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Muscle architecture parameters, such as the fascicle length, pennation angle, and volume, are important muscle
morphology characteristics. Accurate in vivo quantification of these parameters allows to detect changes due to
pathologies, interventions, and rehabilitation trainings, which ultimately impact on muscles’ force-producing
capacity. In this study, we compared three-dimensional (3D) muscle architecture parameters of the tibialis
anterior and gastrocnemius medialis, which were quantified by 3D freehand ultrasound (3DfUS) and a magnetic
resonance imaging (MRI) technique, diffusion tensor imaging (DTI), respectively. Sixteen able-bodied subjects
were recruited where seven of them received both 3DfUS and MRI measurement, while the rest underwent 3DfUS
measurements twice. Good to excellent intra-rater reliability and inter-session repeatability were found in 3DfUS
measurements (intra-class correlation coefficient > 0.81). Overall, the two imaging modalities yielded consistent
measurements of the fascicle length, pennation angle, and volume with mean differences smaller than 2.9 mm,
1.8°, and 5.7 cm®, respectively. The only significant difference was found in the pennation angle of the tibialis
anterior, although the discrepancy was small. Our study demonstrated, for the first time, that 3DfUS measure-
ment had high reliability and repeatability for measurement of muscle architecture in vivo and could be regarded

as an alternative to MRI for 3D evaluation of muscle morphology.

1. Introduction

Three-dimensional muscle morphological parameters such as the
fascicle length (FL), pennation angle (PA), and muscle volume influence
the intrinsic properties of a skeletal muscle, thus impacting the muscle’s
force-producing capacity (Fukunaga et al., 2001). Muscle architecture
might change for various reasons, including pathological conditions. For
example, shorter FLs of the biceps and triceps were found in the paretic
arm in individuals with post-stroke hemiparesis, which may lead to a
limited range of motion in the elbow joint (Nelson et al., 2018). In
children with cerebral palsy, muscle volume was significantly correlated
with isometric peak torque and joint work (Reid et al., 2015). These
morphological parameters are also important parameters for musculo-
skeletal modelling to estimate individual muscle force and activation
level during motion (Charles et al., 2020, Delabastita et al., 2020). More
accurate isometric force and ankle torque prediction were achieved in

an EMG-driven Hill-type muscle model when using personalized muscle
parameters based on ultrasound measurement (De Oliveira and Mene-
galdo, 2010). Thus, reliable in vivo measurement of the skeletal muscle
architecture yields essential insights into muscle functions.
Two-dimensional (2D) brightness-mode (B-mode) ultrasound imag-
ing is a widely used technique to measure skeletal muscle architecture in
vivo due to several advantages such as being radiation-free, good
accessibility, low cost, and good temporal resolution. When measuring
muscle FL and PA using 2D ultrasound imaging, clear guidelines should
be followed to ensure repeatable measurements, for example standard-
izing measurement location and probe orientation (Klimstra et al.,
2007). Within these guidelines, the start and end points of the fascicle
should also be clearly visible. Yet, in experimental practice, the fascicles
may not be entirely visible due to a limited field-of-view (FOV). Linear
trigonometry is often used to estimate the length of the fascicle that is
outside the FOV (Brennan et al., 2017). For PA measurement, the
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ultrasound transducer should be well aligned, with the image plane
perpendicular to the deep aponeurosis or in a position where the image
quality is optimized (Padhiar et al., 2008). However, misalignment often
happens in practice and results in errors in both FL and PA (Bolsterlee
et al.,, 2016). In addition, muscle volume cannot be acquired directly
using 2D ultrasound imaging. These factors may limit the application of
2D B-mode ultrasound in muscle architecture quantification.

To overcome the limited FOV of 2D ultrasound, three-dimensional
freehand ultrasound (3DfUS) was proposed and has been applied
widely in muscle biomechanics research (Barber et al., 2009, Cenni
et al., 2018a, Hanssen et al., 2021). 3DfUS combines 2D B-mode ultra-
sound with a tracking system, such as a 3D optical motion capture sys-
tem, to identify the positions and orientations of the ultrasound images
in a 3D volume (Prager et al., 2002, Cenni et al., 2016). Rana et al.
validated the 3D fascicle orientation measurement method using a
physical phantom and found that the mean error was less than 0.5° in
each plane (Rana and Wakeling, 2011). Skeletal muscle volume esti-
mated based on 3DfUS has been proven to be valid and reliable (Barber
et al., 2009). However, no previous study has evaluated the reliability of
3DfUS in muscle FL or PA quantification in vivo.

