
Citation: João, F.; Alves, S.; Secca, M.;

Noseworthy, M.; Veloso, A. Fatigue

Effects on the Lower Leg Muscle

Architecture Using Diffusion Tensor

MRI. Appl. Sci. 2022, 12, 9767.

https://doi.org/10.3390/

app12199767

Academic Editor: Claudio

Belvedere

Received: 26 August 2022

Accepted: 23 September 2022

Published: 28 September 2022

Publisher’s Note: MDPI stays neutral

with regard to jurisdictional claims in

published maps and institutional affil-

iations.

Copyright: © 2022 by the authors.

Licensee MDPI, Basel, Switzerland.

This article is an open access article

distributed under the terms and

conditions of the Creative Commons

Attribution (CC BY) license (https://

creativecommons.org/licenses/by/

4.0/).

applied  
sciences

Article

Fatigue Effects on the Lower Leg Muscle Architecture Using
Diffusion Tensor MRI
Filipa João 1,* , Sérgio Alves 2, Mário Secca 2, Michael Noseworthy 3 and António Veloso 1

1 CIPER, Faculdade de Motricidade Humana, Universidade de Lisboa, Estrada da Costa,
Cruz-Quebrada-Dafundo, 1499-002 Oeiras, Portugal

2 Departamento de Física, Cefitec, Faculdade de Ciências e Tecnologia, Universidade Nova de Lisboa,
2829-516 Caparica, Portugal

3 Electrical and Computer Engineering, School of Biomedical Engineering, McMaster University,
Hamilton, ON L8S 4L8, Canada

* Correspondence: filipajoao@fmh.ulisboa.pt

Abstract: Proton density (PD) and diffusion tensor imaging (DTI) are imaging techniques that enable
the acquisition of data from living subjects that can be used in the fine-tuning of subject-specific
models’ architectural parameters. The aim of this study was to determine the in vivo 3D architectural
parameters (volume, pennation angle, fiber length and physiological cross-sectional area) of the
gastrocnemius medialis, gastrocnemius lateralis, soleus and tibialis anterior muscles using proton
density and diffusion tensor imaging data before and after an exhaustive one-legged jump exercise.
These methods were used in the in vivo 3D data acquisition of six young and physically active
female subjects’ lower legs, followed by a fiber-tracking algorithm and analysis tools. No significant
differences were found in the muscles’ architecture after the exercise, with the following exceptions:
the anatomical cross-section area of the gastrocnemius medialis increased (p-value 0.001, effect size
0.18) after exercise; the fiber lengths of the gastrocnemius medialis, lateralis and soleus muscles were
higher after exercise (p-value 0.002, 0.001 and 0.001, respectively, and effect size 2.03, 1.29 and 0.85,
respectively); and the soleus mean pennation angle decreased after exercise (p-value 0.0015, effect
size 2.31). These changes (or lack thereof) could be attributed to the extended acquisition time of the
MRI scans to minimize noise: by increasing the acquisition time, the effect of the exercise may have
been partially lost due to muscle recovery.

Keywords: calf muscles; biomechanics; cyclic exercise; imaging techniques; tractography

1. Introduction

The architecture of skeletal muscle, which is defined as the arrangement of muscle
fibers relative to the axis of force generation [1], is the main determinant of the mechanical
behavior of skeletal muscles [2,3]. Muscle fibers differ in their mechanical, histologi-
cal, morphological, biochemical and biomechanical properties, allowing them to have
different functionalities.

During force production, there are several important muscle architectural parameters
to consider. Muscle architectural parameters, including muscle fiber length, physiological
cross-sectional area (PCSA) and pennation angle (the angle between muscle fibers and the
tendon plate), are associated with force production [4,5]. The anatomical cross-sectional
area (ACSA) is simply the largest cross-section across the whole muscle, while the PCSA is
the architectural parameter that is directly proportional to the maximum force generated by
the muscle because it takes into account the pennation angle [6–9]. It is also the parameter
that is most difficult to measure because its value is based on the entire muscle volume
and includes the estimate of fiber length to reach the value for the area across the entire
muscle [9]; therefore, it is indirectly determined from the muscle volume and muscle
fiber length.

