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ARTICLE INFO ABSTRACT

Keywords: Objectives: The association between single-joint isometric rate of force development (RFDisp) and jumping out-
Counte.rmovement jump comes remain largely unexplored. Further, the importance of RFD assessed during jumping for jump height and
(S:quatlju,mp duration (i.e. time from jump onset to take-off) remains ambiguous. We therefore investigated these associations
T(r);: f':;lon in a large heterogenous sample.

Unilateral Design: Cross-sectional study.

Methods: Three-hundred-twenty-six male and female basketball and tennis players, and physical education stu-
dents performed the bilateral squat jump (SJ) and both bilateral and unilateral countermovement jumps (CMJ).
Single-joint RFDjgo was assessed for the hip extensors, knee extensors and ankle extensors and associations be-
tween relevant outcomes were computed.

Results: Knee and hip extensors RFDjso showed small positive correlations with RFDg; and RFDcyy. Ankle ex-
tensors RFDjso showed a moderate positive correlation with RFDgy and RFDcyyy. RFDjso showed small to moderate
correlations with CMJ and SJ jump height, but trivial correlations with jump duration. Stepwise linear regression
showed that a combination of RFDgo from different muscle groups explained a small to moderate variance in
jump height (~23-28%), duration (~2-3%), and RFD during jumping (~19-28%). RFDg; showed small positive
and moderate negative correlations with SJ height and duration, respectively while these correlations were small
and trivial for the CMJ.

Conclusions: The positive correlations between RFD during jumping and jump height, and negative correlation
with jump duration imply that improving RFD during jumping could benefit jump performance. However, the
mostly small correlations between single-joint RFDigo and jumping RFD suggests that single-joint RFDigo as-
sessments provide only limited information regarding the RFD in sports-related movements.

Linear regression

1. Introduction

Successful sports performance often requires large force production
during a short time period and a high rate of force development (RFD) is
therefore considered an important performance determining factor [1]. A
higher RFD can theoretically improve performance by a) increasing the
net impulse (e.g., larger jump height [2] or greater acceleration during

the ground contact of running), b) shortening the time needed to perform
the movement (e.g., shorter jump duration with the same height), or c) a
combination of both. Importantly, however, RFD may also increase while
the net impulse (and thus jump height) decreases in situations where the
jump duration decreases but peak force remains similar. Although a
higher RFD during the movement may contribute to performance, RFD
metrics have been shown to exhibit relatively low reliability during

* Corresponding author. NUTRIM School of Nutrition and Translational Research in Metabolism, Maastricht University Medical Centre+, Department of Nutrition
and Movement Sciences, Universiteitssingel 50, 6229 ER, Maastricht, the Netherlands.

E-mail address: basvanhooren@hotmail.com (B. Van Hooren).
,@BasVanH()orcn

https://doi.org/10.1016/j.jsampl.2022.100006

Received 20 March 2022; Received in revised form 9 September 2022; Accepted 25 September 2022

Available online 22 October 2022

2772-6967/© 2022 The Author(s). Published by Elsevier Ltd on behalf of Sports Medicine Australia. This is an open access article under the CC BY license (http://

creativecommons.org/licenses/by/4.0/).


mailto:basvanhooren@hotmail.com
https://twitter.com/@BasVanHooren
https://twitter.com/@BasVanHooren
http://crossmark.crossref.org/dialog/?doi=10.1016/j.jsampl.2022.100006&domain=pdf
www.sciencedirect.com/science/journal/27726967
www.journals.elsevier.com/jsams-plus
https://doi.org/10.1016/j.jsampl.2022.100006
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://doi.org/10.1016/j.jsampl.2022.100006

B. Van Hooren et al.

dynamic movements such as jumping [3-5]. RFD is therefore often
assessed in single- and multi-joint isometric or isokinetic conditions to
ensure high reliability, and in the case of single-joint assessments also to
isolate the performance of one muscle group, which in turn may better
inform on which muscle groups to train to improve overall RFD. While
correlations between multi-joint isometric (e.g., mid-thigh pull or squat)
RFD, and RFD during vertical jumping vary widely and are often trivial to
small [6-9], the relation between single-joint isometric RFD (RFDigp)
and RFD during jumping has not been investigated. It remains therefore
unknown if single-joint assessments are useful to predict jumping RFD
either when considered in isolation or when combined into a multiple
linear regression model to investigate their combined influence.

