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Abstract: Background: While adolescents have specific risk factors for acute and chronic injury, there
is a lack of preventive medicine algorithms for this vulnerable group. Shear wave elastography
(SWE) is currently mainly used for assessing muscle and tendon stiffness in adult athletes and
can diagnose tissue pathologies such as tendinopathy. The aim was to investigate differences in
quadriceps tendon and muscle stiffness between adolescent and adult professional soccer players
using SWE and identify lateral imbalances in order to improve the knowledge of preventive medicine
algorithms for professional adolescent athletes. Methods: Standardized SWE examinations of both
lower limb tendons and muscles (the quadriceps tendon (QT) and the vastus medialis (VM) muscle)
in the longitudinal plane and relaxed tendon position were performed in 13 healthy adolescent
soccer athletes (13-17 years), and a control group of 19 healthy adult professional soccer athletes
(18-29 years). Results: Adolescent soccer players had lower stiffness values for both the quadriceps
tendon (3.11 m/s vs. 3.25 m/s) and the vastus medialis muscle (1.67 m/s vs. 1.71 m/s) than adult
athletes. Moreover, QT stiffness in adolescent soccer players was significantly lower on the right side
(QT: adult 3.50 m/s (2.73-4.56) vs. adolescent 2.90 m/s (2.61-3.12); p = 0.031). Analysis of the lateral
differences revealed softer QT and VM tissue on the right side in over two-thirds of adolescent soccer
athletes. Over two-thirds of adults had stiffer QT and VM tissue on the right side. Conclusion: In
adolescent soccer players, the stiffness of the QT and VM muscle measured by SWE is lower in the
right leg. SWE of the musculoskeletal system may thus become a relevant diagnostic tool to detect
early lateral imbalances as a main risk factor for injury and may thus contribute to the prevention of
acute and chronic injury prevention in adolescent athletes.
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1. Introduction

Adolescent athletes specialize early during their sports career [1]. Not only specializa-
tion in younger years, which results in monotonic locomotion, but also adolescence by itself
may be a risk factor for a higher prevalence of injury in young athletes [1-3]. Risk factors for
injuries in adolescent athletes include a general high training load, lateral imbalances, hor-
monal and musculoskeletal changes, and lower neuronal control [1,4]. Injuries of the lower
limb are dominant complications in professional athletes, especially in soccer players [5].
Furthermore, athletes with a previous knee injury have a higher risk for re-injury [6].

In musculoskeletal disorders and especially sports medicine, there is an increasing
interest in the quantification of elastic properties of skeletal muscles and tendons to improve
the understanding of alterations in skeletal disorders on resulting pain or injuries in athletes.
Furthermore, the goal is a general understanding of the underlying mechanisms and their
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relationships between these measured parameters and musculoskeletal pathologies. Muscle
and tendon stiffness of the lower limb can be measured by shear wave elastography (SWE)
and can be used as parameters to identify pathologies such as rupture or tendinopathy [7-10].
Today, most studies concentrate on an assessment of the Achilles tendon (AT) or patellar
tendon (PT) due to common localizations of overuse injuries. [9,11] It is already known
that healthy athletes demonstrate significantly higher SWE-values of the Achilles tendons
compared to healthy nonathletic participants (e.g., higher tendon stiffness), possibly as a
result of repeated long-term training [11]. Interestingly, Dirrichs et al. denoted no difference
of Achilles tendon stiffness measured by SWE between the left and right leg in athletes and
non-athletic participants [11].

Several studies have shown that tissue stiffness measured by SWE is a suitable param-
eter for assessing knee tissue such as the quadriceps tendon (QT) and quadriceps muscle
(QM) [12-14]. SWE of different quadriceps compartments revealed similar changes during
passive stretching [15]. An investigation in runners suggested that a decrease in quadri-
ceps muscle stiffness after long distance running might be a sign of beginning quadriceps
swelling due to overuse or inflammation [14]. The examination of the quadriceps muscle by
ultrasound (US) showed good results in terms of reproducibility, strength, injury, or muscle
thickness [16,17]. However, there are fewer studies assessing both the quadriceps tendon
and muscle stiffness by using SWE [13,18-21]. For comparability and the consistency of
results, it is important to perform SWE of the quadriceps tendon and muscle stiffness at a
standardized knee angle and with a relaxed quadriceps muscle [19,22].

Professional soccer athletes have one of the highest injury prevalence in sports, espe-
cially for knee injuries [23,24]. Quadriceps tendon stiffness in professional athletes was
lower in comparison to healthy sedentary individuals [25], which can be a risk factor
for tendinopathy [8]. Data on quadriceps muscle and tendon stiffness, pathology-related
changes, and lateral differences are still lacking for professional adolescent athletes, who
have a higher risk of injury than adult athletes [1,2]. To address this research gap, we
conducted a prospective study to investigate quadriceps muscle and tendon stiffness using
shear wave elastography in adolescent and adult professional soccer athletes.

The aim of this study is to investigate the differences in quadriceps tendon and muscle
stiffness of adolescent professional soccer athletes in comparison to adult professional
soccer athletes using SWE and to identify lateral imbalances in order to develop preventive
medicine algorithms for professional adolescent athletes.