Appl. Sci. 2022, 12, 9767. https://doi.org/10.3390/app12199767 https://www.mdpi.com/journal/applsci

https://doi.org/10.3390/app12199767
https://doi.org/10.3390/app12199767
https://creativecommons.org/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.mdpi.com/journal/applsci
https://www.mdpi.com
https://orcid.org/0000-0002-8976-0932
https://orcid.org/0000-0003-1464-159X
https://orcid.org/0000-0003-1068-1113
https://doi.org/10.3390/app12199767
https://www.mdpi.com/journal/applsci
https://www.mdpi.com/article/10.3390/app12199767?type=check_update&version=1


Appl. Sci. 2022, 12, 9767 2 of 13

Computational models of the musculoskeletal system are widely used to study the
mechanisms of musculoskeletal performance and to simulate specific conditions [10]. They
were created based on anatomical data collected from cadaveric specimens. Models allow us
to answer “what if” questions; isolate individual sources of input data; and estimate muscle
parameters, such as muscle forces, that are difficult to measure experimentally [11,12]. To
estimate the muscle volume or PCSA, the data of muscle force-generating capacities derived
from cadaveric studies are often used to scale models of the muscle–tendon unit [10,13,14].
The use of those databases allows for a better understanding of general principles of muscle
function, but the comparability to individual muscle performance remains unclear [15]. It is
likely that data from cadaveric specimens do not accurately reflect the absolute or relative
sizes of muscles in young and healthy subjects [16]. Moreover, cadaveric studies are usually
based on a small number of specimens [17,18] and the fascicle length measured from each
muscle are averaged in most cadaveric studies, and thus, muscle models usually assume
that all fascicles within each muscle have the same length [19]. The same happens with
the pennation angle: simulation models commonly assume muscle fibers to be one single
structure with only one angle between the fiber’s direction and the aponeurosis. Despite a
valid and reliable 3D ultrasound technique for the assessment of the gastrocnemius medialis
existing in the literature [20], no comprehensive ultrasound technique that allows for three-
dimensionally measuring the architectural parameters of the anterior and posterior leg
muscles exists. Therefore, this study used proton density and diffusion tensor imaging
for 3D measurements of the leg muscles simultaneously [21]. Thus, the need to create
accurate, individualized models of the musculoskeletal system is driving advances in
imaging techniques, especially in magnetic resonance imaging (MRI) [22–24].

MRI is considered the most useful non-invasive imaging technique (although it is
expensive and post-processing is laborious) that allows for the reconstruction of the whole
muscle, enabling the quantification of detailed structure, function and metabolism from the
muscle tissue [25]. MRI offers an abundance of novel methods for the acquisition of data
from living subjects. One of those methods is diffusion tensor imaging (DTI) [26–29]. This
imaging technique relies on the correspondence between cell geometry and the anisotropic
nature of water diffusion in the muscle [28]. The theoretical basis for DTI states that the
self-diffusion of water in tissue is restricted by membranes and other cellular constituents,
resulting in an apparent diffusion coefficient, which is lower than the free diffusion coeffi-
cient and is orientation-dependent for elongated structures. Skeletal muscles are composed
of fibers that have an elongated, generally cylindrical shape. The diffusion tensor can be
described using a 3 × 3 matrix, and at least six independent directions for the diffusion gra-
dients must be assessed to calculate the diffusion tensor. A proton density (PD)-weighted
scan has its only signal change coming from the differences in the number of available
spins (hydrogen nuclei in water). It uses a spin echo or a gradient echo sequence, with
a short echo time and a long repetition time. PD images are useful for determining the
muscle boundaries due to the elevated detail in the image, enabling the determination
of the muscle cross-sectional area and subsequently muscle volume using simple image
processing software.

