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The purpose of this study was to visualize and document the architecture of the human soleus
muscle throughout its entire volume. The architecture was visualized by creating a three-
dimensional (3D) manipulatable computer model of an entire cadaveric soleus, in situ, using
B-spline solid to display muscle fiber bundles that had been serially dissected, pinned, and
digitized. A database of fiber bundle length and angle of pennation throughout the marginal,
posterior, and anterior soleus was compiled. The computer model allowed documentation of
the architectural parameters in 3D space, with the angle of pennation being measured relative
to the tangent plane of the point of attachment of a fiber bundle. Before this study, the only
architectural parameters that have been recorded have been 2D. Three-dimensional recon-
struction is an exciting innovation because it makes feasible the creation of an architectural
database and allows visualization of each fiber bundle in situ from any perspective. It was
concluded that the architecture is non-uniform throughout the volume of soleus. Detailed
architectural studies may lead to the development of muscle models that can more accurately
predict interaction between muscle parts, force generation, and the effect of pathologic states

on muscle function. Clin. Anat. 16:285-293, 2003.
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INTRODUCTION

The architecture of a muscle consists of its external
configuration and dimensions, and the internal ar-
rangement and morphology of the contractile and con-
nective tissue elements. Muscle fiber architecture has
been documented by measuring fascicle (fiber bun-
dle) length, angle of pennation, muscle belly length,
and the volume/mass of the muscle (Yamaguchi et al.,
1990). Two muscles having the same external config-
uration may differ in function due to differences in
internal arrangement, i.e., the “design” of contractile
and connective tissue elements (Lieber and Friden,
2000). Fiber length, the number of muscle fibers lying
in parallel, and the angle of pennation are important in
determining the amount of force a muscle is capable
of producing (Woittiez et al.,, 1984; Enoka, 1988§;
Zajac, 1989).

Historically, morphologic studies of muscle have
been purely descriptive in nature (Otten, 1988), but a
quantitative analysis of muscle architecture is impor-
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tant because the structural parameters have a pro-
found effect on muscle function (Muhl, 1982; Woit-
tiez et al., 1983). Architectural data form an integral
part of mathematical models that have been devel-
oped to study skeletal muscle (Huijing and Woittiez,
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TABLE 1. Summary of Mean Architectural Data of Published Cadaveric Studies of Soleus®

Part of FL 0 MT Volume ML
Author (year) n soleus (mm) (degrees) (mm) Mass (g) (ml) (mm)
Alexander and Vernon (1975) 1 — — 20 12 264 — —
Cutts (1988) 3 —_ —_ 19 —_ — — —_
Friederich and Brand (1990) 2 — 30.3 32n=1) — — 374 335
Haines (1932) 1 — 34.0 — — — — —
Spoor et al. (1991) 3 Posterior 25.8 34 — — 231 275

Anterior 26.7 31 50 204
Trzenschik and Loetzke (1969) 5 Posterior 28.6 20 — 116.0 — —

Anterior 27.8 25 28.9 — —
Wickiewicz et al. (1983) 2 — 19.5 25 — 215(n = 1) — 309

“FL, fiber length; 6, angle of pennation; M'T, muscle thickness; ML, muscle length.

1984; Herzog and ter Keurs, 1988; Otten, 1988; Hui-
jing et al., 1989; Legreneur et al., 1996; Roy and
Ishihara, 1997; van der Linden et al., 1998); however,
human muscle architectural data are incomplete and
based on relatively small sample sizes (Pierrynowski
and Morrison, 1985; Yamaguchi et al., 1990). The
architectural parameters of skeletal muscle have usu-
ally been defined by one average value for the entire
muscle, regardless of the complexity of pennation
(Wickiewicz et al., 1982; Friederich and Brand, 1990).
The architectural parameters obtained from cadaveric
studies of the human soleus muscle are summarized in
Table 1. The experimental protocol for each study
varies, making the comparison of results difficult. Fur-
thermore, the data collection is designed to establish
one average value of each of the architectural param-
eters for the soleus as a whole or for the anterior and
posterior parts separately. Often any information gaps
have been filled by estimating the parameter using
anatomy atlases (Pierrynowski, 1982; Yamaguchi et al.,
1990). The large number of empty spaces in Table 1
shows how few data there are quantifying the archi-
tectural parameters of the human soleus muscle. If the
architectural data are scarce and do not reflect the
actual structure of the component parts of a muscle,
predictions based on these data only approximate re-
ality.

