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Abstract: This study investigates the associations between countermovement rebound jump (CMR])
performance metrics and various independent measures of athletic performance, including the iso-
metric mid-thigh pull (IMTP), 20 m linear sprint, and 505 change-of-direction (COD) speed tests.
Pearson’s correlations were used to analyse the relationship between the CMR] measures with ath-
letic performance, with significance being set at p < 0.006. Results showed large significant positive
relationships between IMTP peak force and force at 300 milliseconds with the first jump height of
the CMRJ (JH-1, r = 0.54 to 0.55, p < 0.002). Additionally, inverse relationships were observed be-
tween reactive strength index modified (RSImod) and reactive strength index (RSI) with 20 m sprint
total and split times (r = -0.55 to -0.66, p < 0.001), and the 10 m and total sprint times were signifi-
cantly correlated with JH-1 (r =—-0.54, p = 0.003), indicating that greater vertical explosive power and
reactive strength are associated with faster sprint performance. Finally, a significant inverse rela-
tionship was identified between CMR] metrics (two JH values and RSImod) and 505 COD times in
both the left and right sides (r = —0.51 to —0.68, p < 0.006). These findings suggest that CMR] perfor-
mance metrics are valuable indicators of lower-limb explosive force production, with a strong link
to both linear sprint and COD performance. The finding underscores the importance of including
CMR] assessments in athletic performance evaluations due to their dual assessment capacity of slow
and fast stretch—-shortening cycle mechanics.
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1. Introduction

Jump testing has become commonplace for practitioners working in strength and
conditioning or sports science [1], with the metrics measured in jump testing used to mon-
itor the efficiency of training programmes [2] or the association with athlete performance
(e.g., change of direction speed [3] or linear sprint speed [4,5]). Studies have utilized the
countermovement jump (CM]J) and drop jump (DJ) tests to evaluate slow (i.e., duration >
250 milliseconds [ms]) and fast (i.e., duration < 250 ms) stretch—shortening cycle (SSC)
functions, respectively [6-8]. Recently, several studies have confirmed that the counter-
movement rebound jump (CMR]) provides practitioners with the same reliable metrics as
both the CM] and DJ, and it is more time-efficient for testing, especially when working
with large groups of athletes [1,9].

Aside from jump testing, sprint running is common in many sports; thus, the assess-
ment of sprint speed is understandably considered an essential monitoring tool for vari-
ous athletic populations [5,10,11]. However, unlike track sprinting, where the maximum
linear sprint speed is the only determining factor of success, sprint speed could impact
matches in a multitude of ways in field- or court-based sports. Specifically, the most com-
mon sprint distance for soccer players is, on average, 20 meters (m), highlighting
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acceleration as being more prevalent than top speed [6,12,13]. Furthermore, these short-
distance sprints in sports like soccer are interspersed with multi-directional movements,
such as the powerful side-step or shuffle, to evade defenders or react to attacking move-
ments [6]. Therefore, the ability to decelerate, change direction, and re-accelerate (or
sprint) again has become an essential skill for athletes in field- or court-based sports [14].
This capacity is often referred to as the change of direction (COD) speed. Despite a wide
variety of testing options to assess COD speed, the 505 assessment stands out as a widely
adopted method due to its capability of evaluating something called the COD deficit
(which represents the difference in time between a COD assessment and linear speed as-
sessment of equal total distance), in addition to typical outcome measures of time [15,16].

It has been proposed that the strength or power capabilities of muscles in the lower
extremities evaluated in jump testing are determining factors of linear or COD speed [3].
For this reason, several studies have investigated the association between jump perfor-
mance (via a range of metrics) and linear or COD speed performance [3,5,10,11,16,17];
however, findings show large inconsistencies. For example, when considering the rela-
tionship between jumping and linear sprint speed, an inverse correlation between CM]
height and 10 m sprint time (r = —0.54, p < 0.05) has been observed [3], and another study
found the same inverse correlation between CM] height and 30 m (r = —0.54, p < 0.05) as
well as 60 m (r = -0.55, p < 0.05) sprint times [5]. However, these two studies recruited
healthy males and professional sprinters as their subjects, respectively, which does not
guarantee comparable findings in team sport athletes, given the inherent differences in
sprint characteristics already noted between these populations [12]. Taking this into con-
sideration, Hori et al. [13] reported a large inverse correlation between CM] height and 30
m sprint time (r = -0.69, p < 0.01) in Australian Rules football players, and Carr et al. [10]
found a very large correlation between CM]J height and 20 m sprint time (r = -0.74, p =
0.006) in first-class county cricketers. When considering the DJ, Barr and Nolte [4] reported
that DJ height had a large to very large correlation with the 10 m (r =-0.66, p <0.005) and
30 m (r =-0.86, p < 0.005) sprint times. In the same study, the reactive strength index (RSI,
a ratio between jump height [JH] and ground contact time [GCT]), reported a moderate to
large correlation with the 10 m (r = -0.57, p < 0.005) and 30 m (r = -0.42, p < 0.005) sprint
times. Noting that the RSI comprises two component parts rather than a single metric, any
changes in DJ height or GCT would distort RSI values [2], which, in turn, explains the
reduced correlation between the RSI and sprint time compared to correlations between D]
height and sprint time. Since the CMR] involves similar characteristics to the CMJ and D],
it could be argued that similar relationships between CMR] metrics and linear sprint time
would be expected, but, as of yet, these associations have not been determined.