Muscle volume is essential when evaluating muscle performance and functional
consequences of changes in muscle size and strength due to training, aging or immobi-
lization [15,30]. Most of the studies regarding these effects in muscle architecture were
obtained through ultrasonography, which is limited to planar measurements and can only
be used in superficial muscles. Moreover, when dealing with long muscle fibers, the length
is not directly measured but is instead estimated via regression. These studies reported
increases in muscle thickness and pennation angles of the vastus lateralis muscle following
a leg press exercise [31], a cycloergometer test until exhaustion [32] or strength training
programs [33,34]. Regarding the acute effects of exercise analyzed with MRI techniques,
the following studies were reported: ankle plantarflexion exercises in the supine position
with eccentric contractions showed changes in the gastrocnemius medialis (GM) values
of FA, ADC and T2 after exercise [26]; during a walking exercise, followed by a 30 s dorsi-
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flexion exercise, the ADC and T2 values of the tibialis anterior muscle (TA) increased [27];
another study showed that after isometric contraction of repeated plantar flexion and
dorsal extension of the right ankle with a tiptoe position, the FA of soleus and MG muscles
decreased but gradually recovered to the baseline after one week [35]; and another study
showed that after a one-legged plantarflexion exercise, the CSA and T2 values of inactive
muscles decreased, with no changes in ADC, and CSA, T2 and ADC values increased in
the exercised leg [36].

Despite these results, the architectural muscle parameters that have a linear relation-
ship with force production are still lacking in most of the research that uses this method.
Regarding this, the aim of our study was to determine the in vivo 3D architectural parame-
ters (volume, ACSA, pennation angle, fiber length and PCSA estimation) of the lower leg
muscles using PD and DTI imaging data before and after an exhaustive unilateral jumping
task. These methods were used in the in vivo 3D data acquisition of all the subjects’ dom-
inant lower legs, followed by a fiber-tracking algorithm with visualization and analysis
tools. We hypothesized the following: (1) due to the fatigue effect and the amount of water
content that would circulate in the body after the exercise bout, the muscle volume and
cross-sectional areas would increase, as well as the pennation angle of the plantarflexor
muscles, and (2) the shape of the analyzed muscles would not be different between subjects
in both the pre- and post-exercise conditions.

2. Materials and Methods
2.1. Subjects

Six young female (age: 25.7 ± 5.2 years, mass: 61.0 ± 8.1 kg, height: 1.6 ± 0.1 m),
healthy volunteers participated in this study. The inclusion criteria were as follows: age
between 18 and 35, physically active with a minimum of 3 days/week of training sessions
(any type of exercise) and able to perform a jumping cyclic exercise in one leg. The exclusion
criteria were as follows: have any history of lower extremity injury or surgery in the last
12 months, have any kind of pain and have any limitations in performing an MRI exam.
Informed consent was given by each subject prior to testing and the work was approved by
the Ethical Committee of the Faculty of Human Kinetics, University of Lisbon.

2.2. Experimental Setup

All the subjects were examined in a 1.5 T whole-body MRI scanner (Signa HDxT 1.5T,
GE Healthcare, Chicago, IL, USA) before and immediately after the exercise protocol. A
pelvic coil was used for all the measurements. This coil was used instead of an extremity
coil because we wanted to scan the entire lower leg from the femoral condyles to the
calcaneus so that we could measure the entire muscle length (Figure 1-right).
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Leg immobilization was carried out by using a custom-made structure, which was
made of a nonmagnetic material, adjustable to the subject’s leg length and avoided com-
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pression of the leg muscles against the MRI table (Figure 1-left). This structure was fixed to
the table and the subjects kept their foot and leg in the same position, completely relaxed,
guaranteeing the same reference frame in all the MRI acquisitions (before and after the
exercise protocol). Subjects were placed in the supine position with their feet first and
care was taken to position the subjects with the long axis of the leg placed parallel to the
magnetic field. The following imaging protocol was performed: first, proton density and
diffusion tensor images were acquired from the dominant lower leg at rest. Afterward,
the subjects performed the exercise protocol. Finally, new imaging sequences were then
immediately acquired in the order of DTI and PD. The images were acquired using the
following parameters: for DTI, 60 axial acquisitions, gradient-echo sequence, TE = 35,
TR = 3622 and slice thickness = 3.9 mm; for proton density: 54 axial acquisitions with a
turbo spin-eco gradient, TE = 7.6 and TR = 4140.

2.3. Exercise Protocol

To recruit the ankle plantar flexors, this study adopted a simple exercise task that
the subjects were able to perform near the MRI room without any specific equipment
besides regular training shoes. After the first bout of MRI scans, the subjects were asked
to perform a sequence of one-legged jumps, keeping their hands on their waist. They
constantly received verbal encouragement to keep performing the exercise despite the
fatigue increasing. The end of the task was considered when the subject could not take
the entire foot from the floor anymore (the total exercise time was 1 m 30 s on average).
Immediately after the exercise, the subject was placed on the MRI table again, with the
exercised leg positioned on the top of the leg fixation structure and the same bout of
imaging sequences was collected.

