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Anatomical study of the soleus: application to improved imaging

diagnoses

ABSTRACT

Introduction: Strains of the soleus are widely found both in amateur and professional
athletes. For their accurate regional diagnoses, understanding the anatomy of the spatial
relationship between muscular fibers and tendinous structures is important because their
interfaces are susceptible sites to muscle strains. Therefore, this study evaluated the
precise architecture of the soleus.

Materials and Methods: We evaluated the precise anatomical architecture of the soleus
in 87 formaldehyde-fixed soleus muscles. To calculate mean relative physiological
cross-sectional area of each muscular fiber compartment, we measured the fiber length,
volume, and pennation angle in isolated compartments.

Results: The posterior soleus surface was covered by a broad aponeurotic posterior
insertion tendon (PIT), which continued inferiorly to the insertion tendon. The anterior
surface had three aponeurotic origin tendons, lateral origin tendon (LOT), medial origin
tendon (MOT), and tendinous arch, which were arranged along the soleus margins. The
anterior bipennate muscle portion (ABP), surrounded by the three origin structures,
terminated as the sagittal insertion tendon (SIT), which continued inferiorly to PIT. The
posterior main muscle portion behind LOT and MOT was separated into lateral and

medial portions by the SIT. The soleus thus possessed a broad musculotendinous
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junction. Furthermore, ABP exhibited wide structural diversity in shape and size: in
extreme cases, it was duplicated or absent.
Conclusion: Systematic anatomical descriptions of the soleus will be useful for accurate

regional diagnosis of its strains with magnetic resonance imaging and ultrasonography.

KEYWORDS: soleus; bipennate bundle; anatomic variation; soleus strain

INTRODUCTION
The soleus and gastrocnemius form the triceps surae or “calf muscle” within the
superficial posterior compartment of the leg. The insertion tendon of the soleus fuses
with that of the gastrocnemius to form the calcaneal (Achilles) tendon, which inserts into
the calcaneal tuberosity (Dalmau-Pastor et al., 2014). The soleus predominantly
contains slow-twitch muscle fibers, such that this muscle mainly contributes to postural
control and low-speed movement, such as walking (Lieber, 2009; Hamner et al., 2010).
Soleus injuries, including muscle strain, are widely observed in both amateur and
professional athletes (Koulouris et al., 2007; Pezzotta et al., 2017; Werner et al., 2017).
To diagnose the region of soleus strain and reveal its developmental mechanism, both
the normal and injured structures of the soleus have been widely examined by various
methods. Imaging technologies, such as ultrasonography, computed tomography (CT),
and magnetic resonance (MR) imaging, are useful for examining muscle structure in vivo
and evaluating muscle injuries (Chow et al., 2000; Balius et al., 2013; Balius et al., 2014).
In general, the musculotendinous junction is considered as a susceptible site to

muscle strains (Garrett, 1996). Therefore, for accurate regional diagnosis of injured sites,
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it is crucial to understand the anatomy of the spatial relationship between the muscle
fibers and tendinous structures. The soleus consists of two compartments: the posterior
main portion and the anterior bipennate portion (ABP) (Dalmau-Pastor et al., 2014). The
muscular fibers of the two compartments intertwine with the tendinous structures for
origin and insertion to form a complex architecture (Tashjian et al., 2003; Elson et al.,
2007; Pichler et al., 2007). The spatial arrangement of the muscular compartments and
tendinous structures of the soleus has not been clearly understood. Therefore, in the
present study, we evaluated the precise architecture of the soleus by dissection of

formaldehyde-fixed cadavers.

MATERIALS AND METHODS

Cadaveric Source

We used cadavers of persons who had donated their bodies for medical education and
research to XXXXX University School of Medicine. Before donation, written consent from
donors and their families was obtained. The Ethics Committee of XXXXX University
School of Medicine approved the study (Approval No. 2014138).

