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Abstract: Dynamic imaging of the skeletal muscles used to be strenuous and often impossible to
perform manually. Accordingly, long-term dynamic musculoskeletal imaging has not been performed.
The feasibility of long-term dynamic musculoskeletal functional analysis using hands-free ultrasound
will be demonstrated in ten healthy endurance runners. After every kilometer, the vastus lateralis
muscle was imaged whilst running using a fixated probe connected to a smart phone. The image
quality was quantified by estimation of the probe-skin contact preservation and the field-of-view
stability. Moreover, the pennation angles and muscle thicknesses were computed automatically. Long-
term dynamic acquisition was successful in nine out of ten runners. Probe-skin contact loss ranged
between 0 and 57% of the gait cycle. The biggest change in field-of-view occurred during the first
kilometer with an average decline in complex-wavelet structural similarity index of 0.21, followed
by an onward total decrease of 0.09, on average. The mean pennation angle and thickness were
approximately constant, with the average fluctuation being 0.94 degrees and 0.11 cm, respectively.
The feasibility of long-term musculoskeletal function analysis has been demonstrated, with probe-
skin contact loss the main limiting factor. Dynamic, hands-free ultrasound might enable research for
a more profound insight in the prevention and rehabilitation of musculoskeletal injuries.

Keywords: musculoskeletal; dynamic ultrasound; vastus lateralis; hands-free ultrasound; marathon;
endurance running; field-of-view stability; pennation angle; muscle thickness

1. Introduction

Musculoskeletal disorders affect 25% of the world population inducing prolonged
inactivity and limiting daily activities, resulting in physical disabilities, poor quality of
life, high economic costs, and a decreased labor capacity [1,2]. The pathophysiology of
numerous musculoskeletal disorders is still poorly understood, and they are hard to predict
and prevent [3,4]. Moreover, understanding of musculoskeletal injury mechanisms and
patterns may aid in diagnosis and injury prevention.

In athletes, risks of injury were observed to be associated with fatigue, weakness,
previous injuries, and an imbalance between agonist and antagonist muscles [5]. Most
injuries arise during movements across two joints [6]. Moreover, eccentric contractions are
associated with a greater risk of injury [5,7]. Musculoskeletal disorders frequently lead to
alterations in gait, resulting in secondary injuries. For the prevention of injuries becoming
chronic, it is important to prevent repetition of trauma and to ensure full recovery prior
to maximal loading of the previously injured muscle [5]. In some cases, symptoms only
show during exercise, due to motion related changes (e.g., muscle/tissue swelling, fatigue,
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friction, impact forces). Dynamic assessment of muscle architectural and mechanical
parameters might attribute in the diagnosis of muscle-related impairments. Additionally,
dynamic evaluation might provide more information on the origin and possible prevention
of the musculoskeletal disorders caused by exercise, atrophy, disease, and aging [8].

In the clinic, physical examination is used for muscle and joint function quantification
(e.g., strength, range of motion) [9–11]. Electrical activation of the muscles is investigated
using electromyography [12–14]. Joint kinetics and kinematics can be measured using
3-D motion capture systems and ground force plates [15–17]. However, to obtain a more
profound and realistic understanding of muscle function in dynamic conditions, imaging
of the muscle whilst performing exercise would be promising.

Ultrasound is generally the most suitable imaging modality in the musculoskeletal
system. The benefits of ultrasound include a high spatial and temporal resolution, useful for
detection of anatomical structures and motion analysis, respectively. Moreover, ultrasound
is economical, cheap, non-invasive, safe for both the examiner and the subject, portable,
and has a relatively short acquisition procedure.

In musculoskeletal ultrasound, the muscle architecture can be shown, including the
aponeuroses and muscle fascicles. The architectural muscle parameters that can be analyzed
using ultrasound contain pennation angles, fascia lengths, and muscle thickness [18–20].
Dynamically assessed parameters include contraction velocity, strain, stiffness during
muscle contractions, and fascia length in relation to exerted force [4,21]. Furthermore,
the echo intensity of the muscle area might expose neurological disorders or is an indication
of muscle acidification [22]. Structures adhering to the muscle (e.g., tendons and its fibers,
cartilage, bursa, bones) can also be visualized with high quality [23,24].