2. Materials and Methods
2.1. Study Population

The prospective study included 13 healthy adolescent professional soccer athletes
and 19 adult professional soccer athletes as controls. Professional football athletes were
examined as part of the regular pre-season examination in 2020 at the Sports Medicine
Institute of Charité University Medicine Berlin. Written informed consent to participate in
the study was given after medical education of a sports medicine physician. The inclusion
criteria were: (I) age of 13-17 years for adolescent athletes and >18 years for adult athletes,
(II) healthy adolescent and adult professional soccer athletes, (III) no acute (>6 months)
musculoskeletal, rheumatic, or vascular comorbidities and no previous injuries of the
quadriceps muscle or tendon, (IV) comparable training load, and (V) written informed
consent to participate in the study. The study was conducted in accordance with the Decla-
ration of Helsinki and was approved by the local ethics committee of Charité University
Medicine Berlin (ethical vote number EA2/162/19).

As training load does affect muscle and tendon stiffness, adolescent athletes with
mostly more than ten hours training per week were recruited. Especially in the adolescent
group, there was a high drop-out rate due to comparable training load in the adult group.
In the adult group, there was a drop-out rate of six athletes due to training load. This
needs to be considered as a limitation factor of this study. The baseline characteristics
of study participants were obtained using a predefined questionnaire. On the day of the
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SWE examination, no training was performed. All examinations were jointly performed in
consensus by a trained sonographer and a highly experienced radiologist specialized in
ultrasound imaging using a standardized protocol.

2.2. Ultrasound-Based Shear Wave Elastography

The SWE measurements were performed as part of a pre-season examination, includ-
ing a complete physical examination, an ECG, a lung function test, laboratory diagnostics,
and lactate performance diagnostics. All athletes were approved for next season partic-
ipation. All ultrasound-based shear wave elastography (US-SWE) examinations were
performed using a standardized protocol. For the examination of the quadriceps muscle
and tendon (mid-portion), the volunteers were positioned in a relaxed supine position with
a small roll under the knee (20° flexion). The subjects were asked to stay as relaxed as
possible. Prior to the US-SWE, a gray-scale B-mode US was performed in transverse and
longitudinal planes to ensure an adequate assessment of the tendons and probe position.
All of the examinations were performed using a high-end US system with a 4-10 MHz
multifrequency linear array transducer and a center frequency of 7 Mhz (Acuson Sequoia,
Siemens Healthineers, Erlangen, Germany). The US-SWE software (Virtual Touch™) allows
real-time measurement using Acoustic Radiation Force Impulse (ARFI) imaging technol-
ogy for the measurement of shear wave speed (SWS). The quantitative measurement is
expressed as shear wave velocity (SVW) in meters per second (m/s).

The US-SWE examinations were performed in the longitudinal plane to depict each
tendon and muscle with the corresponding area of interest in a single image (Figure 1).
Using the respective 2D SWE approach, the examiner acquired ten measurements of
each tendon and muscle of both legs, corresponding to a total of 1280 consecutive SWE
measurements in 3 mm circular regions of interest (ROIs) placed in the center of each target
tendon and muscle, avoiding areas of visible artifacts (Figure 2). Thus, the representative
tendon and muscle stiffness of each participant is given as the median of 10 measurements
and corresponding interquartile range (IQR). Before the ROI placement, the SWS as a
surrogate for tissue stiffness was depicted by color-coded SWE mapping (Figure 2A,C). The
standardized penetration depth was adapted to each participant for optimal visualization
of the tendon and a correct SWE measurement. The gain was not changed to avoid potential
effects on the US-SWE results. Special care was taken to avoid inducing pressure on each
muscle and tendon while preserving optimal probe coupling during each measurement.

\F

Figure 1. Probe placement and target volume: for SWE, a multifrequency linear transducer was
placed in longitudinal plane for accurate assessment of the quadriceps tendon (QT; (A,B)) and with
minimal movement to assess the medial vastus muscle (VM; (C,D)).
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Figure 2. Shear wave elastography of the quadriceps tendon (A,B) and medial vastus muscle (C,D)
with color-coded map (A,C) and assessment of shear wave speed using three ROI-measurements
per image (B,D). The color scale on the left side of each image can be used for interpretation of the
shear wave speed, ranging from minimum 0 m/s (e.g., very soft = blue) to a maximum of 15 m/s
(e.g., red = stiff). In this example, the tendon stiffness is visualized green (resulting in a moderate
stiffness around 2-3.5 m/s; Figure 1A,B), while the softer muscle tissue ranged around 1 m/s and is
therefore visualized as blue (Figure 1C,D).

2.3. Statistical Analysis

The continuous variables were tested for normal distribution using the Kolmogorov—
Smirnov test. The not normally distributed variables are reported as the median and
interquartile range (IQR). The categorical variables were compared using Student’s t-test
and are reported by their proportion (n/N). A two-sided significance level of « = 0.05
was defined as appropriate to indicate statistical significance. All statistical analyses were
performed using the SPSS software (IBM Corp., released 2019. IBM SPSS Statistics for
Windows, Version 26.0. Armonk, NY, USA: IBM Corp.).