Eighty-seven soleus muscles (17 right and 70 left) were collected from
formaldehyde-embalmed Japanese cadavers (40 males and 34 females; average age at
death, 84.2 + 9.3 years) that were dissected by medical students in the gross anatomy
course at XXXXX University School of Medicine. We excluded cadavers that exhibited
significant pathologic alteration in the muscles (such as fatty degeneration and

intramuscular hematoma), traumatic lesions, and operative scars.
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Isolated and Sectional Muscle Specimens

The muscles of the posterior leg were exposed by removing the skin and subcutaneous
tissue. The soleus, gastrocnemius, and plantaris were separated from the bones (femur,
tibia, and fibula) en bloc, and the soleus was then separated from the other muscles. The
accessory soleus, which arises from the surface of the soleus and attaches to the
calcaneus independently from the calcaneal tendon (Featherstone, 1995; Hatzantonis et
al., 2011), was not found in the cadavers used in this study. The anterior and posterior

surfaces of the muscles were cleaned by removing soft connective tissue.

Quantitative Analyses

To estimate the contributing ratio of the individual muscle compartments to the total
strength of the soleus, we measured the volume, fiber length, and pennation angle in the
isolated muscle compartments and then calculated their physiological cross-sectional
area (PCSA). Furthermore, taking the total volume and total PCSA as 100%, the relative
volume and relative PCSA of each muscle compartment were calculated. All
measurements were expressed as means + standard error of the mean (SE).
Differences were tested using analysis of variance (ANOVA) followed by the Bonferroni

test as post hoc test; p-values < 0.05 were considered statistically significant.

RESULTS
External Structures of the Soleus
A triangle-shaped muscle belly continued inferiorly to a fish tail-like insertion tendon (Fig.

1a, a'). The muscle belly consisted of two surfaces (anterior and posterior) and three
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borders (superior, medial, and lateral). The anterior surface was flat, while the posterior
surface was posteriorly curved. The insertion tendon fused with that of the

gastrocnemius to form the calcaneal (Achilles) tendon.

Posterior surface

The posterior surface was covered by a broad aponeurotic posterior insertion tendon
(PIT) in the middle, leaving a narrow peripheral region, in which the muscular fibers were
exposed (Fig. 1a, a"). The PIT was composed of longitudinal bundles of tendon fibers
and exhibited several longitudinal grooves formed by its own invagination. The grooves
were consistently found in all the specimens, but their number and the depth of the

individual grooves varied. The PIT continued inferiorly to the insertion tendon.

Anterior surface

The anterior surface exhibited the origin structures and ABP (Fig. 1b, b"). The origin
structures were present along the three borders of the soleus and consisted of the
attachment region to the bones (tibia and fibula), the tendinous arch (TA), and the
aponeurotic origin tendons. These origin structures surrounded the ABP, which had the
sagittal insertion tendon (SIT).

The soleus had two attachment regions to the bones: the lateral origin region (LOR)
and the medial origin region (MOR). The LOR mainly attached to the fibular head and
neck, in addition to the upper third of the fibular body; the MOR attached mainly to the
soleal line, in addition to the small adjacent part of the medial border of the tibial body.

The TA was an aponeurotic tendon connecting the LOR and MOR along the superior
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border (Fig. 1b, b'). It was triangular in shape and situated between the LOR and MOR.
The aponeurotic lateral origin tendon (LOT) and medial origin tendon (MOT) extended
from the LOR and MOR downward along the lateral and medial borders. The LOT and

MOT were covered partly by the muscle fibers of the ABP.

Internal Structures of the Soleus
We examined the internal structures based on anatomical cross-sections (Fig. 1c, c', d,

and d') and sequential separation of individual parts (Fig. 2).

Muscular compartments of the soleus

The body of the soleus was incompletely separated by the LOT, MOT, and SIT into three
compartments: the ABP, lateral portion (LP), and medial portion (MP) (Fig. 1c, c¢', d, and
d"). The ABP was found on both sides of SIT and located anterior to the LOT and MOT. It
was considerably variable in shape, as described in detail below. The LP and MP were
located behind the LOT and MOT, respectively. One of the deep grooves of the PIT was

situated between the LP and MP.

