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Background/Objective: The aim of this study was to evaluate the relationship between the morphological char-
acteristics of the quadriceps and torque parameters and anaerobic fitness in soccer players at the beginning of the
season.

Methods: Forty-eight (26.2 + 3.6 years, 181+6 cm and 77.3 £+ 7.9 kg) male soccer players participated in this
study. The following morphological parameters of the quadriceps were evaluated using 2D ultrasound: pennation
angle (PA_VL); muscle thickness (MT_VL); fascicle length (FL_VL); Echo-intensity (EI_VL) of Vastus Lateralis;
Echo-intensity of Rectus Femoris (EI_RF); and muscular volume of quadriceps (MVQ). The torque parameters
were: peak concentric torque (PTCon) and work (WConc) and peak eccentric torque (PTEcc) and work (WExc) of
knee extensors. The anaerobic fitness parameters were obtained through a 30-s test of maximum continuous
jumps (CJ30s). The following were evaluated: anaerobic power (PPO), anaerobic capacity (Av_P), and fatigue
index (FI).

Resuits: Only the MVQ presented a positive and significant relationship with all torque variables (PTConc p =
0.003; WConc p = 0.013; PTEcc p < 0.001; and WEcc p = 0.004). Furthermore, FL_VL and PA_VL were positively
and significantly associated with PPO (p = 0.003 and 0.030; respectively) and Av_P (p = 0.002 and 0.011,
respectively).

Conclusion: It is concluded that MVQ is positively related to torque and concentric and eccentric work in knee
extension. Furthermore, FL_VL and PA_VL showed positive relationships with PPO and Av_P during CJ30s.

Introduction

In soccer, muscle strength and power constitute fundamental roles
that influence player performance and match outcomes.’ Strength is
crucial for executing movements such as dribbling, ball control, and
powerful shots, enabling players to confront opponents and surmount
physical challenges with efficiency.” On the other hand, power, the ca-
pacity to generate strength quickly, is pivotal for sprints, jumps, and
changes of direction, confering tactical advantages during the game-
play.® Consequently, adequate strength and power development not
only improves individual athletes’ performance, but also contributes to
the collective success of the team, directly impacting results on the field.
Recognizing this, a substantial portion of athletes’ physical preparation
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has been dedicated to refining these physical skills, resulting in changes
in muscle morphology, especially in the lower limbs.”

Various methods have been employed to evaluate lower limb
strength, one of which entails the utilization of isokinetic dynamome-
ters.” These devices provide accurate data regarding asymmetries in
peak torque between limbs and muscular imbalances between agonists
and antagonists, alongside measures of work produced.® Such findings
are instrumental in aiding healthcare professionals (medical team,
physiotherapist, physical educator) and sports scientists in both physical
preparation and injury prevention for these athletes.

Regarding the morphological aspects related to torque production,
studies suggest a correlation between quadriceps muscle strength with
morphological parameters, such as muscle volume,” muscle thickness,®
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and pennation angle of muscles like the Vastus Lateralis (VL).°
Furthermore, in soccer, the Countermovement Jump (CMJ) is
commonly used to assess lower limb power parameters.'” A review by
Ruiz-Cardenas’! found that only the muscle thickness of the VL corre-
lated with CMJ height (r = 0.28; p = 0.059). The authors concluded that
the lower limb muscle architecture has a limited influence on jump
performance, likely due to the predominance of neuromuscular com-
ponents over metabolic aspects in single jumps.'> However, when
assessing anaerobic power using the Wingate test,'® it was found that
quadriceps muscle thickness, particularly of the Rectus Femoris (RF), is
associated with peak and average power. It is noteworthy that anaerobic
power assessments involving cycle ergometers may not accurately
replicate actions performed during the game in team sports like soccer.

To address this limitation, Dal Pupo'* evaluated the validity and
reproducibility of continuous jumps test over 30 s (CJ30s), which consist
of maximal continuous vertical jumps performed for 30 s. The authors
found that the CJ30s is a suitable method for assessing the anaerobic
fitness (peak power, average power, and fatigue index) in athletes,
especially those involved in stretch-shortening cycle activities. None-
theless, to the best of our knowledge, no existing studies have investi-
gated the relationship between quadriceps morphological parameters
and anaerobic fitness as assessed by the CJ30s.

Therefore, the present study aimed to investigate the relationship
between quadriceps morphological aspects and torque and power pa-
rameters assessed by the CJ30s in professional soccer players at the
beginning of the season.

Material and methods
Participants

Forty-eight male soccer players (mean age: 26.2 + 3.6 years; height:
181 + 6 cm; body mass: 77.3 + 7.9 kg) participated in the study. The
athletes engaged in regular technical, tactical, and physical training and
competed at regional and national levels. They reported no injury his-
tory within the preceding six months. The evaluation protocol encom-
passed: a) ultrasonography for quadriceps morphology assessment; b)
isokinetic dynamometry for torque parameter evaluation; and c) jump-
ing protocol using a contact mat for anaerobic fitness assessment
(Fig. 1). Prior to assessments, an interview was conducted, followed by
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obtaining informed consent from all participants. This study was
approved by local University Ethics Committee and conducted accord-
ing to the Declaration of Helsinki. Data collection took place between
January and February 2024.