The relevance of single-joint RFD to more holistic outcomes such as
jump height or jump duration also remains ambiguous. Indeed some
authors report significant and moderate to large associations between
(normalized) single-joint [10-12] or multi-joint [13,14] RFDigo and
jump height. Yet other authors report no significant or trivial associations
between both single-joint [12,15,16] or multi-joint [7,17-19] RFDso
and jump height, or report conflicting findings depending on the
parameter investigated [12,20-22]. The relatively small sample sizes in
these studies (typically 12-30 participants), and methodological differ-
ences in for example the RFD calculations (e.g. mean or peak RFD,
moving average window duration, and method of force production onset
[23-25]) or testing methods (e.g., instructions, RFD from best trial vs
average of a specific number of trials, duration of the test protocol
[26-28]) may have contributed to the between-study variability in the
reported correlations and lack of significant associations between RFDgo
and jumping outcomes reported in some studies. A study with a large
heterogenous sample would partly overcome these limitations and could
also allow researchers to combine several outcomes (e.g. RFDigp from
different joints) into a statistical model to investigate their combined
contribution to another outcome such as jump height. However, only a
small number of researchers have used multiple linear regression to
investigate the contribution of multiple parameters to a specific outcome
during jumping [15,29], likely because the sample sizes are often too
small since at least 10 participants are recommended to be included for
each predictor in a multiple linear regression analysis [30].

The primary aim of this study is therefore to investigate the associa-
tion between single-joint RFDigq of the ankle, knee and hip extensors and
multi-joint bilateral and unilateral dynamic RFD in vertical jumping, as
well as the association between single-joint RFDjso and jump height and
jump duration using both correlations and multiple linear regression in a
large sample (n = 326) of athletes from a variety of sports. Based on the
findings of previously discussed studies, we hypothesized that single-
joint RFDisp would only show small associations with jump height,
jump duration or RFD in jumping when each joint was considered in
isolation using correlation analysis. Additionally, we hypothesized that a
linear regression with multiple single-joint RFDjgo metrics as predictors
would be able to predict at least a moderate magnitude (>20%) of jump
height, jump duration and RFD during jumping.

Finally, the literature reports conflicting findings regarding the associ-
ations between RFD assessed during jumping and jump performance. For
example, some researchers report a positive and moderate to large corre-
lation between a higher RFD in jumping and a greater jump height [3,4,10,
31], or between a higher RFD in jumping and both higher jump height and
shorter jump duration [31], while other researchers report only a signifi-
cant correlation between RFD and jump duration, but not jump height [32].
Yet other authors do not report any significant or trivial correlations, or
report conflicting correlations between RFD in jumping and jump height or
jump duration depending on the parameters investigated [29,33-36].
These findings may partly reflect the complex association between RFD and
net impulse as discussed previously. A secondary aim was therefore to
investigate the associations between RFD during vertical jumping and both
jump height and jump duration. We hypothesized that RFD during jumping
showed a small positive association with jump height and small negative
association with jump duration.
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2. Methods

This was an observational cross-sectional study that used data
collected previously for a project that investigated inter-limb asymme-
tries in different athletic populations. Before testing, a 20-min warm-up
was performed, which consisted of 10 min of low-intensity jogging, 10
min of dynamic stretching exercises, and bodyweight resistance exercises
(e.g., bodyweight squats, lunges, heel raises, side lunges). Then, indi-
vidual test sections (i.e., single-joint strength, vertical jumps and as-
sessments not related to this study) were performed in a randomized
order.

The study sample comprised of male and female basketball and tennis
players, and physical education students. The details regarding sample
demographics are presented in Table 1. The inclusion criterion was an
absence of musculoskeletal injuries in 6 months prior to testing. The
participants were informed about the testing procedures and signed
informed consent before participation. The experiment was approved by
the Republic of Slovenia National Medical Ethics Committee (approval
no. 0120-99/2018/5). An A priori sample size determination with an
online research tool (Samplesize.net) showed that a sample size of 326
individuals allowed us to detect a correlation of r = 0.16 with a 0.05 type
I and 0.20 type II error rate, respectively. Correlations of this magnitude
have previously been reported by several authors when investigating the
associations between RFD and jumping outcomes [3,4,6-10,31]. The
participants were familiar with jumping tasks, as they participated in
regular testing (basketball and tennis players) or performed the task as a
part of their practical lessons at the faculty.