3. Results
3.1. General Characteristics of the Study Population

A total of 32 professional athletes (adolescent n = 13; adult n = 19) were examined. All
athletes were free of complaints at the time of the measurement. In the adult group, the
following conditions were reported: three athletes suffered from anterior cruciate ligament
(ACL) rupture and were scheduled for surgery. Three complete and one partial meniscal
ruptures were reported. Five athletes suffered from ligament rupture of the upper ankle
joint and one athlete reported a fracture of the talocrural joint. Another athlete suffered
from a fibula fracture with a rupture of the tibiofibular syndesmosis and one athlete stated
a stress fracture of the left foot. In the adolescent group, one athlete reported a tendon
rupture of the biceps femoris muscle, one athlete suffered from bilateral Schlatter’s disease,
and another athlete reported bilateral pes planus. No other diseases such as diabetes
mellitus, fatigue, hyperlipidemia, rtheumatic diseases, or malposition of lower limb joints
were known. No medications were taken at the time of the examination.

Thirteen adolescent athletes with a mean age of 15.62 [13-17] years and a mean BMI
[kg/m?] of 21.79 (18.61-24.39) were examined. All subjects in the adolescent group trained



Diagnostics 2022, 12, 2453

50f10

for >10 h per week, except for one thirteen- and one fourteen-year-old athlete, who trained
5-10 h per week.

Nineteen adult athletes with a mean age of 20.84 [18-29] years and a mean BMI
[kg/m?] of 23.38 (21.59-26.28) were examined. All adult athletes trained for >10 h per week.

3.2. Results of US-SWE in Adolescent and Adult Soccer Athletes

In the total study population (n = 32), the quadriceps tendon stiffness values were sig-
nificantly higher than the stiffness values of the VM. The stiffness values for the quadriceps
tendon and vastus medialis muscle were lower in adolescent athletes than in adult athletes.
The QT stiffness was significantly lower in adolescent soccer athletes than in adult athletes
on the right side (p = 0.031), while there was no significant difference on the left side. For
the VM in both legs, there were no significant differences between the adolescent and adult
athletes. The metric values of all measurements are shown in Table 1.

Table 1. Mean shear wave speed (SWS) of the quadriceps tendon and medial vastus muscle in
professional adolescent and adult athletes (continuous variables not following a normal distribution
given as median and IQR). QT denotes quadriceps tendon; VM, M. vastus medialis.

Tendon and Muscle SWS Adolescents (m/s) n =13 S(g/iﬁ:iull;s p-Value
QT right 2.90 (2.61-3.12) 3.50 (2.73-4.56) 0.031
QT left 3.11 (2.88-3.53) 3.25 (2.37-3.79) >0.05
VM right 1.61 (1.36-1.87) 1.88 (1.53-2.27) >0.05
VM left 1.67 (1.4-1.87) 1.71 (1.37-2.05) >0.05

An analysis of the lateral differences (shear wave speed delta for adolescent and adult
soccer athletes for right and left) revealed softer QT and VM tissue on the right side in over
two-thirds of adolescent soccer athletes (69.23%; 9/13), see Figure 3. Over two-thirds of
adults had stiffer QT (31.58%; 13/19) and VM (21.05%; 15/19) tissue on the right side.

- ]

-1.5 -1.0 -0.5 0.0 0.5 1.0 1.5
SWS delta (SWS SWS,.¢) of QT in m/s

right —

I I Adults

-1.5 -1.0 -0.5 0.0 0.5 1.0 1.5
SWS delta (SWS g — SWS,r;) of VM in m/s

Figure 3. Boxplots of shear wave speed delta (SWS) for adolescent and adult soccer athletes for right
and left quadriceps tendon (QT) and medial vastus muscle (MV).
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4. Discussion

Injury prevalence in adolescent athletes is rising, which is attributable to musculoskele-
tal imbalances due to early sport specialization [1,4]. As an injury is a significant risk factor
for re-injury [6], the prevention of injury is of special importance in adolescent athletes.
SWE has been shown to be able to detect changes in muscle and tendon stiffness, which
can be a sign of injury [8,14]. As knee injuries are predominant in professional soccer
athletes [2], our study focused on the lateral differences in stiffness of the lower limb,
analyzing QT and VM stiffness in adolescent and adult soccer players.

Our results show consistently lower SWE values for adolescent athletes in comparison
to adult athletes (Figure 4). This finding may be attributable to a lower muscle mass,
resulting in less tendon stiffness in adolescent athletes, who are thus more prone to injury
due to greater instability [1,26]. Hormonal status may also play a role and account for
the lower SWE values in adolescent athletes in our study [1], while training loads were
comparable between the two groups and thus cannot account for the differences. A high
training load and an increase in training intensity were described as an important risk
factor for injuries in adolescent athletes [4]. The training load of adolescent athletes should
be successively increased and compensation training should be included [4,27].

Figure 4. Exemplary images of the right quadriceps tendon in an adolescent soccer athlete (left) and
an adult athlete (right). As depicted by the color-coded map, SWE showed significant higher shear
wave velocity in an adult athlete (green, right image) compared to adolescent athlete (left image).