Dynamic imaging of the skeletal muscles is strenuous and often impossible to perform
manually, since the transducer has to be held in a fixed position. Manual acquisitions might
be feasible during low intensity exercise, though the musculoskeletal function parameters
are likely to vary between different exercise intensity levels. In static interval measurements,
the imaging plane is difficult to reproduce. Out-of-plane motion as a consequence of an
unstable field-of-view renders measurements, such as Doppler velocity imaging and strain,
impossible. A constant field-of-view is crucial for accurate estimation of muscle tissue
parameters [25].

Fixation of the transducer enables dynamic imaging, and has been shown to overcome
part of the limitations associated with manual acquisitions. Probe fixation has been shown
to yield improved or similar field-of-view stability and repeatability of ultrasound acqui-
sitions [18,26,27]. Additionally, probe fixation has shown to decline shoulder abduction
and forearm muscle activation of sonographers without influencing the acquisition time
in echocardiography [28]. A demonstration of short-term probe fixation during a few
minutes of cycling exercise was already presented [18]. However, the feasibility of dynamic
musculoskeletal ultrasound acquisitions during long-term (running) exercise still has to
be demonstrated.

In this study, the feasibility of obtaining dynamic ultrasound acquisitions and eval-
uating the skeletal muscle function is investigated in ten endurance runners. To the best
of our knowledge, no hands-free, outdoor, long distance, ultrasound acquisitions have
been obtained previously. In endurance running, the risk of probe displacement due to
external factors (e.g., other participants, attributes, the ground) is minimal. Additionally,
in endurance running, the exercise performed is fairly invariable, implying deviations in
functional measurements are most likely caused by probe dislocation or detachment [29,30].
The objectives of this study were to quantitatively analyze the image quality and demon-
strate the possibility of functional parameter computation from ultrasound images obtained
hands-free during endurance exercise. The image quality was assessed by estimation of
maintained probe-skin contact, and field-of-view stability analysis using the complex-
wavelet structural similarity index method (CW-SSIM). Potential probe-skin contact loss
was expected to occur due to sweating, or slight probe fixation device shifts. The field-
of-view was hypothesized to stay constant, based on a previous study executed during a
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couple of minutes of cycling exercise [18]. Furthermore, the functional measurements were
expected to remain constant over time and distance ran, since this study was performed
during endurance exercise. The pennation angle and muscle thickness have shown to
remain constant when measured prior and post endurance running [29–31].

2. Materials and Methods
2.1. Participants

Nine healthy trained endurance runners were asked to participate in this study,
of which two subject participated twice. The volunteers consisted of five males and
four females between the age of 25 and 35 with no musculoskeletal injuries or known
cardiovascular abnormalities. Unfortunately, one of the female runners was excluded
from the study, since the fixated probe lost contact after running three kilometers. All
runners were already enrolled in a professionally organized endurance running event prior
to recruitment.

The local Medical Ethics Committee of the Máxima Medical Centre, Veldhoven, The
Netherlands waived ethical approval (N18.124, 12 October 2018, and N19.076, 16 September
2019). In 2017, the study involved measurements with CE marked devices on endurance
runners, who were not specifically asked to participate in a professionally organized
endurance running event for this study, and all gave their written informed consent for the
ultrasound measurements during the endurance running event. For that purpose, protocol
evaluation by a local Medical Ethics Committee was not considered standard practice at
the time, which encompasses three volunteers. All volunteers provided written consent.
The procedures were carried out in accordance with the Declaration of Helsinki.

2.2. Acquisition Protocols and Equipment

A portable, broadband linear array transducer (Lumify L12-4, Philips Ultrasound Inc.,
Bothell, WA, USA) with ultrasonic gel (Aquasonic 100 Ultrasonic Gel, Parker Laboratories,
Inc., Fairfield, NJ, USA) was embedded in a fixation device (ProbeFix Dynamic, USONO,
Eindhoven, The Netherlands), which was attached to the right leg of the participant
(Figure 1, left). The imaging plane encompassed the belly of the vastus lateralis muscle
in the longitudinal cross section. The transducer was connected to a smartphone, which
was attached to the right upper arm of the participants. Nine of the participants engaged
in half a Marathon (21 km) and one participant ran 10 km during another professionally
organized event.

