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Abstract
Fascicle architecture (length and pennation angle) can vary regionally within a muscle. The 
architectural variability in human muscles has been evaluated in vivo, but the interindi-
vidual variation and its determinants remain unclear. Considering that within-muscle non-
uniform changes in pennation angle are associated with change in muscle size by chronic 
mechanical loading, we hypothesized that the regional variation in fascicle architecture 
is dependent on interindividual variation in muscle size. To test this hypothesis, we re-
constructed fascicles three-dimensionally along and across the whole medial gastrocne-
mius in the right lower leg of 15 healthy adults (10 males and 5 females, 23.7 ± 3.3 years, 
165.8 ± 8.3 cm, 61.9 ± 11.4 kg, mean ± standard deviation) in neutral ankle joint position 
with the knee fully extended, using magnetic resonance diffusion tensor imaging and trac-
tography. The 3D-reconstructed fascicles arose from the deep aponeurosis with variable 
lengths and angles both in sagittal and coronal planes. The fascicle length was significantly 
longer in the middle (middle-medial: 52.4 ± 6.1 mm, middle-lateral: 52.0 ± 5.1 mm) compared 
to distal regions (distal-medial: 41.0 ± 5.0 mm, distal-lateral: 38.9 ± 3.6 mm, p < 0.001). The 
2D pennation angle (angle relative to muscle surface) was significantly greater in distal than 
middle regions, and medial than lateral regions (middle-medial: 26.6 ± 3.1°, middle-lateral: 
24.1 ± 2.3°, distal-medial: 31.2 ± 3.6°, distal-lateral: 29.2 ± 3.0°, p ≤ 0.017), while only a 
proximo-distal difference was significant (p < 0.001) for 3D pennation angle (angle relative 
to line of action of muscle). These results clearly indicate fascicle's architectural variation 
in 3D. The magnitude of regional variation evaluated as standard deviation across regions 
differed considerably among individuals (4.0–10.7 mm for fascicle length, 0.9–5.0° for 2D 
pennation angle, and 3.0–8.8° for 3D pennation angle), which was positively correlated 
with the muscle volume normalized to body mass (r = 0.659–0.828, p ≤ 0.008). These find-
ings indicate muscle-size dependence of the variability of fascicle architecture.
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1  |  INTRODUC TION

Skeletal muscles exhibit diverse architectural profiles. In pennate 
muscles, fascicles (bundles of myofibres) are oriented at an angle 
relative to the line of action of the whole muscle (pennation angle). 
This allows the muscle to pack more fascicles within a given volume 
at the expense of fascicle length. The pennate architecture has often 
been modelled as a parallelogram with uniform fascicle architecture 
(length and pennation angle) along the muscle length (e.g., Alexander 
& Vernon,  1975). However, animal and human cadaver studies 
demonstrate regional variation in the fascicle length and penation 
angle within a muscle (Huijing,  1985; Lee et al.,  2015; Zuurbier & 
Huijing, 1993). Such regional architectural variability is considered to 
affect the force-generating capacity of the whole muscle (Ettema & 
Huijing, 1994; Higham & Biewener, 2011; Zuurbier & Huijing, 1993). 
For instance, regional variation of fascicle length itself could result 
in flattening the inverted U-shaped force–length curve of the whole 
muscle (Ettema & Huijing, 1994), potentially allowing the muscle to 
exert near-maximal forces under a wider range of lengths (Higham 
& Biewener, 2011).

Several attempts have been made to examine the regional vari-
ation in fascicle architecture in humans in vivo. Some studies found 
constant fascicle length and variable pennation angle within the 
medial gastrocnemius (MG) (Kawakami et al.,  2000; Muramatsu 
et al.,  2002), whereas other studies found variable fascicle length 
(Aeles et al.,  2022) or failed to find such variation in architecture 
within MG (Bolsterlee et al.,  2017; Maganaris et al.,  1998; Narici 
et al., 1996). While these discrepant findings for a given muscle might 
be due to differences in joint configuration at which fascicle archi-
tecture was measured and/or definition of regions, it can associate 
with the interindividual differences in the magnitude of regional 
variation in fascicle architecture. Aeles et al.  (2022) demonstrated 
that the magnitude of regional variation in fascicle length was sub-
stantially different among individuals independently of sex and age. 
However, less information is available for interindividual difference 
in pennation angle variability. Besides, the question remains as to 
what determines the interindividual differences in fascicle's archi-
tectural variability.