Research has also shown a variety of associations between jumping metrics and COD
speed. Herndndez-Dav¢ et al. [18] reported that CMJ height showed a moderate inverse
correlation with 505 test times (v = -0.46, p < 0.05), but only on the side that exhibited the
faster 505 test times. In another study, by Suarez-Arrones et al. [3], a similar correlation
was observed between CM] height and 10 m COD time (i.e., sprint 5 m to the line, turning
180°, and sprint 5 m back to starting line; * = —0.43, p < 0.05). Thomas et al. [14] firstly
investigated the association between the reactive strength index modified (RSImod, a ratio
between JH in CM] and time to take-off [TTTO]) and 505 test time, showing significant
moderate to large correlations between these two metrics (r = -0.30 to -0.57, p < 0.05). A
greater RSImod value requires athletes to jump as high as possible (applying large
amounts of force vertically) whilst spending minimal time on the ground [2]. Similarly, a
short 505 test time requires athletes to sprint maximally (applying large amounts of force
horizontally) whilst entering and exiting the COD as fast as they can [14,15]. Noting that
whereas the direction of force application is different between these tests, the capability
to rapidly produce braking and propulsive forces is equally vital to both RSImod and
COD speed [14]. Given that the DJ and COD tests share similarities in lower extremity
push-off mechanisms, a large correlation between metrics measured from the DJ and COD
tests might be expected.
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In addition, Young et al. [6] reported large correlations between the RSI and COD
speed (r =-0.65, p=0.001). In contrast, Foden et al. [17] found trivial relationships between
the RSI and COD speed (505-1eft: = 0.13, 505-right: = —0.14, p > 0.05), while Jones et al.
[19] revealed that D] height showed trivial correlations with COD speed (r = -0.29, p >
0.05). Collectively, though, researchers have not clarified why CM]J and D] tests reported
different associations with COD speed across various studies [3,6,17,19]. In addition, it is
clear that athletes need to generate large amounts of force to jump, sprint, or change di-
rection—a quality which can be evaluated reliably from the isometric mid-thigh pull
(IMTP) [20]. Typically, the peak force (PF) determined during the IMTP test has been
proved to have meaningful associations with 20 m sprint time (r = -0.69, p < 0.01) [21],
COD time (r =-0.69, p < 0.05) [21], and jump performance (including JH and RSI, r = 0.36
to 0.82, p <0.05) [22]. However, there is a paucity of research investigating the associations
between metrics derived from the CMR] (e.g., countermovement depth [CM depth], JH,
leg stiffness [Kieg], TTTO, GCT, RSI, RSImod) and the aforementioned athletic performance
measures (e.g., 20 m sprint time, COD time, and force measured from IMTP). Thus, further
research is required to provide a sound biological basis for practitioners utilizing this as-
sessment in their routine monitoring processes [2].

Therefore, the aim of this study was to determine if there are any meaningful associ-
ations between CMR] performance and independent measures of athletic performance.
Based on metrics measured from the CMJ and DJ demonstrating small to very large cor-
relations with independent measures of athletic performance [4,6,10,13,14,17,19,21], the
hypothesis was that metrics calculated from the CMR] would exhibit comparable associ-
ations with maximal and rapid force production capabilities, linear sprint, and COD speed
performance.