Assessment of quadriceps morphology

We considered quadriceps morphology data and information on
muscle architecture, quality, and volume. All assessments involving
ultrasonography (US) were performed by a single experienced investi-
gator. To assess muscle architecture, quality, and volume, a B-mode
ultrasound system (Mindray, China) was used, with a linear probe,
operating at 32 Hz (60 mm, 7.5 MHz, 6.0 cm depth, without a filter). The
participant remained in the supine position for 10 min to stabilize body
fluids. The architecture of the VL muscle was determined through
measurements performed with the subject in the supine position with
the dominant knee in full extension. The best fascicle (i.e., the fascicle
that could be seen in its entirety from its insertion into the deep
aponeurosis to the superficial aponeurosis, or to the end of the field of
view of the US probe) in each image was used to analyze fascicle length
(FL) and pennation angle (PA). The FL was considered as the length of
the fascicular path between the superficial and deep aponeurosis. When
the ends of the fascicles were outside the US image, the FL was estimated
as recommended in previous studies.'® PA was calculated as the angle
between the muscle fascicle and the deep aponeurosis. Muscle thickness
(MT) was defined as the distance between the deep and superficial
aponeurosis and was calculated as the mean value of five parallel lines
drawn at right angles between the superficial and deep aponeurosis
along each ultrasound image.'® Muscle quality assessed by echo in-
tensity was determined for the VL and RF muscles. The muscular volume
of the quadriceps (MVQ) was estimated from the measurement of muscle
thickness between the superficial aponeurosis of the RF and the deep
aponeurosis of the Vastus Intermedius (VI). The MVQ was estimated
using the equation proposed by Miyatani:17 MVQ = [(MT of quadriceps
(RF + VI) * 320.6) + (femur length * 110.9) — 4437.9].

Three images were obtained for each muscle with the subject at rest.
The US probe was covered with water-soluble transmission gel and
positioned longitudinally to the muscle fibers and perpendicularly to the
skin at 50 % (RF, VL) of thigh length.16 The US probe was placed on the
skin surface, parallel to the superficial and deep aponeurosis, and
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aligned with the hyperechoic intramuscular connective tissue of the
perimysium. Probe alignment was considered adequate when the su-
perficial and deep aponeurosis were parallel and multiple fascicles could
be easily delineated without interruption in the image.'®

All US images were analyzed using Image J software (straight line,
line color: yellow, version 1.48 v, National Institutes of Health,
Bethesda, MA, United States). Echo intensity (EI) was determined ac-
cording to,'° obtaining the average of the muscles in gray scale. The
mean EI was determined using a standard gray scale histogram function
and expressed as a value between 0 (black) and 255 (white).

Evaluation of torque parameters

Prior to the assessments, participants were positioned on an iso-
kinetic dynamometer (Biodex System 4 Pro; Biodex Medical Systems,
Shirley, NY, USA) according to the manufacturers’ recommendations for
assessing knee extensor and flexor muscles. A familiarization protocol
and warm-up were performed (20 submaximal concentric knee
extension-flexion repetitions). Although both sides were evaluated
(feedback to the team), we only used the torque parameters on the right
side. The isokinetic evaluation protocol was adapted from.?° Following
the warm-up, participants performed three sets of five concentric knee
extension repetitions at 60°/s and a 70° range of motion (30 — 100°,
considering 0° = full knee extension). A two-minute interval was given
between sets. Subsequently, the same protocol was performed for
eccentric knee extensor contractions. The torque signal was sampled at
100 Hz and smoothed using a fifth-order, zero-phase, low-pass Butter-
worth recursive filter with a cut-off frequency of 10 Hz. For analysis, the
best concentric (PTCon) and eccentric (PTEcc) peak torque performed
and the largest concentric (Wcon) and eccentric (WEcc) work values
were considered.

Anaerobic fitness evaluation

Prior to the anaerobic fitness evaluation, participants performed a
standard two-minute trampoline warm-up followed by three maximal
CMJs. The validated continuous jumping protocol of Dal Pupo * was
used to assess anaerobic fitness; this protocol consists of maximal
continuous vertical jumps per-formed for 30 s. The jump height was
measured using a jumping platform (Elite Jump®, Sao Paulo, Brazil).
The mean height of the first four jumps was considered as an indicator of
anaerobic power, while the mean height of all jumps was considered as
an indicator of anaerobic capacity. The fatigue index was calculated
using the following equation: FI = [(mean of four firsts jumps — mean of
four last jumps / mean of four firsts jumps)*100]. Peak power was
calculated using the equation proposed by Sayers,?’ where: Peak Power
(W) = [(60.7 x jump height (cm)) + (45.3 x body mass (kg)) — 2055)].

Statistical analysis

To present the results, we used mean, standard deviation, 95 %
confidence interval (95 %CI), and minimum and maximum values for
descriptive statistics. For inferential statistics, generalized linear models
(GLM) were used. Two models were tested: 1) analyses with Gaussian
distribution family and “identity” function link; and 2) analyses with
Gamma distribution family and “identity” function link. The results are
presented as association coefficients, standard error, and 95 % CI. The
Akaike Information Criteria (AIC) and Bayesian Information Criteria
(BIC) model comparison indicators were applied. Given the range of
variables tested, marginal means were presented only for statistically
significant relationships. Statistical procedures were performed in R (R
Development Core Team, 2022; version 4.3.2 for Windows), and the
significance level was set at p < 0.05.
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Results

Table 1 presents the descriptive characteristics of the sample (mean,
standard deviation, 95 % confidence interval, and minimum and
maximum values) considering values referring to the morphology of the
players’ quadriceps, assessed by means of ultrasound, torque parame-
ters, assessed by means of isokinetic dynamometry, and anaerobic
fitness, assessed by means of the continuous jump test (CJ30s).