Interindividual differences in pennation angle are associated 
with those in muscle size such as thickness (Brechue & Abe, 2002; 
Kawakami et al.,  1993, 2006) and volume (Aagaard et al.,  2001). 
Previous studies also showed that the increase in muscle size in 
response to exercise training was accompanied by an increase in 
pennation angle (Blazevich et al., 2007; Kawakami et al., 1995). The 
training-induced increase in pennation angle is reported to be non-
uniform within a muscle (Ema et al., 2013), so is the greater regional 
variation of fascicle architecture in larger muscle. It is hypothesized 
that the regional variation in fascicle architecture depends on muscle 
size. If this is the case, it may explain the inconsistency among previ-
ous findings and provide novel insights into in-vivo muscle function 
and adaptability. To test our hypothesis, we examined fascicle ar-
chitecture along and across the whole human medial gastrocnemius 
(MG) in vivo using magnetic resonance diffusion tensor imaging (DTI) 

and tractography that enables to reconstruct individual fascicles and 
whole muscle in 3D.

2  |  METHODS

2.1  |  Study design and participants

We first confirmed the convergent validity of the DTI-based fasci-
cle architecture to the three-dimensional ultrasonography (3DUS), 
which currently is the only other method for the measurement of 3D 
fascicle architecture (Haberfehlner et al., 2016; Weide et al., 2017), 
as well as the intra-session repeatability of the measurements. Then, 
we tested the regional variation in fascicle architecture using DTI. 
We performed a priori power analyses to determine the sample size 
that is needed for both validation confirmation and regional varia-
tion testing.

Based on the data of our preliminary study (n = 5 for validation 
confirmation, and 7 for regional variation testing), a priori power 
analyses with an assumed type I error of 0.05 and a statistical power 
of 80% estimated the required sample size to be 5–7 to detect statis-
tically significant correlations of fascicle architecture between DTI 
and 3DUS, and 11–15 to find significant correlations between the 
magnitude of regional variation in fascicle architecture and muscle 
size. We recruited a total of 15 healthy adults (10 males and 5 fe-
males, 23.7 ± 3.3 years, 165.8 ± 8.3 cm, 61.9 ± 11.4 kg, mean ± stan-
dard deviation) for regional variation testing, while seven of them 
participated in the validation confirmation. They were asked to re-
frain from high-intensity exercise for at least 24 h before the mea-
surements. All of the participants were informed of the purpose 
and potential risks of the experiments, and they provided written 
informed consent. The present study was approved by the institu-
tional research ethics review committee (reference number: 2020-
303) and conducted in accordance with the Declaration of Helsinki.

2.2  |  Data collection

The experiment for validation confirmation consisted of two sessions: 
magnetic resonance (MR) and 3DUS measurements. These measure-
ments were conducted on the same day. During both measurements, 
three reflective markers including fat-embedded non-magnetic cap-
sules (breath-care, KOBAYASHI pharmaceutical) were attached to 
arbitrary positions on the participant's shank (Figure 1a) while being 
careful not to place the three markers on a straight line. The markers 
allowed us to align the coordinate systems of the MR images and the 
motion capture data from the 3DUS measurement (Sado et al., 2021) 
and to compare the architecture of fascicles located at, or close to, 
the same region. Both measurements were conducted bilaterally to 
confirm comparable results. The MR measurement was duplicated 
for the right leg to test intra-session repeatability of the DTI fasci-
cle architecture measurements. For the regional variation testing, we 
conducted MR measurements of the right leg.
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In the MR measurement sessions, axial images of the shank 
were obtained using a 30-channel air coil and 60-channel table 
coil in a 3-T scanner (SIGNA Premier, GE Healthcare). The scanned 
sequences were DTI (TE: 57.8  ms, TR: 7000 ms, thickness: 5 mm, 
field of view: 180 × 180 mm, reconstructed matrix size: 256 × 256, 
number of excitations: 4, b = 500 s/mm2, 16 gradient directions on 
a hemisphere) with geometric-distortion correction and 3D LAVA-
Flex (two-point Dixon) (TE: 2.4 ms, TR: 5.4 ms, thickness: 2 mm, field 
of view: 180 × 180 mm, reconstructed matrix size: 512 × 512). These 
sequences covered the same field of view along and across the 
shank. During the scans, the participants laid prone on the magnetic 
bore with the knee fully extended and the ankle at neutral position, 
and they were instructed to fully relax their legs. Care was taken 
to avoid internal/external rotation or inversion/eversion of the foot, 
using a custom-made cast with straps that secured the foot in the 
neutral position.