2.4. Image Analysis and Data Processing

Regions of interest (ROIs) were drawn in the PD images using a piecewise linear
boundary provided by the Osirix software version 9.0, Pixmeo SARL (Bernex, Switzerland)
(Figure 2-left). The ROIs were outlined manually according to the anatomical boundaries
of the tibialis anterior (TA), gastrocnemius medialis (GM), gastrocnemius lateralis (GL)
and soleus (SOL) muscles. All the ROIs were manually drawn by the same operator, with
a total of 46–82 contour curves for each muscle on each phase of the protocol (before
and after the exercise). The volumes of the individual muscles (Vm) were determined by
summing the product of the cross-sectional areas of the muscle from each image and the
slice thickness (3.9 mm) (Figure 2-right). Moreover, from the PD images, the maximal
anatomical cross-sectional area (ACSAmax) was determined as the largest cross-section
outlined across the whole muscle. Muscle length (Lm) was defined as the distance between
the muscle’s proximal and distal ends.
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The three principal axes of the diffusion tensor can be calculated through a diagonal-
ization process, where the eigenvalues and eigenvectors are determined. These parameters
give us information regarding the shape and the direction of the diffusion, respectively [25].
Other parameters, derived from these, can be quantified: the fractional anisotropy (FA) and
the apparent diffusion coefficient (ADC). The computation of the diffusion tensor imaging
results was performed through a custom script that used FSL Tools (FMRIB Analysis Group,
Oxford, UK) developed to process the imaging data. This routine included the motion and
eddy current correction and the co-registration of the PD images with the diffusion tensor
images. Fibers were tracked from the diffusion tensor using the free software Diffusion
Toolkit version 0.6.2 and TrackVis version 0.5.2 (Ruopeng Wang, Van J. Wedeen, Athinoula
A. Martinos, Center for Biomedical Imaging, Department of Radiology, Massachusetts Gen-
eral Hospital, Boston, MA, USA). The DTI data was opened in TrackVis and the anatomical
image (PD) was superimposed on the DTI. The slice corresponding to the ACSAmax of
each muscle was chosen to draw the seed ROI necessary for the tracking. Two more ROIs
were drawn, four slices above and four slices below, to guarantee the tracking of fibers
only from that specific muscle. From the tracked fibers, the following parameters were
determined: the average fiber length (Lf), defined as the mean value of the length of the
fibers calculated through the tracking algorithm in Diffusion Toolkit, and the pennation
angle (θ), defined as the fiber angle relative to the force-generating axis. It was measured
directly in the fiber-tracked images (using Osirix software) by rotating the image in line
with the longitudinal axis and positioning it in a plane where it visualized the preferred
angular orientation of the fibers (Figure 3). When two or more fiber orientations were
visualized, all the angles were determined, and the mean value was used in the results.
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PCSA is directly proportional to the maximum titanic tension that can be generated
by the muscle and represents the sum of the cross-sectional areas of all the muscle fibers
within the muscle. It was estimated using Equation (1), which was derived from the work
of the pioneer Gans [37] and continued nowadays by Lieber [38].

PCSA (cm2) = (muscle volume (cm3))/(fiber length (cm)) · cosθ, (1)

The inter-subject variability regarding the shape of the muscles was also investigated.
Following Albracht’s [15] theoretical consideration, which is also related to the muscle
volume of the triceps surae muscles, in Equation (2), the general muscle volume (Vm) is
given as a fraction of the product of ACSAmax and Lm.

Vm = p · ACSAmax · Lm, (2)
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where p is defined as the muscle shape factor, which can vary between 0 and 1. In general, it
is assumed that the muscle shape is the same across the population, but to test whether it is
valid to make this assumption within our group of subjects, we considered the intersubject
variability by measuring the coefficient of variance (CV) of three ratios: the ratio between
Vm and the product of ACSAmax and Lm (shape factor p), as well as the ratio between Vm
and either the ACSAmax or Lm for the four muscles mentioned above.

