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Abstract

Objectives: Imbalance of great toe musculature has been identified as a factor in the development of hallux valgus. The
musculoaponeurotic architecture, an important determinant of function, has not been investigated volumetrically in the
great toe musculature. The purpose of this study was to reconstruct the abductor halluces (ABDH), adductor halluces (ADH),
flexor hallucis brevis medial (FHBM) and lateral (FHBL) heads volumetrically and to quantify and compare their architectural
parameters and functional characteristics.

Methods: Ten formalin-embalmed specimens were dissected, digitized and modelled (Autodesk Maya®). Fiber bundle length
(FBL) and physiological cross-sectional area (PCSA) of the muscles were compared using descriptive and parametric statistics.

Results: The spatial arrangement of aponeuroses (AP) / fiber bundles (FB) and architectural parameters varied throughout the
volume of each muscle. The PCSA of the medial (ABDH/FHBM) and lateral (ADH/FHBL) musculature was similar; however, the
medial musculature had significantly greater mean FBL.

Conclusion: Each muscle had varying AP/FB arrangement. The similar PCSA of the medial and lateral musculature suggests

that their relative force generating capabilities are balanced in asymptomatic individuals.
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Introduction

Hallux valgus (HV) is a common condition of the great toe
(hallux) characterized by lateral deviation of the hallux and
medial shift of the first metatarsal with an estimated preva-
lence of 23% in individuals aged 18-65 and 35% in those
over age 65." The pathogenesis of HV is multifactorial
with numerous etiological factors, one being the imbal-
ance of the lateral and medial muscles of the great toe.”™
EMG studies investigating the activation of the great toe
musculature in subjects with HV are scarce. Incel et al.”
reported decreased activation of abductor hallucis relative
to adductor hallucis in subjects with HV, whereas lida and
Basmajian® found decreased adductor hallucis activity

during attempted adduction and no abductor hallucis
activity during attempted abduction. In addition, Mortka
et al.” and Hoffmeyer et al.”’ reported that the activation
of abductor hallucis in patients with HV was reduced when
compared to normal controls.

In order to investigate the role of muscle imbalance in
HYV, normal muscle architecture must be understood, as it
is the primary determinant of function.” Muscle architec-
ture is the arrangement of the contractile (fiber bundles)
and connective tissue (aponeuroses/tendons) elements
within the muscle volume. The location and spatial orien-
tation of these elements play an important role in force
transmission from the fiber bundles (FBs) to the muscle

This study was a part of first author’s (Valera Castonov) PhD thesis entitled “Three-dimensional musculoaponenrotic architecture of the buman lower limb and its functional

implications”, Institute of Medical Science, University of Toronto, 2019.

deomed.


https://orcid.org/0000-0003-0918-6414
https://orcid.org/0000-0001-9799-2285
https://orcid.org/0000-0002-2653-9667
https://orcid.org/0000-0001-8878-5567
https://orcid.org/0000-0002-2303-3628
https://orcid.org/0000-0001-8134-0442

78

Castanov V et al.

attachment site(s).”"” In addition to their spatial arrange-

ment, FBs and aponeuroses/tendons can be characterized
by quantifiable architectural parameters that are indicative
of their relative functional capabilities. Architectural
parameters include fiber bundle length (FBL), a measure
of relative excursion capability; pennation angle (PA), a
factor influencing force generation; muscle volume (MV),
the size of a muscle; and physiological cross-sectional area
(PCSA), the relative force generating capability of the

10,11
muscle."*"!

Five cadaveric studies were found that investigated the
architectural parameters of the great toe musculature
(Table 1). Kura et al.,"” Silver et al."” and Tosovic et al.""
sampled 3 fiber bundles in each great toe muscle, whereas
Lachowitzer et al."” and Ledoux et al."” did not report the
number of FBs sampled. The site of FB sampling was from
the superficial surface of the muscles,”" from photo-
graphs"” or not specified."” No volumetric studies were
found that documented architecture of the great toe mus-
culature in 3D space. Therefore, the purpose of this study
was to: (1) determine the musculoaponeurotic architecture
throughout the volume of the great toe musculature; (2)
determine if the muscles are partitioned based on muscu-
loaponeurotic architecture; (3) quantify and compare FBL,
PA, MV and PCSA of the medial and lateral muscles of the

great toe and their partitions, if present; (4) compare the
relative excursion and relative force generation capabilities
of the medial and lateral musculature.