Magnetic resonance imaging (MRI) is another imaging modality that
features higher spatial resolution and bigger FOV than ultrasonography.
It is considered as the “gold standard” of in vivo muscle volume mea-
surement (Mitsiopoulos et al., 1998, Holzbaur et al., 2007). To further
quantify muscle FL and PA, one MRI technique, diffusion tensor imaging
(DTI) was introduced. In DTI measurement, the diffusion directions of
water molecules are tracked, while water molecules tend to diffuse
along the long axis of the fascicles (Le Bihan et al., 2001, Oudeman et al.,
2016). Therefore, the fascicles can be reconstructed according to the
primary diffusion directions in the skeletal muscles. This method was
validated in a rat model (Damon et al., 2002) and through microdis-
section in human skeletal muscle (Bolsterlee et al., 2019). DTI-based
measurement has been used to study FL and PA of different human
muscles in both healthy and pathological populations (Bolsterlee et al.,
2015, D’Souza et al., 2019, Rehmann et al., 2020, Takahashi et al.,
2022). In our previous study, the DTI-based method was shown to be a
better approach than 2D ultrasound in the quantification of muscle ar-
chitecture parameters in post-stroke survivors (Korting et al., 2019).
However, the DTI-based approach identifies fascicles using tractography
and does not directly image the fascicles. Furthermore, the DTI-based
method is resource-intensive with limited accessibility compared to ul-
trasonography. Alternatively, 3DfUS has the potential as an accessibly
direct method for the measurement of 3D muscle architecture in vivo.
Nevertheless, the repeatability and reliability of 3DfUS have not been
systematically evaluated.

The objectives of the study were two-fold. The first objective was to
evaluate the intra-rater reliability and inter-session repeatability of
3DfUS measurement in quantifying the muscle morphological parame-
ters (FL, PA, and volume) in two major ankle muscles: the tibialis
anterior (TA) and gastrocnemius medialis (GM). The second objective
was to compare 3DfUS measurement on these muscle parameters to MRI
measurement. We hypothesized that there is no significant difference
between 3DfUS-based and MRI-based methods in measuring FL, PA, and
volume.

2. Materials and methods
2.1. Subjects and experimental design

The study included 16 able-bodied subjects (9 males and 7 females,
age 43.8 £+ 12.6 years, height 171.6 £+ 12.3 cm, weight 73.3 + 11.5 kg).
The subjects were divided into two groups. Group A included 7 subjects
(4 males and 3 females) who underwent both MRI and 3DfUS mea-
surements on a randomized side of the legs. Group B consisted of the
remaining 9 subjects and underwent only 3DfUS measurements, but
twice with a one-week interval on the dominant side. In both 3DfUS and
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MRI measurements, the subjects were kept in the same joint alignment
in a supine position with the thigh relaxing on a wedge and the foot fixed
on an MR-compatible foot support (Fig. 1). All subjects participated
voluntarily and gave informed written consent before participation. The
study was approved by the Swedish Ethical Review Authority (No.
2016/286-32).

