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Abstract

Understanding muscle architecture is crucial to determining the mechanical function of muscle during body move-
ments, because architectural parameters directly correspond to muscle performance. Accurate parameters are thus
essential for reliable simulation. Human cadaveric muscle specimen data provides the anatomical detail needed for
in-depth understanding of muscle and accurate parameter estimation. However, as muscle generally has non-uniform
architecture, parameter estimation, specifically, physiological cross-sectional area (PCSA), is rarely straightforward.
To deal effectively with this non-uniformity, we propose a geometric approach in which a polygon is sought to best
approximate the cross-sectional area of each fascicle by accounting for its three-dimensional trajectory and arrange-
ment in the muscle. Those polygons are then aggregated to determine PCSA and volume of muscle. Experiments
are run using both synthetic data and muscle specimen data. From comparison of PCSA using synthetic data, we
conclude that the proposed method enhances the robustness of PCSA estimation against variation in muscle architec-
ture. Furthermore, we suggest reconstruction methods to extract 3D muscle geometry directly from fascicle data and
estimated parameters using the level set method.
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1. Introduction

Skeletal muscle has been actively studied in biome-
chanics to discover its mechanical functions associated
with body movement. As muscle functions are
closely related to architectural parameters [26], such
as pennation angle, fiber length and physiological
cross-sectional area (PCSA), musculoskeletal sim-
ulation needs their accurate determination. Current
biomechanical modeling techniques rely on PCSA to
estimate peak muscle force production during body
movement [19, 3]. Force predictions are known to
be highly sensitive to changes in PCSA [7]. Hence,
accurate PCSA determination is important for reliable
modeling and simulation. In contrast to pennation angle
and fiber length, which can be directly measured, PCSA
is generally not straightforward to calculate because
the functional capacity of all fibers inside the muscle
must be accounted for. Ideally, a cross-sectional plane
can be specified with respect to the anatomical axis to
identify a complete set of cross-sections of all fibers.
In parallel muscle, PCSA is usually well determined
in the anatomical plane transverse to the longitudinal

axis of the muscle. For other muscles having more
complex architecture, such as pennate and convergent
muscles, an appropriate plane in which to determine
PCSA may not be so easily defined [20]. Therefore,
for robust estimation of PCSA, the underlying muscle
architectural variations must be carefully taken into
account.

In most muscle models, PCSA is calculated simply
as [2, 23]

PCSA[cm2] =
mass[g] · cos(pennation angle)

density[g/cm3] · fiber length[cm]
(1)

However, except for parallel muscle having uniform
architecture, (1) may lead to inconsistent PCSA estima-
tion, because non-uniformities, such as variable fiber
length and pennation angle, occur in the architecture
of many other muscles. Furthermore, this algebraic
method requires the determination of other parameters,
some of which are difficult to estimate accurately.
For instance, the commonly used density value of
1.0597g/cm3 [17], which was derived from unfixed
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rabbit and canine muscle tissue, may be inaccurate for
human skeletal muscles and generally density varies by
hydration and fixation time [25]. Muscle volume can be
measured directly by water displacement [14], volume
reconstruction from MRI scans [11] or indirectly
by dividing muscle mass by density [18]. However,
water displacement may include internal tendons in
volume calculation and MRI has difficulty in iden-
tifying specific muscles and capturing narrow areas.
In general, architectural parameters are measured by
fascicles selectively sampled from the superficial layer
of muscle [16, 24]. For an in-depth understanding of ar-
chitectural parameters and more reliable quantification,
Agur et al. [1], Kim et al. [12] and Rosatelli et al. [22]
used dissection to collect and digitize fascicles through-
out the entire muscle of a human cadaveric specimen.
In contrast to these invasive approaches, David et
al. [15] proposed a non-invasive method to reliably
reconstruct muscle fiber architecture from dense but
noisy diffusion tensor images. Based on the digitized
fascicle data, Ravichandiran et al. [20, 21] proposed
the Fiber Bundle Element (FBE) method to calculate
volume and PCSA by representing muscle geometry by
a collection of cylinders. Each fascicle is approximated
piecewise by a cylinder, the diameter of which is
estimated by the distance to the nearest neighboring
fascicle. With complete access to volumetric muscle
data and geometrical adaptation to its architecture, their
method enjoys more reliable estimation of architectural
parameters than do other algebraic methods. However,
as the diameter of the circular cylinder which they use
is always chosen as the distance to the nearest digitized
point on a neighboring fascicle, their method may often
underestimate the volume of fascicles that are unevenly
spaced within muscle. Also, their pointwise calculation
for the distance may lead to an inconsistency under
certain circumstances. For example, if a fiber point has
no collateral neighbors, the estimated thickness of the
associated fascicles may be undesirably enlarged be-
cause the cross-section is not parallel to the transverse
plane.