Spatial relationships of the tendinous structures

The LOT and MOT were partially covered by the ABP; thus, these aponeurotic tendons
were divided into superficial and intramuscular parts (Figs. 2b and 3b). The superficial
parts of the LOT and MOT provided origin for the LP and MP, while the intramuscular

parts provided origin for all the three muscular compartments (Fig. 3c and d). The
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superficial and intramuscular parts of the MOT were broader than those of the LOT (Fig.
2h).

The tendon fibers of TA originated from the fibular neck and predominantly radiated to
the intramuscular part of the MOT (arrowheads in Fig. 4); thus, in the upper half of the
soleus, the LOT, MOT, and TA formed a contiguous tendinous sheet (Fig. 2b). In the
lower half, the LOT and MOT did not continue (Fig. 2b).

The PIT had several longitudinal grooves, which were formed by its invagination, as
described above (Fig. 2d). These grooves were clearly visible in the cross-sections (Fig.
1c, ¢', d, and d') and the isolated PIT (Fig. 2d). At the upper half of the soleus, one of the
deep grooves incompletely divided the LP and MP at the upper level of the soleus (Figs.
1c, ¢', and 3a). While at the lower half, it fused with the SIT to separate the LP and MP
completely (Figs. 1d, d', 2d, and 3b).

Arrangement of muscular fibers

The muscular fibers of the ABP predominantly arose from the anterior surface of the LOT
and MOT and then ran in the proximal-to-distal direction to insert in the SIT (Fig. 3c and
d). On the other hand, fibers of the LP and MP arose from the posterior surface of the
LOT and MOT and then ran in the proximal-to-distal direction to insert in the PIT (Fig. 3c
and d). The direction of muscular fibers continuously altered at the interface between the

ABP and the other two portions (Fig. 3c and d).

Relative PCSAs of the three muscle compartments

This article is protected by copyright. All rights reserved.



The mean volumes seemed to increase in the order of ABP, LP, and MP; however, they
were not significantly different among the three compartments because their standard
deviation was quite large (Fig. 5a). The mean muscle fiber length and mean pennation
angle were also not significantly different among the three compartments (Fig. 5b and c).
The relative mean volume, mean PCSA, and relative mean PCSA significantly increased

in the order of APB, LP, and MP (Fig. 5d—f).

Structural Diversity of the ABP
The ABP was considerably variable in number, shape, and position (Figs. 6 and 7). In
this study, we examined 87 soleus muscles in total. The ABP was lacking in six cases

and duplicated in two cases. The remaining 79 cases exhibited a single ABP.

Single ABP

The typical single ABP was localized at the mid-portion of the anterior surface between
the LOA and MOA (Figs. 6a—g, 7a—g) (72 of 79 single ABPs). The remaining seven
single ABPs exhibited medial or lateral deviation of their positions (Figs. 6h—n, 7h—n). In
some of the medially deviated cases, the sagittal tendon extremely deviated and
descended along the medial edge of the main body. Thus, the bipennate structure was

largely disrupted in two cases (Figs. 6m, n, 7m, and n).

Duplication of ABP

Two soleus muscles with duplicated ABPs were found in this study (Figs. 60, p, 70, and

p). In both cases, the medial and lateral ABPs were arranged in parallel. The sagittal
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tendon of the medial ABP deviated, and thus, the bipennate structure was largely
disrupted; in contrast, the lateral ABPs exhibited a typical bipennate structure.

There was a thin aponeurosis between the medial and lateral ABPs. This
aponeurosis provided the origin to the lateral and medial halves of the medial and lateral

ABPs, respectively.

Absence of ABP
In all six soleus muscles in which the ABP was absent, the LOA, MOA, and TA continued
with one another to form a broad aponeurosis, which was similar to the PIT in

appearance (Figs. 6g-u, 7g-u).