Regarding the results of the general linear model results, we
observed that MVQ exhibited a positive and statistically significant
relationship with all torque parameters. Specifically, the associations
were found withPTCon Extensors (p-value = 0.003), WCon Extensors (p-
value = 0.013), PTEcc Extensors (p-value = <0.001), and WEcc Exten-
sors (p-value = 0.004) (Table 2 and.Fig. 2). Notably, no other quadriceps
morphology indicators were significantly associated with torque pa-
rameters in this sample of professional male soccer players.

As shown in.Table 3 and.Fig. 3, FL_VL and PA_VL were both posi-
tively and significantly associated with PPO (p-value = 0.003 and 0.030,
respectively) and Av_P (p-value = 0.002 and 0.011, respectively). No
other quadriceps morphology indicators were associated with anaerobic
fitness outcomes in this sample of professional male soccer players.

Discussion

The aim of the current study was to evaluate the relationship be-
tween quadriceps morphological aspects in torque and anaerobic fitness
parameters in soccer players at the beginning of the season. Our results
indicated that MVQ was positively related with all torque parameters. In
addition, both FL and PA of VL showed positive associations with peak
power output and mean power obtained during the CJ30s.

Our findings showed a significant relationship between MVQ with
torque and work (concentric and eccentric) of knee extensors, this result
is similar to previous studies. Lanferdini,” in cyclists, observed that the
muscular volume of the right (r = 0.56) and left (r = 0.59) quadriceps
presented positive and very strong correlations with the right and left
maximal voluntary isometric contraction (MVIC), respectively. Hori’*
also found a significant relation (r = 0.78) between MVQ and knee
extensor isometric torque. This relationship can be expected, because
the muscle size (i.e., muscular volume and/or cross-sectional area) is a

Table 1
Morphological characteristics of the quadriceps, torque parameters, and
anaerobic fitness of professional male soccer players (n = 48).

Mean =+ SD 95 % CI Min - Max
Quadriceps morphology
ELRF (A.U.) 19.9 £ 4.5 18.6-21.3 9.9-29.4
MVQ (cm®) 1263 + 450 1162-1411 609-2238
FL_VL (cm) 3.25 + 0.61 3.08-3.43 2.29-4.83
PA_VL () 22.4 + 3.5 14.0-28.7 21.4-23.5
MT_VL (cm) 1.31 £ 0.26 1.23-1.38 1.02-2.77
ELVL (A.U.) 18.6 + 3.0 17.7-19.5 12.3-25.1
Torque parameters
PTCon Extensors (N.m) 295 + 50 280-310 209-459
WCon Extensors (J) 1134 + 185 1080-1188 818 —1772
PTEcc Extensors (N.m) 369 + 80 346-393 208-543
WEcc Extensors (J) 1306 + 354 1203-1409 423-267
Anaerobic fitness
PPO (W) 3658 + 520 3507-3809 2751-4916
AvP(W) 3436 + 447 3306-3565 2695-4523
FI (%) 14.7 £ 5.8 13.0-16.4 3.1-27.9

Note: EIRF (Echo-intensity of Rectus Femoris); MVQ (Muscular Volume of
Quadriceps); FL_VL (Fascicle Length of Vastus Lateralis); PA_VL (Pennation
Angle of Vastus Lateralis); MT_VL (Muscle Thickness of Vastus Lateralis) and
EL_VL (Echo-intensity of Vastus Lateralis). PTCon Extensors (Concentric Peak
Torque of Extensors); WCon Extensors (Concentric Work of Extensors); PTEcc.
Extensors (Eccentric Peak Torque of Extensors) and WEcc. Extensors (Eccentric
Work of Extensors). PPO (Peak Power Output); Av_P (Average Power); and FI
(Fatigue Index).
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Table 2

Generalized linear models on quadriceps morphology indicators with torque parameters of professional male soccer players (n = 48).
Variables PTCon Extensors (N.m) WCon Extensors (J) PTEcc Extensors (N.m) WEcc Extensors (J)

Coef. (95 %CI) SE Coef. (95 %CI) SE Coef. (95 %CI) SE Coef. (95 %CI) SE

Intercept 81.3 (—183.9; 339.9) 129.5 254.5 (—737.0; 1221.2) 485.3 11.2 (—382.2; 389.6) 195.3 356.5 (—1473.7; 2106.3) 836.6
ELRF (A.U.) 0.47 (-2.75; 3.7) 1.66 2.22 (—9.91; 14.41) 6.24 0.69 (—4.22; 5.61) 2.49 1.35 (—23.01; 26.0) 11.65
MVQ (ecm®) 0.06 (0.02; 0.09) 0.02 0.17 (0.04; 0.30) 0.07 0.11 (0.05; 0.16) 0.03 0.39 (0.12; 0.66) 0.13
FL_VL (cm) 28.47 (—8.71; 66.7) 18.45 117.63 (—19.4; 259.34) 68.55 34.59 (—20.5; 91.8) 27.85 203.71 (—68.09; 483.83) 134.4
PA_VL (0) 2.51 (—3.44; 8.42) 2.95 10.81 (—11.71; 33.18) 11.07 5.31 (—3.33; 13.93) 4.44 13.72 (—25.70; 52.74) 20.60
MT_VL (cm) 7.11 (—38.93; 65.84) 27.53 0.24 (—-11.71; 33.18) 99.49 5.38 (—62.21; 94.07) 42.47 41.20 (—279.72; 524.73) 197.5
EILVL (A.U.) —1.38 (—6.56; 3.81) 2.58 —0.40 (—19.51; 18.72) 9.71 —1.81 (—9.58; 5.93) 3.88 —32.03 (—71.51; 7.14) 18.13

