the toe action
during TFS production differs depending on devices and
may change the activation of plantar intrinsic and ex-
trinsic foot muscles. Thus, there is a possibility that the
muscle(s) that primarily contributes to TFS production
may differ from that identified here when another device
is used to determine TFS. In addition, the participants
examined here were asked to adjust their first proximal
phalangeal at the solid straight grip bar and to exert
maximal TFS using all toes, in accordance with the pro-
cedure of a previous study [22]. However, not all partici-
pants could grasp the grip bar with all toes because the
length of each toe is usually different from each other
and also different among participants. Thus, we cannot
exclude the possible influence of the shape of individual
participants’ toes on TFS measurements. Further study
is needed to elucidate whether we could generalize the
current results on the primary contributor to TFS pro-
duction widely to various measurement devices and/or
toe shapes.

Conclusions
Among the plantar intrinsic and extrinsic foot muscles,
the ADDH-OH primarily contributes to TFS production.
The ACSAmax and MV of the ADDH-OH alone ex-
plained 42 and 29%, respectively, of the variance in TFS.

Abbreviations
ABDM: Abductor digiti minimi; ABH: Abductor hallucis; ACSA: Anatomical
cross-sectional area; ACSAmax: Maximal anatomical cross-sectional area;
ADDH-OH: Adductor hallucis oblique head; ADDH-TH: Adductor hallucis
transverse head; FDB: Flexor digitorum brevis; FDL: Flexor digitorum longus;
FHB: Flexor hallucis brevis; FHL: Flexor hallucis longus; MRI: Magnetic
resonance imaging; MV: Muscle volume; PCSA: Physiological cross-sectional
area; QP: Quadratus plantae; TFS: Toe flexor strength

Acknowledgments
Not applicable.

Authors’ contributions
YK, TK and TI contributed to the conceptualization and design of the study.
YK and TK performed the experiment and data collection/analysis. The
contribution of materials and analysis tools in this experiment were TK and
TI. YK, TK, SM, TS, and HK interpreted the data. YK and HK drafted the
manuscript. Final manuscript was approved by all authors.

Funding
This work was supported by JSPS KAKENHI Grant Number 17 K01540 to TK.

Availability of data and materials
Please contact the corresponding author for data request.

Declarations

Ethics approval and consent to participate
This study was approved by The Research Ethics Committee of Ritsumeikan
University (BKC-2010-21 and BKC-2018-084), and all participants signed in-
formed consent.

Consent for publication
Not applicable.

Competing interests
The authors declare that they have no competing interests.

Author details
1Graduate School of Sport and Health Science, Ritsumeikan University, 1-1-1
Noji Higashi, Kusatsu, Shiga 525-8577, Japan. 2Research Organization of
Science and Technology, Ritsumeikan University, Kusatsu, Shiga, Japan.
3Faculty of Sport and Health Science, Ritsumeikan University, Kusatsu, Shiga,
Japan.

Received: 15 December 2021 Accepted: 14 March 2022

References
1. Endo M, Ashton-Miller JA, Alexander NB. Effects of age and gender on toe

flexor muscle strength. J Gerontol A Biol Sci Med Sci. 2002;57(6):M392–7.
https://doi.org/10.1093/gerona/57.6.M392.

2. Miyazaki S, Yamamoto S. Moment acting at the metatarsophalangeal joints
during normal barefoot level walking. Gait Posture. 1993;1(3):133–40. https://
doi.org/10.1016/0966-6362(93)90054-5.

3. Otsuka M, Yamauchi J, Kurihara T, Morita N, Isaka T. Toe flexor strength and
lower-limb physical performance in adolescent. Gazzetta Medica Italiana.
2015;174(7–8):307–13.

4. Yamauchi J, Koyama K. Importance of toe flexor strength in vertical jump
performance. J Biomech. 2020;104:109719. https://doi.org/10.1016/j.
jbiomech.2020.109719.

5. Yuasa Y, Kurihara T, Isaka T. Relationship between toe muscular strength
and the ability to change direction in athletes. J Hum Kinet. 2018;64(1):47–
55. https://doi.org/10.1515/hukin-2017-0183.

6. Misu S, Doi T, Asai T, Sawa R, Tsutsumimoto K, Nakakubo S, et al.
Association between toe flexor strength and spatiotemporal gait
parameters in community-dwelling older people. J Neuroeng Rehabil. 2014;
11:143. https://doi.org/10.1186/1743-0003-11-143.

