
applied  
sciences

Article

Force–Time Characteristics of Dynamic and Isometric Muscle
Actions: Association with Muscle Architecture in
Female Athletes

Vasiliki Gaspari, Gregory C. Bogdanis , Ioli Panidi, Georgia Giannakopoulou, Gerasimos Terzis ,
Helen Kotsala, Anastasia Donti and Olyvia Donti *

����������
�������

Citation: Gaspari, V.; Bogdanis, G.C.;

Panidi, I.; Giannakopoulou, G.; Terzis,

G.; Kotsala, H.; Donti, A.; Donti, O.

Force–Time Characteristics of

Dynamic and Isometric Muscle

Actions: Association with Muscle

Architecture in Female Athletes. Appl.

Sci. 2021, 11, 5272. https://doi.org/

10.3390/app11115272

Academic Editor: Mark King

Received: 24 April 2021

Accepted: 3 June 2021

Published: 6 June 2021

Publisher’s Note: MDPI stays neutral

with regard to jurisdictional claims in

published maps and institutional affil-

iations.

Copyright: © 2021 by the authors.

Licensee MDPI, Basel, Switzerland.

This article is an open access article

distributed under the terms and

conditions of the Creative Commons

Attribution (CC BY) license (https://

creativecommons.org/licenses/by/

4.0/).

Sports Performance Laboratory, School of Physical Education and Sport Science, National and Kapodistrian
University of Athens, 17237 Athens, Greece; vgaspari@phed.uoa.gr (V.G.); gbogdanis@phed.uoa.gr (G.C.B.);
ipanidi@phed.uoa.gr (I.P.); tzortzina.giannakopoulou@gmail.com (G.G.); gterzis@phed.uoa.gr (G.T.);
elenako@phed.uoa.gr (H.K.); adonti@phed.uoa.gr (A.D.)
* Correspondence: odonti@phed.uoa.gr; Tel.: +30-210-727-6109; Fax: +30-210-727-610

Abstract: The association between force–time characteristics of isometric leg press (ILP) and counter-
movement jump (CMJ) with vastus lateralis (VL) muscle architecture, was examined in 19 female
athletes (aged 23.2 ± 5.4 years). Peak force (PF), average rate of force development (ARFD) and rate
of force development (RFD) at different time epochs were calculated from the force–time curve, as
well as CMJ jump height and power. Significant correlations were found between ILP-PF and CMJ
power (r = 0.658, p < 0.01), while both variables were correlated with VL thickness and fascicle length
(r = 0.471 to 0.648, p < 0.05). Significant correlations were also observed between ILP-RFD epochs and
VL fascicle length (r = 0.565 to 0.646, p < 0.05) and between CMJ height with VL thickness (r = 0.523,
p < 0.05). Furthermore, positive correlations were found between ILP and CMJ in ARFD (r = 0.625,
p < 0.01) and RFD epochs (r = 0.464 to 0.566, p < 0.05). ILP-PF and muscle thickness accounted
for 52.8% (p = 0.002) of the variance in CMJ power. These results suggest that isometric force time
characteristics are associated with power generation during dynamic muscle actions. Furthermore,
VL muscle thickness and fascicle length are associated with rapid force production in female athletes,
irrespective of the type of muscle action.

Keywords: isometric leg press; countermovement jump; rate of force development; fascicle length;
muscle thickness; ultrasound

1. Introduction

Muscular strength and power are important fitness parameters for athletic perfor-
mance, daily life activities, and clinical populations [1]. The evaluation of strength and
explosive muscle performance may be accomplished by analyzing the force–time charac-
teristics of isometric and dynamic muscle actions [2]. Isometric strength tests require the
athlete to apply force against an immovable device and the forces generated during these
tests allow for the quantification of peak force (PF), rate of force development (RFD) and im-
pulse [3–6]. PF and RFD are essential force–time characteristics and have been investigated
in relation to skeletal muscle fiber type [7], muscle architecture [8] and muscle size [9,10].
RFD has important functional significance in fast and forceful muscle contractions because
it determines the force that can be generated in the early phase of muscle contraction
(0–200 ms) [3]. RFD is related to performance in many power sports, where the duration of
key technical movements (e.g., long jump, sprint) lasts from 80 to 170 ms [11,12].