2.5. Statistical Analysis

The normality of the variables was tested and a paired-sample t-test analysis was
used to compare the differences between the architectural parameters before and after the
exercise task. A post hoc analysis of the sample power was calculated for this study using
G-Power (version 3.1; Franz Faul, Universität Kiel, Germany) for a medium effect size (0.5),
α = 0.05 and a sample of 6 participants, the resulting power was 0.2. Moreover, an online
tool was used to calculate the effect size for a paired samples t-test (Cohen’s dz). Afterward,
Excel software (Microsoft Corporation, Redmond, WA, USA) was used to calculate the
Hedges’ (adjusted) g effect size, which includes an adjustment for sample sizes of less than
20 subjects [39], to estimate the magnitude of the effects of the exercise on the results of the
muscle architectural parameters. The statistical significance was set at the level of p < 0.05.
All the statistical tests were performed using SPSS Statistics software (version 22.0; IBM,
Chicago, IL, USA).

3. Results

Regarding the results, Table 1 shows the architectural parameters obtained for the GM,
GL, SOL and TA muscles in the two conditions: pre- and post-exercise. The corrected effect
sizes of these results are reported in Table 2.

Table 1. Mean values ± SDs of the muscle architectural parameters of the GM, GL, SOL and TA
muscles determined using the imaging techniques PD and DTI pre- and post-exercise. The length of
the muscle was the same in the two conditions.

Vm (cm3) ACSAmax (cm2) Lm (cm) Lf (cm) PCSA (cm2)
Pennation
Angle (◦ )

GM
Pre Post Pre Post Pre Post Pre Post Pre Post

189.4 ± 56.3 193.6 ± 54.8 14.0 ± 4.0 14.4 ± 4.1 * 23.1 ± 1.8 6.3 ± 0.5 7.0 ± 0.3 * 28.3 ± 7.9 26.6 ± 8.2 18.1 ± 2.1 17.9 ± 2.0

GL 96.1 ± 28.5 100.2 ± 29.7 8.3 ± 1.8 8.8 ± 2.4 20.3 ± 1.7 5.8 ± 1.6 7.2 ± 1.0 * 16.9 ± 5.8 13.7 ± 4.1 11.3 ± 2.2 13.7 ± 3.1

SOL 369.2 ± 66.5 370.2 ± 62.9 24.9 ± 4.2 25.0 ± 4.1 29.9 ± 1.2 5.6 ± 0.9 6.1 ± 0.7 * 59.7 ± 5.6 56.4 ± 4.3 25.7 ± 1.3 20.4 ± 3.0 *

TA 110.9 ± 22.8 109.3 ± 21.4 8.1 ± 1.4 7.9 ± 1.2 27.8 ± 2.4 9.3 ± 0.5 9.5 ± 0.9 9.5 ± 2.1 9.3 ± 1.4 19.7 ± 2.9 16.8 ± 2.7

* Significant difference (p-value < 0.05).

Table 2. Corrected effect sizes (Hedges’s g) of the changes reported in Table 1 regarding the architec-
tural parameters from the GM, GL, SOL and TA muscles.

Vm (cm3)
Hedges’s g

ACSAmax (cm2)
Hedges’s g

Lf (cm)
Hedges’s g

PCSA (cm2)
Hedges’s g

Pennation
Angle (◦)