2.2. 3DfUS measurements and data processing

B-mode ultrasound images were recorded at 33 Hz using a 38-mm-
wide linear transducer (M9, Mindray, Shenzhen, China). A 10-camera
optical motion capture system (V16, Vicon, Oxford, UK) was used to
track the positions of four reflective markers that were rigidly fixed on
the ultrasound transducer. A synchronization device made with piezo
crystal was used to trigger the record of the motion capture system while
simultaneously sending sound waves to the ultrasound transducer,
leading to a visible artifact on the ultrasound image (Weide et al., 2017).
Spatial and temporal calibration of the 3DfUS system was performed
prior to data acquisition based on a previous study (Cenni et al., 2016).
During measurement, a stack of 2D B-mode ultrasound images in the
transverse plane of the muscle was acquired by manually moving the
ultrasound transducer along the long axis of the target muscle at a stable
speed (approximately 1 cm/s). All measurements were performed by
one examiner (Z.W.). In each trial, two to three overlapped parallel
sweeps were needed to cover the whole muscle. A generous amount of
acoustic gel was used to reduce muscle deformation as much as possible.
Ultrasound settings such as the gain, depth, and focal depth were opti-
mized for better visualization of muscle borders. An open-source python
library (https://gitlab.com/u0078867/py3dfreehandus) was used to
process the ultrasound images and motion capture data (Cenni et al.,
2016). A 3D image volume was reconstructed by allocating the 2D im-
ages in a 3D space with a spatial resolution of 0.2 mm in the transverse
plane and 0.5 mm along the sagittal axis (Fig. 2A).

The TA and GM were manually segmented using 3D Slicer
(https://www.slicer.org) (Fedorov et al., 2012) and muscle volume was
calculated using the surface model generated from the manual seg-
mentation. For FL and PA identification, the sweep covering the central
portion of the muscle cross-sectional area was selected from all sweeps
of a scan. The plane for fascicle digitization was manually selected as
follows. The mid-longitudinal plane of the imaged muscle was first
identified and then tilted manually until the aponeurosis and fascicles
were clearly visible. The start and end points of 10 fascicles from the
distal to the proximal parts of the muscle were manually digitized, and
the distances between the two points were defined as FLs. For PA, the
angles between the selected fascicle and the deep/superficial aponeu-
rosis were measured. The deep and superficial PAs were averaged and
were reported as the PA of the muscle (Fig. 2B). As the TA has a bi-
pennated architecture, the same procedure was repeated for each sub-
compartment of the muscle (Fig. 2B).

2.3. MRI protocol and fascicle reconstruction

All subjects in Group A were scanned using a 3.0-Tesla MRI scanner
(Prisma Fit, Siemens, Erlangen, Germany). T1-weighted images were
acquired using a Turbo-Spin-Echo sequence with the following settings:
TR/TE 605/23 ms, FOV 430 mm, acquisition matrix 512 x 299, voxel
size 0.84 x 0.84 x 5 mm®, and scan time 101 s. The DTI images were
acquired using an Echo-Planar-Imaging sequence with the following
settings: TR/TE 6100/63 ms, FOV 350 mm, acquisition matrix 140 x
140, voxel size 2.5 x 2.5 x 2.5 mm?, 20 DTI gradient directions, number
of signal averages 4, b = 500 s/mm? (B0 image with b = 0 s/mm?, with 2
signal averages), and scan time 520 s.

The processes of fascicle reconstructions were modified based on our
previous study (Korting et al., 2019). Briefly, the muscle was first
manually segmented based on the T1-weighted images and a 3D mesh
surface model was generated (Fig. 3A). The muscle volume was
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Fig. 1. Illustration of subject positioning for both 3DfUS and MRI measurements.

Fig. 2. (A) A sample of the reconstructed 3DfUS images of TA and the segmented surface model of TA. (B) Illustration of FL and PA measurement in 3DfUS of TA. Ten
fascicles were manually selected in the mid-longitudinal plane where fascicles were clearly visible and intact. The FL of this muscle was defined as the mean length of
these ten fascicles. Both superficial and deep PAs were measured. The PA of this muscle was defined as the mean value of all superficial and deep PAs. (C) Illustration
of intra-rater reliability on the agreement of 3DfUS measurement with different number of digitized fascicles.
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Fig. 3. Overview of muscle FL and PA measurement in MRI and DTI. (A) Muscle segmentation with the transverse view of one T1-weighted MR image. (B) 3D Muscle

fibre reconstruction of GM and TA based on DTI data.

calculated directly from the surface model. Then, the tractography was
performed in DSI studio (Yeh et al., 2013) to generate 1000 fibre tracts
in the whole muscle, and each fibre tract was fitted with a 3D third-order
polynomial curve. The curve was extended at each endpoint to the
muscle surface along the slope of each endpoint. The FL was defined as
the length of the extended fibre curve. The PA was defined as 90°minus
the median angle between the fibre and the normal vectors of all meshes
of the surface model within a search radius of 1.5 mm around the
endpoint (Fig. 3B) (Bolsterlee et al., 2019). The reported FL was calcu-
lated as the mean length of 1000 fibres in each muscle, and PA was
reported as the average of the deep and superficial PAs.