The association between isometric and dynamic force–time characteristics (e.g., peak
force, power and RFD) is still a topic of debate. Some studies suggested that force–time
characteristics during isometric contractions are not associated with dynamic performance
such as jumping or pulls [13–16]. For example, McGuigan et al. (2010) [16] did not detect as-
sociations between RFD assessed during isometric mid-thigh pull, and dynamic squat and
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bench press exercises and Young et al. (1995) [17] did not observe a relationship between
PF achieved during isometric squat and countermovement jump (CMJ) height. In contrast,
other studies showed significant relationships between isometric PF and CMJ or squat jump
height and peak power [13–15,18,19]. Interestingly, significant correlations were reported
between dynamic and isometric muscle actions in well-trained athletes [20] and when
standardizing the joint angle during the force–time assessment protocols [21]. Thus, there
is conflicting evidence about the link between isometric and dynamic performance [22].

Among the factors associated with strength and power generation, muscle architec-
tural characteristics are considered as important determinants [23]. For example, longer
fascicles increase the ability of force production during high velocity contractions—in
particular RFD [24]—and allow for less sarcomere deformation at a given contraction
velocity [23,25]. Greater fascicle pennation reflects a greater number of in-parallel sarcom-
eres, typically associated with increased physiological cross-sectional area and muscle
strength [26,27]. Muscle thickness reflects muscle size and is related to the ability of force
production [28,29]. However, the association between muscle architecture and force–time
characteristics of isometric and dynamic muscle actions has not been explicitly studied. A
better understanding of the relative contribution of muscle morphology to force generation
in different types of muscle actions would help in designing interventions to improve
muscle function in athletes, patients or elderly populations. As female athletes have
lower power and strength [30], smaller fascicle pennation angle and longer relative fascicle
lengths than men [31] it is important to investigate the association between muscle per-
formance and architecture in women. Furthermore, evidence on the association between
isometric and dynamic muscle actions is limited in female athletes and the relationship
between force–time characteristics in different muscle actions and muscle architecture has
not been previously examined. Thus, the purpose of this study was to investigate the
relationship between muscle architecture and force–time characteristics of isometric leg
press (ILP) and CMJ in female athletes.

2. Materials and Methods
2.1. Experimental Design

A correlational study design was used, in which female athletes were assessed for
vastus lateralis (VL) muscle architecture and force–time characteristics of ILP and CMJ.
Athletes performed one familiarization and two main testing sessions. During the familiar-
ization session, participants’ anthropometric characteristics (height, body mass and femur
length) were measured, and they were familiarized with ILP and CMJ on the force platform.

One week after the familiarization session, two main testing sessions were conducted
3–4 days apart. The study protocol is shown in Figure 1. On the first main session
participants’ muscle architecture parameters of the VL muscle were measured at rest.
Following ultrasonography, participants performed two single repetitions of ILP, with
3 min rest. In the third main session, three CMJ were performed interspersed with 2 min
rest. Before dynamic or isometric testing, participants performed a standardized warm-up,
consisting of 5 min of light cycling against a standard load (60 W) and 5 min of dynamic
stretching. Participants were asked to avoid any strenuous activity for 48 h before testing,
and all testing was performed in the morning hours.
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Figure 1. Schematic representation of the study protocol, ILP: isometric leg press, CMJ: countermove-
ment jump.