Materials and Methods

Ten formalin embalmed cadaveric specimens (5M/5F;
mean age: 77.9+11.5 years) were used in this study.
Specimens with visible signs of musculoskeletal pathology
or previous surgery were excluded. Ethics approval was
received from the University of Toronto Health Sciences
Research Ethics Board (Approval number: 27210).

The ankle and foot joints were stabilized using metal
plates and screws to prevent movement during digitiza-
tion. The abductor hallucis (ABDH), oblique head of
adductor hallucis (ADHO), transverse head of adductor
hallucis (ADHT), medial head of flexor hallucis brevis
(FHBM) and lateral head of flexor hallucis brevis (FHBL)
were exposed by removing superficial tissues including,
skin, subcutaneous tissue, plantar aponeurosis, other
intrinsic muscles, tendons of extrinsic muscles and neu-
rovascular bundles. Three screws were drilled into bony
landmarks (medial malleolus, posterior calcaneus and the
medial aspect of the proximal phalanx of the 1" digit) to
establish a Cartesian reference frame to capture and later
reconstruct the digitized data in 3D.

Table 1
Summary of mean architectural parameters reported in the literature. Studies include: Kura et al.;"™ Silver et al.; Tosovic et al.;"¥ Lachowitzer et
al." and Ledoux et al."™

MV (cm?) FBL (mm) PA (°) PCSA (cm?)
ABDH 15.2+5.302 23.0+5.51" 16.0+1.4"! 6.7x£2.1012
10.6+2.9"™ 16.5+5.21"! 16.5+7.5!! 6.9+4.8"
25.0+£10.51 18.7£9.104 2.7£0.7"
3.3+1.9™
ADH 7.7+2.319 13.7x1.2 17.0£12.0"" 4.6+1.9""
ADHO 9.1£3.102 18.6+5.31"% 20.9+13.11" 4.9+1.42
14.3+£2.0" 9.0+7.30 3.1+0.9"
17.0£5.01 2.3+£0.4"
ADHT 1.1+£0.6"4 18.7+5.20% 13.1+£12.6"" 0.6+0.3""
13.1£0.5""! 13.3+£7.8"! 1.0+0.7"
17.0£4.903 0.4+0.3"
FHB 5.8+1.7"" 14.6+0.8"! 18.5+5.11! 3.4+1.0m
7.8+7.7"8

FHBM 3.1x£1.302 17.5+4.8" 15.5+7.108 1.8+0.8""7
15.5+1.5" 0.7+0.3"

19.0£5.31™
FHBL 3.4+1.4"% 16.5+£3.4"% 21.5+7.6" 2.1+£0.8"
13.6+1.5" 0.9+0.3"

20.0+6.41"

ABDH: abductor hallucis; ADH: adductor hallucis; ADHO: oblique head of adductor hallucis; ADHT: transverse head of adductor hallucis; FHB: flexor hallucis brevis; FHBL: lateral head
of flexor hallucis brevis; FBL: fiber bundle length; FHBM: medial head of flexor hallucis brevis; MV: muscle volume; PA: pennation angle; PCSA: physiological cross-sectional area.
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Dissection and digitization were carried out using the
same protocol for all muscles. First, the FBs on the super-
ficial surface were delineated between attachment sites
and then digitized at 2-3 mm intervals using a
Microscribe® MX digitizer (Immersion Corporation, San
Jose, CA, USA). The ICC for the intra-observer reliabili-
ty for FB digitization was 0.995 (95% CI: 0.990-0.998)
and 0.961 (95% CI: 0.800-0.986) for the inter-observer
reliability.” Next, the digitized FBs were excised to expose
deeper FBs. This process was repeated untl the entire
muscle had been digitized. The tendons, aponeuroses and
attachment sites were also digitized as they were exposed
during serial dissection. The digitized data were con-
structed into 3D models using Autodesk® Maya®
(Autodesk Inc., San Rafael, CA, USA). The architectural
parameters (FBL, distal PA [DPA], proximal PA [PPA],
PCSA, MV) of the great toe muscles were computed from
the digitized data using custom software developed in the
laboratory.