Lumped-parameter models are commonly used in a va-
riety of computational musculoskeletal systems. While
they are versatile for many applications, they may
not simulate reliably in vivo muscles having complex
architecture due to their oversimplification of muscle
structures, such as assuming uniform fiber length
and arrangement. By comparing with experimental
measurements, previous studies [10, 6] demonstrated
that force prediction derived from lumped-parameter
models unfaithfully varies with respect to change in

joint angle, especially for complex muscles. Blemker
and Delp [4, 5] circumvent this problem by incorporat-
ing fiber arrangement with simulated fiber excursions
during body movement. For this, they reconstructed
muscle surface from MRI and then created hexahedral
meshes from the surface using a finite element mesh
generator. This allows them to study complex muscle
as well as its in vivo behavior.

For robust estimation of PCSA, we extend the ap-
proaches outlined above. We estimate PCSA using
polygons that are approximated by considering all
immediate neighboring fascicles. Also, we force cross-
sections to be perpendicular to the associated fascicle’s
orientation. This considerably reduces gaps that may
be produced by the FBE method. Our proposed method
allows for robust estimation of PCSA, enhancing the
accuracy of associated simulations. Furthermore, we
suggest a method to reconstruct 3D muscle geometry
directly from fascicle data.

2. Methods

2.1. Data acquisition for muscle specimens

Our study is based on data obtained from 24 muscle
specimens: 7 specimens for Extensor carpi radialis
bevis (ECRB), 7 specimens for Extensor carpi radi-
alis longus (ECRL), 4 specimens for Pectoralis major
(PM) and 6 specimens for Supraspinatus (SS). Muscle
specimens with visible abnormalities, such as muscle
atrophy, fat infiltration or surgery, are excluded from
the data acquisition. During dissection and digitiza-
tion, associated skeletons and joints are stabilized in the
anatomical position with metal plates and screws. Fas-
cicles are sequentially dissected and digitized from su-
perficial to deep throughout the muscle volume. A Mi-
croScribe G2 digitizer with 0.23 mm accuracy is used to
mark trajectories of fascicles with sampled points. The
fascicles that are digitized in the same plane from me-
dial to lateral constitute a layer. Digitized fascicles are
removed, exposing the next layer about 1−2 mm deeper.
To identify fascicles accurately, a surgical microscope is
used throughout dissection and digitization. Ethics ap-
proval was obtained from the Research Ethics Board at
the University of Toronto (Protocol Reference Number:
17108).

2.2. Data generation for synthetic muscle

To test and evaluate our method and compare it to the
FBE and algebraic methods, we use both synthetic data
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(a) (b)

Figure 1: Representation of fascicles. (a) piecewise linear approxima-
tion. (b) Catmull-Rom spline interpolation.

and real specimen data. To produce the synthetic data,
parametric equations are first chosen to represent tar-
geted geometries: cylinder and ellipsoid. Fascicles
are then populated and arranged with respect to prede-
fined architectures: parallel for cylinder (Figure 7) and
unipennate for ellipsoid (Figure 8). For each architec-
ture, nonuniform data are also created by varying the
interval between fascicles, their length or their penna-
tion angles.