For the quadriceps tendon, a significantly lower stiffness was measured on the right
side in our adolescent group. Although approx. 80% of professional soccer athletes are
right dominant leg soccer players [28], our data show softer tissue values for the QT and
VM on the right side in approx. 70% of adolescent athletes. For adult soccer athletes, our
data confirm the prevalence of right leg dominance, with 70% (for the QT) to 80% (for the
VM) having stiffer tissue values on the right side. These findings are consistent with a high
training load in the adolescent group and might even point to beginning overtraining, as a
decrease in tissue stiffness of the quadriceps muscle (vastus medialis, vastus lateralis, and
rectus femoris muscle) was reported to be induced by inflammation or muscle swelling [14].

The prediction of injuries using a model based on an orthopedic examination and
measurements alone was found to be rather poor [29]. Thus, there is a need to improve
injury prediction and develop dedicated approaches for preventive medicine tailored to
minimalize acute and chronic injuries in this vulnerable athlete clientele [5,30]. SWE may
detect early imbalances in athletes performing asymmetric sports, which was found to
be a risk factor for injury in earlier studies and should be investigated further in future
studies for more sport types [2,31]. In a prospective study including 462 participants with
a standardized concentric and an eccentric isokinetic assessment (preseason and follow-
up), the rate of muscle injury of the thigh was significantly higher in participants with
untreated strength imbalance compared to participants without lateral imbalance in the
preseason [32]. Furthermore, in addition to a higher risk of injury while playing without
balanced muscle strength performance, Verrall and colleagues suggested a decrease in
playing performance which they investigated in Australian soccer players [33]. In this study,
athletes had a significantly lower player performance rating (measured 0-10) immediately
upon return to the sport compared to the entire season and compared to the performance
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ratings derived from the two games prior to injury (both p < 0.001). This suggests that
injury prevention starts with an accurate preseason assessment. In general, both isokinetic
testing and US-SWE assessment can be implemented in a preseason assessment, while
intraindividual training control and injury prevention is mandatory for high-end athletes
beside sports performance. For non-professional athletes, the implementation of systematic
isokinetic testing would probably be too expensive and time consuming with regard to the
time allocated to training. Thus, the potential of US-SWE may be a fast and easy parametric
assessment that can be used to adapt the training load with a view to minimizing injury
in younger athletes. In general, it could be easily implemented during the preseason
assessment and as a follow-up tool for intraindividual training control, in both professional
and hobby athletes.

Technical Aspects of US-SWE

Operator dependency remains the major limitation of US and advanced US applica-
tions such as SWE, since US needs-beside image interpretation—the acquisition of standard-
ized and representative images done by the investigator. Porta and colleagues reported a
-high inter- and intra-observer agreement in the SWE assessment of different compartments
of the patellar tendon in healthy participants [34]. The intra-observer agreement was nearly
perfect for the experienced investigator and substantial for the unexperienced investigator
(e.g., k > 0.61) in the proximal, middle, and distal compartment of the tendon, reaching the
highest value for the middle compartment. Since SWE is known as a fast and non-invasive
US application, the authors noted a mean time of five minutes for one inexperienced inves-
tigator at the beginning of the study, which decreased to two minutes for both experienced
and inexperienced investigators. This underlines the fast approach for MSK elastography
as an additional tool in multiparametric US. Dickson et al. found a higher reliability of
elastography assessment in the patellar tendon compared to the quadriceps tendon in
twenty healthy participants [35]. This may be due to the fact that the US assessment of the
quadriceps tendon needs more experience, and the visualization of the more superficial
patellar tendon is generally associated with a higher image quality.

In terms of muscle stiffness, Tas et al. found a perfect inter-(ICC, 0.95) and intra-
observer (ICC, 0.93-0.94) agreement among two investigators for the stiffness measure-
ments with SWE of the rectus femoris muscle. Moreover, the reliability of the measurements
on different days was nearly excellent, reaching an ICC of 0.81-0.91 [12]. The point-SWE
technique demonstrated as a reliable method for measuring tendon and muscle stiffness
in the vastus medialis muscle (p = 0.285) and quadriceps tendon (p = 0.979) in subjects
who had undergone orthopedic surgery [13]. The ICC was excellent for all measured
localizations including the vastus medialis muscle (ICC, 0.969) and quadriceps tendon
(ICC, 0.995), respectively. The reliability of the measurements shows the possibility of many
applications in monitoring stiffness during rehabilitation or as a preventive assessment.