2.2. Subjects

Nineteen healthy female club and national level athletes from weight bearing sports
(5 rhythmic and 2 artistic gymnasts, 2 basketball players, 4 volleyball players, and 6 track
and field athletes) (age: 23.2 ± 5.4 years, training experience: 13.4 ± 5.4 years, body mass:
58.1 ± 4.3 kg, height: 165 ± 3.8 cm, BMI 21.3 ± 1.7 kg/m2) participated in this study. All
participants were training for at least three times per week (~60 min per training session)
and had no injuries of the lower limbs for the past 6 months. Participants gave information
on their menstruation and testing was conducted during the early follicular phase (±3 days).
Before entering in the study, participants were informed about the risks and experimental
procedures of the study and then gave their informed consent. All procedures were
performed in accordance with the principles outlined in the Declaration of Helsinki and
were approved by the local ethics committee (registration number: 1201/10-06-2020).

2.3. Procedures
2.3.1. Anthropometry

Height was measured using a stadiometer (Seca 208, Hamburg, Germany) and body
mass was measured with a calibrated digital scale (Seca 710, Hamburg, Germany). Fe-
mur length was measured as the distance between the lateral condyle of the femur and
greater trochanter.

2.3.2. Muscle Architecture and Ultrasound

Ultrasound images were obtained in the morning hours, 48 h after the last training
session. Participants remained in a supine position on a physiotherapy bed, for 20 min
with their muscles relaxed, their hips positioned in 180◦ and their knees extended (~170◦).
VL muscle architecture (fascicle length, pennation angle and muscle thickness) of the right
leg was measured at the middle part of the muscle, 50% of the distance from the central
palpable point of the greater trochanter to the lateral condyle of the femur [32]. Panoramic
B-mode ultrasound images from VL were obtained with a 10 MHz linear probe (38 mm)
via extended field-of-view mode (Product model Z5, Shenzhen, Mindray Bio-Medical
Electronics Co., Ltd., Shenzhen, China). The acoustic contact between the probe and the
skin was provided via an Aquasonic clear ultrasound transmission gel (Parker laboratories,
Inc., New Fairfield, NJ, USA). The transducer was placed longitudinal at femur, oriented
in parallel to the muscle fascicles and perpendicular to the skin. The field of view was
determined as the distance between two probe lengths, one before and one after the 50%
marker of muscle length. By using a permanent pen, a dashed line (~10 cm) was marked
on the right and the left of the point of 50% and a probe path was drawn on the skin [33].
Image analysis was obtained with software (Motic Images Plus, 2.0, Motic, Hong Kong,
China). For each participant, two different fascicle lengths and their respective pennation
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angles were assessed (Figure 2). Muscle thickness was determined as the perpendicular
distance from the deep aponeurosis to the superficial aponeurosis and was evaluated by
two separate measurements (Figure 2). Average values were used for further analysis.
Test–retest reliability was determined on 11 participants, on two separate days. Intraclass
correlation coefficient (ICC) for muscle thickness was 0.970 (90% CI: 0.913–0.990, standard
error of measurement; SEM = 1.7%), for pennation angle ICC was 0.942 (90% CI: 0.836–0.980;
SEM = 2.2%) and for fascicle length ICC was 0.948 (90% CI: 0.854–0.982; SEM = 2.1%).
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Figure 2. Panoramic sonographic image of VL at the middle part showing FL: fascicle length, PA:
pennation angle and TH: muscle thickness.

2.3.3. Isometric Leg Press Performance

After ultrasound measurement, and following the standardized 10 min warm-up,
participants were seated on a custom-made steel leg press chair and with both feet on
the force platform (Applied Measurements Ltd. Co. 249 UK, Berkshire, UK, WP800,
80 × 80 cm), interfaced with a computer (sampling frequency 1000 Hz, Kyowa sensor
interface PCD-320A, Kyowa Electronic Instruments CO., LTD, Tokyo, Japan) which was
positioned on a concrete laboratory wall. Knee angle was set at 120◦, hip angle at 100◦