Note: PTCon Extensors (Concentric Peak Torque of Extensors); WCon Extensors (Concentric Work of Extensors); PTEcc Extensors (Eccentric Peak Torque of Extensors);
WEcc Extensors (Eccentric Work of Extensors); EI_RF (Echo-intensity of Rectus Femoris); MVQ (Muscular Volume of Quadriceps); FL_VL (Fascicle Length of Vastus
Lateralis); PA_VL (Pennation Angle of Vastus Lateralis); MT_VL (Muscle Thickness of Vastus Lateralis); EI_VL (Echo-intensity of Vastus Lateralis); Bold values represent
significant associations at p < 0.05.
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Fig. 2. Marginal means derived from the generalized linear models of the relationship between the MVQ and peak torque and work variables of knee extensors.

Table 3

Generalized linear models on quadriceps morphology indicators with anaerobic fitness of professional male soccer players (n = 48).
Variables PPO (W) Av_P(W) FI (%)

Coef. (95 %CI) SE Coef. (95 %CI) SE Coef. (95 %CI) SE

Intercept 91.2 (—2553.75; 2699.05) 1263.9 —36.4 (—2415.30; 2312; 39) 1138.4 2.47 (—33.89; 38.62) 17.7
ELRF (A.U.) —24.24 (—56.25; 7.94) 16.3 —15.19 (—44.34; 14.11) 14.77 —0.16 (—0.58; 0.27) 0.24
MVQ (em®) 0.28 (—0.06; 0.63) 0.17 0.17 (—0.14; 0.48) 0.15 0.002 (—0.003; 0.007) 0.002
FL_VL (cm) 576.52 (215.87; 945.05) 177.8 533.54 (207.73; 865.62) 160.6 0.77 (—5.39; 5.57) 2.39
PA_VL (0) 68.49 (9.81; 127.02) 28.51 70.24 (17.27; 123.01) 25.70 0.16 (—0.76; 1.01) 0.42
MT_VL (cm) —135.16 (—570.52; 398.82) 243.6 —38.33 (—438.67; 447.74) 223.3 —2.53(-7.84;19.14) 3.27
EILVL (A.U.) 24.29 (—25.80; 74.52) 25.47 15.75 (—29.31; 60.92) 22.93 0.54 (—0.23; 1.30) 0.37

Note: PPO (Peak Power Output); Av P (Average Power); FI (Fatigue Index); EI_RF (Echo-intensity of Rectus Femoris); MVQ (Muscular Volume of Quadriceps); FL_VL
(Fascicle Length of Vastus Lateralis); PA_VL (Pennation Angle of Vastus Lateralis); MT_VL (Muscle Thickness of Vastus Lateralis); EI_VL (Echo-intensity of Vastus
Lateralis); Bold values represent significant associations at p < 0.05..

primary determinant of maximal strength for different muscles.” These volume to produce torque, neuromuscular work and consequent in-
results reinforce the clinical relevance of the importance of using crease in performance.
different training strategies that promote increased quadriceps muscle A recent study (Lanferdini et al., 2025) 2* with athletes from various
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Fig. 3. Marginal means derived from the generalized linear models of the relationship between the PA_VL and FL_VL and PPO and Av_P of CJ30s.

sports, such as soccer, futsal, American football, and basketball, showed
a PA_VL like that observed in our study (20.69 + 2.95 vs. 22.4 + 3.5,
respectively). Studies have shown a certain inconsistency in the rela-
tionship between the PA_VL and peak torque, with some studies finding
a weak relationship,”>”* and other studies observing no relationship.?”
Previous studies found no relationship between RF muscle fascicle
length and isokinetic concentric peak torque,”® just as no relationship
was observed between FL_VL and peak torque.””

However, Raj® observed a relationship between FL_VL and vertical
jump height, and Kumagai’’ found a significant and negative correlation
between 100-m sprint time and VL fascicle length. The FL can influence
muscle contraction speeds, but not necessarily muscle strength, because
if all sarcomeres shorten simultaneously, the cumulative shortening
distance, and thus velocity, will be greater.’’ These results are clinically
relevant, since the inclusion of eccentric overloads in the knee extensors,
as has already been observed for the hamstrings,?’ could provide in-
creases in fascicle length by adding sarcomeres in series, improving
performance in activities involving power, such as jumping.

In the present study, the other morphological parameters of the
quadriceps (echo-intensity, pennation angle, and muscle thickness)
were not related to peak torque and work, although some studies have
observed a positive relationship between quadriceps echo-intensity and
MVIC,*” and rectus femoris pennation angle and muscle thickness are
associated with peak torque in different isokinetic velocities,**> however,
the samples tested in these studies were physically active men. There-
fore, the characteristics of the sample and the training status may in-
fluence the results. In this sense, the athletes tested in the present study
were in pre-season, and therefore the adaptations related to muscular
strength may still be being developed, without significant morpholog-
ical changes.