The purpose of this study is to document the ar-
chitecture of the human soleus muscle throughout the
entire volume of the muscle. This muscle was chosen
because it is functionally important and is easily ac-
cessible in the leg. The soleus is an antigravity muscle
that plantar flexes the ankle. It helps keep the body
erect and participates in all forms of locomotion.

MATERIALS AND METHODS

The soleus muscle is divided into marginal, poste-
rior, and anterior parts (Agur and McKee, 1997; Oxorn
etal., 1998). The parts of soleus (Fig. 1) are defined as
follows:

® Marginal soleus: Fiber bundles span from the
medial, lateral, and superior margins of the pos-
terior aponeurosis to the anterior aponeurosis
medially and laterally, and the tibia and fibula
superiorly. The medial and lateral fiber bundles
are curved. Superiorly the fiber bundles are ori-
ented more vertically.

® Posterior soleus: Fiber bundles attach to the pos-
terior surface of the anterior aponeurosis and the
anterior surface of the posterior aponeurosis. The
fiber bundles are directed from anterosuperior to
posteroinferior.

® Anterior soleus: The anterior soleus is bipennate
and is best visualized on the anterior surface of
the muscle. The fiber bundles join the median
septum and the anterior aponeurosis. The me-
dian septum is a vertical sheet of aponeurosis.
Fiber bundles of anterior soleus attach to its
medial and lateral surfaces and are directed su-
peromedially and superolaterally.

Posterior
i!|KJI'IC!lII'r|!ii:;‘-
reflected

L+ PostErion aponeurasis

)

MMarginsl
part

Amterior
APOMHEUrDLS

Antenios

Postarior Pt

part

Mgdian
sepium

Marginal
fibars

~ Marginal

fibers
Antarior -

APONEUNOSS

Calcaneal

fendon 4
Calcaneal tendon —=—j—

A B

Fig. 1. Parts of the soleus muscle. A: Marginal and posterior
soleus, posterolateral view. B: Anterior and marginal soleus, anterior
view. Note that the soleus has been reflected from its tibial and fibular
attachments and rotated.



Five formalin-fixed cadaveric soleus muscles were
serially dissected in situ. On inspection, the cadaveric
legs had no evidence of musculoskeletal deformity
and the ankle joints were fixed in the anatomical
position. Development of the dissection protocol con-
tinued to evolve from the first to the fifth specimen.
Dissection of the fifth specimen, which was the soleus
muscle of a right leg, was the most detailed and is
described in this study. The method of measurement
of the architectural parameters was not altered from
the first to the fifth specimen. Only the dissection
technique, to expose and pin increasingly more fiber
bundles, evolved from the first to the fifth specimen.
Data obtained from the fifth specimen was analyzed.

At each level of dissection, 50—-100 fiber bundles
were pinned and the specimens were photographed
using three spatially calibrated cameras. The images
were transferred to CD-ROM and the locations of the
pins were digitized. Using direct linear transforma-
tion, the digitized 2D coordinates were used to gen-
erate 3D coordinates representing the orientation of
each of the dissected fiber bundles (Ball and Pier-
rynowski, 1995; Agur, 2001). The 3D coordinates were
fitted into DANCE, a B-spline solid model, devel-
oped by our computer science team members (Ng-
Thow-Hing, 2001). The model parameterizes an en-
closed volume (muscle fiber bundles) as well as its
boundary surface (external surface) using 3D vector
functions. Once the B-spline solid model of the soleus
has been fitted with its external surface and internal
volume arrangements (i.e., fiber bundles), one can
generate manipulatable 3D models of the muscle to
visualize its complex architecture (Agur, 2001). Plots
of the muscle as a whole and of its component parts
were used to observe and verify the architecture (Agur
and McKee, 1997).

Using the 3D coordinates, fiber bundle length, di-
rection, and angle of pennation were computed auto-
matically throughout the muscle. Fiber bundle length
(mm) was obtained by summing the lengths of the
line segments joining sampled points of each fiber
bundle (Press et al., 1992; Ng-Thow-Hing, 2001).