Hedges’s g

GM 0.09 0.18 2.03 0.30 0.14
GL 0.17 0.32 1.29 0.83 0.17

SOL 0.18 0.04 0.85 0.90 2.31
TA 0.10 0.22 0.31 0.18 1.48

Neither muscle volume nor ACSAmax demonstrated statistically significant differences
after the exercise, except for the GM ACSAmax, which increased significantly in the post-
exercise condition. However, the small effect size revealed that for a randomly selected
person, the chance to increase the GM ACSAmax after a bout of cyclic exercise was quite
modest. The results showed that the SOL was the muscle with higher volume, followed
by the GM, the TA and the GL. The ACSAmax was higher for the SOL, GM and GL, and
lower for the TA. Regarding the total length of the muscle, the longer muscle was the
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SOL, reaching almost 30 cm, followed by the TA, GM and GL muscles. Regarding the
pennation angle, it was verified that different portions of the muscle fibers had different
pennation angles, especially for the SOL muscle. The preferential directions were assessed,
although only the mean of those angles is reported. It was assumed that there was only one
pennation angle per muscle. The highest pennation angle was found in the SOL muscle,
followed by the TA, GM and GL muscles. After the exercise, only the pennation angle of
the SOL muscle revealed a significant decrease. It was also the muscle where the effect
size was greater. The fiber length was assessed with the fiber-tracking process, and the
mean length of all the muscle fibers is reported in Table 1. The longest fibers were observed
in the TA muscle, followed by the SOL, GL and GM muscles. After the exercise, the GM,
GL and SOL muscles showed significant increases in fiber length. These results led us to
a discussion concerning the fiber-tracking method itself, which is better explored in the
Discussion section. The PCSA was estimated using Equation (1) using the measured data
Vm, Lf and pennation angle. We observed that the SOL muscle had the highest PCSA,
followed by the GM, GL and TA. After the exercise, no significant changes were observed.
The results for the inter-subject variability regarding muscle shape are presented in Table 3,
and Figure 4 shows the results for the individual parameters. The ratio between Vm and
Lm was the one where the individuals were more distant from the mean result of muscle
shape (the CV% had the highest results). On the other hand, the ratio between Vm and
the product of ACSAmax and Lm showed the lowest CV%, which may be a good indicator
that the shape of the muscles was similar between subjects. The lower the CV%, the lower
the variability.

Table 3. Mean values ± SDs and the coefficient of variance (in %) of the ratio between Vm and the
product of ACSAmax and Lm, the ratio between Vm and ACSAmax, and the ratio between Vm and Lm

for the GM, GL, SOL and TA muscles.

Vm/(ACSAmax·Lm) Vm/ACSAmax Vm/Lm

Pre Post Pre Post Pre Post
Mean CV Mean CV Mean CV Mean CV Mean CV Mean CV

GM 0.59 + 0.04 7.5 0.59 + 0.05 8.6 13.50 ± 0.86 6.3 13.50 ± 1.29 9.5 8.23 ± 2.43 29.6 8.40 ± 2.35 27.9

GL 0.56 ± 0.03 5.1 0.56 ± 0.05 8.5 11.32 ± 1.26 11.2 11.28 ± 1.18 10.5 4.68 ± 1.13 24.2 4.87 ± 1.12 23.0

SOL 0.49 ± 0.03 5.3 0.49 ± 0.02 4.2 14.77 ± 0.91 6.1 14.79 ± 0.69 4.6 12.31 ± 2.08 16.9 12.29 ± 1.98 16.1

TA 0.50 ± 0.04 7.3 0.50 ± 0.02 4.2 13.76 ± 0.96 7.0 13.78 ± 0.78 5.6 3.96 ± 0.53 13.4 3.91 ± 0.50 12.8

Within each muscle of the leg, and in both conditions, the CV was the lowest
(4.2–8.6%) for the ratio between Vm and the product of ACSAmax and Lm, followed by the
ratio between Vm and ACSAmax (4.6–11.2%). The ratio between Vm and Lm had the highest
CV (12.8–29.6%).
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Figure 4. Inter-subject variability regarding muscle shape. Measured values for the muscle volume
and the product of ACSAmax and muscle length (first line), ACSAmax (second line) and muscle
length (third line) before and after the exercise. The values for the CV are presented near the
regression lines and also in Table 3.

4. Discussion

The aim of this study was to determine the architectural parameters of the human
lower leg muscles (volume, ACSAmax, muscle length, pennation angle, PCSA and fiber
length) using quantitative variables that were provided by diffusion tensor and anatomical
MRI data. To accomplish this, the process started with the visualization and delimitation
of ROIs corresponding to each muscle in each slice of a DP image scan. Afterward, the
maximal ACSA and the length of the muscle were assessed, followed by a fiber-tracking
algorithm that mapped the diffusion tensor, allowing for the reconstruction of the muscle
fibers and subsequent estimation of fiber length, pennation angles and PCSA.

For the second aim of this study, we ascertained whether short-term exhaustive
stretch–shortening cycle exercise would induce changes in these muscle architecture pa-
rameters and whether DTI could be used to study acute muscular responses to exercise.