(180◦ = full extension), and ankle angle at 90◦ [19]. They were instructed to keep a low
steady baseline force at the start (~128 ± 24 N) [34] and to apply their force as fast and as
hard as possible and continue their maximum effort until peak force (3–5 s) during each
repetition. For each attempt, visual feedback of the force was provided via a computer
monitor placed above the force platform. Variables calculated from the ascending portion
of the force–time curve [35] were the maximum isometric force (ILP-PF), average rate
of force development from steady baseline force to maximal force (ILP-ARFD) and RFD
at time intervals of 0–50, 0–100, 0–150, 0–200 and 0–250 ms according to the following
equation: RFD (N × s−1) = ∆Force × ∆Time−1 [3]. The force–time curve with the highest
peak force—provided that the RFD of this trial was not compromised—was used for
statistical analysis. Raw data were used to calculate force parameters [36]. The onset of
force application was set at 3% of the respective peak force value. The ICC for ILP-PF was
0.88 (90% CI: 0.670–0.956; SEM = 9.9%).

2.3.4. Countermovement Jump Performance

After a short warm-up of 5 min on a stationary cycle ergometer and 5 min of dynamic
stretching, participants performed 3 maximal CMJ with 2 min of rest between jumps on
the force platform with arms akimbo. The ascending portion of the force–time curve of
the highest jump was used for further analysis. Peak force (CMJ-PF), flight time, mini-
mum force (CMJ-Fmin) and force at time intervals of 50, 100, 150 ms (CMJ-Fmin) from
minimum to maximal force in the ascending part of the curve, were obtained. Jumping
height was calculated from take-off velocity, according to the following equation: jumping
height = (take off velocity)2/(2 × g) [37] and power according to the following equation:
power = (51.9 × jumping height) + (48.9 × body mass) − 2007 [38]. Average rate of force
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development (CMJ-ARFD) from minimum to maximum force and RFD at time intervals
of 0–50, 0–100, 0–150 ms from minimum force (CMJ-Fmin) were calculated according to
the following equation: RFD (N × s−1) = ∆Force × ∆Time−1. The ICC for CMJ height and
power output were 0.936 (90% CI: 0.821–0.978; SEM = 2.9%) and 0.984 (90% CI: 0.953–0.992;
SEM = 1.6%), respectively.

2.4. Statistical Analysis

Means ± standard deviations (SD) were calculated for each tested variable. Data
were examined for normality using Shapiro–Wilk test, with no notable violations. Pearson
product moment correlation (r) was used to examine linear associations between muscle
architecture, CMJ and ILP force–time parameters. Pearson correlation coefficients [39] were
considered as: trivial r < 0.10, small r = 0.10–0.29, moderate r = 0.30–0.49, r = 0.50–0.69 large,
r = 0.70–0.89 very large and r ≥ 0.90 almost perfect. Stepwise regression analysis (backward
elimination) was used to investigate the effects of force–time and muscle architecture
characteristics on CMJ power. Multicollinearity was examined using variance inflation
factor. Intraclass correlation coefficients (ICCs) (two-way mixed effects) were used to
assess test–retest reliability. Additionally, the standard error of measurement (SEM) was
calculated. Statistical significance was set at p < 0.05. All statistical analyses were performed
with SPSS (IBM SPSS Statistics Version 25).

3. Results

Means and standard deviations of the examined variables are presented in Table 1.

Table 1. Means and standard deviations of the examined variables (n = 19).

Mean Sd

Fascicle length (m) 0.077 0.007
Pennation angle (o) 15.528 1.435

Thickness (m) 0.020 0.002
ILP-PF (N) 3099.805 871.435

ILP-Average time to PF (s) 1.438 0.751
ILP-RFD50 ms (N × s−1) 7635.278 4479.910
ILP-RFD100 ms (N × s−1) 10,430.095 4021.079
ILP-RFD150 ms (N × s−1) 10,080.549 3128.380
ILP-RFD200 ms (N × s−1) 9009.969 2605.143
ILP-RFD250 ms (N × s−1) 7988.025 2207.825