2. Materials and Methods
2.1. Participants

A priori power analysis was conducted using GPower software (version 3.1.9.6, Mac
OS X), suggesting a sample of 21 was required to have an 80% chance (G power = 0.8) to
find a statistically significant difference with a moderate effect size (ES, Hedges’ g = 0.5)
[23]. Twenty-six male professional and semi-professional team sports athletes volunteered
to participate in the present study (soccer [n = 11], rugby [n = 6], and basketball [# =9]). To
be eligible, all subjects were required to be free of any musculoskeletal injury within six
months and have at least one year of structured resistance, plyometric, and sprint training
experience. All subjects were required to sign a written informed consent form, and this
study was approved by the London Sport Institute research and ethics committee at Mid-
dlesex University, London, UK (application no. 23117).

This was an observational descriptive study investigating the associations between
CMR] metrics and independent measures of athletic performance. The testing session
started with a standardized warm-up, followed by demonstrations of each test and suffi-
cient practical familiarizations. Subjects then performed three repetitions of each test in
the following order: (1) CMR] tests, (2) 20 m linear sprint tests, (3) COD speed tests, and
(4) IMTP tests. This specific test order was chosen in an attempt to avoid the influence of
neuromuscular fatigue having an impact on the subsequent test [24]. Subjects were asked
to maintain their habitual daily routine but to avoid strenuous training for 24 h prior to
the testing day and heavy meals an hour before testing.

2.2. Procedures

Test Protocol. The warm-up consisted of 5 min light-intensity aerobic jogging, fol-
lowed by lower-body dynamic stretches and activation exercises, as described by a previ-
ous CMR]J study [9]. In order to warm-up sufficiently and familiarise themselves with
multiple tests, subjects performed CMR] tests, 20 m sprint, COD, and IMTP tests at 60, 80,
and 100% of perceived maximal effort. Subjects were given 90 s of rest between each CMR]



Appl. Sci. 2024, 14, 3718

4 of 15

and IMTP trial, and a minimum of 3 min of recovery between each trial during the linear
sprint and COD tests.

2.3. Countermovement Rebound Jump

The CMR] is essentially composed of a CM]J (i.e., CMRJ1) followed by an immediate
rebound jump (CMR]2), where subjects are instructed to “jump as high as you can in both
jumps whilst spending as little amount of time on the ground in-between” [1]. Subjects
were instructed to stand still for at least one second before performing the movement ini-
tiation to enable an accurate estimate of body weight and kept hands on their hips. All
jumps were performed on twin portable force plates (Kistler Instruments Ltd., Hook, UK)
that recorded the ground reaction force (GRF) at a sampling frequency of 1000 Hz. The
GRF data were exported to MATLAB software (R2022a; MathWorks, Natick, MA, USA)
for the subsequent calculation of JH (JH-1 and JH-2, the first and second JH of the CMR]
test, respectively) via the impulse-momentum method [25] and other strategy-based var-
iables (i.e., CM depth, TTTO, RSImod, Kig, GCT, and RSI) via the methods described by
Bishop et al. [2].

2.4. Isometric Mid-Thigh Pull

All three trials for the IMTP test were conducted on a custom-built isometric rack
(Absolute Performance, Cardiff, UK), which allows the bar to be fixed at any height above
the portable force plates. A goniometer was used to measure 145° of hip and knee flexions
(full extension equals 180°). This degree of flexion was chosen to accommodate the sug-
gestion by Guppy et al. [26], where using the 145° concurrently optimises IMTP perfor-
mance and provides reliable data. Subjects stood on the force plates with their feet hip to
shoulder-width apart, the bar was positioned at their mid-thigh height, and subjects
gripped the bar using weightlifting straps in accordance with previously recommended
methods [21,27]. Once subjects were ready (verified by checking the force—time curve on
the screen and subjects), they were given a countdown of “3, 2, 1, Pull”. Subjects were
instructed to pull against the bar with maximal effort and push their feet down into the
force plates as quick as possible for five seconds (s) [21]. Prior to each trial, subjects were
instructed to keep stationary for 2 s to ensure the estimation of body weight was accurate.
The onset of the pull was determined as the force exceeding 5 standard deviations (SDs)
of body mass [27]. The maximum force (PF) and force at different time points (F@ 100 ms,
F@ 200 ms, and F@ 300 ms) measured during each trial was calculated from the net force,
where the subject’s body weight was deducted from the raw force data, with the average
score of each subject being extracted for the statistical comparison.