After approximately every kilometer, the participants acquired ten seconds of con-
ventional 2-D ultrasound images using the Lumify ultrasound application on their smart
phone, whilst running. These interval acquisitions were repeated until complete battery
depletion occurred, or the finish line was reached. Acquisitions were started after the
first kilometer to account for possible probe shifts whilst initiating exercise. The B-mode
ultrasound images were acquired at a frame rate of 24 to 30 Hz and with imaging depths
between 3.5 and 6.0 cm. The musculoskeletal, vascular, and lung presets were used in
volunteers 1 and 2, 3, and 4–10, respectively. The different presets were employed to deter-
mine the optimal image setting for dynamic acquisitions. In the volunteers, the imaging
parameters were kept constant as long as probe-skin contact was still preserved during
part of the gait cycle.

2.3. Data Analysis

The ultrasound data were transferred to an external computer in DICOM format.
These DICOM files were analyzed by algorithms implemented in MATLAB (MATLAB
2018b, MathWorks, Natick, MA, USA).
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Figure 1. Experimental set-up of the endurance runners. (Left) The transducer is fixated onto the upper leg to image the
belly of the vastus lateralis muscle in the longitudinal direction. The transducer is connected to a mobile phone, which
is attached to the upper arm of the volunteer. (Right) A representative ultrasound image obtained at the 5th km of all
included volunteers.

2.3.1. Image Decomposition

For the structural similarity analysis, and the detection of aponeuroses and muscle
fascicles (Figure 2), the ultrasound images were decomposed using a steerable, oriented
pyramid employing complex and oriented wavelets [32]. The oriented wavelets were
created by successive application of low and high pass filters, and a mask selecting only a
specific orientation range of the resulting bandpass filter. Additionally, complex instead of
real wavelets were employed, since most structure information is provided by the relative
phase patterns of the wavelet coefficients [33].

In this study, the frequency spectra of the ultrasound images were separated using
maximally six decomposition levels. The detail images resulting from this decomposition
contained image structures of an increasing size range with increasing decomposition level
(Table 1). Orientation zero of the wavelets was defined as 0 rad, which was parallel to
the ultrasound beam, and was incrementally increased with π

n rad, with n the number of
chosen orientations.

Table 1. Full width at half maximum ranges of the bandpass filters in the spatial domain. The pixel
sizes of the acquisitions ranged between 0.07 and 0.15 mm.

Decomposition Level Bandpass Filter Size Range (Pixels)

1 1.5–2.6

2 3.0–5.3

3 5.8–10.4

4 11.4–20.2

5 21.6–38.9

6 41.7–73.0
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Figure 2. The workflow of the muscle architecture detection. (1) The original image (2) is decomposed into five oriented
detail images with four orientations. Level 2–4 and level 5 are used for fascicles and aponeuroses detection, respectively.
For both, the structure orientation perpendicular to the ultrasound beam is used. (3) Subsequently, a threshold is applied
to the detail images of the aponeuroses and fascicles. (4) In the aponeuroses detail image, the edges of the anterior and
posterior aponeurosis adhering to the muscle are identified, respectively. (5) Only the region between these aponeuroses is
selected for fascicles detection. (6) The detected aponeuroses and fascicles super imposed onto the original image.

2.3.2. Image Quality

Image quality quantification was performed through probe-skin contact preservation
assessment, and field-of-view stability evaluation measured using the complex-wave
structural similarity index.

Probe-Skin Contact

Probe-skin contact loss might occur due to sweating, the cyclic motion of the legs,
and the impact forces from the ground. Accordingly, the duration percentage of probe-skin
contact was quantified for all acquisitions. In case the transducer lost complete contact
with the skin, a black ultrasound image was observed with a bright, white, hyper-echoic
line-shaped artifact present near the transducer position, resulting from the high acoustic
impedance between the ultrasound transducer and air causing total reflection (Figure 3A).
Hence, contact loss was empirically defined as a frame containing a black area of at least
80% of the image.