ILP-ARFD (N × s−1) 2736.056 2344.847
CMJ height (m) 0.232 0.027
CMJ power (W) 2170.279 271.258

CMJ-PF (N) 1452.654 137.890
CMJ-average time to PF (s) 0.243 0.056
CMJ-RFD50 ms (N × s−1) 2515.491 1360.157
CMJ-RFD100 ms (N × s−1) 4324.661 2739.108
CMJ-RFD150 ms (N × s−1) 5369.340 2744.600

CMJ-ARFD (N × s−1) 3767.976 3055.164
ILP-PF: peak force in isometric leg press, ILP-ARFD: average rate of force development in isometric leg-press,
CMJ-PF: peak force in countermovement jump, ILP-RFD: rate of force development in isometric leg press, CMJ-
RFD: rate of force development in countermovement jump, CMJ-ARFD: average rate of force development in
countermovement jump.

3.1. Correlations between Jumping and Isometric Force–Time Parameters

Significant correlations were found between CMJ and ILP in ARFD and several RFD
time intervals (p < 0.05). Results are presented in Table 2.
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Table 2. Correlation coefficients (Pearson’s r) between CMJ and ILP force–time characteristics (n = 19).

ILP-PF ILP-RFD50 ms ILP-RFD100 ms ILP-RFD150 ms ILP-RFD200 ms ILP-RFD250 ms ILP-ARFD

CMJ height 0.338 0.022 −0.026 0.020 0.045 0.055 −0.070
CMJ power 0.658 ** 0.181 0.177 0.295 0.305 0.293 −0.063

CMJ-PF 0.140 0.297 0.368 0.371 0.348 0.328 0.477 *
CMJ-RFD50 ms 0.087 0.384 0.399 0.433 0.423 0.397 0.399
CMJ-RFD100 ms 0.085 0.502 * 0.533 * 0.505 * 0.499 * 0.477 * 0.520 *
CMJ-RFD150 ms 0.002 0.533 * 0.561 * 0.498 * 0.468 * 0.425 0.447
CMJ-ARFD −0.133 0.074 0.276 0.315 0.320 0.343 0.625 **

ILP-PF: peak force in isometric leg press, CMJ-PF: peak force in countermovement jump, ILP-RFD: rate of force development in isometric leg
press, CMJ-RFD: rate of force development in countermovement jump, CMJ-ARFD: average rate of force development in countermovement
jump, ILP-ARFD: average rate of force development in isometric leg-press. * p < 0.05, ** p < 0.01.

3.2. Correlations between Muscle Architecture and Jumping Parameters

Significant correlations were found between jumping height and VL muscle thickness
(p < 0.05) (Table 3) and CMJ power and VL muscle thickness and fascicle length (p < 0.01)
(Figure 3). No correlations were found between CMJ-PF and muscle architecture as well
as between CMJ-ARFD and RFD epochs (0–50, 0–100, 0–150 ms) and muscle architecture
(p > 0.05) (Table 3).

Table 3. Correlation coefficients (Pearson’s r) between VL muscle architecture and CMJ force–time
characteristics (n = 19).

Fascicle Length Pennation Angle Thickness

CMJ height 0.307 0.330 0.523 *
CMJ-PF 0.423 −0.085 0.317

CMJ-RFD50 ms 0.369 −0.297 0.072
CMJ-RFD100 ms 0.365 −0.145 0.128
CMJ-RFD150 ms 0.295 −0.097 0.114

CMJ-ARFD −0.073 0.068 −0.012
CMJ-PF: maximal force in countermovement jump, CMJ-RFD: rate of force development in countermovement
jump, CMJ-ARFD: average rate of force development in countermovement jump. * p < 0.05.
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3.3. Correlations between Muscle Architecture and Isometric Parameters

Correlations between VL muscle architecture and isometric force–time parameters
are presented in Table 4 and Figure 4. Significant correlations were found between ILP-
RFD50 ms to ILP-RFD200 ms and VL fascicle length (p < 0.05) (Table 4). Additionally, signifi-
cant correlations were found between ILP-PF and VL fascicle length and thickness (p < 0.05)
(Figure 4). No correlations were found between VL pennation angle and ILP force–time
parameters (p > 0.05).