2.3. Reparameterisation of digitized fascicles

Fascicle data is modeled as piecewise lines which sim-
ply connect those points (Figure 1(a)). However, this
modeling may lead to a poor approximation because
fascicles are geometrically closer to smooth curves.
Thus, a higher-order representation (Figure 1(b)) is
preferable over the piecewise linear approximation.
Ravichandiran et al. [20, 21] used the cubic Bézier
spline to model fascicles as smooth curves. However,
their curves are not guaranteed to pass through all the
original points, resulting in geometric deviation from
the original data. Instead, we employ a cubic Catmull-
Rom spline which ensures that the interpolating curves
do pass through all the original points. Like the cubic
Bézier spline, a cubic Catmull-Rom spline is a subset
of the class of Hermite cubic splines whose tangents are
defined by extra control points and a 0.5 tension param-
eter [8]. Each line segment in the original fascicle is
replaced by a cubic and these cubics are joined to form
a smooth curve. Once the entire curve is constructed,
fiber points are redistributed or resampled to make the
curve representation uniform because the original spac-
ing between adjacent points is often irregular. To this
end, we use an arc-length parameterisation. An arc-
length function l(t) is defined by

l(t) =

∫ t

t0

∥∥∥∥∥dp(u)
du

∥∥∥∥∥ du (2)

where p(u) = (x(u), y(u), z(u)) represents the curve un-
der consideration. As measured fascicles are generally
smooth curves, their arc-length can be approximated by
chord-length:

li ≈ ‖ pi+1 − pi ‖ . (3)

Moreover, this approximation is sufficiently good to
give a reparameterized spline curve with nearly equal
arc-length between points. This is satisfactory for our
purpose.

Using (3), a sequence of parameters ck for k = 0, ..., n −
1, can be defined as

ck =

∑k−1
0 ‖ pi+1 − pi ‖∑n−1
0 ‖ pi+1 − pi ‖

(4)

ck denotes the ratio of the chord length from point p0 to
pk over the total length of the entire curve. Using (4),
an initial curve representation (ck,pk) is obtained at the
original points. We then construct a new set of param-
eters that is equally spaced by adjusting the interval or
sampling rate, producing an interpolated curve (c′k,p

′
k)

(Figure 2). For each specimen, we resample data with
0.5 − 1.0 mm intervals, yielding 50 − 90K points.

Figure 2: Reparameterisation of fascicle: Original points pk (black)
and the resampled, evenly spaced points p′k (white) on the interpolated
curve.

2.4. Estimation of PCSA

Digitized fascicles provide position and orientation in-
formation only for muscle. To calculate PCSA, relevant
volumetric information must also be recovered. The
FBE method [21] is based on the assumption that the
volume of connective tissues inside a muscle is negli-
gibly small. Thus, the thickness of a fascicle can be
approximated by the distances to neighboring fascicles.
Ravichandiran et al. calculate the radius (i.e., half of the
thickness) of a fascicle at every fiber point, p, as

r = min
q∈Q
||p − q||/2 (5)

where Q is a set of digitized points on neighboring fas-
cicles. Each fascicle is modeled by a piecewise cylinder,
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so the average radius, r, of the fascicle is given by the
mean of the radii of all cylindrical segments, and the
resulting PCSA is calculated as

PCSA =

n∑
i=1

πr2
i cos(αi), (6)

where n is the number of fascicles, αi is the pennation
angle of fascicle i. The angle αi is calculated as the
average of the proximal and distal pennation angles of
fascicle i. Both angles are measured as the angle be-
tween the line of action and tangents at ends of the fasci-
cle (i.e., proximal and distal site) [20, 21]. Because the
spacing between fascicles may vary broadly, (5) often
underestimates the actual thickness of fascicles in that
the smallest circle is always chosen as the best fit (Fig-
ure 3). Furthermore, since the radius in (5) is based on
pointwise distance within a neighborhood, the distance
may not always be perpendicular to the orientation of
the fascicle, which could overestimate the thickness of
fascicles. This problem may be worse at the ends of fas-
cicles (e.g., tendinous attachments) where fascicles of-
ten appear in a staggered pattern. These possible over-
and under-estimates compromise the reliability of the
PCSA computation, depending on the muscle specimen
and digitization accuracy.