Field-of-View Stability

The field-of-view stability was evaluated utilizing the complex wavelet structural
similarity index method (CW-SSIM). The CW-SSIM is a full-reference method based on
human vision, which compares the structures visible within an image to those of a chosen
reference image. The similarity between the images is computed using the brightness
(mean pixel intensity), contrast (variance), and image structures (covariance) [34]. The CW-
SSIM has been shown to be an adequate comparison method for ultrasound data [35], since
it compares the detail images of the highest decomposition level. Accordingly, the method
(a) disregards noise and ultrasound speckle, (b) predominantly compares the principal
image features, and (c) adopts the benefit of the relatively higher precision with which
lower frequencies can be determined. Moreover, small rigid rotations and translations,
and modest image brightness alterations have no effect on the CW-SSIM index. For example,
a brightness modification of 10% leads to a CW-SSIM index reduction from its maximum
value 1 to minimally 0.996 [34]. The CW-SSIM index will decrease to approximately zero
in case the image structures are completely different and will be equal to one in case the
images compared are identical.
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Figure 3. Probe-skin contact. (A) An example of an ultrasound image obtained during probe-skin contact loss. The right
part of the frame shows a total reflection artifact, caused by a big difference in acoustic impedance between the ultrasound
probe and the air. At the left side, some probe-skin contact is still preserved. (B) A representative example of an acquisition
during which probe-skin contact loss occurred. Probe-skin contact was defined as an ultrasound frame consisting of less
than 80% black pixels. This example was acquired during the first kilometer of volunteer 9. As shown in the subfigure,
contact loss occurs cyclically during the same phase of the gait cycle, which was the case in all volunteers with probe-skin
contact loss. (C) The percentage of frames within the acquisition that was obtained with preserved probe-skin contact.
In four subject, probe-skin contact was preserved during the entire measurement. In the other five volunteers, the probe
was in contact with the skin during 43–100% of the gait cycle.

Prior to the CW-SSIM analysis, the images were decomposed as previously described,
using six levels and 16 orientations. For each of the 16 oriented detail images of level six,
the local CW-SSIM indices are computed using:

S(cI , cI I) =
2|∑ cI,i c∗I I,i|

∑ |cI,i|2 + ∑ |cI I,i|2
, (1)

with cI = {cI,i|i = 1, ..., N} and cI I = {cI I,i|i = 1, ..., N} the local wavelet coefficients
acquired from the same spatial location in the oriented detail image of the reference image
and the image it is being compared to, and c∗ the complex conjugate of c [34]. These local
CW-SSIM indices are combined into a single index per oriented detail image using a 7 × 7
Gaussian filter. The standard deviation of the Gaussian was defined as a quarter of the size
of the detail image [34]. Subsequently, the mean of the CW-SSIM indices of the oriented
detail images is obtained, resulting in the final CW-SSIM index describing the similarity
between the two images.

In this study, the CW-SSIM indices over time were obtained by calculating a repre-
sentative CW-SSIM index. The representative CW-SSIM indices were calculated from the
ten second ultrasound clips, which were obtained after every kilometer ran by the athlete.
Ten randomly chosen reference frames of first and the previous acquisition were compared
to all frames of an ultrasound clip. The random choice of reference frames prevented
bias and ensured the inclusion of reference frames from different time points in the gait
cycle. For every reference frame, the ten highest CW-SSIM indices were considered, since
every acquisition contained minimally ten gait cycles, and averaged. Finally, for every
kilometer, the maximum of the ten averaged CW-SSIM indices was taken, to obtain the
representative CW-SSIM index. Frames showing probe-skin contact loss were excluded
from the field-of-view stability analysis.
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2.3.3. Functional Evaluation

For functional evaluation, the muscle thickness and pennation angle of the fascicles
were computed. For this computation, an adapted version of the method described in
Heres et al. [18] was used, which was optimized for the imaging settings used in this study.
First of all, the frequency spectra of the images were decomposed, as explained previously,
into five levels with four orientations. Each level of detail images contains a specific
structure size range (Table 1). Accordingly, for aponeurosis detection level 5 was used,
whereas for fascicle detection levels 2–4 were adopted (Figure 2, 2nd step). For both,
the third orientation (π rad) was used, since the structures selected from this orientation
are perpendicular to the ultrasound beam. Selection of only this orientation leads to a
reduction in noise in the resulting detail images depicting the aponeuroses and fascicles.
Subsequently, an adaptive threshold was applied to the detail images of the aponeuroses
and fascicles [36], which segmented the image into three clusters with minimal variance
within each cluster. Finally, the clusters containing the aponeuroses or fascicles was selected
(Figure 2, 3rd step).