In the 3DUS measurement session, participants were positioned 
with the same joint configuration as in the MR measurements. Prior 
to ultrasound scanning, a semi-rigid cluster of four reflective mark-
ers, that were not placed in a straight line, was rigidly attached on 
a transducer probe (width of interest: 50 mm, central frequency: 
7.5 MHz) of a B-mode ultrasonographic apparatus (Arietta Prologue, 
Hitachi). An axial ultrasound movie was obtained at sampling rate 
of 30 Hz by slowly sweeping the probe along the length of MG 
(1.2 ± 0.3  cm/s). Care was taken to prevent an excessive pressure 
on the skin surface, and acoustic transmission gel was used to mini-
mize friction between the transducer and skin. During the scanning, 
the 3D position coordinates of the reflective markers attached on 
the ultrasound probe and participant's shank were captured using 
an eight-camera motion capture system (Mac 3D System, Motion 
Analysis Corporation) with sampling rate of 200 Hz. A signal with 
piezo crystal was included in the ultrasound movie to synchronize 
the ultrasound movie with motion capture data. The above scanning 
was performed by one examiner (KT), who had 3 years of experience 
in the ultrasonography, and each scan was repeated two to three 
times for each leg. The ultrasound movie with the clearest visibil-
ity of reflective echoes from the connective tissues within MG was 
used for subsequent analyses.

2.3  |  Data analysis

In in-phase images obtained by the LAVA-Flex sequence (Figure 1b) 
in MR scanning, MG was manually segmented using an open-source 
software 3D slicer (Fedorov et al., 2012). Muscle volume was calcu-
lated by multiplying the number of voxels included in the segmenta-
tion by voxel size. The manual segmentation was performed twice 
for the right MG (n = 7) by the same examiner, and intraclass cor-
relation coefficient (ICC) and coefficient of variation (CV) of the two 
measurements of muscle volume were 0.994 and 1.8%, respectively. 
Based on the MG segmentation, a 3D triangular surface mesh was 
generated using the open-source script iso2mesh toolbox (Fang & 
Boas, 2009). The series of diffusion-weighted images were denoised 
by a local principal component analysis (Manjón et al., 2013) and cor-
rected for eddy current-induced distortions using the open-source 
software FSL (Andersson & Sotiropoulos, 2016). After the denois-
ing and distortion-correction, the diffusion-weighted images were 
exported to the open-source software DSI studio (Yeh et al., 2013), 
and the primary eigenvector and fractional anisotropy (FA) were es-
timated for each voxel. Based on the primary eigenvector, the fibre 
tracking was performed using a deterministic tractography algorithm 
(Yeh et al., 2013). The fibre tracking was started bi-directionally at 
0.1 mm step from a seed point assigned at random location within 
the MG segmentation. The tracked fibre was terminated if one of 
the following stopping criteria was satisfied: FA < 0.1 or FA > 0.5, 
angle between two consecutive steps (turning angle) >30°, or if 
the tracked fibre reached outside the MG segmentation (Bolsterlee 
et al., 2019; Heemskerk et al., 2009). In addition, the fibres whose 
length was <10 mm or >200 mm were excluded. The fibre tracking 
was repeated until 5000 fibres were extracted.

Data on the extracted fibres were further processed using MATLAB 
version 2020a (MathWorks Inc.). The extracted fibres were fitted to 
second-order polynomial curve to represent fibres with a physiologi-
cally reasonable curvature (Damon et al., 2012). In the in-phase images 
of LAVA-Flex sequence, the position coordinates of the centres of the 
reference markers were determined using the open-source software 
Image J (National Institute of Health) and then used to define the shank 
coordinate system. The fitted fibres were transformed into the shank 