Standardization is the major key in reproducible SWE measurements of intraindivid-
ual participants. At the current time, no standardized examination protocol exists for SWE
in musculoskeletal applications. Especially, the SWE assessment of the quadriceps tendon
and muscle may be influenced by a different knee angle position and quadriceps muscle
force. Published by Xu et al., the shear modulus of the rectus femoris muscle was higher
than that of the vastus medialis and lateralis muscle if the muscles were stretched over 54°
(p < 0.01) [15]. The results show that only the superficial heads of the quadriceps muscle
generate passive tension almost at the same knee angle (slightly over 40° flexion) during
passive knee flexion [15]. Thus, passive knee flexion may hamper not all compartments of
the quadriceps muscle. Besides passive stretching, sports activity directly before or days
prior to the SWE assessment may influence the quantitative results. It was demonstrated
that prolonged and mainly eccentric low-intensity exercises induce changes in quadriceps
muscle stiffness, quantified by SWE [14]. The authors observed a significant decrease in
shear wave speed and shear wave modulus between the pre and finish sessions during an
ultramarathon (p < 0.001). Interestingly, a lower but still significant difference in quantita-
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tive SWE parameters was also noted between the baseline (prior) and after more than 45 h
of recovery (p = 0.002). Thus, an investigator who performs quantitative SWE must keep in
mind that baseline imaging done in the preseason may be influenced by a higher training
load in the days prior to the assessment (for example, in soccer players).

Due to the wider availability of elastography on commercial US systems, there is an
increasing number of publications on the topic of US elastography (both SWE and strain
elastography) over the last years. The European Society of Radiology formed a consensus
statement of US in musculoskeletal applications in 2018, including the discussion on US
elastography [36]. Despite the high number of articles reviewed, the authors observed only
a limited increase in the evidence level for elastography in a small number of musculoskele-
tal disorders. They noted an increased level of evidence only for Achilles tendinopathy,
lateral and medial epicondylitis, and ultrasound elastography (level of evidence from D to
B with an indication grade of 3). For other anatomical regions, such as the quadriceps or
patellar tendon, US elastography showed no increase in evidence level or indication grade
compared to standard B-Mode US. Beside tendon and muscle applications, the use of US
elastography was scored with evidence level B and an indication grade of 1 for soft tissue
tumor examination. The main limitation of US elastography may remain to the fact that
most published studies are preclinical or feasibility studies and mainly focused on Achilles
tendons. However, the growing implementation of elastography in musculoskeletal US
should increase the number of studies with the potential to show the impact in clinical
practice. For more aspects in muscle and tendon applications, a consensus paper based on
newer literature evidence is needed to guide the implementation in clinical practice.

Beside SWE, there are other methods that can be used for the evaluation of tissue
stiffness, such as optical coherence elastography. As presented by Liu et. al, the authors ob-
tained the nasal septum cartilage of a pig and used an experimental laser and photodetector
setup for the measurement of elastic waves with phase-sensitive optical coherence tomog-
raphy [37]. In comparison to US, this form of measurement requires tissue extraction and a
highly experimental setup, which may be a future perspective with more standardization
compared to US (which is known as operator dependent and differs in the US machines of
other companies), but not feasible during clinical routine. The power of US-SWE is a direct
measurement of tendon or muscle stiffness added to the information of B-Mode US and
Doppler US techniques.

Our study has limitations which include a small number of study subjects and the
rather young age of the adult control group. This resulted from the inclusion criteria
of comparable training loads and methods for professional adolescent and adult soccer
athletes. Furthermore, more muscle heads of the quadriceps muscle should be assessed in
future studies. Stiffness changes were detected in all muscle heads after intense exercise, as
a sign of overtraining [14], thus this could be a better method to investigate the extent of a
lateral imbalance in young athletes.

Overall, SWE seems to be a useful tool to assess tissue stiffness not only in adult but
also in professional adolescent athletes [11,38]. Individual regular monitoring by SWE
in young professional athletes might contribute to reducing the risk of acute and chronic
injury by detecting changes in musculoskeletal stiffness and lateral imbalances, as already
suggested by earlier studies [7,9]. In addition, SWE-derived stiffness could lead to further
preventive measures such as training adaption and compensation training, as well as coach
education [3,24,39].

5. Conclusions

Adolescent professional soccer athletes show significantly lower stiffness values of the
quadriceps tendon than adults, and they have lower stiffness values in the right quadriceps
tendon and vastus medialis muscle. Higher tendon stiffness in adult athletes may be a
result of a repeated long-term training load. SWE of the musculoskeletal system can be
used to detect early lateral imbalances, a major risk factor for injuries in young athletes, and
thus may contribute to injury prevention. There is a need to establish preventive medicine
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algorithms for adolescent athletes to avoid both acute and chronic injuries. SWE has the
potential to become a relevant diagnostic tool in this setting.

Author Contributions: Conceptualization, C.R. and M.H.L.; methodology, C.R. and M.H.L.; software,
C.R. and M.H.L,; validation, C.R., M.H.L. and T.F; formal analysis, C.R. and M.H.L.; investigation,
CR, ]J.C, EZ and M.H.L.; resources, M.H.L. and T.F,; data curation, C.R., J.C., E.Z. and M.H.L.;
writing—original draft preparation, C.R. and M.H.L.; writing—review and editing, C.R., J.C.,,E.Z,, TE,
B.W. and M.H.L.; visualization, C.R. and M.H.L.; supervision, B.W. and T.F,; project administration,
C.R. and M.H.L.; funding acquisition, none. All authors have read and agreed to the published
version of the manuscript.

Funding: This research received no external funding.