For aponeurosis detection, the coordinates of the middle point of the anterior and
posterior aponeurosis were manually selected in the first frame only. In some cases, another
collagen structure was present near the aponeuroses. Therefore, for both the anterior and
posterior aponeurosis, the biggest structure was selected in the detail image depicting the
aponeuroses within a range of ± two millimeters from these manually selected coordinates.
The coordinates of the two points were updated to the center of the selected biggest
structures within this four millimeter range. Subsequently, the edges of the anterior and
posterior aponeurosis adhering to the muscle were detected. A first order polynomial
was fit through these edges, resulting in the segmentation of the muscle (Figure 2, 4th
step). The anterior-posterior muscle thickness was estimated by averaging the vertical
distances between both segmented edges for the entire field-of-view. In rare cases, a thick
muscle fiber bundle was captured as the posterior aponeurosis. Hence, in case the angle
of the posterior aponeurosis was bigger than three degrees, the frame was ignored in the
functional analysis. In some frames, an artery was visible and mistaken for aponeurosis.
These falsely detected aponeuroses were excluded through visual inspection.

For fascicle detection, the segmented muscle area was selected in the thresholded
detail image displaying the fascicles (Figure 2, 5th step). The outer two millimeters of
the selected area were disregarded, since these regions mostly contained noisy structures,
which affected fascicles detection negatively. In addition, all structures smaller than the
empirically determined threshold of 200 pixels were also removed, since these were too
small for pennation angle computation. Through the remainder of the structures within
the muscle, a first polynomial was fit through the center of masses of the left and right part
of each fascicle (Figure 2, last step). Subsequently, the pennation angle of the fascicles was
calculated with respect to the posterior aponeurosis. A representative pennation angle per
frame was estimated by obtaining the median of the pennation angles within the frame.

3. Results

The datasets from nine out of the ten volunteers were analyzed during post-processing,
since in one of the volunteers the probe and its fixation device lost complete contact
after running three kilometers. Only in one of the subjects were acquisitions obtained
during the full race. In the other subjects, the battery died prior to finishing the race.
In subjects 8 and 9, the straps of the fixation device were tightened after running 11 km.
In the remainder of the subjects, the probe and its fixation stayed in the same position,
without manual interference during the measurements. The best image quality for the
dynamic musculoskeletal measurements was produced using the ultrasound preset named
“Lung” (Figure 1: 4–9). In this preset, image contrast was highest and the persistence (i.e.,
temporal compounding) seemed minimized. In the musculoskeletal preset, persistence was
high, resulting in the visualization of artificial aponeuroses and fascicles, due to averaging
of previous frames (Figure 1: 1 and 2). In the vascular preset, the persistence was high,
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the contrast was relatively low, and the proximal aponeurosis was hyper-echoic, hampering
functional analysis (Figure 1: 3).

3.1. Image Quality

The image quality was quantified by estimation of the probe-skin contact preservation
and field-of-view stability.

Probe-skin contact was preserved for the full duration of the measurements in four
volunteers. In the other five included volunteers, some probe-skin contact loss was ob-
served, which occurred cyclically during part of the gait cycle (Figure 3B). The degree of
this contact loss ranged from 6–57% of the gait cycle (Figure 3C).

The field-of-view stability was measured using the CW-SSIM. For each acquisition,
a representative CW-SSIM index was computed (Figure 4). The CW-SSIM indices with
respect to the first acquisition reduced slightly over time (Figure 4A). The difference in
CW-SSIM index between the last and second acquisition was 0.09 ± 0.06. The average
difference between the first and second acquisition was largest, being 0.21 ± 0.12. In run-
ners 1 and 2, the CW-SSIM indices were relatively lower, which were acquired using the
musculoskeletal preset.

Figure 4. Field-of-view stability. (A) The complex-wavelet structural similarity index method values
of each acquisition with respect to the first acquisition obtained after the first kilometer. The difference
between complex-wavelet structural similarity index method (CW-SSIM) indices between the last
and second acquisition is on average 0.09. (B) The CW-SSIM indices with respect to the previous
acquisition, which was on average 0.85. The CW-SSIM indices of volunteer 1 and 2 are relatively
lower, which were acquired using a different preset.