The 3D models were used to determine the spatial
arrangement and attachment sites of FBs and aponeuroses
throughout the muscle volume. The sites of attachment of
tendons (extramuscular) were also documented. Each
muscle model was examined at the FB level to determine
if intramuscular partitioning was present based on FB
morphometry and attachment sites. If an intramuscular
partition was identified, the architectural parameters were
also computed for each partition.

The architectural parameters were then compared
between whole muscles and between their intramuscular
partitions using ANOVA with Tukey’s post-hoc test, and
subsequent two-tailed t-tests to determine whether archi-

Transverse head of
adductor hallucis
(ADHT)

(FHBM)
Oblique head of

adductor hallucis

(ADHO) (FHBL)

(ABDH)

Inferior views a

Medial head of
flexor hallucis brevis

Lateral head of
flexor hallucis brevis

Abductor hallucis

tectural parameters were significantly different (p<0.05)
(IBM® SPSS Statistics, IBM® Corp., Armonk, NY, USA).
Based on the computed architectural parameters, the rela-
tive excursion and force-generating capabilities of the
whole muscles, intramuscular partitions, and the medial
(ABDH, FHBM) and lateral (ADHO, ADHT, FHBL)
great toe musculature were compared.

Results

The spatial arrangement of the FBs and aponeuroses of
the great toe musculature was found to be complex and
unique to each muscle. All muscles were pennate and fur-
ther partitioned based on musculoaponeurotic architec-
ture and attachment sites to aponeuroses, tendons and/or
bones (Figure 1). The architectural parameters of these
muscles varied (Table 2). The ADHT had the longest
mean FBL (19.4+6.7 mm), whereas, FHBL had the short-
est (14.1+4.2 mm). It was also found that ABDH had the
largest mean muscle volume and PCSA, while ADHT the
smallest. The PCSA of FHBM and FHBL were similar,
approximately one third of that of ADHO.

The spatial arrangement of the fiber bundles/aponeu-
roses and architectural parameters of the partitions of each
great toe muscle is discussed below. It is followed by analy-
sis of the architectural parameters of the medial and later-
al great toe muscles.

Abductor Hallucis

In all specimens, the muscle belly was divided into two
partitions, medial and lateral, based on the attachment of
the FBs to a thick aponeurosis located between the parti-
tions (Figures 2a—d). Both proximal and distal attachment

@ ADHT - Inferior
[ ADHT- Superior

@ ADHO - Medial
[J ADHO - Lateral

[ FHBL - Inferior
@ FHBL - Superior

O] FHBM - Inferior
[ FHBM - Superior

[ ABDH - Medial
[@ ABDH - Lateral

b

Figure 1. Cadaveric dissection and a three-dimensional model of the great toe musculature. (a) Cadaveric dissection. (b) Three-dimensional mus-

culoaponeurotic model at the fiber bundle level as in situ.
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Table 2
Mean architectural parameters of the intrinsic muscles of the great toe.