2.5. Twenty-Metre Sprint

Electronic timing gates (Brower Timing Systems, Draper, UT, USA) were positioned
at 0, 10, and 20 m to record the 20 m sprint time and the split sprint times. The mean 10 m
split sprint time was taken for calculating the COD deficit [15], while the mean 20 m sprint
times were recorded to replicate common sprint distances that are prevalent in field-based
sports [17]. Subjects stood with a two-point, split-stance start position for each test [17].
Their preferred foot was placed 0.3 m behind the start line with no excessive forward lean
on their upper bodies [17], and they were instructed to sprint with maximal effort after
receiving a “go” command. According to the previous study that utilised the same equip-
ment [17], each timing gate was mounted approximately at hip height (adjusted based on
each subject’s iliac crest height); the timing started when the beam of the first gate was
broken by the pelvic and ended when the beam of the last gate was broken.

2.6. 505 Change of Direction Speed Test

During the 505 COD test, subjects sprinted through the timing gates (positioned at
the 10 m line) to the turning point (a line marked at 15 m), turned 180° on the designated



Appl. Sci. 2024, 14, 3718

5 of 15

turning leg, and re-accelerated 5 m after changing direction. Subjects used the same two-
point, split-stance start position with their preferred foot placed 0.3 m behind the starting
line [17]. Subjects used the left and right leg as the turning leg, respectively, with the test
order of left and right sides randomized [15]. In addition, the time of the 10 m sprint (taken
from the 20 m linear sprint test) was used to calculate the COD deficit, which is calculated
by using the mean 505 time minus the mean 10 m sprint time [15].

2.7. Statistical Analyses

Statistical analyses were conducted via SPSS (version 27; SPSS Inc., Chicago, IL, USA)
and Microsoft Excel. The mean and SD of measured variables were recorded and subjected
to statistical analysis. Normality of all collected variables was assessed with the Shapiro-
Wilk statistic, and the homogeneity of variance was verified with the Levene’s test (p >
0.05). Within-session reliability of the metrics measured from the CMR]J and athletic per-
formance tests was computed using a 2-way random effects model intraclass correlation
coefficient (ICC) with absolute agreement and 95% confidence intervals (CIs) as well as
the coefficient of variation (CV) with a 95% CI. The magnitude of the ICC was evaluated
as an ICC value > 0.90 = excellent, 0.75-0.90 = good, 0.50-0.74 = moderate, and <0.50 = poor
[28]. The CV was calculated as (CV% = SD/mean = 100), with CV values considered good
if <5%, moderate if between 5 and 10%, and poor if >10% [29]. The 95% CI for the CV was
calculated as ((CVA (2n)) x 1.96), where 1 was the total numbers of subjects.

Pearson’s r correlation (for parametric data) or Spearman’s p correlation (for non-
parametric data) was used to investigate the relationships between the CMR] metrics and
independent measures of athletic performance, with statistical significance set at p <0.05
[30]. Bonferroni corrections were applied to all correlations to account for multiple com-
parisons and the familywise type I error rate [30], resulting in statistical significance being
set at p <0.006. The strength of coefficient r was determined according to Hopkins [31], as
(r <0.1: trivial; 0.1 to 0.3: small; 0.3 to 0.5: moderate; 0.5 to 0.7: large; 0.7 to 0.9: very large;
>0.9: nearly perfect).

A median split analysis was performed, creating higher and lower JH, RSImod, and
RSI groups for each jump in the CMR] test. This was completed to determine whether
subjects with higher CMR] metrics exhibited greater strength or faster performance dur-
ing the linear sprint and 505 COD tests. The difference between the higher and lower
groups was assessed with Mann-Whitney U tests, with statistical significance set at p <
0.05, and Hedges” g ES were used to determine the magnitude of differences between
higher and lower jump performance groups. These ES were interpreted as g <0.35 = trivial;
0.35-0.80 = small; 0.81-1.50 = moderate; and >1.5 = large [31].

3. Results

The reliability analysis showed that variables from all tests had a good to excellent
ICC (0.83-0.99) with a good to poor CV (2.20-29.56%) (Table 1). The relationship between
CMR] metrics and athletic performance metrics is depicted in Table 2. Pearson’s r correla-
tion coefficients demonstrated large significant positive relationships between IMTP PF
and F@ 300 ms with the JH-1 (r =0.54 to 0.55, p <0.002). In addition, significant large rela-
tionships were found between CM depth from the CMR] test with all IMTP variables,
excluding F@ 100 ms (r = 0.55 to 0.61, p < 0.001). The 20 m linear sprint test (including split
times and total time) showed large significant inverse relationships with RSImod and RSI
values in the CMR] test (r = -0.55 to —0.66, p < 0.001), while the 10 m and total sprint times
were significantly correlated with JH-1 (r = -0.54, p = 0.003). Finally, the two JH and RSI-
mod in the CMR] test revealed large significant inverse relationships with 505 COD times
(r=-0.51 to -0.68, p < 0.006).
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Table 1. Description statistics and within-session reliability of the measured metrics.