The peak power output and average power variables obtained in the
30CJ showed a significant relationship with FL and PA of VL. Some
studies have found similar results, such as significant associations be-
tween the FL of VL>* and PA of VL*° with power obtained in the Wingate

anaerobic test. Kordi*® found a high relationship between PA of the VL

and peak power (r = 0.81) in a maximum sprint test on a cycle ergom-
eter. According to the authors, this could be expected, since the PA is
known to be related to muscle size indices, suggesting that a high PA is
advantageous for neuromuscular power. This could explain the rela-
tionship observed in the present study in a test also using continuous
vertical jumps, because power production is one of the main deter-
mining factors of performance.*” Furthermore, with a greater PA, force
and, consequently, power, can be increased, as there is an increase in the
number of sarcomeres in parallel that contract simultaneously to exert
force.*®

Activities that involve movements at high velocities can benefit from
longer FL (i.e., a high number of sarcomeres in series) as this is associ-
ated with a high maximum contraction speed of the muscle fiber.>® This
can be confirmed in the study by Methenitis>® in which performance in
vertical jump tests (countermovement jump and squat jump) was posi-
tively related to the FL of the VL. The present study corroborates these
findings because the peak anaerobic power was determined with the
values of the first four vertical jumps.

Finally, some limitations can be highlighted in this study. First, only
one speed (60°/s) was used to evaluate isokinetic torque. It is recom-
mended that other speeds be tested, since variables such as FL may
present a better correlation with torque. Second, the athletes tested were
at the beginning of the competitive season, so these analyses could be
performed during the season or at the end, which may provide important
results related to muscular adaptation in the quadriceps muscles and the
relationship with physical performance. Also, no data were obtained on
the athletes’ training routines, which could interfere with the results of
the results. Finally, we did not use limb dominance, but rather the right
limb, to evaluate the US parameters. However, our study has strengths,
as we evaluated 48 soccer players who compete at regional and national
levels. Furthermore, we used standardized measures in the evaluations,
as well as other measures that are little explored in this population, such
as muscle morphology and anaerobic fitness using continuous vertical
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jumps.

Conclusion

From our findings it can be concluded that the muscular volume of

the quadriceps is related to peak torque and concentric and eccentric
work of the knee extensor muscles. Furthermore, the fascicle length and
pennation angle of the vastus lateralis showed significant correlations
with peak power output and average power during the CJ30s, repre-
senting anaerobic power and capacity, respectively.

Conflicts of interest

None

Funding sources

The authors would like to thank the Amazonas State Research Sup-

port Foundation - FAPEAM, for the funding offered to carry out the
research and the Federal University of Amazonas - UFAM. This study
was financed in part by the Coordenacao de Aperfeicoamento de Pessoal
de Nivel Superior - Brasil (CAPES) - Finance Code 001 and Secretaria
Nacional de Futebol e Defesa dos Direitos do Torcedor (SNFDT), Min-
istério do Esporte (grant number TED No 01,/2020).

References

10.

11.

12.

. Lehance C, Binet J, Bury T, Croisier JL. Muscular strength, functional performances

and injury risk in professional and junior elite soccer players. Scand J Med Sci Sports.
2009;19(2):243-251. Apr.

. Wang X, Heliyon YG, 2023 undefined. The intelligent football players’ motion

recognition system based on convolutional neural network and big data. Cell.Com
[Internet]. [cited 2024 Nov 5]; Available from: https://www.cell.com/h
eliyon/fulltext/S2405-8440(23) 09524-5.

. Stglen T, Chamari K, Castagna C, Wislgff U. Physiology of soccer: an update. Sport

Med. 2005;35(6):501-536.

. Suchomel TJ, Nimphius S, Bellon CR, Stone MH. The importance of muscular

strength: training considerations. Sport Med. 2018;48(4):765-785, 48:4 [Internet].
2018 Jan 25 [cited 2024 Dec 16]Available from https://link.springer.com/article
/10.1007/540279-018-0862-z.

. Gleeson NP, Mercer TH. The utility of isokinetic dynamometry in the assessment of

human muscle function. Sports Med. 1996;21(1):18-34 [Internet][cited 2024 Dec
16]Available from https://pubmed.ncbi.nlm.nih.gov/8771283/.

. Garcia-Pastor J, Alvear-Ordenes I, Arias-Giraldez D, Reguera-Garcia MM, Alonso-

Cortés B. Comparison of the agonist/antagonist tensional balance of the knee
between two isokinetic positions: a pilot study on a sample of high-level competitive
soccer players. Int J Environ Res Public Health. 2022;19(9):5397, 2022, Vol 19, Page
5397 [Internet]Apr 28 [cited 2024 Dec 16]Available from https://www.mdpi.
com/1660-4601/19/9/5397 /htm.

. Lanferdini FJ, Diefenthaeler F, Avila AG, Moro ARP, van der Zwaard S, Vaz MA.

Quadriceps muscle morphology is an important determinant of maximal isometric
and crank torques of cyclists. Sports (Basel) [Internet]. 2023;11(2). Feb 1 [cited 2024
Dec 16]Available from https://pubmed.ncbi.nlm.nih.gov/36828307/.

. Ogawa M, Matsumoto T, Harada R, Yoshikawa R, Ueda Y, Takamiya D, et al.

Reliability and validity of quadriceps muscle thickness measurements in
ultrasonography: a comparison with muscle mass and strength. Prog Rehabil Med;
2023 [Internet][cited 2024 Dec 16];8(0):n/a. Available from https://pubmed.ncbi.
nlm.nih.gov/36909302/.

. Aagaard P, Andersen JL, Dyhre-Poulsen P, Leffers AM, Wagner A, Peter

Magnusson S, et al. A mechanism for increased contractile strength of human
pennate muscle in response to strength training: changes in muscle architecture.

J Physiol; 2001 [Internet]Jul 15 [cited 2024 Dec 16];534(Pt. 2):613-23. Available
from https://pubmed.ncbi.nlm.nih.gov/11454977/.