Figure 3: The FBE method. smallest circle (blue) is sought at every
fiber point, p. These points are on the same transverse plane as the
one in Figure 4(a).

To improve consistency and reliability, we suggest the
following extensions. Instead of the smallest circle, we
use a polygon to approximate the cross-sectional area
that is formed by a set of points which are equidistant
from p and its neighboring fascicles. Let

S (p) = {v|v = (q + p)/2,q ∈ N(p)} (7)

where N(p) is determined by the intersection of the
transverse plane at p and the neighboring fascicles. In

contrast to the FBE method that chooses among digi-
tized points, q in (7) can be an arbitrary point on the
spline curve representing the fascicle. However, since a
cross-section of the fascicle is adjoined by a finite num-
ber of neighboring fascicles, only immediate neighbors
must be taken into account. Instead of explicitly deter-
mining those neighbors, in practice, we use the Voronoi
tessellation to directly identify S (p) which consists of
vertices and edges equidistant to p and all its neigh-
bors, q. Thus, the cross-sectional area, A, at p, is sim-
ply approximated by the polygon formed by S (p) (i.e.,
Voronoi region) (Figure 4(d)), and the resulting PCSA
is calculated as

(a) (b)

(c) (d)

Figure 4: Proposed method. (a) a transverse plane defined at pi on
the chosen fascicle. (b) Voronoi tessellation. (c)(d) close-up view of
Voronoi tessellation with a cross-sectional area A at pi (red), approxi-
mated as a polygon (pink) defined by S (pi) (gray).

PCSA =

n∑
i=1

Aicos(αi) (8)

where Ai is the mean cross-sectional area of fascicle
i. Figure 4(d) shows that our method always yields
a cross-sectional area that is completely filled with
polygons, independently of how their centers are
arranged, whereas Figure 3 illustrates that this is not the
case for the FBE method. Moreover, Figure 3 shows
that the FBE method can be quite sensitive to the data,
whereas our method is much more robust.
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Generally, fascicles located on superficial layers have
some degree of deficiency in that they are surrounded
by a few neighboring fascicles only, not completely
enclosed by them. This may result in an unbounded
Voronoi region, the vertices of which are not completely
connected. We handle this boundary problem by incor-
porating an angle-based adjustment:

A′ = A
2π∑

i Angle(p, vi, vi+1)
(9)

where Angle(v0, v1, v2) is the angle formed by (v0 − v1)
and (v0 − v2).

2.5. Geometric reconstruction of muscle

(a) (b)

(c) (d)

Figure 5: Geometric reconstruction of a single fascicle. (a) a chosen
fascicle (white). (b) a series of polygons estimating cross-sections of
that fascicle. (c) a series of ellipses to approximate those polygons (d)
a reconstructed surface.

To reconstruct muscle geometry from digitized fasci-
cles, their polygonal representation (Figure 5(b)) is fur-
ther approximated in parametric form, specifically, el-
liptical cylinders (Figure 5(c)). An ellipse is sought
which fits the polygonal cross-section, S (p), by us-
ing least-squares-based optimization [9]. Then, a level
set method (otherwise known as an implicit surface
method) is used to convert the parametric representa-
tion into a continuous form (Figure 5(d)). Typically, a

level set function is defined as

φ(x,p, r) =‖ x − p ‖ −r (10)

where x is a position to be evaluated and r is the desired
strength of the field at p. The set of x for which (10) is
zero forms a bounding solution surface (i.e., isosurface).
Taking into account that, in our case, we use ellipses of
a particular orientation, we extend (10) to

φa(x′,p,A) = [(x′ − p)T A(x′ − p)]
1
2 − 1.0 (11)

A =

 A B/2 D/2
B/2 C E/2
D/2 E/2 F


where the symmetric positive-definite matrix A is
built from an ellipse in the quadratic polynomial form,
Ax2 + Bxy + Cy2 + Dx + Ey + F = 0, and x′ is a point
which lies on the transverse plane at p on the fascicle.
Equation (11) is evaluated on the transverse plane and
swept along the fascicle to create a cylindrical geometry.