Test Metric’s Name Mean = SD ICC (95% CI) CV (95% CI)

CM depth (m) 024+0.07  0.94(0.88,0.97) 10.83 (7.94, 13.72)

TTTO (s) 0.61 +0.11 0.90 (0.82, 0.95) 8.43 (6.18, 10.68)

JH-1 (m) 0.36+0.07 097 (0.94,0.98) 651 (4.78, 8.25)

CMR] RSImod 0.57 £0.11 0.95 (0.91, 0.98) 9.79 (7.18, 12.40)
Kieg (kN/m) 19.51£9.59  0.92 (0.86, 0.96) 21.13 (15.49, 26.76)

GCT (s) 028+0.09 097 (0.94,0.99) 7.60 (5.57,9.63)

JH-2 (m) 034+0.07  0.96 (0.93,0.98) 6.20 (4.55, 7.86)

RSI 1.28 +0.36 0.95 (0.90, 0.97) 9.32 (6.83, 11.81)

Peak Force (N) 1655.58 +£487.61 0.99 (0.99, 1.00) 4.00 (2.89, 5.11)
Force@ 100 ms (N) 724.89 +197.74 0.96 (0.93, 0.98) 10.61 (7.67, 13.55)

IMTP

Force@ 200 ms (N) 1192.01 £ 333.19
Force@ 300 ms (N) 1300.69 + 334.70

0.98 (0.95, 0.99)
0.98 (0.95, 0.99)

7.09 (5.13, 9.06)
6.42 (4.64, 8.20)

10 m time (s) 1.81£0.12  0.88(0.77,0.94) 3.35(2.42, 4.28)
Linear sprint  10-20 m time (s) 1.37+0.05  0.92(0.85,0.96) 2.79 (2.06, 3.57)
20 m time (s) 318+0.11  0.93(0.86,0.96) 2.23(1.61,2.85)
Left 505 time (s) 249+0.14  0.86(0.72,0.93) 4.59 (3.32, 5.86)

505.COD Left 505 deficit (s)  0.63+0.15  0.83 (0.68, 0.92) 29.64 (21.42, 37.39)
Right 505 time (s) ~ 2.47+0.12  0.88(0.75,0.94) 3.85 (2.78, 4.90)

Right 505 deficit (s)  0.62+0.14  0.85 (0.71, 0.93) 22.23 (16.07, 28.39)

ICC: intraclass correlation coefficient; CV: coefficient of variation; CMR]J: countermovement re-
bound jump; CM depth = countermovement depth; TTTO = time to take-off; RSImod = reactive
strength index modified; Kieg = leg stiffness; GCT = ground contact time; RSI = reactive strength in-
dex; IMTP: isometric mid-thigh pull; COD: change of direction.

Table 2. Relationships between athletic performance and metrics collected during countermove-

ment rebound jump (r values).

RSI-

Metrics Name M TTTO JH-1 Kieg GCT JH-2 RSI
Depth mod

Peak Force  0.61* 044 054* 018 022 030 045 0.11

IMTP Force@ 100ms 045 046 040 0.13 003 015 040 0.15

Force@ 200 ms 0.55* 042 046 0.04 013 031 045 020

Force@300ms 0.60* 0.50 055* 0.03 020 035 044 0.17
Linear 10 m time -021 0.14 -054* -0.60* 010 0.06 -048 -0.55*
sprint 10-20 m time -0.08 0.12 -0.38 -0.55* -0.10 0.37 -0.31 -0.61*
20 m time -020 0.16 -054* -0.66* 014 025 -046 -0.64*

Left 505 time -0.26 0.21 -0.68* -0.57* 0.06 -0.10 -0.58* -0.43

505-COD Left 505 deficit -0.30 0.07 -0.16 -0.03 0.05 0.09 -0.07 -0.03
Right 505 time -0.25 022 -0.63* -0.51* -0.01 -0.09 -0.52* -0.47

Right 505 deficit -0.21 0.02 -0.17 -0.03 -0.02 0.03 -0.10 -0.02

CM depth = countermovement depth; TTTO = time to take-off; RSImod = reactive strength index
modified; Kieg = leg stiffness; GCT = ground contact time; RSI = reactive strength index; IMTP: iso-
metric mid-thigh pull; COD: change of direction. * Correlation is significant at the 0.006 level.