2.4. Data analysis

The mean, standard deviation (SD), and coefficient of variation (CV)
of the 3DfUS measurement on muscle FL, PA, and volume were calcu-
lated. The intra-rater reliability of 3DfUS-based muscle morphological
parameters quantification was evaluated in Group A, and the inter-
session repeatability was evaluated in Group B. In particular, two as-
pects of the intra-rater reliability in FL and PA quantification were
determined. The first aspect was the agreement of the manual post-
processing procedures (selection of the fascicle plane and digitization
of fascicles) performed two weeks apart by one processer. The second
aspect was the agreement of 3DfUS measurement when different
numbers of digitized fascicles (three, five, and ten digitized fascicles)
were selected (Fig. 2C). The inter-session repeatability was defined as
the agreement of 3DfUS measurement of muscle FL, PA, and volume for
two different acquisitions. The intra-class correlation coefficient (ICC),
standard error of measurement (SEM), and minimal detectable change
(MDC) were used to evaluate the intra-rater reliability and inter-session
repeatability of 3DfUS measurements (Weir, 2005). As a rule of thumb,
the ICC above 0.9 was interpreted as excellent, and between 0.75 and
0.9 as good agreement (Koo and Li, 2016).

The mean differences between 3DfUS and MRI measurement on the
muscle morphological parameters (FL, PA, and volume) were calculated.
All differences were calculated as muscle parameters from 3DfUS minus
MRI. The agreement of parameters identified by two methods was
evaluated using the limits of agreement (LoA) approach (Bland and
Altman, 1986). Furthermore, a paired t-test was used to investigate the
differences of the muscle parameters identified by two methods. The
statistical analysis was performed using SPSS 28.0 (SPSS Inc., Chicago,
IL, USA). The significance level was set at 0.05.

3. Results

Good to excellent intra-rater reliability was observed in 3DfUS
measurement on FL and PA in both TA and GM (Tables 1 and 2).
Consistent estimations were found in both muscles when the same
processor performed the manual post-processing at two different occa-
sions. ICC were found higher than 0.90 and SEM were lower than 1.0
mm and 1.0° in FL and PA (Table 1). Digitizing different numbers of
fascicles were also found having a negligible impact on the parameter
estimation, where ICC were higher than 0.80 and SEM lower than 1.0
mm and 1.0° in both muscles (Table 2). The inter-session repeatability
analysis revealed good to excellent agreement in FL, PA, and volume
between two acquisitions (Table 3) with MDC lower than 1.0 mm, 1.0°,
and 1.0 cm?, respectively.

When using 3DfUS, the volumes of the TA and GM were under-
estimated by 3.7 cm® (p = 0.179) and 5.7 cm® (p = 0.147) compared to
MRI measurement (Fig. 4 and Table 4). Furthermore, the FLs of the TA
and GM were overestimated by 2.9 mm (p = 0.054) and 2.7 mm (p =
0.054), respectively (Fig. 5 and Table 4). These differences were not
statistically significant. Compared to MRI-based measurement, a
significantly larger PA was observed in the TA (p = 0.019) by 3DfUS, but
no statistically significant difference was found in the GM (p = 0.444)
(Fig. 6 and Table 4).

4. Discussion

This study evaluated the intra-rater reliability and inter-session
repeatability of muscle FL, PA, and volume estimation using 3DfUS
and compared them with parameters obtained using MRI in able-bodied
subjects. 3DfUS measurements showed good to excellent intra-rater
reliability and inter-session repeatability. Compared to MRI, no signifi-
cant difference was observed in almost all muscle parameters in the TA
and GM. Among the three parameters, the volume was the most accu-
rately measured parameter using 3DfUS. To the best of our knowledge,
this study is the first to compare 3DfUS and MRI measurements of
muscle FL, PA, and volume in able-bodied subjects.