Stella AB, Galimi A, Martini M, Di Lenarda L, Murena L, Deodato M. Muscle
asymmetries in the lower limbs of male soccer players: preliminary findings on the
association between countermovement jump and tensiomyography. Sports (Basel).
2022;10(11) [Internet][cited 2024 Dec 16]Available from https://pubmed.ncbi.nlm
.nih.gov/36422945/.

Ruiz-Cardenas JD, Rodriguez-Juan JJ, Rios-Diaz J. Relationship between jumping
abilities and skeletal muscle architecture of lower limbs in humans: systematic
review and meta-analysis. Hum Mov Sci. 2018;58:10-20 [Internet]Apr 1 [cited 2024
Dec 16]Available from https://pubmed.ncbi.nlm.nih.gov/29334674/.
Ramirez-delaCruz M, Bravo-Sanchez A, Esteban-Garcia P, Jiménez F, Abian-Vicén J.
Effects of plyometric training on lower body muscle architecture, tendon structure,
stiffness and physical performance: a systematic review and meta-analysis. Sports
Med Open; 2022 [Internet]Dec 1 [cited 2024 Dec 16];8(1). Available from https://
pubmed.ncbi.nlm.nih.gov/35312884/.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22,

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

Apunts Sports Medicine 60 (2025) 100486

Lee KL, Oh TW, Gil YC, Kim HJ. Correlation between muscle architecture and
anaerobic power in athletes involved in different sports. Sci Rep. 2021;11(1), 13332
[Internet]Jun 25 [cited 2024 Dec 16]Available from https://pubmed.ncbi.nlm.nih.
gov/34172797/.

Dal Pupo J, Gheller RG, Dias JA, Rodacki ALF, Moro ARP, Santos SG. Reliability and
validity of the 30-s continuous jump test for anaerobic fitness evaluation. J Sci Med
Sport. 2014;17(6):650-655 [Internet]Nov 1 [cited 2024 Dec 16]Available from htt
ps://pubmed.ncbi.nlm.nih.gov/24606832/.

Abellaneda S, Guissard N, Duchateau J. The relative lengthening of the
myotendinous structures in the medial gastrocnemius during passive stretching
differs among individuals. J Appl Physiol. 1985;106(1):169-177 [Internet]. 2009 Jan
[cited 2024 Dec 16]Available from https://pubmed.ncbi.nlm.nih.gov/18988765/.
Geremia JM, Baroni BM, Bini RR, Lanferdini FJ, de Lima AR, Herzog W, et al.
Triceps surae muscle architecture adaptations to eccentric training. Front Physiol
[Internet]. 2019 Nov 26 [cited 2024 Dec 16];10. Available from: https://pubmed.
ncbi.nlm.nih.gov/31849706/.

Miyatani M, Kanehisa H, Ito M, Kawakami Y, Eukunaga T. The accuracy of volume
estimates using ultrasound muscle thickness measurements in different muscle
groups. Eur J Appl Physiol. 2004;91(2-3):264-272 [Internet]Mar [cited 2024 Dec
16]Available from https://pubmed.ncbi.nlm.nih.gov/14569399/.

Baroni BM, Geremia JM, Rodrigues R, De Azevedo Franke R, Karamanidis K,

Vaz MA. Muscle architecture adaptations to knee extensor eccentric training: rectus
femoris vs. vastus lateralis. Muscle Nerve. 2013;48(4):498-506 [Internet] [cited 2024
Dec 16]Available from https://pubmed.ncbi.nlm.nih.gov/23852989/.

Caresio C, Molinari F, Emanuel G, Minetto MA. Muscle echo intensity: reliability and
conditioning factors. Clin Physiol Funct Imaging. 2015;35(5):393-403 [Internet]Sep 1
[cited 2024 Dec 16]Available from https://pubmed.ncbi.nlm.nih.gov/24902991/.
Rossato M, Dellagrana RA, Sakugawa RL, Baroni BM, Diefenthaeler F. Dose-response
effect of photobiomodulation therapy on muscle performance and fatigue during a
multiple-set knee extension exercise: a randomized, crossover, double-blind
placebo-controlled trial. Photobiomodul Photomed Laser Surg. 2020;38(12):758-765
[Internet]Dec 1 [cited 2024 Nov 6]Available from https://pubmed.ncbi.nlm.nih.
gov/33232629/.

Sayers SP, Harackiewicz DV, Harman EA, Frykman PN, Rosenstein MT. Cross-
validation of three jump power equations. Med Sci Sports Exerc. 1999;31(4):572-577
[Internet] [cited 2024 Dec 16]Available from https://pubmed.ncbi.nlm.nih.gov/
10211854/.

Hori M, Suga T, Terada M, Miyake Y, Nagano A, Isaka T. Torque-producing capacity
is affected by moment arm in the human knee extensors. BMC Res Notes. 2020;13(1)
[Internet]Jul 20 [cited 2024 Dec 16]Available from https://pubmed.ncbi.nlm.nih.
gov/32690112/.

Fukunaga T, Miyatani M, Tachi M, Kouzaki M, Kawakami Y, Kanehisa H. Muscle
volume is a major determinant of joint torque in humans. Acta Physiol Scand. 2001;
172(4):249-255 [Internet]Aug 10 [cited 2024 Dec 16]Available from https://online
library.wiley.com/doi/full/10.1046/j.1365-201x.2001.00867.x.

Lanferdini FJ, Viera HLS, Gidiel-Machado L, TD Leite-Nunes, Soldatelli IM,
Porporatti LB, et al. Vastus lateralis muscle architecture, quality, and stiffness are
determinants of maximal performance in athletes? J Biomech. 2025;180 [Internet]
Feb 1 [cited 2025 Mar 29]Available from https://pubmed.ncbi.nlm.nih.gov/
39756099/.