The CW-SSIM indices with respect to the previous acquisitions were roughly constant.
The average similarity with respect to the previous acquisition was quantified using a
CW-SSIM index of 0.85 ± 0.08. Again, the structural similarities of the first two volunteers
were smaller due to the use of a less optimal preset.

For most acquisitions, a portion of the acquisitions was adequate for functional
analysis (46± 27% of the full acquisition). Only in 13% of the acquisitions the image quality
was sufficient to perform functional computations throughout almost the full acquisition.
In most acquisitions, parts of the acquisition could not be analyzed due to inadequate image
quality caused by either probe-skin contact loss (6–57% of each gait cycle; see Figure 3),
the presence of an artery in the imaging plane close to the posterior aponeurosis (only
occurred in volunteer 1 in two acquisitions), detection of an artificial posterior aponeurosis
resulting from temporal compounding (main issue in subjects 1–3), or hypo-echoicity of
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the posterior aponeurosis (only 1–3 frames of most gait cycles). The probe-skin contact
loss, hypo-echoicity of the aponeurosis, or especially the combination of probe-skin contact
loss and hypo-echoicity of the aponeurosis resulted frequently in the inability to detect the
aponeuroses in the next few frames, or a full or multiple gait cycles in a row.

3.2. Functional Evaluation

A demonstration of functional measurements during endurance running is shown
by measuring the thickness of the vastus lateralis muscle and its pennation angles. These
dynamic functional measurements were performed for each ultrasound recording of ten
seconds obtained successively after running a kilometer. Figure 5A,B depict an example
of these dynamic functional measurements. In these subfigures, the muscle thickness is
displayed using repeating segments, with each individual segment representing a single
gait cycle. The pennation angle also shows variation within the 10 s interval, though the
individual gait cycles are less clearly distinguishable.

Figure 5. Dynamic functional measurements. For all acquisitions, the thickness of the muscle and the
pennation angle of the fascicles are computed. (A,B) are examples of these computations. These two
examples were derived from the ultrasound images obtained at the 7th kilometer in subject 4. In (A)
the cyclic contraction of the muscle is visible, whereas the pennation angles contain relatively more
noise. (C,D) display the mean muscle thickness and the pennation angle for all kilometers. The error
bars show the standard deviation of each acquisition, representing the variation within the gait cycle,
which is a result from muscle contraction. The muscle thickness and pennation angle are roughly
contact over time.

For each kilometer, the mean thickness and pennation angle were calculated, which
are illustrated in Figure 5C,D. The mean muscle thickness ranged between 1.29 and 2.50 cm,
and the mean pennation angles ranged between 1.3 and 12.8 degrees.

The error bars in these Figure 5C,D are the standard deviations representing parameter
variation related to the gait cycle. Hence, the bars give an impression of the muscle’s
contraction force of each gait cycle independently. Both the mean values and their standard
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deviations of these functional parameters remained approximately constant. The average
fluctuation of the muscle thickness and the pennation angles over time were 0.11 cm and
0.94 degrees, respectively. The mean standard deviation of the error bars of the thickness
and pennation angle were 0.038 cm and 0.41 degrees, respectively.

4. Discussion

The introduction of portable ultrasound systems and ultrasound transducer fixation
devices has made dynamic evaluation of the skeletal muscles possible. The feasibility of
short-term dynamic ultrasound acquisitions has already been demonstrated previously in
cycling exercise in ultrasonography of skeletal muscles and in echocardiography [18,27].
In this study, the feasibility of long-term dynamic functional measurements has been
investigated in ten endurance runners. Endurance runners were selected as participants
for this research, since their labor is relatively invariable and there is no danger of fixated
transducer motion as a consequence of external forces (e.g., contact with other athletes,
attributes, or the ground). In addition, the forces that are generated when the feet come into
contact with the ground might also have an effect on the feasibility of long-term dynamic
acquisitions during endurance running.