F I G U R E  1  Experimental setup (a) and typical examples of in-phase image of LAVA-Flex sequence (b). MG, medial gastrocnemius.
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coordinate system. To exclude possible erroneous fibres, the fibres, 
whose (1) distances between the end points and the nearest vertices 
of the triangular surface mesh were less than 5 mm and (2) distance be-
tween the middle point and the nearest vertex was larger than 5 mm, 
were automatically selected. The end points of the selected fibres were 
located, on average, 3.3 mm away from the corresponding nearest point 
on the surface mesh (n = 7). Thus, the end points were linearly extrap-
olated to the surface mesh, and these fibres were assumed as fascicles 
(Bolsterlee et al.,  2019). The fascicle length was calculated as a sum 
of distances between consecutive points of the fascicle (Heemskerk 
et al.,  2009). The fascicles, whose extrapolation length was longer 
than 30% of the original length, were excluded from further analyses 
(Bolsterlee et al., 2019) (Figure 2). The 2D pennation angle was com-
puted by subtracting the angle between the fascicle vector (vector 
connecting both ends of fascicle) and the average normal vector of all 
the triangles on the MG surface mesh located within a radius of 5.0 mm 
around the distal end from 90° (Figure 3a), similar to previous studies 
(Bolsterlee et al., 2019; Körting et al., 2019). It should be noted that this 
angle is a simulated pennation angle measured in the ultrasonography.

The 3D position coordinates of the probe markers in the 3DUS 
measurement were resampled to 30 Hz (sampling rate of the ultra-
sound movie). The shank and probe coordinate systems were defined 
using the 3D position coordinates of each marker. The 3D ultrasound 
voxel array was reconstructed from the ultrasound movie similar to a 
previous study (Weide et al., 2017). Briefly, the 2D position coordi-
nates of each pixel in each image (u, v) of the ultrasound movie were 
transformed to the 3D position coordinates in the shank coordinate 
system (x, y, z) using the following equation:

where TGl→Sh, TPr→Gl, and T Im→Pr indicate homogeneous transformation 
matrixes from global to shank coordinate systems, from probe to global 
coordinate systems, and from ultrasound image to probe coordinate 
systems, respectively. T Im→Pr was obtained by performing a spatial cali-
bration in which a cross point of two submerged wires within an acrylic 
box filled with water was scanned at several angles and positions using 
the ultrasound transducer (Weide et al., 2017).

Once the voxel array was reconstructed, an optimal fascicle 
plane, where echoes from interspaces of fascicles are visible along 
the length and the plane is nearly perpendicular to the deep aponeu-
rosis (Bolsterlee et al., 2016), was identified by altering orientation 
and tilt of the inspection plane using the 3D slicer. In the optimal fas-
cicle plane, several points were assigned along the length of fascicle, 
and a sum of the length between the consecutive points was calcu-
lated as fascicle length. The angle made by the line connecting the 
end points of the fascicle and the deep aponeurosis was measured 
as 2D pennation angle (Figure 4b).

For the comparison between fascicle architecture measured by 
DTI and 3DUS, DTI-derived fascicles whose distal end was located 
within a radius of 20 mm around the distal end of 3DUS fascicle 
were automatically selected (Figure 4a). The mean values of fascicle 
length and 2D pennation angle of the selected DTI fascicles were 
used for comparison with the 3DUS measurements. This approach 
was conceptually similar to that used in previous studies (Bolsterlee 
et al., 2015; Körting et al., 2019) and allowed us to compare the ar-
chitecture of fascicles located at, or close to, the same region.

For the regional architecture analysis of DTI-measured fascicles 
(right MG), the principal component analysis was performed on all 
of the vertices of the triangular surface mesh of MG (Bolsterlee 
et al., 2017; Raiteri et al., 2016). The axes along length, width and 
thickness of MG were assumed as the first, second and third prin-
cipal components and used to define a muscle coordinate system. 
The triangular surface mesh and reconstructed fascicles were trans-
formed into a muscle coordinate system. The length and width of 
MG were defined as the distance between the most proximal and 
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F I G U R E  2  Fascicles in the middle and distal regions of human medial gastrocnemius reconstructed using diffusion tensor imaging. Grey 
area represents the deep aponeurosis.
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the most distal vertices and the distance between the most me-
dial and the most lateral vertices of the transformed surface mesh, 
respectively. The 3D pennation angle was calculated as the angle 
between fascicle vector and axis along MG length (Figure 3b; Lee 
et al., 2015). Note that the 3D pennation angle is different from the 
2D pennation angle, when the plane where the fascicle exits (fascicle 
plane) deviates from the axis along muscle length. In addition, the 

fascicle angle in coronal plane (comprised of axes along length and 
width of MG) was calculated as the angle between coronal plane 
projection of the fascicle vector and axis along MG length. The re-
gional fascicle length, pennation angles in 2D and 3D, and fascicle 
angle in coronal plane were calculated for six regions (three regions 
along length [proximal, middle, distal] × two regions along width [me-
dial, lateral]) divided based on length and width of MG by averaging 
those of fascicles whose middle point was included in each region 
similar to a previous study (Aeles et al., 2022).