All participants performed bilateral and unilateral countermovement
jumps (CMJ) and squat jumps (SJ) on a force plate (Kistler, model
9260AA6, Winterthur, Switzerland), as described previously [22].
Briefly, jumps were performed in a randomized order and the maximum
height of two jumps was averaged and used for analysis. Rest between
jumps was 1 min between trials and 3 min between CMJ and SJ. Hands
were kept on the hips in both jumps and participants were instructed to
jump as high and fast as possible and use a fast countermovement (CM) in
the CMJ. For unilateral CMJ's, jumps with a swing of the non-support leg
were excluded. The depth of the CM and start of the SJ were set at 90°
knee angle. Before each jump (bilateral and unilateral), participants were
asked to squat slowly under the examiner guidance, until the desired
position (90° knee angle) was reached. The examiner also monitored the
execution visually, to verify that the appropriate depth was reached.
After stabilizing for 3 s [37], the SJ jump was performed without CM
from a 90° knee angle. The examiner immediately inspected the force-
—time curve, and the jump was repeated if a CM was present (evident as
decrease of force for ~ 10 N prior to onset of force rise). Before each jump
(SJ and CMJ), participants were required to squat in a controlled manner
until the desired position was reached, in order to become familiarized
with 90° knee angle position.

Isometric strength assessments were performed using dynamometers
with embedded force sensors as described previously [22]. Briefly, hip
extension strength was assessed on a MuscleBoard dynamometer with
the participants prone and hands supported on the floor with the knee in
full extension and hip in neutral (anatomical) position (Fig. 1). Two
“U”-shaped and padded aluminum braces, attached to uniaxial load cells
(FL34-100 kg; Forsentek Co., Shenzhen, China), were used to measure
forces (N), separately for each limb. Ankle extension strength was

Table 1

Mean + SD study sample characteristics.
Group Males/ Age (years) Height (cm) Mass (kg)

females
Basketball (n = 164) 106/58 16.8 + 1.4 184.0 £ 9.8 76.8 £13.0
Tennis (n = 104) 61/43 159 + 3.4 172.1 +£10.9 629 £+ 12.7
Physical education 31/27 19.7 £ 0.6 1751 £ 9.6 68.9 + 11.5
students (n = 58)

Total (n = 326) 198/128 17.0 £ 2.5 178.6 £ 11.5 71.0 £ 14.1
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Fig. 1. Positions for the single-joint rate of force development assessments. Left top: ankle extensors; right top: knee extensors; bottom: hip extensors.

assessed using an isometric ankle dynamometer (S2P, Ljubljana,
Slovenia). The participants were seated and tightly secured with the
ankle in neutral (anatomical) position, while the knee and the hip were
bent to 90°. For knee extension assessment, the participants were seated
into the dynamometer (S2P, Ljubljana, Slovenia), with the hip at 90° and
the knee at 60°. Fixations were provided at the waist and distal thighs.
The axis of the dynamometer was aligned with the lateral femoral
condyle. Participants were instructed to push as fast and hard as possible.
Data was sampled at 1000 Hz for the knee and the ankle, and at 450 Hz
for the hip. The difference in sampling rate was due to different inherent
maximal sampling rates of the sensors. For all tasks, the participants first
performed 4 familiarization trials at 50, 75, 90 and 100% of previewed
maximal effort. Then, three repetitions were performed and recorded,
with 1 min breaks. Feedback on the signals was provided online at all
times. The two repetitions with the largest RFD were averaged in line
with previous suggestions [23] and used for further analyses.

Hip forces were converted offline to torque using the measured lever
arm (the distance from greater femoral trochanter to the point of the

contact with the dynamometer), while the ankle and knee dynamometers
directly measured torque production. The onset of torque rise was
determined by offline analysis. In the software, the signal was shown and
a marker was available, which was moved manually to the onset of
contraction. After applying a moving average filter with a 5 ms window,
peak rate of torque development (RTD) was calculated as the maximum
slope of the first derivative of torque with respect to time (A torque/A
time). In the remaining paper we will refer to the RTD when discussing
the individual joints, and RFDjgo when referred to the group of isometric
RFD assessments. This is justified since the lever arms did not change
during the isometric assessments.