When using an ultrasound transducer designed for smart mobile usage, usually only
the preset, gain, and power can be modified. In this study, a linear array Philips Lumify
L12-4 was used. For this transducer, five presets were available (i.e., lung, musculoskele-
tal, soft tissue, superficial, and vascular), each optimized for their specific application.
The musculoskeletal preset was most likely optimized for static acquisitions, since it has a
high persistence (i.e., temporal compounding). A high persistence in static musculoskeletal
acquisitions will lead to an augmented contrast and a reduction in noise. However, in dy-
namic measurements, high persistence results in the materialization of artificial posterior
aponeuroses. Therefore, the musculoskeletal preset is deficient for dynamic measurements.
In the vascular preset, the persistence appeared to be higher and the contrast lower in com-
parison to the musculoskeletal preset. Consequently, the aponeuroses detection algorithm
failed to track the posterior aponeurosis during the gait cycle. Hence, this dataset was
excluded from functional evaluation. The lung preset was most suitable for these dynamic
measurements, since the contrast was sufficient and no temporal compounding seemed to
be applied.

The image quality was evaluated by quantification of probe-skin contact preservation
and the field-of-view stability. In four volunteers, the probe-skin contact was preserved
during the entire measurement. However, in five volunteers, temporary probe-skin contact
loss occurred for some or all acquisitions. Probe-skin contact loss could be a result of
gel loss caused by sweating, a slight probe displacement, muscle deformation during
contraction, or by probe dislocation induced by gravitational pull or inertia of the probe
motion countered by the ground impact forces. Within an acquisition, probe-skin contact
loss occurred during part of the gait, which was approximately identical for each gait cycle
captured within the acquisition. Although functional analysis of the complete gait cycle
was impossible in these acquisitions, functional parameter alterations within these gait
sections over time still contain valuable information.

The field-of-view stability was estimated using the CW-SSIM. The initial CW-SSIM
index drop was highest, which could be caused by a dislocation of the transducer, or by a
general temporal decorrelation of the ultrasound images provoked by noise and/or slight
out-of-imaging-plane motion. A dislocation of the transducer would result in a relatively
big alteration in the measured functional parameters. However, the difference in muscle
thickness and pennation angle between the first and second kilometer is comparable to the
average variation of these functional parameters. Accordingly, the initial drop in CW-SSIM
indices is expected to be caused by temporal decorrelation.

The functional parameters in this study consisted of the muscle thickness and pen-
nation angles of the fascia with respect to the posterior aponeurosis. In eight out of nine
runners, a sufficient portion of gait cycle could be analyzed. The excluded dataset was
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acquired using the vascular preset resulting in poor image contrast, and the display of
extra artificial posterior aponeuroses, as explained previously.

The average values of the functional parameters remained fairly constant throughout
the race, which is expected based on literature studies examining alterations in muscle
thickness and pennation angles in endurance runners and resistance training [29–31].
In these studies, the muscle thickness and pennation angles are measured statically prior
and post training. These studies showed no adaptions in muscle thickness and pennation
angle after 10 weeks of endurance running or after running a marathon, whereas during
resistance training augmentations of both parameters were observed. However, it should
be noted that in this study the ultrasound measurements were performed dynamically
instead of the static ultrasound measurements performed in the previously mentioned
studies. Still, the stability of both functional parameters suggests the preservation of
field-of-view throughout the race.

The functional parameter fluctuations observed throughout the gait cycles are a
consequence of muscle contraction. Moreover, during contraction, out-of-plane motion
occurred to some degree in all runners. The muscle contraction-related variations are
similar in all endurance runners and remained roughly constant over time.

The feasibility of long-term dynamic ultrasound image acquisition and functional
evaluation of the vastus lateralis has been demonstrated. However, some limitations were
observed in this study. The main limiting factor was the inability to acquire functional
and architectural information throughout the complete gait cycle in most subjects, which
was mainly caused by probe-skin contact loss. However, probe-skin contact loss could
be overcome by the incorporation of a dedicated gel patch during the acquisitions or by
further optimization of the probe fixation device. The frequency and the impact of the
issues hampering posterior aponeurosis detection (e.g., hypo-echoicity of aponeurosis)
are expected to decrease largely once the probe-skin contact loss has been minimized.
Additionally, the currently used algorithm could be improved further by taking into account
an estimation of the aponeurosis motion during a gait cycle based on the successfully
analyzed frames of (other) gait cycles. Alternatively, deep learning models could be used
for feature detection [8,37].