2.4  |  Statistical analysis

The Shapiro–Wilk test was performed to check data normality. Since 
all variables were normally distributed, we used parametric tests 
in the following statistical analyses. A paired t-test was performed 
to test difference in fascicle architectural parameters between DTI 
and 3DUS. Simple linear correlation between the architectural pa-
rameters measured by DTI and 3DUS was tested using Pearson's 
product–moment correlation coefficient (r), and linear regression 
was calculated to test their similarity. Bland–Altman plots of DTI-
3DUS difference in architectural parameters against their mean 
were calculated and proportional bias between the methods was 
tested using Pearson's r. To assess intra-session repeatability of fas-
cicle architecture measurements by DTI, ICC and CV were calculated 
for the architectural parameters in each region of MG. A one-way 
analysis of variance (ANOVA) was conducted to test the effect of 
region on fascicle architecture measured by DTI. In case of signifi-
cant main effect, multiple pairwise comparisons with Bonferroni 

F I G U R E  3  Schematic illustrations of 2D pennation angle in 
sagittal view (a), 3D pennation angle in 3D view (b), and fascicle 
coronal angle in coronal view (c). The red and grey lines indicate a 
fascicle and its projection in the sagittal plane. The dotted black 
arrow is the normal vector of muscle surface mesh around the 
fascicle distal end. The black arrow indicates axis along muscle 
length. The dotted grey line represents each angle. The grey area 
indicates the deep aponeurosis.

F I G U R E  4  Typical example of muscle fascicles of human medial gastrocnemius (MG) measured by diffusion tensor imaging (a) and three-
dimensional ultrasonography (b). In panel a, grey area represents the deep aponeurosis of MG.
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correction were performed. To eliminate the influence of body size, 
muscle volume was normalized to body mass as normalized muscle 
volume. The standard deviation (SD) of DTI-based architectural pa-
rameters across all MG regions was calculated for each participant 
as an index of architectural variability. Simple linear correlations of 
normalized muscle volume with the architectural parameter and its 
SD were tested using Pearson's r. Overall alpha level was set at 0.05. 
All statistical tests were conducted using IBM SPSS software (ver-
sion 26, IBM).

3  |  RESULTS

3.1  |  Validity and repeatability

The distal ends of 3DUS fascicles were located within the middle or 
distal region of MG (62%–78% of muscle length from the most proxi-
mal point). For both legs, fascicle length (p = 0.437 for right; p = 0.336 
for left) or 2D pennation angle (p = 0.062 for right; p = 0.169 for left) 
was not significantly different between DTI and 3DUS. Positive cor-
relations were found between DTI- and 3DUS-based fascicle lengths 
(r = 0.819, p = 0.024 for right; r = 0.938, p = 0.002 for left; r = 0.906, 
p < 0.001 for all, Figure 5a) and between DTI- and 3DUS-based 2D 
pennation angles (r = 0.905, p = 0.005 for right; r = 0.738, p = 0.058 
for left; r = 0.852, p < 0.001 for all, Figure 5c). The intercept of each 

regression was not significantly different from zero (p  =  0.209–
0.917). The Bland–Altman analysis (Figure 5b,d) revealed no signifi-
cant correlations between the mean value of DTI and 3DUS and the 
DTI-3DUS difference in fascicle length (r = −0.016, p = 0.957) or 2D 
pennation angle (r  =  0.453, p  =  0.104), indicating no proportional 
bias between the methods.

The middle and distal regions showed moderate-to-good repeat-
ability for DTI-based fascicle length (CV: 3.0%–5.3%, ICC: 0.526–
0.925, range of mean across regions, Table 1) and the 2D pennation 
angle (CV: 3.0%–4.6%, ICC: 0.653–0.931). In the proximolateral re-
gion, however, repeatability was low for fascicle length (CV: 9.3%, 
ICC = 0.000) and 2D pennation angle (CV: 13.2%, ICC: 0.496), and 
the fascicle was not reconstructed in the proximomedial region. 
Thus, we excluded the proximal fascicles in the subsequent regional 
architecture analysis.