Because fascicles are reconstructed individually, they
may become disjoint, thereby separating from each
other (Figure 6(b)). To model an entire muscle surface,
including all other connective tissues, such as epimy-
sium, perimysium and endomysium, level sets associ-
ated with each fascicle should be joined with appro-
priate overlaps. For this, we use interpolation based
on weighted local averaging [27] of neighboring fasci-
cles (Figure 6(c)). To this end, let

φp(x′,p,A) = [(x′ − p)T A(x′ − p)]
1
2 − 1.0(12)

p =
∑

i

wipi

wi =
k(‖ x′ − pi ‖)/R∑
j k(‖ x′ − p j ‖ /R)

where A represents a locally averaged ellipse and k is
a kernel function which is symmetric and smoothly de-
cays with local support, R. We use k(t) = MAX(0, (1 −
t2)3). Using (11) or (12), a scalar field is densely sam-
pled on a 3D grid, with spacing specified as 1.0 mm in
our study, and the corresponding mesh is extracted us-
ing a polygonisation technique. We use a BCC grid-
based technique [13] to directly extract a tetrahedral
mesh (Figure 6).
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(a)

(b)

(c)

Figure 6: Reconstruction of muscle geometry. (a) spline-based fasci-
cles. (b) reconstruction of fascicles (without interpolation). (c) recon-
struction of entire muscle (with interpolation).

Muscle Algebraic Our FBE
Method Method Method

Parallel1 78.5 78.7 (+0.3) 61.7(−21.4)
Parallel2 78.5 79.1 (+0.8) 42.2(−46.2)

Unipennate1 97.3 101.8(+4.6) 78.8(−18.9)
Unipennate2 94.3 102.4(+8.7) 32.6(−65.3)

Table 1: Comparative results for PCSA (cm2) using the algebraic
method, our proposed method and the FBE method. Superscripts 1
and 2 indicate uniform and nonuniform representation, respectively.
Percentage of relative errors are given in parenthesis.

(a) (b)

Figure 7: Synthetic parallel muscles. Fascicles are created within a
cylinder having radius and length of 5 cm and pennation angle of 0.
(a) uniform muscle. (b) nonuniform muscle (intervals between fasci-
cles are variable).

(a) (b)

Figure 8: Synthetic unipennate muscles. Fascicles are created within
an ellipsoid, having axes of length 5, 5 and 10 cm. (a) uniform mus-
cle (only fascicle length is variable) (b) nonuniform muscle (fascicle
length, pennation angle and interval between fascicles are variable).
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Muscle Volume Volumec Volumet

Parallel1 392.7 393.5 (+0.2) 342.3(−12.8)
Parallel2 392.7 395.5 (+0.7) 350.2(−10.8)

Unipennate1 1047.2 979.3(−6.4) 934.1(−10.8)
Unipennate2 1047.2 981.8(−6.2) 965.9(−7.7)

Table 2: Comparative results for volume (cm3). Volumec is an ap-
proximate volume computed by a collection of cylinders. Volumet is
an approximate volume computed by a tetrahedral mesh. Percentage
of relative errors are given in parenthesis.