Most 3DfUS post-processing procedures are conducted manually and
consist of several steps including muscle segmentation, fascicle plane
selection, and fascicles digitization. To ensure the validity of the appli-
cation, we evaluated the performance of 3DfUS with respect to intra-
rater reliability and inter-session repeatability. Excellent inter-session
repeatability was found in volume measurement, which was in line
with a previous study of 3DfUS in a clinical application (Cenni et al.,
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Table 1
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Intra-rater reliability: the agreement of the manual post-processing procedures (selection of the fascicle plane and digitization of fascicles) performed two weeks apart

by one processer.

Muscle Parameter Processing 1 Processing 2 ICC SEM MDC
Mean + SD cv Mean £ SD cv
TA FL 41.5 + 11.9 mm 0.29 40.2 £ 12.2 mm 0.30 0.99 0.2 mm 0.5 mm
PA 15.2 £ 3.0° 0.20 15.2 +£2.4° 0.16 0.90 0.3° 0.9°
GM FL 41.6 = 7.4 mm 0.18 39.8 £ 7.7 mm 0.19 0.93 0.8 mm 2.1 mm
PA 18.7 £ 3.8° 0.20 17.2 +£3.7° 0.21 0.90 0.3° 0.8°

SD: stand deviation, CV: coefficient of variation, ICC: intra-class correlation coefficient, SEM: standard error of measurement, MDC: minimal detectable change, TA:
tibialis anterior, GM: gastrocnemius medialis, FL: fascicle length, PA: pennation angle.

Table 2

Intra-rater reliability: the agreement of 3DfUS measurement with different number of digitized fascicles.

Muscle  Parameter  Three fascicles Five fascicles Ten fascicles ICC SEM MDC
Mean + SD cv Mean + SD Ccv Mean + SD Ccv 3vs 3vs S5vs 3vs5 3vs S5vs 3vs5 3vs 5vs
5 10 10 10 10 10 10
TA FL 40.7 + 0.31 40.9 + 0.30 415+ 0.29  0.99 0.99 0.98 0.1 0.2 0.3 0.2 0.6 0.9
12.7 mm 12.3 mm 11.9 mm mm mm mm mm mm mm
PA 14.8 £ 0.20 15.1 £ 0.15 15.2 + 0.20 0.92 0.99 0.89 0.3° 0.0° 0.4° 0.9° 0.1° 1.2°
3.0° 2.3° 3.0°
GM FL 39.7+7.3 0.18 39.8+6.8 017 41.6+7.4 0.18 0.99 0.96 0.94 0.1 0.2 0.4 0.3 0.5 1.1
mm mm mm mm mm mm mm mm mm
PA 18.0 £ 0.21 18.7 + 0.19 18.7 £ 0.20  0.96 0.98 0.96 0.2° 0.0° 0.2° 0.5° 0.1° 0.6°
3.9° 3.5° 3.8°

SD: stand deviation, CV: coefficient of variation, ICC: intra-class correlation coefficient, SEM: standard error of measurement, MDC: minimal detectable change, TA:
tibialis anterior, GM: gastrocnemius medialis, FL: fascicle length, PA: pennation angle.

Table 3
Inter-session repeatability: the agreement of 3DfUS measurement of muscle FL, PA, and volume for two different acquisition sessions.
Muscle Parameter Session 1 Session 2 1CC SEM MDC
Mean + SD Ccv Mean + SD Ccv
TA FL 39.0 £+ 8.3 mm 0.21 37.7 £ 8.1 mm 0.21 0.99 0.0 mm 0.1 mm
PA 15.4 £ 2.2° 0.14 13.9 £ 2.1° 0.15 0.81 0.1° 0.4°
Volume 122.4 + 30.6 cm® 0.25 115.1 + 31.8 cm® 0.28 0.97 0.3 cm® 0.8 cm®
GM FL 42.5 + 5.5 mm 0.13 40.9 + 5.4 mm 0.13 0.95 0.1 mm 0.2 mm
PA 18.4 + 2.4° 0.13 17.3 + 2.5° 0.14 0.90 0.0° 0.1°
Volume 226.3 + 47.8 cm® 0.21 218.7 + 48.3 cm® 0.22 0.99 0.1 em® 0.4 cm®

SD: stand deviation, CV: coefficient of variation, ICC: intra-class correlation coefficient, SEM: standard error of measurement, MDC: minimal detectable change, TA:
tibialis anterior, GM: gastrocnemius medialis, FL: fascicle length, PA: pennation angle.