The point of attachment of the fiber bundle to the
aponeurosis is three-dimensional and can be charac-
terized by the position of attachment and the orien-
tation of the fiber with respect to the surface of the
aponeurosis. The angle of pennation was calculated at
the attachment site at each end of the fiber bundle, as
the angle between the tangent vector of the fiber
bundle and the tangent plane of the muscle surface at
the point where the fiber bundle meets the aponeu-
rosis. It is important to note that previously cited data
in the literature have been measured in 2D using a
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protractor, caliper, or ruler. In effect, only a planar
component of the true force vector was captured.

The mean, standard deviation, and range of fiber
length and angle(s) of pennation were calculated for
the following regions of soleus:

® the medial and lateral fiber bundles of the prox-
imal, middle, and distal thirds of the marginal
soleus;

® the medial, middle, and lateral fiber bundles of
the proximal, middle, and distal thirds of the
posterior soleus; and

® the medial and lateral fiber bundles of the tip
and proximal, middle, and distal thirds of the
anterior soleus.

For the marginal and posterior soleus, a total of 100
fiber bundles (streamlines) were measured. In the
anterior soleus, 50 fiber bundles in each of the four
layers were documented.

RESULTS

3D Visualization of Soleus Muscle Architecture

The computer model allowed full reconstruction of
all parts of the soleus muscle from the digitized data.
The 3D model is fully manipulatable allowing visual-
ization of the muscle fiber bundles from any angle.
The fiber bundles are displayed throughout the vol-
ume of the muscle (Fig. 2) and can be animated to
show sequential arrangement of fiber bundles (Fig. 3).

The computer model contains a B-spline solid that
has been built using a continuous volume sample
function (Ng-Thow-Hing, 2001). The B-spline solid
can capture detailed muscle architecture in 3D. Once
the original digitized data has been entered into the
model, additional fiber bundles (streamlines) can be
generated. Because the streamlines have an analytical
expression, the physical dimensions of the new fiber
bundles can be computed, added to the B-spline solid,
and visualized. We designed fiber generation tech-
niques based on Sobol sequences (Ng-Thow-Hing,
2001) to evenly distribute the fibers throughout the
volume of the muscle.

Still frames from the computer program have been
reproduced in black and white from a variety of views
for the marginal, posterior, and anterior soleus of the
right leg (Fig. 2). Each figure includes the original
data set (template) and loosely and densely packed
fiber bundles (streamlines). Figure 4 shows the entire
soleus with all three parts assembled.

The fiber bundles of marginal soleus are curved
and directed anterosuperiorly along the medial and
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Fig. 2. 3D modelling of soleus muscle architecture. A: Marginal
soleus (digitized data), posterior view. B: Marginal soleus (stream-
lines), posterior view. C: Marginal soleus (streamlines), posteromedial
view. D: Posterior soleus (digitized data), posterior view. E: Posterior
soleus (streamlines), posterior view. F: Posterior soleus (streamlines),
anterolateral view. G: Anterior soleus (digitized data), posterior view.
H: One layer of anterior soleus (streamlines), posterior view. I:
Anterior soleus (streamlines), medial view.

lateral margins of the muscle, but are almost vertical
proximally (Fig. 2A-C). The thin marginal soleus is
modelled as one layer.

The posterior soleus consists of densely packed
fiber bundles modeled in rows/columns. The fiber
bundles pass from anterosuperiorly to posteroinferi-
orly (Fig. 2D-F).

The bipennate anterior soleus is modelled in layers
(Fig. 2G,H). The original data set is based on four

G

Fig. 3. Sequential arrangement of fiber bundles of posterior so-
leus. A: Posterior soleus, superomedial view. B—G: Sequential ar-
rangement of fiber bundles from distal to proximal.

layers of serial dissection. Using the streamline func-
tion, new fiber bundles can be added to existing layers
and to form new layer(s). The length of the anterior
soleus, as a whole, increases from posterior to anterior
when serially dissected (Fig. 21).

Documentation of Soleus Muscle Architecture

The fiber bundle length and angles of pennation
for the attachment sites of both ends of the fiber

Lateral

Fig. 4. Soleus: marginal (dark gray), posterior (light gray), and
anterior (black). A: Superomedial view. B: Inferior view.