DISCUSSION

Anatomical Study of the Soleus by Recent Researchers

Recently, the anatomical architecture of the soleus has been widely examined using
ultrasonography, CT, and MR imaging for the accurate regional diagnosis of soleus
injuries and the understanding of their developmental mechanism (Finni et al., 2003; Lee
et al., 2006; Bolsterlee et al., 2018). Several groups have visualized the 3D structure of
the soleus by reconstruction images, which were produced based on serial MR images
(Hodgson et al., 2006). The reconstructed images of the PIT and SIT correspond well to
the real morphology demonstrated with the isolated specimens in this study. However,
the reconstruction images of the MOT and LOT are somewhat different from the real
morphology. The MOT and LOT were thinner than the PIT, such that the reliability of their

3D reconstruction using MR imaging was compromised.
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Agur and colleagues explored the muscle fiber arrangement of the decomposed
soleus and further demonstrated it by 3D modeling (Agur et al., 2003). In their study, the
“lateral and medial marginal bands” were identified as independent muscular parts.
These parts referred only to the peripheral parts of the LP and MP that extend on both
sides of the PIT and need not to be considered as separate parts. Other researchers
have not considered these peripheral parts as an independent muscular part (Hodgson
et al., 2006; Dalmau-Pastor et al., 2014).

The ABP has been referred to using various terms such as “bipennate portion”
(Bardeen, 1906), “accessory fasciculus” (Jager and Moll, 1951), “fishbone-like portion”
(Reid, 1918), “feathered fibers” (Joshi et al., 2010), and “doppelt gefiederter Abschnitt
(double-feathered portion)” (Frey, 1913). Several previous studies have also reported
regarding the anatomical variation of the ABP and its innervation (Sekiya, 1991; Sekiya
et al., 1994). The soleus receives two tibial nerve branches: the posterior main branch
distributes to the LP and MP, while the anterior accessory branch predominantly
distributes to the ABP. When the ABP is absent, the anterior branch remains and

distributes to the single broad-origin tendon (Sekiya, 1991).

Functional Anatomy of the Soleus

The soleus possesses the largest PCSA among the human skeletal muscles (Wickiewicz
et al., 1983; Friederich and Brand, 1990; Fukunaga et al., 1992; Ward et al., 2009;
Charles et al., 2019). In this study, we confirmed this large PCSA in the soleus, although
the specimens examined were derived from aged people. The origin and insertion

tendons of the muscle were broad and opposed, resulting in a large volume of short
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muscle fibers compactly arranged between them. Such a structural feature, which is
peculiar to the soleus, is responsible for the large PCSA.

The soleus is recognized in a variety of mammalians, but its architecture is highly
specialized in humans (Frey, 1913). In mammalians except for humans, the soleus
arises only from the fibula and the single origin aponeurosis, which corresponds to the
LOT in the human soleus. This single origin aponeurosis covers the anterior surface of
the soleus without forming the ABP (Hepburn, 1892). In humans, due to the expansion of
origin onto the tibia, the TA and MOT are developed, and the ABP is formed between the
LOT and MOT. The soleus plays a crucial role in plantar flexion at the pre-swing stages
of the human gait cycle (Schmitz et al., 2009); therefore, the enlargement of the soleus is
considered to be one of the crucial alterations for the acquisition of bipedal walking in

human evolution.

Regional Diagnosis of Soleus Injury

Strains of the soleus can be accurately diagnosed using MR imaging—they have been
diagnosed more frequently with this modality than previously thought based on
ultrasonography (Koulouris et al., 2007; Bryan Dixon, 2009). Balius and colleagues
reported strains of the soleus detected by MR imaging in detail (Balius et al., 2013). They
described that strains of the soleus were found at two myofascial junctions, which were
formed at the “anterior and posterior aponeuroses” (Table 1). These aponeuroses were
regarded as epimysia on the anterior and posterior surfaces, which faced the deep flexor
compartments and gastrocnemius, respectively. Based on the present findings, the

surface of the soleus was almost surrounded by origin and insertion aponeuroses; thus,
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it is reasonable that the anterior and posterior aponeuroses correspond to the superficial
parts of the origin aponeuroses (MOT and LOT) and the PIT, respectively (Table 1).
Moreover, Balius and colleagues described that strains of the soleus were also found at
three musculotendinous junctions, which were formed at the “medial and lateral
aponeuroses and central tendon” (Table 1). The medial and lateral aponeuroses simply
correspond to the intramuscular parts of the MOT and LOT, respectively, while the
central tendon corresponds to the SIT (Table 1).