Institutional Review Board Statement: The study was conducted in accordance with the Declara-
tion of Helsinki and approved by the Institutional Review Board (or Ethics Committee) of Charité
University Medicine (protocol code EA2/162/19, date of approval 28 October 2019).

Informed Consent Statement: Informed consent was obtained from all subjects involved in the study.

Data Availability Statement: The data presented in this study are available on request from the
corresponding author. The data are not publicly available due to data privacy regulations.

Acknowledgments: The authors thank Bettina Herwig for language editing of the manuscript.

Conflicts of Interest: The authors declare no conflict of interest regarding this publication.

References

1.  McKay, D.; Broderick, C.; Steinbeck, K. The Adolescent Athlete: A Developmental Approach to Injury Risk. Pediatr. Exerc. Sci.
2016, 28, 488-500. [CrossRef] [PubMed]

2. Guan, Y,; Bredin, 5.S.D.; Taunton, J.; Jiang, Q.; Wu, N.; Li, Y.; Warburton, D. Risk Factors for Non-Contact Lower-Limb Injury: A
Retrospective Survey in Pediatric-Age Athletes. J. Clin. Med. 2021, 10, 3171. [CrossRef] [PubMed]

3. Walters, B.K.; Read, C.R.; Estes, A.R. The effects of resistance training, overtraining, and early specialization on youth athlete
injury and development. . Sports Med. Phys. Fit. 2018, 58, 1339-1348. [CrossRef] [PubMed]

4. von Rosen, P.; Frohm, A.; Kottorp, A.; Friden, C.; Heijne, A. Multiple factors explain injury risk in adolescent elite athletes:
Applying a biopsychosocial perspective. Scand. |. Med. Sci. Sports 2017, 27, 2059-2069. [CrossRef]

5. Read, PJ,; Oliver, ].L.; De Ste Croix, M.B.; Myer, G.D.; Lloyd, R.S. Neuromuscular Risk Factors for Knee and Ankle Ligament
Injuries in Male Youth Soccer Players. Sports Med. 2016, 46, 1059-1066. [CrossRef]

6. Hietamo, J.; Rantala, A.; Parkkari, J.; Leppanen, M.; Rossi, M.; Heinonen, A.; Steffen, K.; Kannus, P.; Mattila, V.; Pasanen, K.
Injury History and Perceived Knee Function as Risk Factors for Knee Injury in Youth Team-Sports Athletes. Sports Health 2022.
[CrossRef]

7. Dirrichs, T.; Quack, V.; Gatz, M.; Tingart, M.; Kuhl, C.K,; Schrading, S. Shear Wave Elastography (SWE) for the Evaluation of
Patients with Tendinopathies. Acad. Radiol. 2016, 23, 1204-1213. [CrossRef]

8.  Dirrichs, T.; Quack, V.; Gatz, M.; Tingart, M.; Rath, B.; Betsch, M.; Kuhl, C.K.; Schrading, S. Shear Wave Elastography (SWE) for
Monitoring of Treatment of Tendinopathies: A Double-blinded, Longitudinal Clinical Study. Acad. Radiol. 2018, 25, 265-272.
[CrossRef]

9. Feng, YN,; Li, Y.P; Liu, C.L.; Zhang, Z.J. Assessing the elastic properties of skeletal muscle and tendon using shearwave
ultrasound elastography and MyotonPRO. Sci. Rep. 2018, 8, 17064. [CrossRef]

10. Lee, Y,; Kim, M.; Lee, H. The Measurement of Stiffness for Major Muscles with Shear Wave Elastography and Myoton: A
Quantitative Analysis Study. Diagnostics 2021, 11, 524. [CrossRef]

11.  Dirrichs, T,; Schrading, S.; Gatz, M.; Tingart, M.; Kuhl, C.K.; Quack, V. Shear Wave Elastography (SWE) of Asymptomatic Achilles
Tendons: A Comparison Between Semiprofessional Athletes and the Nonathletic General Population. Acad. Radiol. 2019, 26,
1345-1351. [CrossRef]

12. Tas, S.; Onur, M.R; Yilmaz, S.; Soylu, A.R.; Korkusuz, F. Shear Wave Elastography Is a Reliable and Repeatable Method for
Measuring the Elastic Modulus of the Rectus Femoris Muscle and Patellar Tendon. J. Ultrasound Med. 2017, 36, 565-570. [CrossRef]

13. Zardi, E.M.; Franceschetti, E.; Giorgi, C.; Palumbo, A.; Franceschi, F. Reliability of quantitative point shear-wave ultrasound
elastography on vastus medialis muscle and quadriceps and patellar tendons. Med. Ultrason. 2019, 21, 50-55. [CrossRef]

14. Andonian, P; Viallon, M.; Le Goff, C.; de Bourguignon, C.; Tourel, C.; Morel, ].; Giardini, G.; Gergelé, L.; Millet, G.P.; Croisille,
P. Shear-Wave Elastography Assessments of Quadriceps Stiffness Changes prior to, during and after Prolonged Exercise: A
Longitudinal Study during an Extreme Mountain Ultra-Marathon. PLoS ONE 2016, 11, e0161855.