Figures 1-7 show comparisons when using the median split analysis to create higher
and lower JH (JH-1 and JH-2), RSImod, and RSI groups for independent measures of ath-
letic performance. For both jumps in the CMR], significant differences were found be-
tween groups for two JH values as well as RSImod and RSI values (p < 0.001). For the
CMR]J1 (the first jump of the CMR]J test), significant differences were found between
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groups when using JH-1 for all athletic performance metrics (g = -0.99, p <0.03), excluding
the 10-20 m time and COD deficits in the right and left sides (p > 0.20). Significant differ-
ences were also found between groups when using RSImod for median split analysis, for
all linear sprint times (g > -0.58, p < 0.05) and 505 COD times in the right and left sides (g
>-0.70, p <0.05). No other significant differences in IMTP force or COD deficit times were
present between higher and lower RSImod groups in CMR]J1. For the CMR]2 (the second
jump of the CMR] test), significant differences were found between groups when using
JH-2 for all athletic performance metrics (g = -0.70, p < 0.05), excluding the F@ 100 ms in
IMTP, 10-20 m sprint time, and COD deficits in the right and left sides (p > 0.50); signifi-
cant differences were also found between groups when using RSI for all linear sprint times
(g2-0.59, p £0.05) and 505 COD times in the right and left sides (g = -0.44, p < 0.04). No
other significant differences in IMTP force or COD deficit times were present between
higher and lower RSI groups in the CMR]J2.
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A
8
+0.8 e +2.0 ?
_ <
. [+ e QO
£ - @ E 2
=)
& 068 159
-s, ese® ‘9‘ E =1
£ cH 2 3 g
In' - 3 I e ; . %
E . 043 g 4= 103
-=) ‘>D< g : 5
g g
g 2
+0.2 = +0.5
@
o
T 0.0 K T 0.0
Higher Lower Higher Lower Higher Lower Higher Lower

Figure 1. Differences in CMR] metrics measures between the higher and lower groups in JH, RSI-
mod, and RSI. * Significantly different between groups (p < 0.05).
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4. Discussion

This study aimed to examine the meaningful associations between CMR] perfor-
mance and independent measures of athletic performance. Results showed that higher
JH-1 and greater CM depth in the CMR] significantly correlated with better performance
in the IMTP test. Moreover, a notable inverse relationship between CMR] metrics and the
20 m linear sprint test was revealed, characterised by large r values. Additionally, a sig-
nificant inverse relationship was evident between 505 COD times with both JH values and
RSImod. While results showed no significant correlations between some CMR] metrics
(e.g., JH-2 and RSI) and the aforementioned measures of athletic performance, the median
split analysis underscored significant disparities in IMTP force variables, 20 m sprint
times, and 505 COD times between groups, when categorized by higher and lower JH,
RSImod, and RSI values. Thus, our preliminary hypothesis was, in part, confirmed.

4.1. Association between CMR] and IMTP

The present study discovered a statistically significant correlation between IMTP PF
and JH-1 in the CMR] (r = 0.54, p = 0.002), which substantiates the results of previous re-
search [20]. This finding was expected since the IMTP test evaluates the maximal force an
athlete can produce, which is also crucial for the power output during the propulsive
phase of a jump [20]. Additionally, a noteworthy correlation was established between F@
300 ms and JH-1 (r = 0.55, p < 0.001), predominantly aligning with previous studies that
reported a significant relationship between F@ 250 ms during IMTP and CM]J height (p =
0.35) [32]. Specifically, the association between the IMTP F@ 300 ms time frame and JH-1
may be due to the similar duration of the propulsive phase in a CMJ (or CMRJ1), which is
typically between 250 and 280 ms [33]. Since the propulsive impulse is a determination
factor for JH, the ability to generate considerable force within these critical time frames
appears to be a key attribute influencing jump performance [25]. This notion was further
supported by the significant positive relationships between IMTP force variables and CM
depth during the CMR] test (¥ = 0.55 to 0.61, p < 0.001), indicating that a deeper CM depth
permits athletes more time to generate larger forces prior to take-off [2]. The correlation
between JH-2 and IMTP PF was moderate and non-significant in the present study, align-
ing more closely with prior research that has shown moderate associations between IMTP
PF and DJ height at 0.3 m (r = 0.429, p < 0.01) and 0.4 m drop heights (r = 0.364, p < 0.05)
[22]. This discrepancy may be attributed to the unique methodology of our CMR] test,
where athletes fell from individually determined heights after the initial jump, rather than
from a standardised fixed drop height. This modification likely introduced additional
challenges compared to the conventional DJ test, potentially affecting some athletes” abil-
ity to achieve optimal rebound heights (JH-2) [1]. Nevertheless, the median split analysis,
splitting subjects via both JH values, revealed that the IMTP PF, F@ 200 ms and F@ 300 ms
values were significantly larger in the higher group (g 2 0.70, p <0.05). Put simply, athletes
who jump higher in both CMR] jumps have at least a moderate likelihood of generating
greater forces in the IMTP test.