Muscle FBL (mm) Distal PA (°) Proximal PA (°) PCSA (cm?) MV (cm?)
ABDH 17.5+6.2° 16.1£9.1¢ 16.2+9.1' 4.9+1.9" 8.6+3.1°
FHBM 16.8+5.3° 11.0+6.8" 11.0+6.8 1.3+0.9" 2.3+1.5°
FHBL 14.1+4.2¢ 13.0+7.6° 11.2+6.4 1.8+1.2" 2.6+1.7°
ADHO 16.3+4.5° 11.6x7.4" 10.5+6.6¢ 3.9+1.0m 6.7+1.7°
ADHT 19.4+6.7¢ 13.2+7.8° 13.9+8.1' 0.6+0.2" 1.0+0.5°

Architectural parameters that are significantly different between muscles are indicated with different superscript letters; if superscript letters are the same, no statistical difference
was observed (p>0.05). ABDH: abductor hallucis; ADHO: oblique head of adductor hallucis; ADHT: transverse head of adductor hallucis; FBL: fiber bundle length; FHBL: lateral
head of flexor hallucis brevis; FHBM: medial head of flexor hallucis brevis; MV: muscle volume; PA: pennation angle; PCSA: physiological cross-sectional area.

sites of the FBs of the medial and the lateral partitions
were to the medial and lateral aspects of the central
aponeurosis, respectively. The aponeurosis attached pos-
teriorly to the medial surface of the calcaneus and medial
calcaneal tubercle and narrowed anteriorly to become the
tendon of ABDH. The tendon of ABDH was found to
attach to the medial and inferomedial surface of the medi-
al sesamoid bone and to the medial tubercle of the base of
the proximal phalanx of the great toe. The FBs of the

Inferomedial views

ABDH: W Medial part

W Lateral part

medial and lateral partitions were arranged sequentially in
overlapping layers (Figures 2c¢ and d).

As a whole, ABDH was found to have the largest mean
DPA, PPA, PCSA and MV (Table 2). The mean FBL,
DPA and PPA of the medial partition of ABDH were sig-
nificantly greater than those of the lateral partition (Table
3). In contrast, the PCSA and MV of the lateral partition
tended to be greater, although not statistically significant.

Aponeurosis (AP) / tendon (T) complex

Figure 2. Three-dimensional musculoaponeurotic model of abductor hallucis (ABDH) as in situ. (a) Musculoskeletal model. (b) Aponeurosis (AP) /
tendon (T) complex. (c) Lateral part. Fiber bundles attach to the deep (lateral) surface of the aponeurosis. (d) Medial and lateral parts. Fiber bundles
of the medial part attach to the superficial (medial) surface of the aponeurosis.
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Table 3
Mean architectural parameters of the partitions of the intrinsic muscles of the great toe.

Partitions FBL (mm) Distal PA (°) Proximal PA (°) PCSA (cm?) MV (cm?)
ABDH Medial 18.8+7.0 17.4£9.9 16.8+9.8 2.0+1.2 3.6+2.0
Lateral 16.6+5.4 15.3+8.6 15.9+8.6 2.9+1.2 4.9+1.9
ADHO Medial 15.9+4.3 11.7£7.2 11.1+6.4 2.5+0.8 4.2+1.3
Lateral 17.1£4.6 11.4+7.6 9.7+6.8 1.4+0.5 2.5+0.8
ADHT Inferior 18.3+7.7 14.3+8.4 13.9+8.2 0.2+0.1 0.4+0.2
Superior 19.9+6.2 12.7+£7.5 13.9+8.0 0.3+0.1 0.5+0.3
FHBL Inferior 13.9+4.3 13.77.7 12.2+6.5 0.9+0.6 1.2+0.7
Superior 14.3+4.1 12.5+7.4 10.5+6.1 0.9+0.7 1.4+£1.0
FHBM Inferior 17.4+5.3 11.6+7.1 11.0+£7.1 0.6+0.5 1.1+0.9
Superior 16.3+5.3 10.4+6.5 11.1£6.5 0.7+0.5 1.2+0.8

Within each muscle, the bolded parameter is significantly greater than its counterpart (p<0.05). ABDH: abductor hallucis; ADHO: oblique head of adductor hallucis; ADHT: transverse
head of adductor hallucis; FBL: fiber bundle length; FHBL: lateral head of flexor hallucis brevis; FHBM: medial head of flexor hallucis brevis; MV: muscle volume; PA: pennation angle;
PCSA: physiological cross-sectional area.