Jumping RFD was defined as the maximum slope of the force curve
during the braking phase of the CMJ (RFD¢yy) and the propulsive phase
in the SJ (RFDgy), respectively. The braking phase of the CMJ refers to the
period when the vertical ground reaction force is rising above body
weight until peak force [38] and the RFD during this phase has been
suggested as one of the critical factors for jumping performance [39].
Although the net impulse (and thus RFD) during the braking phase will
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depend on the net impulse during the unweighting phase, and therefore
not directly contribute to jump performance (but rather to braking of the
center of mass) [38], a higher RFD during the braking phase reflects a
more rapid deceleration of the center of mass and this may lead to less
dissipation of elastic energy into heat [37], which in turn contributes to
an enhanced propulsive impulse and thereby providing a potential
mechanistic link between brake phase RFD and (propulsive) jump per-
formance. As indirect support, a recent study reported that CMJ braking
phase RFD was not significantly different from SJ RFD or RFD during an
isometric leg press in the first 50 ms [40], suggesting a conceptual link
between the RFD during jumping and isometric tasks. Peak RFD was used
as an indicator of rapid force development ability as it has been shown to
have a stronger association with jump height than for example average
RFD [3]. Moreover, peak RFD had comparable reliability to RFD over
specific time periods for the single-join assessments (online Supple-
mentary file 1).

Jump height was calculated based on take-off velocity (Viake.off) using
(Vtake-off) [21/(2 g). Jump duration was calculated as the time between
jump onset and take-off. Jump onset was determined at the instant when
the force curve was lowered for 3 standard deviations relative to the
baseline ground reaction force for the CMJ, and at the instant when the
force curve was increased for 3 standard deviations relative to the
baseline ground reaction force in the SJ. Take-off was determined as the
first force value lower than 10 N. These thresholds were used as they
showed an excellent ability to detect the events of interest as compared to
visual detection in pilot analysis. The standard deviation of the ground
reaction force was determined during a separate 2 s measurement prior
to CMJ and SJ initiation, while the participant stood as still as possible in
line with previous guidelines [38]. Threshold based on standard de-
viations was used for the jump onset as it takes into account the inherent
signal noise unlike the use of absolute thresholds (e.g., 10 N below body
weight). The force traces were also manually checked for potential errors
and corrected if needed.

Statistical analyses were done with SPSS (version 25.0, SPSS Inc.,
Chicago, USA). Descriptive statistics are reported as mean + standard
deviation (SD) for both males and females separately, and combined.
Normality of the raw data distribution was verified visually using his-
tograms and Q-Q plots. Correlations among outcome variables were
assessed with Pearson's correlation coefficients and interpreted as trivial
(<0.1), small (0.1-0.39), moderate (0.4-0.69), strong (0.7-0.89) and
very strong (>0.9). Cook's distance was computed for all correlations and
outcomes from participants with a Cook's distance of >1 were considered
influential outliers and excluded from analysis. However, this procedure
did not result in the exclusion of any participant. Multiple linear stepwise
regressions were done with either jump height, jump overall (for CMJ)
and propulsive duration or jumping RFD as a dependent variable and all
RFDygp variables as predictors. Predictors were included only when their
contribution was significant at an alpha level of < 0.05. Durbin-Watson
statistics and collinearity tests were also performed. We conservatively
set the thresholds for presence of collinearity at >3 for variance inflation
factor. Additionally, a visual inspection of a scatterplot of residuals was
done to confirm homoscedasticity of the residuals. For all analyses, the
threshold for statistical significance was set at p < .05. Reliability for the
assessed outcomes was determined using a using a mean rating two-way
random model intraclass correlation coefficient (ICC) for consistency and
standard error of measurement in absolute and percentage units. The ICC
was considered <0.69 poor; 0.7-0.79; acceptable; 0.8-0.89, good; and
0.9-0.99, excellent [41].