Maden-Wilkinson TM, Balshaw TG, Massey GJ, Folland JP. Muscle architecture and
morphology as determinants of explosive strength. Eur J Appl Physiol. 2021;121(4):
1099-1110 [Internet]Apr 1 [cited 2025 Mar 29]Available from https://pubmed.
ncbi.nlm.nih.gov/33458800/.

Cinarli FS, Kafkas E, Rudy K, Yildirim T. Selva Raj I, Duhig S. Relationship between
rectus femoris muscle architecture and isokinetic peak knee extension torque in.
Physically Active Men Sport Mont. 2024;22(2):19-24.

Noorkoiv M, Nosaka K, Blazevich AJ. Effects of isometric quadriceps strength
training at different muscle lengths on dynamic torque production. J Sports Sci.
2015;33(18):1952-1961 [Internet]Nov 8 [cited 2024 Dec 16]Available from htt
ps://pubmed.ncbi.nlm.nih.gov/25831993/.

Selva Raj I, Bird SR, Shield AJ. Ultrasound measurements of skeletal muscle
architecture are associated with strength and functional capacity in older adults.
Ultrasound Med Biol. 2017;43(3):586-594 [Internet]Mar 1 [cited 2024 Dec 16]
Available from https://pubmed.ncbi.nlm.nih.gov/28063610/.

Kumagai K, Abe T, Brechue WF, Ryushi T, Takano S, Mizuno M. Sprint performance
is related to muscle fascicle length in male 100-m sprinters. J Appl Physiol. 1985;88
(3):811-816 [Internet]. 2000 [cited 2024 Dec 16]Available from https://pubmed.
ncbi.nlm.nih.gov/10710372/.

Blazevich AJ, Coleman DR, Horne S, Cannavan D. Anatomical predictors of
maximum isometric and concentric knee extensor moment. Eur J Appl Physiol. 2009;
105(6):869-878 [Internet]. [cited 2024 Dec 16]Available from https://pubmed.ncbi.
nlm.nih.gov/19153760/.

Andrews MH, AP S, Gurchiek RD, Pincheira PA, Chaudhari AS, Hodges PW, et al.
Multiscale hamstring muscle adaptations following 9 weeks of eccentric training.
J Sport Health Sci. 2025;14, 100996 [Internet]Dec 1 [cited 2025 Mar 29]Available
from https://linkinghub.elsevier.com/retrieve/pii/$2095254624001534.
Lanferdini FJ, Diefenthaeler F, Avila AG, Moro ARP, van der Zwaard S, Vaz MA.
Quadriceps muscle morphology is an important determinant of maximal isometric
and crank torques of cyclists. Sports [Internet]. 2023;11(2):22. Feb 1 [cited 2024 Nov
6]Available from https://www.mdpi.com/2075-4663/11/2/22/htm.

Sekir U, Yalaki UC, Akova B. Rectus femoris muscle thickness and cross-sectional
area on ultrasonography may predict isometric and isokinetic knee extension
strength: a cross-sectional study. Spor Hekimligi Dergisi. 2022;57(1):021-030. Dec
11.


http://refhub.elsevier.com/S2666-5069(25)00010-0/sbref0001
http://refhub.elsevier.com/S2666-5069(25)00010-0/sbref0001
http://refhub.elsevier.com/S2666-5069(25)00010-0/sbref0001
https://www.cell.com/heliyon/fulltext/S2405-8440(23)
https://www.cell.com/heliyon/fulltext/S2405-8440(23)
http://refhub.elsevier.com/S2666-5069(25)00010-0/sbref0003
http://refhub.elsevier.com/S2666-5069(25)00010-0/sbref0003
https://link.springer.com/article/10.1007/s40279-018-0862-z
https://link.springer.com/article/10.1007/s40279-018-0862-z
https://pubmed.ncbi.nlm.nih.gov/8771283/
https://www.mdpi.com/1660-4601/19/9/5397/htm
https://www.mdpi.com/1660-4601/19/9/5397/htm
https://pubmed.ncbi.nlm.nih.gov/36828307/
https://pubmed.ncbi.nlm.nih.gov/36909302/
https://pubmed.ncbi.nlm.nih.gov/36909302/
https://pubmed.ncbi.nlm.nih.gov/11454977/
https://pubmed.ncbi.nlm.nih.gov/36422945/
https://pubmed.ncbi.nlm.nih.gov/36422945/
https://pubmed.ncbi.nlm.nih.gov/29334674/
https://pubmed.ncbi.nlm.nih.gov/35312884/
https://pubmed.ncbi.nlm.nih.gov/35312884/
https://pubmed.ncbi.nlm.nih.gov/34172797/
https://pubmed.ncbi.nlm.nih.gov/34172797/
https://pubmed.ncbi.nlm.nih.gov/24606832/
https://pubmed.ncbi.nlm.nih.gov/24606832/
https://pubmed.ncbi.nlm.nih.gov/18988765/
https://pubmed.ncbi.nlm.nih.gov/31849706/
https://pubmed.ncbi.nlm.nih.gov/31849706/
https://pubmed.ncbi.nlm.nih.gov/14569399/
https://pubmed.ncbi.nlm.nih.gov/23852989/
https://pubmed.ncbi.nlm.nih.gov/24902991/
https://pubmed.ncbi.nlm.nih.gov/33232629/
https://pubmed.ncbi.nlm.nih.gov/33232629/
https://pubmed.ncbi.nlm.nih.gov/10211854/
https://pubmed.ncbi.nlm.nih.gov/10211854/
https://pubmed.ncbi.nlm.nih.gov/32690112/
https://pubmed.ncbi.nlm.nih.gov/32690112/
https://onlinelibrary.wiley.com/doi/full/10.1046/j.1365-201x.2001.00867.x
https://onlinelibrary.wiley.com/doi/full/10.1046/j.1365-201x.2001.00867.x
https://pubmed.ncbi.nlm.nih.gov/39756099/
https://pubmed.ncbi.nlm.nih.gov/39756099/
https://pubmed.ncbi.nlm.nih.gov/33458800/
https://pubmed.ncbi.nlm.nih.gov/33458800/
http://refhub.elsevier.com/S2666-5069(25)00010-0/sbref0026
http://refhub.elsevier.com/S2666-5069(25)00010-0/sbref0026
http://refhub.elsevier.com/S2666-5069(25)00010-0/sbref0026
https://pubmed.ncbi.nlm.nih.gov/25831993/
https://pubmed.ncbi.nlm.nih.gov/25831993/
https://pubmed.ncbi.nlm.nih.gov/28063610/
https://pubmed.ncbi.nlm.nih.gov/10710372/
https://pubmed.ncbi.nlm.nih.gov/10710372/
https://pubmed.ncbi.nlm.nih.gov/19153760/
https://pubmed.ncbi.nlm.nih.gov/19153760/
https://linkinghub.elsevier.com/retrieve/pii/S2095254624001534
https://www.mdpi.com/2075-4663/11/2/22/htm
http://refhub.elsevier.com/S2666-5069(25)00010-0/sbref0033
http://refhub.elsevier.com/S2666-5069(25)00010-0/sbref0033
http://refhub.elsevier.com/S2666-5069(25)00010-0/sbref0033
http://refhub.elsevier.com/S2666-5069(25)00010-0/sbref0033