2018a). The authors found excellent inter-session and inter-processer
reliability in volume measurement for both children with spastic cere-
bral palsy and typically developed controls. Both studies have demon-
strated the robustness of manual muscle segmentation. Fascicle plane
selection is another step that may introduce errors in estimating FL and
PA. By manually adjusting the tilting angle of the mid-longitudinal
plane, a plane where the fascicles were most clearly visible was
selected in our 3DfUS processing protocol. This procedure can be
considered an analogy to tilting the ultrasound probe in 2D ultrasound
measurement and was found repeatable indicated by the high ICC and
low MDC values. In addition, digitizing different numbers of fascicles
was found to have an ignorable influence on the FL and PA measure-
ment, most likely because we digitized the fascicles located in mainly
the muscle belly region. A previous study has reported that high varia-
tion in FLs existed between different regions within the same muscle
according to DTI measurement (Aeles et al., 2022). However, due to the
relatively poor ultrasound image quality in the distal and proximal ends
of the muscle, we were not able to evaluate the regional FL differences
within the same muscle using 3DfUS. Overall, our analysis demonstrated

high intra-rater reliability and inter-session repeatability in 3DfUS
measurement of muscle morphological parameters. These results indi-
cated that 3DfUS could be a valuable tool for both cross-sectional and
longitudinal assessment of muscle morphology in both healthy and
pathological conditions.

3DfUS and MRI yielded highly comparable muscle FL and volume
quantification in both the TA and GM. The results from LoA analysis
showed that all the data points in the Bland-Altman plots were within
the lower and upper LoA, suggesting no consistent bias of 3DfUS versus
MRI measurement. Muscle volume was the most accurately measured
parameter with a mean difference of —3.7 cm® and —5.7 cm® in the TA
and GM. Muscle volume was regarded as a major determinant of joint
torques (Fukunaga et al., 2001), and was correlated to maximum force-
generating capacity (Knarr et al., 2013) and joint range of motion (Suga
et al., 2021). MRI is regarded as a “gold standard” for in vivo measure-
ment of muscle volume. Our finding was in line with an early study
applying 3DfUS in muscle morphology measurements (Barber et al.,
2009). Nevertheless, compared to MRI, we found muscle volume was
slightly underestimated, which could have been due to the possibility of
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Fig. 4. Scatter plots of volume quantified by 3DfUS and DTI measurement in TA and GM (left column). In the scatter plots, the diagonal line illustrates the line of
perfect agreement. Bland-Altman plots (right column) illustrate the difference in volume quantification by 3DfUS and DTI (3DfUS — DTI) versus mean measurement
by two methods. The horizontal lines in the Bland-Altman plots correspond to mean difference and the upper and lower 95% limits of agreement.

Table 4

Comparison 3DfUS and MRI measurement of muscle morphological parameters
(FL, PA, and volume) of TA and GM. The values were represented as mean +
standard deviation.

Muscle  Parameter 3DfUS MRI Difference 95% CI
TA FL (mm) 415 + 38.5 + 2.9+33 [-3.5,9.3]
11.9 13.7

PA (°) * 1524+3.0 133+22 1.8+15 [-1.2, 4.8]
Volume 124.4 + 128.1 + -37+ [-16.4,
(em®) 22.9 19.4 6.5 8.9]

GM FL (mm) 416+7.4 39.0+£9.0 27+3.0 [-3.1, 8.5]
PA (°) 18.7+3.8 184+33 0.4+1.1 [-1.9, 2.6]
Volume 227.4 + 233.1 + —5.7 + [—23.4,
(cm®) 64.8 66.3 9.0 12.0]

" p < 0.05.