Several previous studies using MR imaging indicated that strains of the soleus more
frequently occurred at the “medial aponeurosis/MOT” than the “lateral aponeurosis/LOT”
(Koulouris et al., 2007; Balius et al., 2013). These differential frequencies were
presumably attributed to the larger size of MOT and the larger relative mean volume and
relative mean PCSA of the MP. Furthermore, the TA predominantly radiated to the
intramuscular part of the MOT. If their connecting site was structurally fragile or received
large physical stress, these features would also contribute to the susceptibility to strains
at the MOT.

Strains of the soleus also frequently develop at the SIT (Koulouris et al., 2007; Balius
et al., 2013). Moreover, there is a frequent association between accessory soleus
muscle and Achilles tendon injuries (Luck et al., 2008). These findings have challenged
us to evaluate the anatomical variations of the ABP and SIT in patients with strain of the
soleus by using MR imaging and reconstruction technique. In the future, the clinical
correlation between the structural diversity of the soleus and its susceptibility to strains

will also need to be evaluated.
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In conclusion, in the present study, the architecture of the human soleus was
evaluated by cadaveric dissection and systematically described. The spatial relationship
of the tendinous structures and the structural diversity of the ABP were more clearly
demonstrated than in the previous study. This systematic information on soleus anatomy

will contribute to accurate regional diagnosis of soleus injuries.
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FIGURE LEGENDS

Figure 1. Surface and anatomical cross-sections of the typical left soleus

(a, ") Posterior surface: The main body of the isolated soleus looked like a triangle. The
surface of the main body is almost covered by the posterior insertion tendon (PIT). The
PIT continues to the fish tail-like insertion tendon (IT). (b, b") Anterior surface: The lateral
and medial origin tendons (LOT and MOT) continue from the attachment sites to the
fibula and tibia (lateral origin region (LOR) and medial origin region (MOR)), respectively.
The tendinous arch (TA) is found between the LOR and MOR. These origin structures
(LOR, MOR, LOT, MOT, and TA) are along the borders of the soleus and surround the
anterior bipennate portion (ABP). Arrowheads show the sagittal insertion tendon (SIT) of
the ABP. (c, c¢') Cross-section at the level of the upper one-fourth of the muscle length:

The LOT and MOT enter into the muscle; thus, they are divided into the superficial parts

This article is protected by copyright. All rights reserved.



(sLOT, sMOT) and intramuscular parts (iLOT, iMOT). (d, d") Cross-section at the level of
half of the muscle length. The SIT continues to the large infolding of the PIT. The large
arteries (red) and veins (blue) are situated around the boundary between the ABP and
other two muscular compartments (LP, MP). Arrows indicate large infolding that
continues to the SIT, while arrowheads indicate infoldings of the PIT. (a—d) Photographs
of the specimen. (a'-d") Schematic drawings of the corresponding photographs. The
crosses indicate the direction: L, lateral; M, medial, Prx, proximal; Dis, distal; Pst,

posterior; Ant, anterior.

Figure 2. Sequential dissection of the typical left soleus

(&) The posterior surface of the un-dissected specimen. (b) The anterior bipennate
portion is removed from a. (¢) The medial and lateral origin tendons are removed from b.
(d) The medial and lateral portions are removed from c. The posterior insertion tendon
remains with the sagittal insertion tendon. (e) The medial portion is removed from c. (f)
The anterior bipennate portion is removed from a. (g) The lateral portion is removed from
c. (h) The origin tendons with tendinous arch are removed from b. ABP, anterior
bipennate portion; IT, insertion tendon; iLOT, intramuscular part of LOT; iMOT,
intramuscular part of MOT,; LOT lateral origin tendon; LP, lateral portion; LOT, lateral
origin tendon; MOT; medial origin tendon; MP, medial portion; MOT, medial origin tendon;
PIT, posterior insertion tendon; sLOT, superficial part of LOT; sMOT, superficial part of
MOT; TA, tendinous arch. Asterisks, sagittal insertion tendon of the ABP; arrowheads,
the infoldings of the PIT. The cross indicates the direction: L, lateral; M, medial, Prx,

proximal; Dis, distal.
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Figure 3. 3D arrangement of tendinous structures in the typical left soleus