7. Menz HB, Morris ME, Lord SR. Foot and ankle risk factors for falls in older
people: a prospective study. J Gerontol A Biol Sci Med Sci. 2006;61(8):866–
70. https://doi.org/10.1093/gerona/61.8.866.

8. Kusagawa Y, Kurihara T, Imai A, Maeo S, Sugiyama T, Kanehisa H, et al. Toe
flexor strength is associated with mobility in older adults with pronated and
supinated feet but not with neutral feet. J Foot Ankle Res. 2020;13(1):55.
https://doi.org/10.1186/s13047-020-00422-y.

9. Uritani D, Fukumoto T, Matsumoto D, Shima M. The relationship between
toe grip strength and dynamic balance or functional mobility among
community-dwelling Japanese older adults: a cross-sectional study. J Aging
Phys Act. 2016;24(3):459–64. https://doi.org/10.1123/japa.2015-0123.

10. Goldmann JP, Sanno M, Willwacher S, Heinrich K, Brüggemann GP. The
potential of toe flexor muscles to enhance performance. J Sports Sci. 2013;
31(4):424–33. https://doi.org/10.1080/02640414.2012.736627.

11. Nagai K, Inoue T, Yamada Y, Tateuchi H, Ikezoe T, Ichihashi N, et al. Effects
of toe and ankle training in older people: a cross-over study. Geriatr
Gerontol Int. 2011;11(3):246–55. https://doi.org/10.1111/j.1447-0594.2010.
00673.x.

12. Goldmann JP, Brüggemann GP. The potential of human toe flexor muscles
to produce force. J Anat. 2012;221(2):187–94. https://doi.org/10.1111/j.1469-
7580.2012.01524.x.

13. Neumann DA. Lower extremity: ankle and foot. In: Neumann DA, editor.
Kinesiology of the musculoskeletal system: foundations for rehabilitation.
3rd ed. St Louis: Mosby; 2017. p. 595–652.

14. Mickle KJ, Angin S, Crofts G, Nester CJ. Effects of age on strength and
morphology of toe flexor muscles. J Orthop Sports Phys Ther. 2016;46(12):
1065–70. https://doi.org/10.2519/jospt.2016.6597.

Kusagawa et al. Journal of Foot and Ankle Research           (2022) 15:22 Page 7 of 8

https://doi.org/10.1093/gerona/57.6.M392
https://doi.org/10.1016/0966-6362(93)90054-5
https://doi.org/10.1016/0966-6362(93)90054-5
https://doi.org/10.1016/j.jbiomech.2020.109719
https://doi.org/10.1016/j.jbiomech.2020.109719
https://doi.org/10.1515/hukin-2017-0183
https://doi.org/10.1186/1743-0003-11-143
https://doi.org/10.1093/gerona/61.8.866
https://doi.org/10.1186/s13047-020-00422-y
https://doi.org/10.1123/japa.2015-0123
https://doi.org/10.1080/02640414.2012.736627
https://doi.org/10.1111/j.1447-0594.2010.00673.x
https://doi.org/10.1111/j.1447-0594.2010.00673.x
https://doi.org/10.1111/j.1469-7580.2012.01524.x
https://doi.org/10.1111/j.1469-7580.2012.01524.x
https://doi.org/10.2519/jospt.2016.6597


15. Abe T, Tayashiki K, Nakatani M, Watanabe H. Relationships of ultrasound
measures of intrinsic foot muscle cross-sectional area and muscle volume
with maximum toe flexor muscle strength and physical performance in
young adults. J Phys Ther Sci. 2016;28(1):14–9. https://doi.org/10.1589/jpts.2
8.14.

16. Latey PJ, Burns J, Nightingale EJ, Clarke JL, Hiller CE. Reliability and correlates
of cross-sectional area of abductor hallucis and the medial belly of the
flexor hallucis brevis measured by ultrasound. J Foot Ankle Res. 2018;11:28.
https://doi.org/10.1186/s13047-018-0259-0.

17. Kurihara T, Yamauchi J, Otsuka M, Tottori N, Hashimoto T, Isaka T. Maximum
toe flexor muscle strength and quantitative analysis of human plantar
intrinsic and extrinsic muscles by a magnetic resonance imaging technique.
J Foot Ankle Res. 2014;7(1):26. https://doi.org/10.1186/1757-1146-7-26.