Three-dimensional acquisitions could further improve the dynamic functional eval-
uation. In 3-D ultrasound, out-of-plane motions can be tracked and stabilized during
post-processing. Furthermore, feature detection and functional assessment of architectural
and mechanical parameters is expected be more robust. Therefore, local functional analysis
will also be improved in 3-D. However, the effect of the spatial and temporal resolution
reduction on the performance of the dynamic functional measurements should be analyzed.
Moreover, there are no 3-D portable ultrasound systems on the market, which is due to the
higher level of complexity in both hard- and software. Additionally, the use of ultrafast
imaging would be beneficial for the analyses proposed, but an ultrafast portable solution is
also unavailable.

The results observed in this study are expected to be applicable to other muscles
situated in the leg or arm. Hands-free, continuous ultrasound acquisitions are applicable
in the field of sports to analyze and improve muscle activation and motion, as well as gait.
Monitoring of the muscles during exercise could also aid in the creation of optimized
training schemes, or in the assessment of the athlete’s fitness level.

Another application of hands-free, continuous ultrasound evaluation of the muscle
is during the revalidation process after a muscle injury. The acquisitions could help to
determine when it is safe to return to play with minimal chance of injury repetition.

In other ultrasound fields, the application of hands-free, continuous acquisitions could
also be beneficial. In echocardiography, upright, continuous, hands-free stress echocardiog-
raphy could be performed, leading to a reduction in image plane variation between exercise
levels. Additionally, this method could be applied for continuous cardiac monitoring in the
intensive care, or during operations, since transthoracic echocardiography has shown to
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be able to detect ischemic events that are difficult to recognize using ECG or other widely
used hemodynamic monitoring parameters [38].

Furthermore, the use of a fixation device could reduce the prevalence of work-related
musculoskeletal disorders amidst sonographers. The high quantity of ultrasound exams
performed resulted in repetitive strain injury symptoms to be experienced by ninety
percent of the sonographers despite corrections in their posture and the use of an adjustable
working space [39,40]. In echocardiography, probe fixation has shown to reduce muscle
contraction in the forearm and total shoulder abduction time, without extending the exam
duration [28].

In future studies, a larger group of endurance runners should be included. Once the
current limitations are overcome, functional parameters can be measured during the full
gait cycle. These continuous functional measurements may aid in the detection of gait cycle
modifications resulting from fatigue. Alternatively, differences in gait between trained and
untrained runners, or during different stages of the revalidation process might be detected.
These differences in gait might be used for gait correction, which may aid in the prevention
of injury or avoid injury repetition. In addition, the combined acquisition of ultrasound
and electromyography could lead to additional relevant dynamic information of muscle
activation during exercise.

This study encourages the dynamic computation of local functional parameters (e.g.,
individual pennation angles, fascia lengths, local strain and strain rates). Global functional
assessment is limited by the independency between muscle architecture and activity.
Additionally, various disorders manifest themselves locally [4,41]. Furthermore, muscles
contain different fiber types of which the response varies with exercise intensity and
duration [41]. Local parameters might provide a more profound insight in musculoskeletal
disorders and facilitate monitoring of training progression in athletes.

Future research using dynamic, hands-free ultrasound might provide identification
markers for fatigue (e.g., pennation angle increase, reduction in motor unit recruitment,
local alterations in muscle stiffness), which can contribute to injury or musculoskeletal
disorder prevention, and may help drafting optimal practice schemes for professional
athletes. Furthermore, local, dynamic monitoring of muscle architecture and characteristics
might provide an indication when a patient or injured athlete is able to perform exercise
again with a low risk of re-injury, or the injury becoming chronic [42]. It is unclear which
rehabilitation program is most successful for different types of injuries and how much
effect the local muscle characteristics have on injury risks. Therefore, further research on
these parameters in the rehabilitation using dynamic ultrasound could be valuable.

5. Conclusions

The feasibility of functional measurements in the vastus lateralis muscle has been
demonstrated during endurance running. After running the first kilometer, the field-
of-view stability remained high during the remainder of the race. Although probe-skin
contact loss was the study’s main limiting factor, a section or the complete gait cycle
could be visualized and analyzed in all endurance runners in all obtained ultrasound
acquisitions. Computation of the pennation angle and muscle thickness were successful in
part of or almost the full gait cycle. These functional parameters remained approximately
stable throughout the measurement. These findings are expected to be extendable to the
application on other muscles.
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