Table 4. Correlation coefficients (Pearson’s r) between VL muscle architecture and ILP force–time
characteristics (n = 19).

Fascicle Length Pennation Angle Thickness

ILP-RFD50 ms 0.584 ** −0.240 0.252
ILP-RFD100 ms 0.606 ** −0.117 0.290
ILP-RFD150 ms 0.646 ** −0.063 0.347
ILP-RFD200 ms 0.612 ** 0.018 0.375
ILP-RFD250 ms 0.565 * 0.036 0.364

ILP-ARFD 0.368 −0.234 0.105
ILP-RFD: rate of force development in isometric leg press, ILP-ARFD: average rate of force development in
isometric leg press. * p < 0.05, ** p < 0.01.

Appl. Sci. 2021, 11, x FOR PEER REVIEW 7 of 12 
 

Correlations between VL muscle architecture and isometric force–time parameters 
are presented in Table 4 and Figure 4. Significant correlations were found between ILP-
RFD50 ms to ILP-RFD200 ms and VL fascicle length (p < 0.05) (Table 4). Additionally, significant 
correlations were found between ILP-PF and VL fascicle length and thickness (p < 0.05) 
(Figure 4). No correlations were found between VL pennation angle and ILP force–time 
parameters (p > 0.05). 

Table 4. Correlation coefficients (Pearson’s r) between VL muscle architecture and ILP force–time characteristics (n = 19). 

 Fascicle Length Pennation Angle Thickness 
ILP-RFD50 ms 0.584 ** −0.240 0.252 
ILP-RFD100 ms 0.606 ** −0.117 0.290 
ILP-RFD150 ms 0.646 ** −0.063 0.347 
ILP-RFD200 ms 0.612 ** 0.018 0.375 
ILP-RFD250 ms 0.565 * 0.036 0.364 

ILP-ARFD 0.368 −0.234 0.105 
ILP-RFD: rate of force development in isometric leg press, ILP-ARFD: average rate of force development in isometric leg 
press. * p < 0.05, ** p < 0.01. 

 
Figure 4. Correlations between ILP-PF and VL muscle thickness and fascicle length. 

3.4. Stepwise Regression Analysis for Countermovement Jump Power 
No value in variance inflation factor exceeded 2.5. Stepwise regression analysis 

showed that ILP-PF and VL muscle thickness accounted for a large part (52.8%) of the 
variance of CMJ power (Adjusted R2 = 0.528, F = 7.701, p = 0.002) (Table 5). 

  

Figure 4. Correlations between ILP-PF and VL muscle thickness and fascicle length.

3.4. Stepwise Regression Analysis for Countermovement Jump Power

No value in variance inflation factor exceeded 2.5. Stepwise regression analysis
showed that ILP-PF and VL muscle thickness accounted for a large part (52.8%) of the
variance of CMJ power (Adjusted R2 = 0.528, F = 7.701, p = 0.002) (Table 5).
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Table 5. Results of the stepwise regression analysis using ILP-PF, fascicle length and muscle thickness
as predictors of CMJ power.