18. Chang R, Kent-Braun JA, Hamill J. Use of MRI for volume estimation of
tibialis posterior and plantar intrinsic foot muscles in healthy and chronic
plantar fasciitis limbs. Clin Biomech (Bristol, Avon). 2012;27(5):500–5.

19. Fukunaga T, Miyatani M, Tachi M, Kouzaki M, Kawakami Y, Kanehisa H.
Muscle volume is a major determinant of joint torque in humans. Acta
Physiol Scand. 2001;172(4):249–55. https://doi.org/10.1046/j.1365-201x.2001.
00867.x.

20. Balshaw TG, Maden-Wilkinson TM, Massey GJ, Folland JP. The human
muscle size and strength relationship: effects of architecture, muscle force,
and measurement location. Med Sci Sports Exerc. 2021;53(10):2140–51.
https://doi.org/10.1249/MSS.0000000000002691.

21. Koo TK, Li MY. A guideline of selecting and reporting Intraclass correlation
coefficients for reliability research. J Chiropr Med. 2016;15(2):155–63. https://
doi.org/10.1016/j.jcm.2016.02.012.

22. Uritani D, Fukumoto T, Matsumoto D. Intrarater and interrater reliabilities for
a toe grip dynamometer. J Phys Ther Sci. 2012;24(8):639–43. https://doi.
org/10.1589/jpts.24.639.

23. Diedenhofen B, Musch J. Cocor: a comprehensive solution for the statistical
comparison of correlations. PLoS One. 2015;10(3):e0121945.

24. Meng XL, Rosenthal R, Rubin DB. Comparing correlated correlation
coefficients. Psychol Bull. 1992;111(1):172–5. https://doi.org/10.1037/0033-2
909.111.1.172.

25. Futagi Y, Toribe Y, Suzuki Y. The grasp reflex and Moro reflex in infants:
hierarchy of primitive reflex responses. Int J Pediatr. 2012;2012:191562–10.
https://doi.org/10.1155/2012/191562.

26. Haxton HA. Absolute muscle force in the ankle flexors of man. J Physiol.
1944;103(3):267–73. https://doi.org/10.1113/jphysiol.1944.sp004075.

27. Bamman MM, Newcomer BR, Larson-Meyer DE, Weinsier RL, Hunter GR.
Evaluation of the strength-size relationship in vivo using various muscle size
indices. Med Sci Sports Exerc. 2000;32(7):7.

28. Soysa A, Hiller C, Refshauge K, Burns J. Importance and challenges of
measuring intrinsic foot muscle strength. J Foot Ankle Res. 2012;5(1):29.
https://doi.org/10.1186/1757-1146-5-29.

Publisher’s Note
Springer Nature remains neutral with regard to jurisdictional claims in
published maps and institutional affiliations.

Kusagawa et al. Journal of Foot and Ankle Research           (2022) 15:22 Page 8 of 8

https://doi.org/10.1589/jpts.28.14
https://doi.org/10.1589/jpts.28.14
https://doi.org/10.1186/s13047-018-0259-0
https://doi.org/10.1186/1757-1146-7-26
https://doi.org/10.1046/j.1365-201x.2001.00867.x
https://doi.org/10.1046/j.1365-201x.2001.00867.x
https://doi.org/10.1249/MSS.0000000000002691
https://doi.org/10.1016/j.jcm.2016.02.012
https://doi.org/10.1016/j.jcm.2016.02.012
https://doi.org/10.1589/jpts.24.639
https://doi.org/10.1589/jpts.24.639
https://doi.org/10.1037/0033-2909.111.1.172
https://doi.org/10.1037/0033-2909.111.1.172
https://doi.org/10.1155/2012/191562
https://doi.org/10.1113/jphysiol.1944.sp004075
https://doi.org/10.1186/1757-1146-5-29

	Abstract
	Background
	Methods
	Results
	Conclusion

	Introduction
	Methods
	Participants
	Experimental procedure
	Measurements
	Muscle size variables (ACSAmax and MV)
	TFS

	Statistical analysis

	Results
	ACSAmax and MV of the individual plantar intrinsic and extrinsic foot muscles
	Associations of ACSAmax or MV with TFS

	Discussion
	Conclusions
	Abbreviations
	Acknowledgments
	Authors’ contributions
	Funding
	Availability of data and materials
	Declarations
	Ethics approval and consent to participate
	Consent for publication
	Competing interests
	Author details
	References
	Publisher’s Note