Contrary to the expectation, RSImod/RSI values did not significantly correlate with
any IMTP force measures, deviating from previous studies that have established a signif-
icant association [22,32,34]. The median split analysis indicated non-significant trivial to
moderate differences (¢ < 0.72, p 2 0.08) in IMTP performance between higher and lower
groups, when split by RSImod and RSI metrics (Figures 2 and 5). This lack of significant
differences is likely explained by the fact that RSImod and RSI may not directly translate
to the expressions of maximal force production in an IMTP, whereby the force is generated
from a controlled, isometric context, despite both RSImod and RSI being relevant for dy-
namic performance or serving as a reflection of jump strategy [2]. Furthermore, the RSI-
mod and RSI are susceptible to manipulation through alterations in jump strategies rather
than pure absolute strength capacity [2]. Therefore, the changes in jump strategies among
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subjects may have resulted in differences in associations between IMTP and CMR]
measures, and to the extent of magnitude of these associations [20].

4.2. Association between CMR] and 20 m Linear Sprint

Substantiating the findings of previous studies [4,5,10,35], large and statistically sig-
nificant inverse relationships between JH-1, RSImod, and RSI with the 20 m linear sprint
test were observed (r = —0.54 to —0.66, p < 0.001). These findings underscore that athletes
demonstrating superior vertical explosive power and reactive strength, as quantified by
their CMR]J metrics, also tend to accelerate faster over short distances. The median split
analysis further reinforced these associations, revealing that athletes with higher JH-1 and
JH-2 values exhibited notably quicker times in the 10 m sprint (g 2 -0.75, p < 0.05) and 20
m sprint (g > -0.55, p < 0.05), respectively (Figures 3 and 6). This aligns with the biome-
chanical notion that the vertical jump and sprint share mechanical similarities, predomi-
nantly the flexion and extension patterns of the hip, knee, and ankle joints [36]. The in-
creased propulsive force or impulse in a vertical jump implies a possible augmented force
application during ground contact of sprinting, potentially resulting in an extended stride
length and a faster leg swing cycle [5,36]. Despite the insights provided by the median
split analysis, the direct correlation between JH-2 and sprint time was moderate and failed
to achieve statistical significance. This discrepancy may reflect the heterogeneous nature
of our sample (different jump and sprint techniques amongst three sports), suggesting
that a potential non-linear relationship existed, where only athletes surpassing a specific
JH-2 threshold demonstrated reduced sprint times.

Delving into the specifics of RSImod and RSI, the median split analysis elucidates
their nuanced contribution to sprint performance. Specifically, athletes with higher RSI-
mod and RSI scores exhibited significantly shortened 10 m (g =-0.58, p=0.04 and g =-0.64,
p = 0.04) and 10-20 m sprint times (g = -0.74, p = 0.03 and g = -0.73, p = 0.04), which also
extended to shorten the 20 m sprint times (g =-0.75, p = 0.04 and g =-0.73, p = 0.03), as can
be seen in Figures 3 and 6. Collectively, these insights advocate that the CMR] test is inte-
gral to sprinting due to its incorporation of both slow and fast SSC movements. Develop-
ing explosive force through SSC movements in the CMR] is particularly beneficial to force
generation during the start acceleration and maximum speed phases of sprinting [37]. This
is because of the necessity for athletes to rapidly increase their lower limb joint extension
velocity and exert substantial force against the ground, which are key factors in effectively
building up sprint velocity [17,35]. Although this study did not directly investigate the
training effect, it could be speculated that the training program designed to enhance RSI-
mod and RSI in the CMR] test may have the potential to improve both acceleration and
overall sprint performance [37].