TABLE 2. Marginal Soleus
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Average fiber bundle length®

“3D” angle of pennation®

Average AP * SD

Average FL = SD Number of (degrees) Range (degrees)

Marginal soleus (mm) Range (mm) fiber bundles 05 0p 0, 0p
Proximal 1/3

Lateral 31924 27-36 22 52.5*16.5 41.1 = 19.9 36-88 22-88

Medial 33757 27-45 18 421 +23.3 324187 7-85 3-81
Middle 1/3

Lateral 329*33 29-39 16 48.7 £ 4.2 422 +53 43-59 36-55

Medial 323+19 29-35 18 534 =87 404 =123 32-67 14-56
Distal 1/3

Lateral 323+29 27-38 11 59.6 = 8.8 25.8 = 11.2 48-73 745

Medial 29.6 x 4.9 16-35 15 67.0 = 11.3 209 = 11.1 49-87 7-50

“Average fiber bundle length (FL.) = standard deviation (SD).

b3D angle of pennation (AP) * standard deviation (SD) measured relative to the anterior aponeurosis (6,) and posterior aponeurosis (6p).

bundle were computed using the B-spline solid soft-
ware. The computer modelling has allowed for mea-
surement of the fiber length and pennation angles in
3D space throughout the volume of the marginal,
posterior, and anterior soleus.

The average fiber bundle length of the different
parts of marginal soleus was found to be between 30
and 34 mm, but it should be noted that the shortest
fiber bundle was 16 mm and the longest 45 mm
(Table 2). A trend of decreasing average fiber bundle
length from proximal to distal was observed on the
medial side of the marginal soleus. The anterior and
posterior angle of pennation measurements were di-
verse, ranging from 3 to 88 degrees (Table 2). The
average anterior angle of pennation was greater than
the average posterior angle of pennation for all regions
of marginal soleus.

The average fiber bundle length of the different
parts of the posterior soleus ranged from 33 to 44 mm,
with the shortest fiber bundle having a length of 31

TABLE 3. Posterior Soleus

mm and the longest 45 mm (Table 3). The middle
(central) part of the proximal, middle, and distal thirds
had the longest average fiber bundle length, followed
by the lateral part. The medial part tended to have the
shortest average fiber bundle length in all thirds of
posterior soleus. The average anterior angle of penna-
tion of the different parts was between 6 and 29
degrees (Table 3). The average posterior angle of
pennation of the different parts was between 8 and 24
degrees. The anterior angle ranged from 1 to 35 de-
grees and the posterior angle from 4 to 30 degrees.
The average fiber bundle length of the parts of
anterior soleus was between 30 and 40 mm with a
range from 24 to 41 mm (T'able 4). The shortest fiber
bundles were located in the distal third. The proximal
and middle thirds of the lateral side of the muscle had
longer average fiber lengths than the medial side,
indicating possible functional differences. The aver-
age angle of pennation relative to the median septum

Average fiber bundle length®

“3D” angle of pennation”
Average AP = SD

Average FL * SD Number of (degrees) Range (degrees)

Posterior soleus (mm) Range (mm) fiber bundles GN 0p N 0p
Proximal 1/3

Lateral 403 £ 2.2 38-43 4 15.6 = 0.9 17.7 £ 1.9 15-17 16-20

Middle 43.5 = 1.1 42-45 6 75*x23 83*x42 5-12 4-15

Medial 38413 37-40 4 6362 11.0 = 2.1 1-14 8-13
Middle 1/3

Lateral 422+1.2 41-44 7 132+ 1.8 11.2 2.7 12-17 7-15

Middle 425*1.5 41-45 8 15475 175 £ 6.4 4-27 5-25

Medial 339*+22 31-38 8 16.7 = 1.8 10.1 = 2.6 14-18 6-13
Distal 1/3

Lateral 37.8 =24 35-41 5 22.3*+6.6 21976 13-30 9-27

Middle 394 £ 1.3 38-41 4 29.1 £5.2 24.0 £5.0 24-35 18-30

Medial 329+1.0 32-34 4 17.9 = 2.6 79*+19 16-21 6-11

#Average fiber bundle length (FL) = standard deviation (SD).

b3D angle of pennation (AP) = standard deviation (SD) measured relative to the anterior aponeurosis (6,) and posterior aponeurosis (0p).
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TABLE 4. Anterior Soleus