3. Results

Prior to data analysis, data from three bilateral CMJs and one SJ were
removed as the jump height (~10 cm) was considerably lower than all
other individuals and this was therefore not considered representative of
a maximum effort. Supplementary file 1 reports the intraclass correlation
coefficient for the assessed outcomes. Briefly, reliability ranged from
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poor to excellent, depending on the outcome. Jump height for example
typically demonstrated excellent reliability, jump duration acceptable
reliability and jumping as well as single-joint RFD showed poor
reliability.

Table 2 reports the means and SD for all investigated variables for both
males and females combined, while Table SI and SII report results sepa-
rately for males and females, respectively. Table SIII reports the correla-
tions between single-joint RFDigp and RFDgj, the correlations between
RFDg; and SJ height and duration, as well as the correlation between
single-joint RFDigp and SJ height and SJ propulsive duration (see also
Fig. 2) for both sexes. Briefly, RFDg; showed a small positive and moderate
negative correlation with SJ height and SJ duration, respectively. Single-
joint RFDgp metrics show mostly small correlations with SJ height and
trivial correlations with SJ propulsive duration. Similarly, correlations
were mostly small between single-joint RFDjgp metrics and RFDg;.

Table SVI reports similar metrics as Table SIII, but for the CMJ for
both sexes. Overall, RFDcyy showed a small positive and trivial negative
correlation with CMJ height and CMJ duration, respectively. Single-joint
RFDiso showed small to moderate correlations with CMJ height, but
trivial correlations with overall jump duration or propulsive duration.
Correlations between single-joint RFDjsp and RFD¢y; were also mostly
small. Finally, Tables SIX and SX in Supplementary file 2 report similar
metrics as Table SI and SII, but for the unilateral CMJ's.

Table 3 summarizes the results of the stepwise linear regressions, with
the final models being shown for the bilateral SJ and CMJ. The Dur-
bin-Watson statistic values showed no indication of correlations between
subject numbers and the magnitude of the residuals, and the plots of
predicted vs standardized residuals also shows no clear violation of the
homogeneity of variance assumption. The SJ height model included two
predictor variables (ankle extensors RTD and right knee extensors RTD).
These variables accounted for 22.6% of the variance in SJ height, of which
the most (20.6%) was explained by ankle extensors RTD. The SJ duration
model included one predictor (left hip extensors RTD), which accounted
for only 2.5% of the variance. The RFDg; model also included one pre-
dictor (ankle extensors RTD), which explained 18.8% of the variance.

The bilateral CMJ height model included two predictor variables
(ankle extensors RTD, and left knee extensors RTD). These variables
accounted for 28.2% of the variance in CMJ height. No predictors met the
criteria for the bilateral CMJ overall duration model. The model for
bilateral CMJ propulsion phase duration included one predictor variable
(ankle extensors RTD), which explained only 1.9% of the variance. The
CMJ RFD model included three predictor variables (ankle extensors, and

Table 2
Mean =+ SD for all assessed variables.
Outcome Mean + SD Mean + SD Mean =+ SD
bilateral left leg right leg
outcomes outcomes outcomes
Squat jump
Jump height [m] 0.26 + 0.06 n.a. n.a.
Propulsion time [s] 0.35 £ 0.06 n.a. n.a.
Time to maximum force [s] 0.24 £ 0.07 n.a. n.a.
Peak RFD [N/s] 8410 + 4734 n.a. n.a.
Countermovement jump
Jump height [m] 0.28 + 0.06 0.13 + 0.04 0.14 + 0.04
Jump time [s] 0.71 + 0.08 0.76 + 0.109 0.77 + 0.109
Countermovement time [s] 0.46 £+ 0.05 0.46 = 0.06 0.46 £+ 0.06
Propulsion time [s] 0.26 + 0.03 0.30 + 0.04 0.31 + 0.04
Braking time [s] 0.28 + 0.04 0.28 + 0.05 0.29 + 0.05
Time to maximum force [s] 0.49 £+ 0.109 0.55 +0.12 0.57 £ 0.12
Peak RFD [N/s] 13,416 + 5067 7515 + 4797 8966 + 4148
Isometric Strength
Knee extensors peak RTD n.a. 934 + 410 911 + 401
[Nm/s]

Ankle extensors peak RTD 1435 + 530 n.a. n.a.
[Nm/s]

Hip extensors peak RTD n.a. 998 + 520 1061 + 528
[Nm/s]

RFD = rate of force development; RTD = rate of torque development.
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Fig. 2. Scatterplots depicting the relationship between peak rate of force development and squat and countermovement jump height (upper panel) and duration
(lower panel). Dots represent individual data points, the blue solid line represents the linear regression line, and the shaded grey band represents the 95% confi-
dence intervals.