The muscle volume did not change significantly after the acute exercise, although
the increased water content in exercising muscles is known to affect both extra- and intra-
cellular volumes [40,41]. One of the reasons for this unchanged result may have been the
time between the end of the exercise and the duration of the scan protocol. Due to the
rapid decay of the DTI signal, the DP scan was performed only after the DTI scan. It is
possible that the recovery of muscles occurred rapidly and when drawing the muscles’
boundaries to calculate the muscle volume, the anatomical images did not reveal significant
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differences. Nevertheless, quantifying the muscle volume allowed us to quantify a subject-
specific architectural parameter, which was needed to calculate an individual’s PCSA. The
manual segmentation of the muscles from the MRI images is an arduous process when
automatic routines are not used. As a manual process, the delimitation of the muscle
contours was subject to error, especially in the images where the muscle boundaries were
not well defined. Nevertheless, that task was always performed by the same operator.
Advanced post-processing approaches that are designed for musculoskeletal modeling will
further improve the efficiency of extracting muscle anatomy from MR images.

Muscle models generally assume that the pennation angle is constant across all fibers.
In accordance with other imaging studies [29,42], we verified that fibers from the same mus-
cle had different pennations (and we used the mean value to calculate the muscles’ PCSA).
By creating a tridimensional representation of muscle fibers, we could add information that
may help us to surpass the limitation of representing muscles as single line segments that
remain unchanged in terms of shape when interacting with the underlying bones and other
structures [22]. These observations strengthen the fact that muscle models should consider
this parameter and use more than one single line segment to characterize the muscle struc-
ture. However, we observed that the different angles measured in the tracked fibers did not
significantly alter the value of the PCSA. In fact, from all the architectural parameters, the
pennation angle probably has a small influence on muscle PCSA calculations and, thus, in
predicting the maximum muscle force [9]. After exercise, the pennation angle significantly
decreased in the SOL muscle. This change may have been attributed to the challenging
determination of the pennation angles in this particular muscle due to its multipennate
architecture. It is quite difficult to determine all the preferential directions of the tracts
and, of course, the mean value does not exactly show the individual fiber pennations. An
increase in the pennation angles of the most contributing muscles (plantarflexors) was
expected but no significant changes were verified. These results showed that we did not
entirely verify our first hypothesis, particularly regarding muscle volume and muscle
cross-section areas variables.

The tractography process enables the quantification of the length of the muscle fiber.
Fiber length is a muscle parameter that is commonly estimated using ultrasonographic
equipment [32,43–45]. Ultrasonography and reconstruction methods have been widely
used to determine not just fiber length but also pennation angles; however, they do not take
into account the spatial variation and orientation of the muscle fibers. Ultrasonography
is easier to use, faster and cheaper, but is limited to planar measurements and can only
be used in superficial muscles. Moreover, when dealing with long muscle fibers, the
length is not directly measured but is instead estimated via regression. Muscle fiber length
can only be rigorously determined via the microdissection of individual fibers from the
fixed tissues [46]. Additionally, the effects of exercise interventions on muscle fiber length
measurements can vary between ultrasound assessments and extrapolation methods due
to a lacking gold standard method for muscle fiber length measurement [47]. Another
advantage of DTI is the ability to measure both fiber length and pennation angle through
the mapping of the eigenvalues from the diffusion tensor, which gives us the direction of
the fibers. The mapping of the diffusion tensor allows for the reconstruction of the muscle
fibers (and subsequent estimation of the fiber length), assuming that there is a preferential
direction for the water to diffuse across the muscle cells. We observed that the lengths
of the fibers estimated through this process were higher than the ones reported in the
literature regarding cadavers or live subject experiments. Despite the advantages of the
DTI measurement, a gold standard for muscle fiber length measurements has not yet been
defined, which might be a limitation of this study. After the exercise task, the length of the
fibers significantly increased for the plantarflexors SOL, GM and GL. We believe that the
increase in the water content that circulates inside the cells will facilitate water diffusion.
Increasing the space between the microstructures may have increased diffusion in all the
directions of the tissue as a consequence. This lower restriction of the diffusion in the
longitudinal axis of the fibers may justify the increase in the “apparent” length of the fibers.
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Having this in mind, the “apparent” length of the fibers before the exercise may have been
underestimated since the probability of the tracking being discontinued was much higher.
Moreover, different stop criteria settings changed the resulting fiber length. We used the
default curvature settings > 20◦. We must still interpret these results with caution, as no
study of the reliability and sensitivity of the method was performed, which is one of the
limitations of the study.