T.G.B. Pardo et al.

34. Van Der Zwaard S, Van Der Laarse WJ, Weide G, Bloemers FW, Hofmijster MJ,
Levels K, et al. Critical determinants of combined sprint and endurance
performance. FASEB Journal. 2018;32(4):2110-2123. Apr 1.

35. Coratella G, Longo S, Rampichini S, Limonta E, Shokohyar S, Bisconti AV, et al.
Quadriceps and gastrocnemii anatomical cross-sectional area and vastus lateralis

fascicle length predict peak-power and time-to-peak-power. Res Q Exerc Sport. 2020;
91(1):158-165 [Internet]Jan 2 [cited 2024 Nov 6]Available from https://www.tand

fonline.com/doi/abs/10.1080/02701367.2019.1648745.

36. Kordi M, Folland J, Goodall S, Haralabidis N, Maden-Wilkinson T, Sarika Patel T,

et al. Mechanical and morphological determinants of peak power output in elite
cyclists. Scand J Med Sci Sports. 2020;30(2):227-237 [Internet]Feb 1 [cited 2024
Dec 15]Available from https://onlinelibrary.wiley.com/doi/full/10.1111/
sms.13570.

Apunts Sports Medicine 60 (2025) 100486

37. Morin JB, Jiménez-Reyes P, Brughelli M, Samozino P. When jump height is not a

good indicator of lower limb maximal power output: theoretical demonstration,
experimental evidence and practical solutions. Sports Med. 2019;49(7):999-1006
[Internet]Jul 1 [cited 2024 Dec 16]Available from https://pubmed.ncbi.nlm.nih.
gov/30805913/.

. Blazevich AJ, Gill ND, Zhou S. Intra- and intermuscular variation in human

quadriceps femoris architecture assessed in vivo. J Anat. 2006;209(3):289-310
[Internet]Sep [cited 2025 Mar 29]Available from https://pubmed.ncbi.nlm.nih.
gov/16928199/.

. Methenitis SK, Zaras ND, Spengos KM, Stasinaki ANE, Karampatsos GP,

Georgiadis GV, et al. Role of muscle morphology in jumping, sprinting, and
throwing performance in participants with different power training duration
experience. J Strength Cond Res. 2016;30(3):807-817 [Internet]Mar 1 [cited 2024
Dec 16]Available from https://pubmed.ncbi.nlm.nih.gov/26907845/.


http://refhub.elsevier.com/S2666-5069(25)00010-0/sbref0034
http://refhub.elsevier.com/S2666-5069(25)00010-0/sbref0034
http://refhub.elsevier.com/S2666-5069(25)00010-0/sbref0034
https://www.tandfonline.com/doi/abs/10.1080/02701367.2019.1648745
https://www.tandfonline.com/doi/abs/10.1080/02701367.2019.1648745
https://onlinelibrary.wiley.com/doi/full/10.1111/sms.13570
https://onlinelibrary.wiley.com/doi/full/10.1111/sms.13570
https://pubmed.ncbi.nlm.nih.gov/30805913/
https://pubmed.ncbi.nlm.nih.gov/30805913/
https://pubmed.ncbi.nlm.nih.gov/16928199/
https://pubmed.ncbi.nlm.nih.gov/16928199/
https://pubmed.ncbi.nlm.nih.gov/26907845/

	Morphological aspects of the quadriceps and their relationship with torque and power parameters in male soccer players at t ...
	Introduction
	Material and methods
	Participants
	Assessment of quadriceps morphology
	Evaluation of torque parameters
	Anaerobic fitness evaluation
	Statistical analysis

	Results
	Discussion
	Conclusion
	Conflicts of interest
	Funding sources
	References