Average fiber bundle length®

“3D” angle of pennation®

Average AP = SD

Average FL. = SD Number of (degrees) Range (degrees)

Anterior soleus (mm) Range (mm) fiber bundles Oap Onis Oap Ons
Tip

Lateral 36.6 = 0.6 36-37 5 4843 6.6 = 5.1 0.1-11 0.3-13

Medial 35.0*0.7 34-36 5 1.0 £ 0.6 1.7+ 1.1 0.1-2 0.3-3
Proximal 1/3

Lateral 40.2 1.3 38-41 9 32.2 %125 10.2 £ 6.4 15-51 0.1-19

Medial 32.7£0.7 32-34 6 22*13 32x08 0.6-4 24
Middle 1/3

Lateral 38.6 1.9 3641 5 58142 17.3 £ 2.8 3-13 13-20

Medial 32302 32-33 5 7.8 =45 1.8+ 04 2-13 1-3
Distal 1/3

Lateral 30.3 = 3.1 26-34 5 65+ 14 18.2 £ 3.7 4-8 12-21

Medial 29.6 £2.9 24-33 11 20.3 = 3.8 15.6 = 11.6 13-24 3-34

“Average fiber bundle length (FL) = standard deviation (SD).

3D angle of pennation (AP) * standard deviation (SD) measured relative to the anterior aponeurosis (8 ,,p) and median septum (8yq).

was greater in the lateral side of the muscle in all
regions studied (Table 4).

DISCUSSION

Visualization of Muscle Architecture Using a B-
Spline Solid Model

To date, no study has documented muscle archi-
tecture throughout the volume of a muscle. Visualiza-
tion of muscle architecture has been limited to 2D
planes using sectioned cadaveric muscle (Trzenschik
and Loetzke, 1969; Wickiewicz et al., 1983; Friederich
and Brand, 1990) or in vivo ultrasound (Kawakami et
al., 1998; Maganaris et al., 1998; Chow et al., 2000;
Martin et al., 2001). Anatomical photogrammetry, in
conjunction with B-spline modelling, has enabled the
creation of a 3D manipulatable model of an entire
soleus muscle from one cadaver. The soleus muscle
can be viewed in its entirety, as marginal, anterior, and
posterior parts, or as individual rows/layers of fiber
bundles within the marginal, anterior, and posterior
parts. One of the advantages of using B-spline mod-
elling is that it can mathematically interpolate the
original data set (template) to create any number of
fiber bundles (streamlines). This feature enables
viewing of the fiber architecture at various levels of
complexity.

The model is designed to permit the addition of
connective tissue elements, such as aponeuroses,
septa and tendons, and the underlying bony skeleton,
including the ankle (talocrural) joint. It is hoped that
in subsequent studies these data will be collected in
addition to the fiber bundle data.

Measurement of Architectural Parameters of
Human Muscle

The plane of section of the cadaveric muscle must
be such that the fiber bundles can be seen in their
entirety between attachment sites. In previous stud-
ies, fiber bundle length has been measured manually
from cadaveric tissue using a ruler or calipers ('T'rzen-
schik and Loetzke, 1969; Wickiewicz et al., 1983;
Friederich and Brand, 1990).

Similarly, the angle of pennation has been mea-
sured using a protractor. This method results in a 2D
conceptualization of muscle; however, muscle is a 3D
structure that can have a complex fiber arrangement.
If a 2D pennation angle is used to calculate the muscle
force, it would only be computing the force magnitude
projected onto the measuring plane. The other com-
ponent of the force would not be calculated, but
ignored. Furthermore, the locations of the measured
fiber bundles are often not specifically stated, leading
to difficulties in the interpretation of results.

The length and the two angles of pennation (at the
attachment site of each end of the fiber bundle) can be
measured in 3D space using the B-spline model.
Large numbers of streamlines can be quantified using
the fiber bundles of the original template.