3.2  |  Regional variation of fascicle architecture

3D-reconstructed fascicles arose from the deep aponeurosis with 
various lengths and angles both in sagittal and coronal planes 
(Figures  2 and 6), indicating architectural complexity within MG. 
There were significant main effects of region on fascicle length, 
pennation angles in 2D and 3D, and fascicle angle in coronal plane 
(all p < 0.001). Fascicle length in the middle-medial region was 

F I G U R E  5  Relationships between DTI- and 3DUS-based fascicle lengths (a) and 2D pennation angles (c), and Bland–Altman plots of 
differences in DTI and 3DUS measures of fascicle lengths (b) and 2D pennation angles (d) of human medial gastrocnemius. In panels a and 
c, dot lines indicate the line of identity. In panels b and d, purple and blue circles indicate values of right and left MG, respectively. DTI, 
diffusion tensor imaging; 3DUS, three-dimensional ultrasonography; SD, standard deviation.



1330  |    TAKAHASHI et al.

significantly longer than those in the distal-medial (p < 0.001) and 
distal-lateral (p < 0.001) regions, while fascicle length in the middle-
lateral region was significantly longer than those in the distal-medial 
(p < 0.001) and distal-lateral (p < 0.001) regions (Figure 7a). The 2D 
pennation angle in the distal-medial region was significantly greater 
than those in the other regions (p ≤ 0.017), and 2D pennation angle 
was significantly greater in the distal-lateral than middle-medial 
(p = 0.003) and middle-lateral (p < 0.001) regions (Figure 7b). The 2D 
pennation angle in middle-medial was significantly greater than that 
in the middle-lateral region (p = 0.005). The 3D pennation angle was 
significantly greater in distal-medial than in middle-medial (p < 0.001) 
and middle-lateral (p < 0.001) regions. The 3D pennation angle in 
distal-lateral region was significantly greater than those in middle-
medial (p < 0.001) and middle-lateral (p < 0.001) regions (Figure 7c). 

The fascicle angle in coronal plane was significantly greater in distal-
lateral than in the other regions (p ≤ 0.015), and distal-medial than 
middle-medial region (p = 0.021, Figure 7d).

Normalized muscle volume was significantly correlated with fas-
cicle length in middle-lateral region (r = 0.615, p = 0.015, Figure 8a) 
and 3D pennation angle in distal-medial (r  =  0.774, p < 0.001, 
Figure 8c) and distal-lateral (r = 0.530, p = 0.042) regions, but not 
with the other regional architectural parameters (r  =  −0.217 to 
0.487, p  =  0.066 to 0.941). Meanwhile, the SD of fascicle length 
across regions ranged from 4.0 mm to 10.7 mm among participants, 
and those of 2D pennation angle and 3D pennation angle ranged 
from 0.9° to 5.0°, from 3.0° to 8.8°, respectively. Normalized muscle 
volume was significantly correlated with the SDs of fascicle length 
(r  =  0.765, p < 0.001, Figure  9a), 2D pennation angle (r  =  0.659, 
p = 0.008, Figure 9b) and 3D pennation angle (r = 0.828, p < 0.001, 
Figure  9c). Figure  10 represents intramuscular distribution of fas-
cicle length and 3D pennation angle in the participants with the 
smallest normalized muscle volume and the largest one. The largest 
MG shows more non-uniform distribution of fascicle architecture as 
compared to the smallest one.

4  |  DISCUSSION

The results showed that both fascicle length and pennation angle var-
ied regionally within human MG in vivo. In addition, the magnitude of 
architectural variation was substantially different among individuals, 
and it was positively correlated with muscle volume, which supports 
our hypothesis. It was reported that the fascicle length variability 
within MG was independent of sex and age (Aeles et al., 2022), but 
less was known for the pennation angle variability. Our results are 

TA B L E  1  Repeatability estimates of fascicle architecture 
measurement within human medial gastrocnemius using diffusion 
tensor imaging

Fascicle length
2D pennation 
angle

CV 
(%) ICC CV (%) ICC

Proximal Medial N/A N/A N/A N/A

Lateral 9.3 0.000 13.2 0.496

Middle Medial 3.0 0.925 3.0 0.921

Lateral 5.3 0.526 4.6 0.653

Distal Medial 4.1 0.916 4.0 0.931

Lateral 3.5 0.809 4.1 0.869

Abbreviations: CV, coefficient of variation; ICC, intraclass correlation 
coefficient.