(@) The spatial relationship between the muscular compartments and tendinous
structures of origin and insertion: The medial and lateral origin tendons (MOT and LOT)
are partially inserted into the muscle body. The soleus contains three muscular
compartments, namely, anterior bipennate portion (ABP), medial portion (MP), and
lateral portion (LP). The ABP possesses the sagittal insertion tendon (SIT). (b) The
spatial relationship between the tendinous structures: The SIT continues to the posterior
insertion tendon (PIT). (c, d) Arrangement of the muscle fibers: The direction of the
muscle fibers is projected onto the longitudinal/anatomical cross-sections at the levels
shown in a. It alters continuously between the ABP and the other two portions (MP and

LP). Arrows, large infolding continues to the SIT, Arrowheads, infoldings of the PIT.

Figure 4. The whole view of the tendinous arch in the typical left soleus

Magnification of Figure 2b. The anterior bipennate portion is removed, and its outline is
indicated by a dotted line. The tendinous arch (TA) arises from the lateral origin region
(LOR) and predominantly radiates to the intramuscular part of the medial origin tendon
(iMOT) as indicated by arrowheads. iLOT, intramuscular part of lateral origin tendon;
MOR, medial origin region; ST, sagittal tendon; SIT, sagittal insertion tendon; sMOT,
superficial part of medial origin tendon, sLOT, superficial part of lateral origin tendon. The

cross indicates the direction: L, lateral; M, medial, Prx, proximal; Dis, distal.

Figure 5. Structural parameters of the three muscular compartments of the soleus
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The soleus contains the anterior bipennate portion (ABP), lateral portion (LP), and
medial portion (MP). Box-plots with beeswarm show the differences of mean volume (a),
mean muscle fiber length (b), mean pennation angle (c), mean physiological
cross-sectional area (PCSA) (d), relative mean volume (e), and relative mean PCSA (f)
among the three muscular compartments. Differences were tested using ANOVA

followed by the Bonferroni test as post hoc test. *P < 0.05.

Figure 6. Structural diversity of the anterior bipennate portions (ABPS)

(a—n) Soleus muscles with a single ABP: A typical single ABP is localized at the
mid-portion of the anterior surface (a—g). Some of the single ABPs exhibit medial or
lateral deviation of their positions (h—n). In the two cases of medially deviated ABPs, the
sagittal insertion tendon extremely deviated and descended along the medial edge of the
main posterior part. Thus, the bipennate structure was largely disrupted in these cases
(m, n). (o, p) Soleus muscles with duplicated ABPs: The sagittal insertion tendon of the
medial ABP (M) extremely deviates while the lateral ABP (L) exhibits a typical bipennate
structure. (g—u) Soleus muscles with absent ABP: The origin tendon and tendinous arch
continue with each other to form a large aponeurosis, which is similar to the posterior
insertion tendon. The cross indicates the direction: L, lateral; M, medial, Prx, proximal;

Dis, distal.

Figure 7. Structural diversity of the anterior bipennate portions (ABPSs)

Schematic illustrations of the specimens shown in Figure 6. To clearly show the shape of

the ABPs, the muscular fibers and sagittal insertion tendons of ABP are colored in brown
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and green, respectively. The tendinous arches are colored in purple. The entry sites of

the vascular structures are colored in red. L, lateral ABP; M, medial ABP.
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Table 1. Correspondence of anatomical terms on the tendinous structures in the

soleus
Balius et al. (2013) Present study
. . Medial part MOT (superficial part)

Myofascial Anterior aponeurosis —
) . Lateral part LOT (superficial part)
junction

Posterior aponeurosis PIT

Medial aponeurosis MOT (intramuscular part)
Musculotendinous . .
: . Lateral aponeurosis LOT (intramuscular part)
junction

Central tendon SIT

LOT, lateral origin tendon; MOT, medial origin tendon; PIT, posterior insertion tendon; SIT,

sagittal insertion tendon.
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