By definition, the angle of pennation is the angle at
which the muscle fibers are oriented to the line of
force generation of a muscle (Trzenschik and
Loetzke, 1969; Wickiewicz et al., 1983; Friederich and
Brand, 1990). Wickiewicz et al. (1983) estimated a line
of force and approximated the angles relative to that
line using a protractor. When measuring pennation
angle in complex muscles, such as the soleus, the
angle is usually measured relative to the aponeurotic



attachment of the fiber bundle (Trzenschik and
Loetzke, 1969; Alexander and Vernon, 1975; Maga-
naris et al., 1998). Measuring the angle of pennation
relative to a single line of action for the entire poste-
rior soleus would be difficult due to the size and shape
of the muscle. Furthermore, in studies that have mea-
sured the angle of pennation relative to an estimated
line of force, it is not clear where the line was located
or how the estimation was made (Wickiewicz et al.,
1983; Spoor et al., 1991).

In this study, the angle of pennation is the angle
between the tangent vector of the fiber bundle and
the tangent plane of the muscle surface at the point
where the fiber bundle meets the aponeurosis. Tradi-
tionally, a fiber bundle is traced to its attachment on
the aponeurosis, the protractor is aligned with the
aponeurosis, and the angle to the fiber bundle mea-
sured in 2D. Although visualization and calculation of
structural parameters in three dimensions is standard
practice in other disciplines, this has not been the case
with human or animal muscle. Muscle models re-
ported in the literature are generally linear and unable
to incorporate complex muscle architecture and 3D
data. Musculoskeletal software systems have mod-
elled muscles as a single force vector, that is, by one
straight line or a series of line segments connected
together (Delp and Loan, 1995). The direction of the
force vector is determined by the muscle architecture.
The muscle architecture is often based on the PCSA
(physiological cross sectional area) formula, which in-
cludes only one average angle of pennation and one
average fiber length for an entire muscle, neglecting
the fact that pennation and fiber length can vary non-
uniformly throughout a multi-part muscle. This rep-
resentation also fails to account for moments that are
exerted about the line of action, especially in complex
muscles with large attachment sites (Van der Helm
and Veenbaas, 1991).

Past analyses have used cross sectional area calcu-
lations based on muscle thickness (Ichinose et al.,
1998); others have used PCSA incorporating angle of
pennation and fiber length (Wickiewicz et al., 1983).
Brand et al. (1986) concluded that it is not possible to
predict which one of the three specimens they studied
would generate the most force based on PCSA. Fuku-
naga et al. (1996) presented data that “suggest that
factors other than PCSA contribute to the force output
potential of plantar flexors and dorsiflexors in hu-
mans.”

The use of a single line of action and the assump-
tion that the fiber bundle length and angle of penna-
tion is uniform throughout a muscle is common in
modelling studies, including the soleus (White et al.,
1984; Legreneur et al., 1996; Legreneur et al., 1997).
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In reality, muscle architecture is complex, but now,
with the aid of computer technology, it is possible to
study muscle architecture in detail. Interaction be-
tween the contractile and connective tissue elements
likely results in complex transmission and summation
of forces. Continued development of the B-spline
model to include connective tissue elements and bone
may provide a new 3D approach to viewing and un-
derstanding skeletal muscle.

Fiber Bundle Length and Angle of Pennation of
Cadaveric Human Soleus Muscle

Haines (1932), Wickiewicz et al. (1983), and Fried-
erich and Brand (1990) reported a single measurement
of average fiber length for the entire soleus ranging
from 19.5 to 34.0 mm. The posterior and anterior
soleus were documented separately by Trenschik and
Loetzke (1969) and Spoor et al. (1991); the posterior
soleus as a whole was found to have an average fiber
length of 28.6 and 25.8 mm, respectively. In the mus-
cle used in this modelling study, the posterior soleus
was divided into nine parts with the average fiber
length ranging from 32.9 to 43.5 mm. The middle
fiber bundles throughout the posterior soleus had the
longest average fiber bundle lengths. In our study, the
anterior soleus was divided into eight parts. The av-
erage fiber bundle length ranged from 29.6 to 40.2
mm, with the lateral side having a longer average fiber
length than the medial side. For anterior soleus, Spoor
etal. (1991) reported an average fiber bundle length of
26.7 mm and Trenschik and Loetzke (1969) an aver-
age fiber bundle length of 27.8 mm. In this study, the
architectural variability within the posterior and ante-
rior soleus is evident with a 10.6 mm difference be-
tween the shortest and longest average fiber bundle
length in both anterior and posterior soleus. The mar-
ginal soleus has not been previously studied. The
fiber bundles of marginal soleus, connecting the edges
of the posterior aponeurosis to the anterior aponeuro-
sis and to the tibia and fibula, were found to have an
average fiber bundle length of 29.6 to 33.7 mm. The
average fiber bundle length tended to decrease from
proximal to distal, most noticeably along the medial
aspect.