Adductor Hallucis The FBs of both partitions attached proximally to the
The ADHO was found to have two partitions, medial and ~ proximal aponeurosis, and distally to the distal aponeuro-
lateral, based on their respective attachment sites to two  sis. The proximal aponeurosis attached to the base of the
separate aponeuroses, proximal and distal (Figures 3aand  second, third and fourth metatarsals and adjacent tarsal
b). The FBs bridged the gap between these aponeuroses.  bones. The distal aponeurosis merged with the medial

b  ADHO: I Medial part Lateral part Aponeurosis

¢ ADHT: M Superior part B Inferior part Aponeurosis

a Inferomedial view

Figure 3. Three-dimensional musculoaponeurotic models of oblique (ADHO) and transverse (ADHT) heads of adductor hallucis as in situ. (a)
Musculoskeletal model. (b) Serially exposed musculoaponeurotic layers of ADHO. I- Aponeuroses: proximal (PA) and distal (DA). II- Medial part. Fiber
bundles are located medially and span between PA and DA. lll- Medial and lateral parts. Fiber bundles of the lateral part are located laterally and span
between PA and DA. (c) Serially exposed musculoaponeurotic layers of ADHT. |- Superior part. Fiber bundles are located on the superior surface of the
aponeurosis. Il- Aponeurosis (A). lll- Inferior and superior parts. Fiber bundles of the inferior part are located on the inferior surface of the aponeurosis.
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aponeurosis of ADHT to form a common tendon, which
attached to the lateral and inferolateral surfaces of the lat-
eral sesamoid bone and the lateral aspect of the base of the
proximal phalanx.

The ADHT was also found to have two partitions;
superior and inferior (Figures 3a and c). In 8 specimens,
medial and lateral aponeuroses were found, and in 2 spec-
imens, one continuous aponeurosis was present. The two
partitions were delineated by FB attachment sites to supe-
rior/inferior surfaces of the lateral aponeurosis or lateral
two-thirds of the continuous aponeurosis. Medially, the
FBs converged onto the medial aponeurosis or to the
medial third of the continuous aponeurosis. The medial
aponeurotic elements became tendinous and merged with
the distal aponeurosis of ADHO to form a common ten-
don of insertion, whereas, the lateral aponeurotic elements
attached to the capsule of the third, fourth and fifth
metatarsophalangeal (MTP) joints.

The mean FBL, DPA and PPA of ADHT were signif-
icantly greater than those of ADHO (Table 2). However,
ADHO had significantly larger MV and PCSA than
ADHT. The lateral partition of ADHO was found to have
significantly longer mean FBL and a smaller PCSA and
MV than the medial partition (Table 3). In ADHT, the
mean FBL of the superior partition was significantly
greater than that of the inferior partition.

Flexor Hallucis Brevis

The FHBL was found to have two partitions, superior and
inferior, spanning between the proximal and distal aponeu-

PA . 5/. -« PA

a Inferior view

¢ FHBM:
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roses (Figures 4a and b). Anteriorly, the distal aponeuroses
of FHBL and ADH merged into a common tendon that
attached to the lateral and inferolateral surfaces of the lat-
eral sesamoid and to the inferolateral surface of the base of
the proximal phalanx. The FHBM also had two partitions,
superior and inferior, bridging the proximal and distal
intramuscular aponeuroses (Figure 4c). Distally, the infe-
rior partition of FHBM had either a tendinous or a muscu-
lar attachment to the medial and inferomedial surfaces of
the medial sesamoid bone and inferomedial surface of the
base of the proximal phalanx. The aponeuroses of FHBM
and FHBL attached proximally to the medial, middle and
lateral cuneiforms and the long plantar ligament, lying
superficial to the tendon of fibularis (peroneus) longus.

The mean FBL of FHBM was significantly greater
than that of FHBL, whereas, the mean DPA of FHBM was
significantly smaller (Table 2). The mean PPA, PCSA,
and MV were similar. The mean FBL of the superior par-
tition of FHBL was significantly longer compared to that
of the inferior partition (Table 3). In contrast, the inferior
partiion of FBLM had significantly longer mean FBL
than the superior partition. Furthermore, the PCSA and
MV of the inferior partitions of FHBM and FHBL were
smaller than those of the superior partitions.