95%CI

Variables B SE Beta T Sig Lower Upper

Fascicle
length 76.654 76.987 0.204 0.996 0.335 −87.349 240.748

ILP-PF 0.121 0.061 0.389 1.993 0.065 −0.008 0.250
Thickness 460.320 260.931 0.354 1.764 0.098 −95.841 1016.481

ILP-PF 0.141 0.774 0.454 2.475 0.025 0.20 0.263
Thickness 564.804 238.836 0.434 2.365 0.031 58.495 1071.112

4. Discussion

The aim of this study was to investigate the association between VL muscle archi-
tecture and force–time characteristics of ILP and CMJ, in female athletes. To the author’s
knowledge, evidence is limited on the association between muscle architecture and force–
time characteristics during isometric and dynamic conditions, in female athletes. The main
findings of this study were that ILP-PF and CMJ power significantly correlated, and both
variables also showed strong correlations with VL muscle thickness and fascicle length. In
addition, ILP-PF and muscle thickness were important predictors of CMJ power. Signif-
icant correlations were also observed between fascicle length with ILP-RFD epochs and
between jumping height and muscle thickness. Furthermore, positive correlations were
found between ILP and CMJ for ARFD and RFD, despite the different types of muscle
actions included in these movements.

The result of this study indicated strong correlations between ILP-PF and CMJ power.
Nuzzo et al. (2008) [40] also reported that the absolute ILP-PF during isometric squat
significantly correlated with CMJ peak power and Kawamori et al. (2006) [18] found that
PF in isometric mid-thigh pull significantly correlated with CMJ power, in male athletes.
Although, evidence on the association between isometric PF and force–time characteristics
achieved during jumping tasks is controversial [41], the results of this study highlighted
that the female athletes with greater maximal lower limb strength, as evaluated with ILP,
were capable of generating higher levels of power during a jumping test. Interestingly,
ILP-PF and CMJ power were both associated with VL muscle thickness, and fascicle length.
Larger thickness of the VL muscle may indicate greater hypertrophy [42] of the knee
extensors and allows for a greater production of force [28]. Secomb et al. (2015) [43] and
McMahon et al. (2015) [44] also reported a positive correlation between VL thickness and
maximal isometric force in mid-thigh pull, in male athletes. Furthermore, an association
between VL muscle thickness and CMJ power was observed in elite weightlifters [45] and
similar results were reported from Mangine et al. (2014) [46] and Alegre et al. (2009) in
male and female participants [47].

Longer fascicles in VL may reflect a greater number of in series sarcomeres, and indi-
cate a higher peak shortening velocity [23]. The significant correlations between VL fascicle
length and ILP-PF found in this study are in line with Bartolomei et al. (2017) [48] who also
observed correlations between VL fascicle length and PF during mid-shin pull. VL fascicle
length was also positively correlated with CMJ power in female athletes. Methenitis et al.
(2016) reported that type II fiber percentage and fascicular length were the most significant
determinants of power performance in experienced power-trained young men [49] and
Zaras et al. (2020) [45] and Mangine et al. (2014) [46] also found significant correlations
between fascicle lengths and CMJ power in male and female athletes, respectively. Col-
lectively, ILP-PF and CMJ power were positively associated with VL muscle thickness
and fascicle length, thus highlighting the importance of muscle hypertrophy (in series and
parallel) for force and power generation. Thus, it appears, that the significant correlation
between ILP-PF and jumping power may be moderated by VL muscle thickness and fas-
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cicle length in female athletes. Along this line, it was also found that ILP-PF and muscle
thickness were important predictors of CMJ power in female athletes.

The results of this study also indicated that VL muscle thickness was associated with
CMJ height. In line with this result, Secomb et al. (2015) also identified strong associations
between VL thickness and jump height in elite male surfers [43] and Alegre et al. (2009)
reported significant correlations between VL thickness and CMJ height in males and
females [47]. Although, some previous studies failed to detect associations between VL
muscle morphology and jumping height [50,51], the results of this study are in line with the
findings of a recent meta-analysis on the association between CMJ height and VL muscle
thickness [52].