15.  Xu,].; Hug, F; Fu, S.N. Stiffness of individual quadriceps muscle assessed using ultrasound shear wave elastography during

passive stretching. |. Sport Health Sci. 2018, 7, 245-249. [CrossRef]


http://doi.org/10.1123/pes.2016-0021
http://www.ncbi.nlm.nih.gov/pubmed/27705538
http://doi.org/10.3390/jcm10143171
http://www.ncbi.nlm.nih.gov/pubmed/34300337
http://doi.org/10.23736/S0022-4707.17.07409-6
http://www.ncbi.nlm.nih.gov/pubmed/28597618
http://doi.org/10.1111/sms.12855
http://doi.org/10.1007/s40279-016-0479-z
http://doi.org/10.1177/19417381211065443
http://doi.org/10.1016/j.acra.2016.05.012
http://doi.org/10.1016/j.acra.2017.09.011
http://doi.org/10.1038/s41598-018-34719-7
http://doi.org/10.3390/diagnostics11030524
http://doi.org/10.1016/j.acra.2018.12.014
http://doi.org/10.7863/ultra.16.03032
http://doi.org/10.11152/mu-1712
http://doi.org/10.1016/j.jshs.2016.07.001

Diagnostics 2022, 12, 2453 10 of 10

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

Santos, R.; Armada-da-Silva, P.A.S. Reproducibility of ultrasound-derived muscle thickness and echo-intensity for the entire
quadriceps femoris muscle. Radiography 2017, 23, e51-e61. [CrossRef]

Delaney, S.; Worsley, P.; Warner, M.; Taylor, M.; Stokes, M. Assessing contractile ability of the quadriceps muscle using ultrasound
imaging. Muscle Nerve 2010, 42, 530-538. [CrossRef]

Coombes, B.K,; Ziegenfuss, B.; David, M.; Badya, R.; van den Hoorn, W.; Hug, E,; Tucker, K. Heterogeneity of passive elastic
properties within the quadriceps femoris muscle-tendon unit. Eur. J. Appl. Physiol. 2018, 118, 213-221. [CrossRef]

Ebihara, B.; Mutsuzaki, H.; Fukaya, T. Relationships between Quadriceps Tendon Elasticity and Knee Flexion Angle in Young
Healthy Adults. Medicina 2019, 55, 53. [CrossRef]

Mannarino, P.; Matta, T.T.D.; Oliveira, L.F. An 8-week resistance training protocol is effective in adapting quadriceps but not
patellar tendon shear modulus measured by Shear Wave Elastography. PLoS ONE 2019, 14, €0205782. [CrossRef]

Ozcan, A.N,; Tan, S.; Tangal, N.G; Ciraci, S.; Kudas, S.; Bektaser, S.B.; Arslan, H. Real-time sonoelastography of the patellar
and quadriceps tendons: Pattern description in professional athletes and healthy volunteers. Med. Ultrason. 2016, 18, 299-304.
[CrossRef]

Kuervers, E.J.; Firminger, C.R.; Edwards, W.B. Effect of Knee Angle and Quadriceps Muscle Force on Shear-Wave Elastography
Measurements at the Patellar Tendon. Ultrasound Med. Biol. 2021, 47, 2167-2175. [CrossRef]

Drawer, S.; Fuller, C.W. Evaluating the level of injury in English professional football using a risk based assessment process. Br. ].
Sports Med. 2002, 36, 446-451. [CrossRef]

Gouttebarge, V.; Aoki, H.; Kerkhoffs, G.M.M.]. Knee osteoarthritis in professional football is related to severe knee injury and
knee surgery. Inj. Epidemiol. 2018, 5, 26. [CrossRef]

Tas, S.; Ozkan, O.; Karagoban, L.; Déonmez, G.; Cetin, A.; Korkusuz, F. Knee muscle and tendon stiffness in professional soccer
players: A shear-wave elastography study. J. Sports Med. Phys. Fit. 2020, 60, 276-281. [CrossRef]

Maly, T.; Sugimoto, D.; Izovska, J.; Zahalka, F; Mala, L. Effect of Muscular Strength, Asymmetries and Fatigue on Kicking
Performance in Soccer Players. Int. |. Sports Med. 2018, 39, 297-303. [CrossRef]

Mohammadi Orangi, B.; Yaali, R.; Bahram, A.; Aghdasi, M.T.; van der Kamp, J.; Vanrenterghem, J.; Jonese, P.A. Motor learning
methods that induce high practice variability reduce kinematic and kinetic risk factors of non-contact ACL injury. Hum. Mov. Sci.
2021, 78, 102805. [CrossRef]

Carey, D.P,; Smith, G.; Smith, D.T.; Shepherd, J.W,; Skriver, J.; Ord, L.; Rutland, A. Footedness in world soccer: An analysis of
France 98. J. Sports Sci. 2001, 19, 855-864. [CrossRef]

Jauhiainen, S.; Kauppi, ].P; Leppanen, M.; Pasanen, K.; Parkkari, J.; Vasankari, T.; Kannus, P,; Ayréimﬁ, S. New Machine Learning
Approach for Detection of Injury Risk Factors in Young Team Sport Athletes. Int. |. Sports Med. 2021, 42, 175-182. [CrossRef]
[PubMed]

Gonell, A.C.; Romero, ].A.; Soler, L.M. Relationship between the Y Balance Test Scores and Soft Tissue Injury Incidence in a Soccer
Team. Int. J. Sports Phys. Ther. 2015, 10, 955-966.