3. Results

3.1. Synthetic muscle data

As the exact geometry is known for each problem,
the algebraic method (1) gives the exact PCSA for the
problem. Therefore, we can use this exact value to
compute the error associated with either our method
or the FBE method. The PCSA results for these three
methods and the relative errors for our method and
the FBE method are presented in Table 1. The results
show that our method performs much more reliably
than the FBE method. Note that the FBE method
underestimates PCSA by nearly 20% even in uniform
muscles. Because spacings between fascicles are equal
vertically and horizontally but not diagonally, there
are substantial gaps between diagonal neighbors. The
larger the variance of those spacings is, the more the
gaps between fascicles are not accounted for in FBE
method. This results in the FBE method’s vulnerability
to nonuniformity of data that often exists in specimen
data or can be induced by digitization error. On the
other hand, our method considers the entire proximities
around fascicles. Hence, it produces more robust PCSA
estimates with less sensitivity to data. The results
computed by our method are always slightly larger than
the results for the algebraic method. This is caused by
our treatment of the boundary. As cross-sectional areas
of boundary fascicles are adjusted by extrapolation in
our method, outer areas located beyond the predefined
boundary also are added into our calculation. This
adjustment can be larger in nonuniform muscle than in
uniform muscle.

Volume estimates are compared in in Table 2. First, the
volume (Volumec) is approximated by a collection of
cylinders, formed by cross-sections along the fascicle
length. That is,

∑n
i=1 Aili where Ai is the approximate

PCSA of fascicle i and li is its length. Volume can also
be calculated from the reconstructed muscle geometry.
Since our approximation to the muscle geometry con-
sists of tetrahedra, muscle volume (Volumet) is approx-

imated by the sum of volumes of tetrahedra. As only
fascicle volume is considered, muscle geometry is re-
constructed by (11). Volumec in Table 2 is close to the
exact volume. On the other hand, Volumet in Table2,
which is computed from the volume of tetrahedral mesh,
has significantly larger errors (8 − 13%). This is caused
mainly by errors that arise in both obtaining the para-
metric form and polygonising the level set surfaces.

3.2. Digitized specimen data

Our PCSA and volume estimation for specimen data
are given in Table 3, and a comparison with the FBE
method is presented in Table 4. The results clearly
show that PCSA and volume vary by specimen and mus-
cle. For geometry reconstruction, a 1 mm grid is used
for all specimens except PM for which a 2 mm grid is
used instead because the size of PM demands a tremen-
dous memory allocation. The level-set method performs
poorly for PM and SS, in which many cross-sections
of fascicles are estimated to be smaller than the grid-
size. Thus, a finer grid must be used to reduce the dif-
ference. Similar to the results for synthetic data, our
method yields larger PCSA estimation than does the
FBE method. The two methods differ by 45 − 50% for
ECRB, ECRL and PM, and 20 − 35% for SS in speci-
men to specimen comparison. This may be because SS
is more uniform than other muscles in terms of fascicle
arrangement or cross-sectional area. Note that our FBE
results are smaller than the original results [21]. That
may be explained by the difference of resampling fas-
cicle data. In our method, fiber points are resampled
very densely and equally spaced. That reduces over-
estimation for fascicle thickness that point-wise calcu-
lation of the FBE method could produce (as discussed
in 2.4).

4. Discussion and future work

Human cadaveric muscle specimen data provides the
potential for an in-depth understanding of human
skeletal muscle and accurate parameter estimation.
However, most muscles have highly non-uniform
architecture, in that their fascicles vary in orientation,
thickness and cross-section. Thus, determining the
associated parameters, specifically, PCSA, is not
straightforward. Furthermore, any measurement er-
ror may induce more non-uniformity. Although the
algebraic method (1) is commonly used, its accuracy
depends on other parameters, such as volume, density,
fascicle length and sarcomere length, which are not all
easy to approximate well. Even though MRI provides
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(a) (b)

(c) (d)

(e) (f)

(g) (h)

Figure 9: Reconstruction of muscle geometry. Muscles are illustrated in two representations: fascicles (on left) and reconstructed surface geome-
try (on right). ECRB (a,b), ECRL (c,d), PM (e,f) and SS (g,h).
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Muscle n PCSA Volumec Volumet