the muscle not being fully covered in 3DfUS scanning. Apart from
muscle volume, muscle FL and PA were also key factors influencing
muscle force generation. The comparison of 3DfUS and DTI on muscle FL
and PA estimation was therefore performed, though it should be kept in

mind that there is no consensus on the “gold standard” of muscle FL and
PA measurement in vivo. In this study, the mean difference in muscle FL
estimation was less than 3.0 mm between 3DfUS and DTI (Table 2),
which was similar to a previous comparison between 2D ultrasound and
DTI. However, the variance of the FL difference between 2D ultrasound
and DTI was reported more than 10 mm (Bolsterlee et al., 2015), sug-
gesting that 3DfUS may be a more reliable method in muscle FL quan-
tification. When measuring FL in 2D ultrasound, the ultrasound
transducer should be oriented in an optimized position where the end-
points of the fascicle lie in the image and the transducer is perpendicular
to the aponeurosis. Misalignment of the transducer could lead to errors
in FL with more than 0.4 mm per degree of misalignment (Bolsterlee
et al., 2016). Dual-transducer approaches were proposed to improve the
limited FOV in 2D ultrasound (Brennan et al., 2017), but unequal
compression of the two transducers on the skin might introduce extra
errors. 3DfUS overcomes these limitations and requires no particular
caution about the transducer’s orientation, though additional time in
training, data collection, and processing are needed to achieve a reliable
3DfUS measurement. Regarding PA measurement, although significant
between-methods differences were found in PA of the TA, the discrep-
ancy was small (1.84°). No direct comparison study between DTI and
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of perfect agreement. Bland-Altman plots (right column) illustrate the difference in fascicle length quantification by 3DfUS and DTI (3DfUS - DTI) versus mean

measurement by two methods. The horizontal lines in the Bland-Altman plots corre:

3DfUS measurement in able-bodied subjects was found. In our previous
study, significantly different PA was found in the TA when comparing
2D ultrasound and DTI in post-stroke individuals (median difference
25.4°) (Korting et al., 2019). There were several reasons for this, such as
muscle deformation caused by transducer compression and rheological
property changes in the spastic muscle after stroke. Due to the unclear
between-compartment border in the MRI, we did not divide TA into
superficial and deep compartments. Further studies analyzing the two
sub-compartments separately in 3DfUS may improve the PA measure-
ment. Overall, compared to 2D ultrasound, 3DfUS provided a more
precise and reliable approach to quantifying muscle FL, PA, and volume
in vivo.

There were several limitations in this study. The sample size of this
study was small (7 and 9 in group A and B) due to the challenges in
subjects’ recruitment and the extensive measurement protocol. During
fascicle digitalization in 3DfUS, it was challenging to find a proper mid-
longitudinal plane that visualizes all the intact fascicles passing through
the same plane. FL was calculated as the Euclidean distance between the
two endpoints in 3DfUS. This is still an acceptable approximation in
passive conditions, but fascicles should be outlined as curves. Further

spond to mean difference and the upper and lower 95% limits of agreement.

developments on tracking the fascicles as curves in 3DfUS images are
needed. An automatic fascicle tracking approach using deep learning
was proposed for 2D ultrasound (Cronin et al., 2020), which could
potentially be expanded to track fascicles in 3DfUS images. In addition,
the muscle architecture parameters might change due to the deforma-
tion induced by transducer compression, even though a generous
amount of acoustic gel was used. To minimize muscle deformation, a gel
pad was proposed to place between the transducer and skin, reducing
muscle deformation by 46% in typically developed children (Cenni
et al., 2018b). However, this approach sacrifices the imaging depth,
which limited its broader application in adults, especially in some
populations with more subcutaneous fat.

In conclusion, this study demonstrated that 3DfUS can reliably
quantify muscle FL, PA, and volume in able-bodied subjects. 3DfUS
measurement achieved good to excellent intra-rater reliability and inter-
session repeatability. Compared to MRI measurement, 3DfUS had errors
within 2.9 mm for FL, 1.8° for PA, and 5.7 cm® for volume. Compared to
other imaging modalities, ultrasound imaging has the advantages of
low-cost, good accessibility, and portability. Thus, researchers may
consider 3DfUS as an alternative to MRI for muscle morphological
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