Table 3
Final stepwise

regression models for the bilateral SJ and CMJ.

Outcome & predictors

Regression outcomes

Statistical significance

SJ height (cm) Adjusted R? B Std. Error Standardized t Sig.
Coefficient

Ankle extensors RTD 0.206 3.85E-5 0.001 0.365 6.234 <0.001

Left knee extensors RTD 0.226 2.38E-5 0.001 0.178 3.036 0.003

SJ propulsion duration (ms)

Left hip extensors RTD 0.025 —1.70E-5 <0.001 -0.169 —3.003 0.003

SJ RFD (N/s)

Ankle extensors RTD 0.188 4.005 0.470 0.437 8.521 <0.001

CMJ height (cm)

Ankle extensors RTD 0.255 4.60E-5 <0.001 0.404 7.138 <0.001

Left knee extensors RTD 0.282 2.89E-5 <0.001 0.200 3.527 <0.001

CMJ overall duration (ms)

No variables fit the criteria - - - - -

CMJ propulsion duration (ms)

Ankle extensors RTD 0.019 —9.14E-6 <0.001 —0.148 —2.620 0.009

CMJ RFD (N/s)

Ankle extensors RTD 0.226 2.649 0.614 0.275 4.315 <0.001

Right knee extensors RTD 0.267 2.767 0.727 0.222 3.808 <0.001

Right hip extensors RTD 0.280 1.447 0.570 0.151 2.537 0.012

right knee a

variance, of which most (22.6%) was explained by the ankle extensors.
4. Discussion

The primary findings of this study are that single-joint RFDjg( for the
knee and hip extensors showed only small positive correlations with

nd hip extensors RTD), which accounted for 28% of the

dynamic multi-joint RFD in the bilateral SJ and CMJ, and in the unilateral
CMJ. Ankle extensors RTD however showed a moderate positive corre-

lation with RFD during the bilateral SJ and CMJ, but only a small cor-

relation with unilateral CMJ RFD. Single-joint RFDjg also showed small

to moderate correlations with CMJ and SJ jump height, but trivial cor-

relations with jump duration. In line with this, the regression model
showed that a combination of RFDigp from different muscle groups
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generally explained a small to moderate variance in jump height
(~23-28%), duration (~2-3%) or jumping RFD (~19-28%). These
findings therefore partly support our hypotheses regarding a) mostly
small associations between jumping RFD and jump performance, and
generally small correlations between single-joint RFDigo and jump
height, jump (propulsive) duration or jumping RFD, and b) that a com-
bination of multiple metrics in a linear regression was able to explain a
moderate magnitude of variance for some outcomes. With regard to our
second aim, RFD measured during the SJ showed a small positive and
moderate negative correlation with SJ height and duration of the pro-
pulsive jump phase, respectively while these correlations were small and
trivial for the CMJ, respectively.

Our findings indicate that RFD during the SJ and CMJ has small
positive correlations with jump height, and moderate and trivial negative
correlations with SJ and CMJ duration, respectively (Fig. 2). These
findings are in agreement with previous studies that report (small) pos-
itive correlations between a higher jumping RFD and greater jump height
[3,4,10,31], or between a higher jumping RFD and both higher jump
height and shorter jump duration [31]. Yet, the magnitude of the cor-
relation between RFD and jump height was small, which could explain
why some studies with mostly small sample sizes have shown conflicting
findings for these associations [29,33-36]. The trivial correlation be-
tween CMJgpp and CMJ jump duration (from initiation to toe-off, also
often referred to as time to takeoff) could be due to the speed of the
downward phase, whereby a relatively slow downward phase and thus
long CMJ duration could still be accompanied by a fast RFD. Indeed, CMJ
duration and time to peak force were relatively long (Table 2) compared
to other studies [3], despite instructions to perform a fast counter-
movement. In contrast, during the SJ there is no downward phase and a
higher RFD therefore shows a more direct association with a shorter jump
duration. Indeed, SJ time to peak force was considerably shorter (~270
ms), which is more in line with previous studies [3].