4.3. Association between CMR] and 505 COD Speed

The 505 COD test examines an athlete’s ability to decelerate, change direction, and
subsequently re-accelerate, necessitating a complex interplay of neuromuscular coordina-
tion, strength, and power [14,15]. Substantiating the findings of previous studies
[3,6,14,17,18], the correlational analysis showed a statistical large inverse relationship be-
tween two JH values and RSImod with 505 COD times (r = -0.51 to —0.68, p < 0.006). This
indicates that the ability to generate and sustain a high amount of force rapidly across the
braking and propulsive phases in CMR] is equally vital for COD tasks (maximum entry
and exit velocities) [14]. In contrast to a linear sprint, the RSI showed non-significant cor-
relations with 505 COD times, which is consistent with prior research [17]. A recent meta-
analysis elucidated that when individuals perform COD manoeuvres with directional
changes of >90°, they predominantly rely on slow SSC mechanics [38]. The results from
the median split analysis support this notion (Figures 4 and 7), whereby athletes who
jumped higher in both jumps of the CMR] test and scored higher RSImod and RSI values
exhibited faster 505 COD times on the right and left sides (¢ 2 —0.44, p <0.04). Collectively,
it seems reasonable to deduce that outcomes related to slow SSC movements (e.g., JH-1
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and RSImod) obtained from the CMR] test may offer a more accurate indication of an
athlete’s COD capabilities than those associated with fast SSC movements (e.g., JH-2 and
RSI) [17].

Contrary to the expectations, no significant correlation was found between CMR]
metrics and the COD deficit (Table 2). However, this finding is consistent with that of
Lockie et al. [39] and Thomas et al. [14], who reported the absence of such relationships in
male team sports athletes. While some CMR] metrics are inversely associated with 505
COD times, they do not necessarily predict the efficiency of directional changes, which is
what the COD deficit measures [15]. The lack of correlation with the 505 COD deficit may
be due to the multidimensional nature of COD tasks, which require not only the power
and force production quantified by CMR] metrics but also specific technical skills that are
not captured in the CMR] test; these skills typically include the body lean, foot placement,
and step adjustment for deceleration and acceleration [6,40]. Finally, and although a rela-
tively minor consideration, the median split analysis did not reveal significant differences
in the COD deficit between groups with higher and lower CMR] metrics (Figures 4 and
7). Therefore, CMR] performance measures could confidently mirror the physical compe-
tencies relevant to a 505 COD task, but they might not be sufficient by themselves to pre-
dict COD efficiency comprehensively. For practitioners, a holistic appraisal encompassing
the technical aspects of COD tasks is imperative to optimise athletic performance in sports
requiring multidirectional movements [14].

4.4, Limitations

The current study is not without its limitations. First, our research focused solely on
CMR] metrics verified for reliability in a previous study [1] without evaluating other ki-
netic variables, like propulsive force and power, which might show a stronger correlation
to athletic performance if included. Second, the reliability of the 505 COD deficit was not
acceptable, with poor CV values (22.23 to 29.64%). This high variability could be attributed
to the COD deficit being a ratio metric, which typically exhibits larger variability than raw
data metrics [41]. When compared with the raw data for 505 COD times, it can be seen
that individual test scores were more closely clustered together, as depicted in Figures 4
and 7. This phenomenon likely contributed to the absence of a significant correlation be-
tween CMR] metrics and COD deficits observed in our analysis. Third, the 20 m sprint
distance selected for this study, derived from previous research with team sports athletes
[10,17,24], might not reflect the real maximum speed achievable by athletes, potentially
weakening the observed correlations. Practitioners should consider this when comparing
CMR] performance with longer sprint distances that exceed 20 m, where athletes are more
likely to reach their maximum speed. Finally, the small sample size in our study limits the
generalizability of our findings to other populations. With this in mind, future studies
should aim to recruit a broader and more representative sample to enhance the robustness
and applicability of the results across various sporting populations.

5. Conclusions

Drawing from the insights of our study, we propose several practical applications for
strength and conditioning practitioners. Our study supports using CMR] metrics as a val-
uable indicator of lower-limb explosive force production and as the physical attributes
relevant to an athlete’s maximum force output, linear sprint, and COD performance. In
addition, a number of correlations identified in the present study were large, positioning
the CMR] test as a useful surrogate measure of performance for independent athletic qual-
ities. Considering the efficiency of the CMR] test in assessing a spectrum of explosive
power attributes, it should be integrated into athletic performance evaluations. Further-
more, in recognition of the large variability of some CMR] metrics, we recommend imple-
menting familiarisation trials to enhance the consistency of the data collected from metrics
such as CM depth and Kieg. This approach would lead to more reliable data, enabling



Appl. Sci. 2024, 14, 3718 14 of 15

practitioners to make well-informed decisions in developing and refining training pro-
grams.
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