ECRB

128 4.18 21.33 20.33
93 2.09 12.01 12.23

117 2.65 17.32 16.36
106 2.84 18.72 18.24
106 2.43 14.45 12.18
178 2.11 8.81 8.47
126 3.03 16.83 16.22

ECRL

116 4.14 28.37 26.49
87 1.63 13.37 13.68
62 1.65 15.66 15.23
74 2.74 27.92 24.1
76 1.59 15.54 14.74

105 1.9 11.86 11.44
92 2.02 17.67 16.66

PM

634 14.87 277.1 246.78
679 12.1 224.4 171.36
767 12.32 206.7 169.69
873 10.41 188.7 140.3

SS

1750 6.16 45.7 38.23
1081 5.07 33.7 25.35
1684 6.31 39.18 28.68
1061 7.68 38.38 31.71
1294 7.16 52.26 42.91
1556 9.16 64.71 53.7

Table 3: PCSA (cm2) and volume (cm3) estimation for specimen data
by our method. n is the number of digitized fascicles.

Muscle Our Method FBE
ECRB 2.76 ± 0.72 1.26 ± 1.37
ECRL 2.24 ± 0.93 1.13 ± 0.29
PM 12.43 ± 1.84 7.43 ± 0.69
SS 6.92 ± 1.42 4.31 ± 1.49

Table 4: Comparative results for PCSA (cm2) between our method
and the FBE method. The number before the ± is the mean PCSA for
all specimens of that muscle type in Table 3, while the number after
the ± is the associated standard deviation.

direct volume calculation, it has some limitations:
difficulty in differentiating specific muscle from others
and inaccuracy in narrow areas. The FBE method
does not need any other parameters but only uses
the coordinates of digitized fascicle data. However,
its performance varies with the application. While it
works well for uniform data, it shows inconsistency for
non-uniform data. We propose an adaptive geometric
approach, similar to the FBE method. Our method
approximates a collection of fascicles and aggregates
their parameters to determine the resulting PCSA. In
contrast to the FBE method, our approach endeavors to
approximate cross-sectional areas by using a polygon,
yielding more robust and consistent estimation of
PCSA than previous methods. Furthermore, based on
those estimated parameters, we suggest the method to
reconstruct the whole muscle geometry by using the
level set method. The resulting mesh can be used to
visualize the approximated shape of muscle and its
dynamic simulation as well. However, its accuracy
needs to be assessed by further validation, such as other
medical imaging or 3D scanning methodologies.

Although our approach exhibits improved parameter
estimation capability compared to earlier approaches,
there are some problems to overcome. Firstly, in our
PCSA estimation, no connective tissues or other tis-
sues (e.g., blood vessels) are considered. Even though
they occupy volume to some extent between fascicles,
all partitioned areas are simply included in the PCSA.
Thus, our computed PCSA may be slightly larger than
the actual PCSA. Secondly, parameterisation of cross-
sections needs to be improved. These cross-sections are
individually and locally approximated by parametric el-
lipses. Even though the thickness of a fascicle changes
smoothly, our least squares based estimation of se-
rial cross-sections may vary abruptly depending on the
availability of their neighbors. Incorporating the cor-
relation between adjacent cross-sections or global con-
straints may produce more reliable and consistent pa-
rameterisation than our localized method does. Thirdly,
we use four sets of synthetic data only to validate our
method. For a more extensive validation study, we may
need to increase the sample size of data (e.g., more ran-
dom data generated for each architecture) or introduce
other variations, such as variable spline curves rather
than straight lines. Finally, there is another important
aspect of the problem that we currently handle in an ad
hoc way. To extract muscle geometry, level sets of all
fascicles must be properly interpolated with acceptable
overlaps. As the overlap increases, the resulting mus-
cle surface becomes smoother but shrinks. Otherwise,
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the surface breaks into disjoint fascicles. Thus, accurate
reconstruction of muscle geometry needs the determina-
tion of appropriate overlaps, which we leave as a topic
for future work.
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