Carder, S.L.; Giusti, N.E.; Vopat, L.M.; Tarakemeh, A.; Baker, J.; Vopat, B.G.; Jonese, P.A. The Concept of Sport Sampling Versus
Sport Specialization: Preventing Youth Athlete Injury: A Systematic Review and Meta-analysis. Am. ]. Sports Med. 2020, 48,
2850-2857. [CrossRef] [PubMed]

Croisier, J.L.; Ganteaume, S.; Binet, J.; Genty, M.; Ferret, ]. M. Strength imbalances and prevention of hamstring injury in
professional soccer players: A prospective study. Am. J. Sports Med. 2008, 36, 1469-1475. [CrossRef] [PubMed]

Verrall, G.M.; Kalairajah, Y.; Slavotinek, J.P.; Spriggins, A.]. Assessment of player performance following return to sport after
hamstring muscle strain injury. J. Sci. Med. Sport 2006, 9, 87-90. [CrossRef] [PubMed]

Porta, F.; Damjanov, N.; Galluccio, F.; Iagnocco, A.; Matucci-Cerinic, M. Ultrasound elastography is a reproducible and feasible
tool for the evaluation of the patellar tendon in healthy subjects. Int. ]. Rheum. Dis. 2014, 17, 762-766. [CrossRef]

Dickson, D.M.; Fawole, H.O.; Newcombe, L.; Smith, S.L.; Hendry, G.J. Reliability of ultrasound strain elastography in the
assessment of the quadriceps and patellar tendon in healthy adults. Ultrasound 2019, 27, 252-261. [CrossRef]

Sconfienza, L.M.; Albano, D.; Allen, G.; Bazzocchi, A.; Bignotti, B.; Chianca, V.; Facal de Castro, F,; Drakonaki, E.E.; Gallardo, E.;
Gielen, J.; et al. Clinical indications for musculoskeletal ultrasound updated in 2017 by European Society of Musculoskeletal
Radiology (ESSR) consensus. Eur. Radiol. 2018, 28, 5338-5351. [CrossRef]

Liu, C.; Romodina, M.; Lj, J.; Singh, M.; Sobol, E.; Larin, K. Measurement of the temperature dependence of Young’s modulus of
cartilage by phase-sensitive optical coherence elastography. Quantum Electron. 2014, 44, 751. [CrossRef]

Corrigan, P.; Cortes, D.H.; Pohlig, R.T.; Gravare Silbernagel, K. Tendon Morphology and Mechanical Properties Are Associ-
ated With the Recovery of Symptoms and Function in Patients With Achilles Tendinopathy. Orthop. ]. Sports Med. 2020, 8,
2325967120917271. [CrossRef]

Brito, J.; Malina, R.M.; Seabra, A.; Massada, ].L.; Soares, ].M.; Krustrup, P.; Rebelo, A. Injuries in Portuguese youth soccer players
during training and match play. J. Athl. Train. 2012, 47, 191-197. [CrossRef]


http://doi.org/10.1016/j.radi.2017.03.011
http://doi.org/10.1002/mus.21725
http://doi.org/10.1007/s00421-017-3763-1
http://doi.org/10.3390/medicina55020053
http://doi.org/10.1371/journal.pone.0205782
http://doi.org/10.11152/mu.2013.2066.183.ays
http://doi.org/10.1016/j.ultrasmedbio.2021.03.031
http://doi.org/10.1136/bjsm.36.6.446
http://doi.org/10.1186/s40621-018-0157-8
http://doi.org/10.23736/S0022-4707.19.09938-9
http://doi.org/10.1055/s-0043-123648
http://doi.org/10.1016/j.humov.2021.102805
http://doi.org/10.1080/026404101753113804
http://doi.org/10.1055/a-1231-5304
http://www.ncbi.nlm.nih.gov/pubmed/32920800
http://doi.org/10.1177/0363546519899380
http://www.ncbi.nlm.nih.gov/pubmed/31961703
http://doi.org/10.1177/0363546508316764
http://www.ncbi.nlm.nih.gov/pubmed/18448578
http://doi.org/10.1016/j.jsams.2006.03.007
http://www.ncbi.nlm.nih.gov/pubmed/16621702
http://doi.org/10.1111/1756-185X.12241
http://doi.org/10.1177/1742271X19859380
http://doi.org/10.1007/s00330-018-5474-3
http://doi.org/10.1070/QE2014v044n08ABEH015506
http://doi.org/10.1177/2325967120917271
http://doi.org/10.4085/1062-6050-47.2.191

	Introduction 
	Materials and Methods 
	Study Population 
	Ultrasound-Based Shear Wave Elastography 
	Statistical Analysis 

	Results 
	General Characteristics of the Study Population 
	Results of US-SWE in Adolescent and Adult Soccer Athletes 

	Discussion 
	Conclusions 
	References