Medial and Lateral Great Toe Musculature

When grouped into medial (ABDH, FHBM) and lateral
(ADHO, ADHT, FHBL) great toe musculature, the mean
FBL, PPA and DPA of the medial muscle group were sig-

Figure 4. Three-dimensional muscu-
loaponeurotic models of the lateral
(FHBL) and medial (FHBM) heads of
flexor hallucis brevis as in situ. (a)
Musculoskeletal model. (b) Serially
exposed musculoaponeurotic layers of
FHBL. I- Aponeuroses: proximal (PA) and
! distal (DA). Il- Superior part. Fiber bun-
n ' dles are located superiorly and span
between PA and DA. llI- Inferior part.
Fiber bundles are located inferiorly and
span between PA and DA. (c) Serially
exposed musculoaponeurotic layers of
FHBM. |- Aponeuroses: proximal (PA)
and distal (DA). II- Superior part. Fiber
bundles are located superiorly and span
between PA and DA. IllI- Inferior part.
Fiber bundles are located inferiorly and
span between PA and DA.

Aponeuroses

Aponeuroses
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nificantly greater (Table 4). However, the medial and lat-
eral great toe muscles had similar PCSA (Figure 5). The
largest contributor to medial musculature PCSA was
ABDH (PCSA 4.9+1.9 cm’), whereas, the largest contribu-
tor to lateral musculature was ADHO (PCSA 3.9+1.0 cm’).

Discussion

Our study captured and quantified the volumetric mus-
culoaponeurotic architecture of the great toe muscula-
ture at the FB/aponeurosis level. Digitization enabled
volumetric sampling of a large number of FBs, up to 580
FB per muscle. Detailed analysis of the 3D models and
quantified architectural parameters demonstrated mor-
phological and architectural differences between whole
muscles and their intramuscular partitions.

The balance of the medial and lateral great toe mus-
culature has been discussed as a possible factor in the
development of hallux valgus.”” In the current study,
the medial (ABDH, FHBM) and lateral (ADHO,
ADHT, FHBL) great toe musculature were found to
have a similar PCSA, suggesting that in asymptomatic
individuals the medial and lateral musculature are bal-
anced in terms of relative force generating capabilities.
This suggests that the musculature of the great toe is a
factor in keeping the normal alignment of the first
metatarsal, which has been shown to have the “capacity
to move as an independent foot segment.”"”

The novel finding that the medial great toe muscula-
ture has significantly greater mean FBL than the lateral
musculature has not been previously reported (Table 4).
Since the mean FBL is an indicator of relative excursion
capability, our findings suggest the medial great toe mus-
culature has greater relative excursion capabilities than
the lateral musculature. It should also be noted that the
FHBM was found to have significantly longer mean FBL
than FHBL and ABDH had the longest external tendon
of all muscles, providing further excursion advantage to
the medial musculature. In the previous literature, a
small number of studies have proposed unique function-
al roles of ABDH that can be related to the excursion
capabilities of the muscle. Wong"” suggested that the
ABDH acts as “dynamic elevator for the arch” and
Headlee et al.”” linked ABDH fatigue with navicular
drop. Also, it has been reported that ABDH plays a role
to “aid push-off against the ground when walking or run-
ning bipedally.”" In a study of ABDH, flexor digitorum
brevis and quadratus plantae, Kelly et al.”” concluded
that these muscles play a role in arch deformation in
response to external loads.

Intramuscular partitioning of the great toe musculature
has not been studied at the fiber bundle level. Previous

Table 4
Mean architectural parameters of the medial and lateral great
toe musculature.