F I G U R E  6  Typical example of fascicles in middle-medial (a), middle-lateral (b), distal-medial (c) and distal-lateral (d) regions within human 
medial gastrocnemius (MG) reconstructed using diffusion tensor imaging. The grey area represents the deep aponeurosis of MG.
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the first evidence to simultaneously show the interindividual differ-
ence in both fascicle length and pennation angle variability within 
muscle, while indicating such architectural variability being depend-
ent on muscle size. This can partly explain the inconsistent findings 
for regional variation of fascicle architecture at the group level in the 
previous studies. For example, the fascicle length in MG with a mean 
muscle volume of 195.1 ± 38.6 cm3 (n = 8) was reported to be similar 
(i.e., small variability) across regions (Bolsterlee et al., 2017). On the 
other hand, fascicle length was reportedly more variable within MG 
with greater muscle volumes that ranged between 100 and 400 cm3 
(n = 32, Aeles et al., 2022). Besides, our in vivo findings can account 
for findings from cadaveric studies (Friederich & Brand, 1990; Ward 
et al., 2009) which reported relatively constant fascicle length within 
MG, as cadaveric specimens usually show small muscle volume, e.g., 
107.5 cm3 [muscle mass (Ward et al., 2009) divided by muscle den-
sity: 1.056 g/cm3 (Ward & Lieber, 2005)].

Numerous studies have demonstrated changes in fascicle length 
and/or pennation angle with muscle hypertrophy induced by chronic 
mechanical loading (Aagaard et al., 2001; Blazevich et al., 2003, 2007; 
Duclay et al., 2009; Ema et al., 2013; Franchi et al., 2014; Kawakami 
et al., 1995; Reeves et al., 2009; Seynnes et al., 2007). Although the 
present study is a cross-sectional observation and the causation of 
findings is only a matter of speculation, greater regional variation of 
fascicle length and pennation angle in a larger muscle, as observed 
in this study, suggests that architectural changes in response to me-
chanical loading vary regionally within a single muscle. The regional 
variation of architectural adaptation may be attributed to that of the 
mechanical stress applied to muscle fibres during movement, which 

can be associated with localized neural/metabolic activity as observed 
in electromyography (Gallina et al.,  2011) or functional MR imaging 
(Kinugasa et al., 2011) studies. It is speculated that a more frequently 
and highly activated muscle undergoes greater increase in the overall 
muscle size, while on the other hand having greater opportunity of 
being exposed to non-uniform mechanical stress which can lead to 
larger regional variability in architecture. This may account for greater 
regional variation of fascicle architecture observed in larger muscles. 
Further longitudinal studies are needed to clarify this speculation.

In a cadaver study (Huijing, 1985), the regional variation of fas-
cicle length was associated with that of in-series sarcomere number 
within the human gastrocnemius. According to this study, longer 
fascicles can have more sarcomeres in series, thereby leading to 
smaller amount of sarcomere length change for a given fascicle 
length change (Ettema & Huijing, 1994). Consequently, regional vari-
ation of fascicle length is considered to result in individual fascicles 
reaching their optimal lengths at different whole muscle lengths, 
flattening inverted U-shaped force–length curve of the whole mus-
cle (Ettema & Huijing, 1994; Zuurbier & Huijing, 1993). This can allow 
the muscle to exert force under a wide range of whole muscle length 
(Higham & Biewener, 2011). Meanwhile, longer fascicles tended to 
have smaller pennation angle (both in 2D and 3D), and shorter fas-
cicles had greater pennation angle (both in 2D and 3D) within MG in 
our study. Greater pennation angle at the initial state of contraction 
can lead to greater amount of fascicle rotation and smaller fascicle 
length change for a given change in whole muscle length (Azizi & 
Deslauriers, 2014; Brainerd & Azizi, 2005), which also contributes 
to variable fascicles' optimal length. Thus, there is a possibility that 

F I G U R E  7  Typical examples of intramuscular distribution of fascicle length (a), 2D pennation angle (b), 3D pennation angle (c) and fascicle 
angle in coronal plane (d) within human medial gastrocnemius. Different colours of fascicles indicate different values in each architectural 
parameter. *p < 0.05.
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the effects of fascicle length and pennation angle variations on ac-
tive force-length curve of the whole muscle are offset by each other. 
Further investigations for the regional variation of fascicle/sarco-
mere behaviour and its effect on force generation are warranted to 
elucidate the functional consequence of greater architectural vari-
ability in larger muscle.