Single-joint RFDgo showed small to moderate correlations with peak
RFDg; and RFDcyyy, but only trivial correlations with SJ and CMJ time to
peak force. Ankle extensors RTD was the only parameter that showed a
moderate correlation with RFDgy and RFDcyyy. To the authors' knowl-
edge, this is the first study that reports on the relationship between
single-joint RFD;sp and jumping RFD. In a study investigating the RFD
scaling factor (i.e., the slope of the linear relationship between peak force
RFD across rapid contractions of varying submaximal intensities), small
correlations (r = 0.27-0.31) were reported between drop jump and
single-joint isometric plantarflexion tasks [33], which is in line with our
findings. Similarly, the correlations between multi-joint isometric (e.g.,
mid-thigh pull or squat) RFD and RFD during vertical jumping are often
trivial to small [6-8]. The small correlations between RFDiso and
jumping RFD suggests that different mechanisms limit RFDigo and
jumping RFD. Specifically, early (<75 ms) RFD in isometric or isokinetic
conditions depends primarily on the rate by which muscle activation can
be increased [23]. During jumping, the rate by which muscle activation
(and therefore force) can be increased may however be limited by motor
control strategies. Specifically, a suboptimal inter-muscular coordination
may introduce noise (or errors) in the timing of muscle activation, and a
slower increase in muscle activation (and thus force) may reduce the
sensitivity of jump performance to these errors [37,42]. As a result, in-
dividuals with a high RFDjgp but poor inter-muscular coordination may
not be able to use their ability to rapidly increase muscle activation
during the jump, resulting in low correlations. The associations between
single-joint RFDgo values and CMJ outcomes were in line with, but
generally slightly lower for unilateral CMJ's as compared to bilateral
CMJ's (Supplementary file 2). This has previously also been observed
[22], and could reflect a greater contribution of other factors such as
technique and balance, as well as an influence of bilateral deficit [43],
which adds further indirect evidence to the effects of inter-muscular
coordination ability on the transfer of RFDigp to jumping RFD. Due to
the high similarity between bilateral and unilateral findings, the
remaining discussion will primarily focus on the bilateral findings.
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Single-joint RFDjgo showed trivial associations with SJ and CMJ
duration or the duration of specific phases (Table SI & SII). Similarly,
multiple single-joint RFDigp metrics in a regression model could explain
only ~2-3% of the variance in SJ and CMJ duration, respectively. Since
participants were instructed to maximize both jump height and minimize
jump duration, a higher single-joint RTD might therefore have a larger
effect on improving jump height (~20-26% explained variance) as
compared to shortening jump duration in a setting where both aspects
are of importance. Finally, single-joint RFDigo also showed small to
moderate associations with CMJ and SJ jump height. These findings are
in agreement with authors reporting mostly trivial to small associations
between single-joint RTD development and jump height [10-12,15,16],
or report conflicting findings depending on the parameter investigated
[12,20-22]. Computational models have estimated that the work done
by the hip extensors contributes most to vertical CMJ performance
(~38%), followed by the knee (~32%) and ankle (~30%) extensors
[44]. Similarly, in a comparison between better and poorer jumpers,
Vanezis and Lees [45] found that better CM jumpers generated particu-
larly more work at the hip (0.72 J/kg), followed by the ankle (0.39 J/kg)
and knee (0.26 J/kg). Our linear regression model however showed that
ankle extensors RTD explained most of the variance in CMJ height, fol-
lowed by knee extensors RTD and only finally hip extensors RTD, with
the latter having a non-significant contribution to the model. Similar
findings were observed for the SJ. This discrepancy between the
importance of work done by the hip extensors and a relatively low
explained variance by hip extensor RTD in the current study could be
because RTD is only one factor that explains the amount of work done,
with other factors such as peak torque and intermuscular coordination
also being important factors [42]. Additionally, the CM may have pro-
vided individuals with a relatively long time to build up an active state of
the hip extensors [37], which could reduce the important of having a
high RFD of the hip extensors in the CMJ. Yet this latter reason does not
explain why hip extensors RTD did not contribute significantly to jump
height in the SJ where there is no CM that might be used to compensate
for a relatively slower hip extensor RTD. Another explanation for this
finding could therefore be related to the relatively non-specific joint
configuration and contraction mode in which the RTD assessments were
performed (Fig. 1). Specifically, isometric muscle actions may differ in
the neural activation from concentric contractions [46] and hereby affect
RFD. Further, isometric assessments may restrict muscle bulging and
hereby limit architectural gearing from contributing to RFD, which can
further reduce the transfer between isometric and concentric RFD [47].
In further support of the effect of joint configuration, a previous study
reported no significant differences between RFD in the SJ and CMJ and
isometric leg press RFD, which the authors attributed to the largely
similar joint positions of the assessments [40].