Fascicle length was significantly associated with all the ILP-RFD epochs (0–50, 0–100,
0–150, 0–200 and 0–250 ms), in the absence of associations with VL pennation angle and
thickness. Although performance of rapid contractions is determined by neural and
muscular factors [34] the relative contribution of muscle structure in the early or late RFD is
poorly understood. In agreement with the results of the present study, Corratela et al. (2020)
reported a significant association between VL fascicle length and RFD epochs (100–250 ms)
in knee extension (90◦) in males [8]. The correlations between VL fascicle length and
RFD epochs found in this study may be associated with the intention of the individuals
to produce force rapidly. Such a focus may increase the rate of muscle activation by the
central nervous system, thus, leading to faster muscular force production for which fascicle
length is an important determinant [25]. This association between fascicle length and RFD
epochs may have direct relevance to sport activities in female athletes. Interestingly, the
association between VL muscle thickness and fascicle length and isometric RFD has also
been confirmed in previous studies in youth physically active and clinical population [53].
However, no correlation was observed between fascicle length and any of the RFD epochs
in CMJ. A possible explanation of this result is that RFD during CMJ is assessed in the
eccentric (braking) phase where the body drops into the squat position. During this
eccentric phase a lengthening of muscles [54] is observed, and elastic energy is stored in
the passive elements of the muscles involved, possibly modifying the role of contractile
elements in force production [55]. In contrast, RFD in ILP is evaluated from the start of a
forceful isometric contraction. Furthermore, contribution of different muscle groups may
differ between jumping and ILP performance, with VL playing a more important role in
force production during isometric exercise [56].

Interestingly, no association was found in this study between RFD epochs and penna-
tion angle. It is reported that female athletes demonstrate smaller fascicular pennation and
longer relative fascicle lengths [31] compared to men and thus, the relative contribution
of muscle structure to RFD may differ between males and females. Nevertheless, recently
Corratela et al. (2020) also did not detect associations between VL pennation angle and any
of the RFD epochs in male participants [8].

Significant correlations were found between CMJ-RFD 0–100 to 0–150 ms epochs with
ILP-RFD of 0–50 to 0–250 ms epochs. In addition, significant correlations (p = 0.01) were
found between CMJ-ARFD and ILP-ARFD despite the fact that ILP and CMJ involve differ-
ent types of muscle actions (isometric/eccentric and concentric). A number of previous
studies in male participants examined the association between RFD, and in particular peak
RFD in isometric and dynamic conditions [18,57] with controversial results. For example,
Wilson and Murphy (1995) found no correlation between RFD in CMJ with RFD during an
isometric contraction in a Smith machine (110◦, 150◦) and Kawamori et al. (2006) found
no significant correlations between peak RFD in isometric and dynamic midthigh pull in
male participants [18]. Based on that, the authors assumed that isometric and dynamic
measures of force–time characteristics represent specific qualities. In contrast, the results of
this study demonstrate that in female athletes, the ability to exert isometric RFD shares at
least some functional and structural foundation with the ability to exert dynamic RFD. The
unloading phase is the first stage of the countermovement during which kinetic energy
(downward) is developed [35]. Athletes with greater eccentric force production may have
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a greater range of braking strategies and a better storage of elastic energy that is returned
during concentric initiation.

A limitation of this study that should be acknowledged is that isometric leg press
and countermovement jump differ in trunk support and this imply differences in body
mechanics. Furthermore, although the eccentric RFD was examined during CMJ, the
concentric portion of the jump was not analyzed in the present study.

5. Conclusions

In conclusion, this study found that female athletes with higher maximal lower limb
strength, as measured with ILP, were capable of producing higher levels of power during a
jumping test. Both isometric PF and jump power were associated with VL muscle thickness
and fascicle length. In addition, associations between ILP-RFD epochs and VL fascicle
length confirm the importance of fascicular length to force development in isometric
muscle contractions. Although, it is difficult to directly compare jumping performance
and muscle architectural parameters obtained from a single leg muscle, the associations
found between VL thickness and jumping height and power would suggest that muscle
thickness is a determinant of explosive performance in female athletes. The association
found between ARFD and RFD at various time epochs between ILP and CMJ, may provide
useful information to coaches and practitioners on the strength characteristics that underpin
dynamic performance, in female athletes.
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