The 3D pennation angle calculated as angle between fascicle 
and axis along muscle length (estimate of muscle's line of action) was 

somewhat greater than the 2D pennation angle calculated as angle 
between fascicle and muscle surface. Furthermore, the pattern of 
regional variation was different between the 3D and 2D pennation 
angles. These inconsistencies are due to the fact that fascicles had 
non-zero angles in the coronal plane and such coronal angulation of 
fascicles was different across regions. These findings suggest that 
the 2D pennation angle, which has been normally used in the litera-
ture, does not reflect the 3D orientation of fascicles relative to the 
axis along muscle length or its regional variation. The 3D pennation 
angle thus should be relevant to muscle functions. Besides, our find-
ings are in line with previous findings for fascicle 3D orientation in 

F I G U R E  8  The relationships of muscle volume with fascicle 
length (a), 2D pennation angle (b) and 3D pennation angle (c) in 
each region of human medial gastrocnemius. The muscle volume 
was normalized to body mass in order to eliminate the influence 
of body size. Mid-med, middle-medial; Mid-lat, middle-lateral; Dis-
med, distal-medial; Dis-lat: distal-lateral.

F I G U R E  9  The relationships of muscle volume normalized to 
body mass with standard deviations (SDs) of fascicle length (a), 2D 
pennation angle (b) and 3D pennation angle (c) across the middle 
and distal regions of human medial gastrocnemius.
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cadaveric human muscle (Chiu et al.,  2020), reinforcing the possi-
bility that muscle fibre force is transmitted toward directions not 
only along muscle length and thickness (perpendicular to the apo-
neurosis) but also the width (perpendicular to thickness) in a region-
specific manner.

Strong similarity was found between the DTI- and 3DUS-based 
architectures, which is in line with a previous validation study show-
ing strong correlation (r = 0.89) between DTI-based pennation angle 
of the rat lateral gastrocnemius and that measured via direct ana-
tomical inspection (Damon et al.,  2002). Additionally, our results 
are in line with a previous finding showing no significant difference 
in human MG fascicle length or pennation angle at distal end be-
tween DTI and two-dimensional US (Bolsterlee et al., 2015). Thus, 
our results verified the convergent validity of DTI for quantifying 
fascicle architecture in vivo. Although the number of fascicles we 
could measure using 3DUS was limited (i.e., one fascicle per single 
ultrasound voxel array) because of the difficulty in identifying op-
timal fascicle plane and accurately tracing the fascicular path along 
its length, our DTI method automatically produced thousands of MG 
fascicles over a large area of interest. This difference between meth-
ods may be due to the fact that fascicles often run through multiple 
planes and such fascicles cannot be captured in a single ultrasound 
plane. In DTI-based fascicles, most of the regions showed high re-
peatability of the measurements, and the test–retest difference in 
mean values of fascicle length (CV: 4.0 ± 1.0%) and 2D pennation 
angle (CV: 3.9 ± 0.7%) were lower than their regional variations (CV: 
16.0 ± 3.8% for fascicle length, 12.1 ± 4.1% for 2D pennation angle). 
On the other hand, Aeles et al.  (2022) failed to confirm sufficient 
reliability for pennation angle. In the present study, we automatically 
excluded erroneous fibres by selecting only fibres whose end points 
were located near the muscle surface and midpoint was far from 
the muscle surface. This may have contributed to the relatively high 
repeatability in our study. However, the repeatability of DTI-based 

fascicle architecture was low for the proximal region of MG. The 
source of low repeatability is unclear, but it might be associated with 
large amounts of neurovascular tracts and its neighbouring adipose 
tissue in this region, since these tissues potentially attenuate the 
diffusion-related signal and thereby affect resultant fibre tracking 
quality. Despite this limitation, the present findings warrant the use 
of DTI for quantifying fascicle architecture of human muscle in vivo, 
at least within the belly (the middle and distal regions) of MG.

5  |  CONCLUSIONS

The present study demonstrated that both fascicle length and pen-
nation angle varied within human MG in vivo, highlighting its archi-
tectural complexity in 3D. Meanwhile, the magnitude of regional 
variation in fascicle architecture differed considerably among in-
dividuals, and it was positively correlated with muscle size. These 
results clearly indicate muscle-size dependence on the variability of 
fascicle architecture.
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