There are several limitations to this study. First, we only used single-
joint isometric strength measurements, of which some were performed in
non-specific joint configurations, which decreases the specificity and
therefore correlations with regard to jumping. While multi-joint assess-
ments are likely to exhibit more similarity to the multi-joint nature of
jumping, multi-joint assessments do not provide information about the
relative importance of each involved joint/muscle group and we there-
fore decided to rather combine single-joint assessments in a linear
regression approach. Related to this, the reliability of our RFD measures
was poor to moderate, and this could also have impacted our ability to
establish correlations. Nevertheless, the used positions and equipment
facilitated large-scale data collection and may better reflect how practi-
tioners collected data in practice among large groups of individuals than
other procedures often used in research settings. Further, we used the
average of the two best repetitions in correlations and regression analysis
to reduce the influence of the lower reliability. Second, RTD assessments
involved fast, but sustained contractions, while it has been suggested that
fast contraction pulses offer a more valid approach to RFD assessment
[28]. Third, we combined individuals with different training back-
grounds and different sex in all analyses. However, RFD and jump
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outcomes are known to differ between individuals with different training
backgrounds and sex [23]. Indeed, when data were analyzed separately
for males and females, males generally showed higher jump heights and a
higher rate of force development during jumping and the isometric as-
sessments. However, the correlations between all outcomes were
generally similar for the combined group, and males and females sepa-
rately (see supplementary file 2), suggesting this did not substantially
impact our findings. Similarly, differences in the age and thus maturation
of participants (e.g. 15.9 years for tennis players vs 19.8 years for
physical education students) could also have influenced our findings due
to potential differences in for example muscle coordination and struc-
tural musculotendinous properties between participants. Fourth, the
mechanistic linkage of braking RFD during the CMJ with the net pro-
pulsive impulse is not clear and may also partially explain the low cor-
relations between RFD and jump outcomes during the CMJ.
Nevertheless, brake phase RFD during the CMJ is often assessed in other
studies and practice, thus necessitating the need for investigating this
outcome. Moreover, similar associations were observed during the SJ
where there is a direct link between the RFD and net propulsive impulse,
thus also adding some confidence to the findings observed for the CMJ.
Finally, the sampling rate differed between the sensors used to assess
knee and ankle (1000 Hz) and hip (450 Hz) RFD. Although this could
therefore impact the accuracy of the hip RFD values, we expect the effect
on the obtained correlation to be small since the same sample rate was
used across all individuals.

The finding of small positive correlations between jumping RFD
during jumping and jump height, as well as a moderate correlation be-
tween jumping RFD and SJ duration implies that improving of RFD could
benefit jump performance. However, the mostly small correlation be-
tween single-joint isometric and dynamic multi-joint (i.e., jumping) RFD
suggests that assessment of single-joint isometric RFD provides only
limited information regarding the RFD in more complex sports-related
movements. Additionally, this finding also questions the relevance of
improving single-joint isometric RFD for improving dynamic multi-joint
RFD [1].

5. Conclusion

In conclusion, single-joint rate of force development shows mostly
small correlations with jumping rate of force development and jump
height, and trivial associations with jump duration. A combination of
single-joint rate of force development from different muscle groups
however explained a small to moderate variance in jump height
(~23-28%), duration (~2-3%), and RFD during jumping (~19-28%).
Finally, rate of force development during jumping showed a small posi-
tive association with jump height and trivial to moderate negative cor-
relations with jump duration.
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