The B-spline model of the soleus dissected in situ
had longer average fiber bundle lengths for all the
regions than the previous studies. This may be be-
cause the modelling results are based on one large
specimen thus reducing the effect of variability be-
tween specimens. The average fiber bundle length
could also be longer because the arc length of the fiber
bundle is captured using the B-spline solid model.
The length as measured in this study is based not only
on the endpoints of attachment sites but also includes
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intermediate points, therefore taking into account any
curvature of the fiber bundle.

The “3D” angles of pennation obtained from the
computer model cannot easily be compared to the
traditional data. The distribution and extent of varia-
tion of the angle of pennation within the parts of
soleus have not been previously documented. For
example, in the marginal and anterior soleus, some
fiber bundles were close to being horizontal whereas
others were almost vertical.

Functional Considerations

Some of the possible functional aspects of the so-
leus are discussed relative to the data obtained in the
present study. The human soleus muscle has been
described as an ankle plantar flexor and an important
anti-gravity muscle for the maintenance of balance
when standing (Campbell et al., 1973; Williams et al.,
1989; Sinnatamby, 1999). The marginal, posterior, and
anterior soleus, on contraction, may interact through
their aponeuroses to contribute to these important
functions.

The marginal soleus lies around the periphery of
the muscle and is attached to both the anterior and
posterior aponeuroses medially and laterally, but prox-
imally lies between the posterior aponeurosis and the
tibia and fibula. The marginal fiber bundles are
curved, except where they attach to the proximal
aspect of the tibia and fibula. In our pilot ultrasono-
graphic studies, it was observed that when the mar-
ginal soleus contracted, the distance between the tibia
and posterior aponeurosis decreased. This suggests
that contraction of the fiber bundles of the marginal
soleus tightened the posterior aponeurosis. Similarly,
the marginal soleus, where it extends between the
anterior and posterior aponeurosis may, on contrac-
tion, tighten both of these connective tissue sheaths.
"This action may take up the slack in the aponeuroses
and maximize the efficiency of contraction of the
posterior soleus.

The fiber bundles of posterior soleus form most of
the volume of the muscle and are arranged obliquely
between the anterior and posterior aponeuroses. Its
posterior part is characterized by a large number of
short fiber bundles packed into the muscle volume at
relatively high angles of pennation. This makes the
muscle ideal for generating high forces with little
excursion (Lieber and Friden, 2000).

The anterior soleus, due to its attachment to the
median septum and bipennate structure, can poten-
tially play a role in ankle plantar flexion. Campbell et
al. (1973) in an electromyographic study suggested
that the medial and lateral aspects of soleus differ
functionally with the lateral aspect being a stabilizer

of the leg and the medial aspect being an ankle plantar
flexor. In this study we found that the lateral side of
the posterior soleus had longer average fiber bundle
lengths than the medial side, supporting the concept
of a functional difference. However, from our results
the lateral part having a longer fiber bundle length
may have more of a role in ankle plantar flexion, and
the medial part with a shorter fiber bundle length may
be a better stabilizer. Campbell et al. (1973) used
surface electrodes on the medial and lateral parts of
soleus not concealed by gastrocnemius. The anterior
soleus is more easily accessed from the medial side of
the leg and it is possible that in Campbell et al. (1973)
some of the signal came from the anterior soleus
suggesting plantar flexion activity. The large number
of veins traversing the soleus limits use of needle
electrodes.

The human soleus muscle is a complex muscle
with little known about how the marginal, anterior,
and posterior parts interact and what their functional
roles may be. “An understanding of the force trans-
mission paths is tantamount to developing adequate
models of structure-function relationships in skeletal
muscle. It also permits more sophisticated interpreta-
tion of the functional effects of injury” (Patel and
Lieber, 1997). Further work with a contractile
B-spline model based on relaxed and contracted in
vivo ultrasound data (Chow et al., 2000) may provide
some answers to these questions.
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