Compared with the existing literature data from cadaveric studies [18], our results for
the pennation angle showed higher values for TA (almost twice the pennation) and similar
values for the other muscles. Compared with in vivo studies using ultrasonography, we
found similar results for the anterior angle of pennation of the MG muscle, as well as for
the posterior angle of pennation for the GL muscle and for both compartments analyzed
for the posterior soleus muscle reported by Martin and colleagues [48]. Regarding muscle
length, our values were smaller for the four muscles (less than 1 cm) when compared with
the same cadaveric database and also with the subjects assessed by Albracht et al. [15]
using ultrasonography. However, our sample was a group of young females with different
anthropometric characteristics and smaller segments. The PCSA estimated revealed much
smaller values when compared with the existing literature (although the SOL and TA
PCSAs were similar to those assessed in cadavers). We could attribute this to the estimated
fiber length, which may have been overestimated (both before and after exercise). Moreover,
some of the differences found may be partially explained by the fact that cadaveric tissue
is subjected to specific protection procedures before experimental studies and the effects
of those actions are still not well understood. Moreover, rigor mortis can produce a slow
contraction in the skeletal muscle [49], with consequent effects on the fiber architecture.

To test our second hypothesis, namely, the shape of the muscle was the same within
our group of subjects, we considered the inter-subject variability by measuring the CV
of the ratio between Vm and the product of ACSAmax and Lm (shape factor p), as well
as the ratio between Vm and either the ACSAmax or Lm for the four muscles. We found
that, similar to Albracht et al. [15], the lowest inter-subject variability occurred for the ratio
between Vm and the product of ACSAmax and Lm, demonstrating that the shape of each
muscle seemed to be similar across the examined subjects.

Other limitations regarding this study must be reported. Regarding the use of DTI
to assess the changes in the muscle architecture immediately after exercise, an important
issue should be raised: the transverse relaxation time in muscles is short. This means
that the signal-to-noise ratio was limited, thus increasing the number of averages needed
to minimize the noise, thereby extending the acquisition time [22]. By increasing the
acquisition time, the effect of the exercise may be partially lost due to a fast recovery period.
This may explain some of our results since no significant changes were observed in most
of the muscle’s architecture. Moreover, it might be a limitation of this study that proton
density and diffusion tensor imaging for 3D measurements of the leg muscles’ architectural
parameters does not entirely show a very high intraclass correlation coefficient for all
muscle architectural parameters [21], and thus, we should be careful when interpreting
the results. Additionally, the small sample size and the fact that the participants were only
female subjects may also decrease the external validity of this study, making it difficult to
extrapolate the results to other populations.

The relationship between the structure and function of muscles is critical to under-
standing the physiological basis of force production and movement, especially in adaptive
conditions, such as training, detraining, disease, age and immobilization, where the archi-
tecture of the muscle can undergo changes [50–53]. This relationship is usually studied
through musculoskeletal models, where the anatomical and architectural parameters of
the muscles are usually simplified and/or adapted from cadaveric databases, most of
them with a small sample size [18]. Structural and functional parameters provided by PD
and DTI, such as the trace of the diffusion tensor, allow for the non-invasive and in vivo
measurement of critical parameters for the elaboration of those models, such as muscle
volume, fiber length and PCSA. Adding these architectural parameters in the elaboration
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of those models may help us to accurately assemble subject-specific simulations to study
human movement. This combination of advanced imaging techniques with computation
methods will allow for the creation of more individualized models, and subsequently,
estimation of muscle forces during specific movement patterns.

5. Conclusions

This study indicated that DTI is a viable non-invasive tool for assessing muscle
architecture, specifically muscle volume, fiber length, PCSA and pennation angle. Muscle
architecture has a considerable influence on the mechanical properties of the muscle–tendon
complex, thus being crucial in force production. The use of imaging techniques, such as
DTI, is an important advance in the study of human muscle architecture, promoting the
integration of subject-specific parameters into musculoskeletal models as a replacement for
cadaveric-based data. Regarding the use of DTI immediately after exercise, care should be
taken because by increasing the acquisition time, the effect of the exercise may be partially
lost during the scan.
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