Muscle group  FBL(mm)  Distal PA(°) Proximal PA (°) PCSA (cm?)
Medial 17.2+5.9° 14.4+8.8° 14.5+8.7¢ 6.2+0.7°
Lateral 15.9+4.9° 12.1+7.5¢ 11.06.7 6.2+0.8°

Architectural parameters that are significantly different between muscles are indicat-
ed with different superscript letters; if superscript letters are the same, no statistical
difference was observed (p>0.05). FBL: fiber bundle length; PA: pennation angle;
PCSA: physiological cross-sectional area.

studies are primarily descriptive; however, Kelikian,””

Martin®’ and Tosovic et al."” reported partitioning in
some of the great toe muscles based on the distal attach-
ment sites. Tosovic et al."” found ABDH to consist of
three segments, whereas Kelikian®" found inferolateral
and superomedial fiber bundles. For FHB, Martin®
reported partitioning into superficial and deep parts. The
ADHO has been characterized as having three subdivi-
sions, medial, lateral and central, by Kelikian*' and two
parts, medial and lateral, by Martin.”” This is in contrast
to the findings of current study where each muscle was
found to have 2 partitions. The 3D data collected volu-
metrically enabled detailed architectural analysis that has

Medial
[ ABDH
6 -
B rem
> Lateral
B ~pHO
T
5 B Bl
2z B ~oHT
O
a 3
2 -
’| -
O .

Medial

Lateral

Figure 5. Comparison of physiological cross-sectional areas of medial
and lateral great toe muscles. Medial muscles include: abductor hallu-
cis (ABDH), and medial head of flexor hallucis brevis (FHBM). Lateral
muscles include: oblique head of adductor hallucis (ADHO), transverse
head of adductor hallucis (ADHT), and lateral head of flexor hallucis
brevis (FHBL).
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not been previously possible, which likely accounts for the
observed differences. No studies were found that included
FB attachment to intramuscular aponeuroses in their par-
titioning criteria, even though force transmission through
aponeuroses is influenced by the arrangement and extent
of FBs attaching to them. When considering architectural
parameters reported in the current study, the mean FBL of
the partitions within each great toe muscle were signifi-
cantly different; however, the PCSA was only significantly
different for the partitions of ADHO. Functionally, a fac-
tor impacting the activation of the individual partitions
could be the amount of force and excursion required for
dynamic movement or stabilization of the great toe.
Further EMG studies are needed to determine activation
patterns of the intramuscular partitions.

Imbalance of the great toe musculature has been sug-
gested to be a causative factor in the cascade of events
leading to the development of HV."*” In an EMG study,
Hoffmeyer et al.” found that ABDH activity in subjects
with HV was half that of the control group with no defor-
mity. More recently, Tas and Cetin,”” in an in-vivo ultra-
sound study, reported that individuals with HV had small-
er cross-sectional areas of ABDH and FHB than controls.
In the current study, it was found that the relative force
generating capabilities (PCSA) of the medial and lateral
great toe musculature were balanced in the non-patholog-
ic foot. As HV progresses, the balance of the relative force
generating capabilities between the medial and lateral
great toe musculature would be altered due to alterations
in the biomechanical alignment of the first metatarsal and
sesamoid bones.”" Furthermore, the excursion and stabi-
lization capabilities of the great toe musculature would
also be changed by these alignment changes, affecting gait
and arch integrity."”*"

A limitation of this study includes the small sample
size; however, the time-consuming methodology limits
the number of specimens that can be digitized and mod-
elled. The 3D data provides the basis for further anatom-
ical and imaging studies.

Conclusion

This study documented the volumetric musculoaponeu-
rotic architecture of the great toe musculature. The 3D
data collection enabled analysis of the relationships of the
fiber bundles, aponeuroses and their attachment sites
throughout the volume of each muscle. The relative force
generating capabilities (PCSA) of the medial and lateral
muscles were found to be balanced in the non-pathological
foot. The medial great toe muscles had a longer mean
FBL, suggesting a greater relative contribution to excur-
sion. Each great toe muscle was found to have two intra-
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muscular partitions arranged in a medial/lateral or superi-
or/inferior orientation. The results of this study could be
used to develop comprehensive iz vivo ultrasound proto-
cols to study the architecture of the medial and lateral great
toe musculature in healthy subjects and those with HV.
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