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Abstract

The countermovement jump (CMJ) has been suggested to be an important test of neuro-
muscular performance for rugby league (RL) players. Identifying force platform-derived
CMJ variables that may be more applicable to RL positions (e.g., forwards and backs) has
yet to be fully explored in the scientific literature. The aim of this study was to identify RL
position-specific CMJ force-time variables. Specifically, we aimed to compare select force-
time variables from the countermovement (i.e., the combination of unweighting and braking)
and propulsion phases of the CMJ between the global forwards and backs positional
groups. We also aimed to compare typical (i.e., jump height) and alternative (i.e., take-off
momentum) outcome CMJ variables between positional groups. Finally, we sought to visu-
ally present each individual player's CMJ performance alongside the average data to facili-
tate the interpretation and reporting of the CMJ performances of RL athletes. Twenty-seven
forwards and twenty-seven backs who competed in the senior men’s English RL Champion-
ship, performed three CMJs on a force platform at the beginning of the pre-season training
period. There were no significant differences in any countermovement or propulsion phase
variable between positions with just small effect sizes noted (P >0.09, d <0.46). Jump
height (and so take-off velocity) was significantly greater for backs with moderate effects dis-
played (P=0.03, d=0.60). Take-off momentum (take-off velocity x body mass) was largely
and significantly greater for forwards (P<0.01, d=1.01). There was considerable overlap of
individual player’s body mass and CMJ outcome variables across positions, despite signifi-
cant differences in the mean values attained by each positional group. The results suggest
that it may be beneficial for RL practitioners to identify player-specific, or at least position-
specific, variables. As a minimum, it may be worthwhile selecting CMJ force-time variables
based on what is considered important to individual player’s or small clusters of similar play-
ers’ projected successes during RL competition.
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Introduction

The countermovement jump (CMJ) has been suggested to be an important test of neuromus-
cular performance for rugby league players [1]. This suggestion is supported by researchers
who reported that greater CM]J heights were correlated with faster 5-, 10- and 30 m sprint per-
formances [2] and better tackling ability [3] in high-level players (r = 0.38-0.62). Additionally,
players selected in the first Australian National Rugby League game of the season demon-
strated, among other factors, superior jump heights compared to non-selected players [4]. Fur-
thermore, it was reported that greater CMJ height and reactive strength index modified
(RSI,04, calculated as CM]J height divided by time to take-off), which were derived from a
force platform using criterion methods, discriminated between senior and academy (under
19s, the final academy age group before senior-level) rugby league players competing in the
English Rugby League Championship (RLC, second tier of English Rugby League) [5]. The
time to take-off was similar between the groups but senior players jumped higher (Cohen’s d
[d] = 0.91) which led to them achieving a higher RSI,,,,4 (d = 0.58) [5]. Conversely, senior play-
ers who competed in the English Super League (SL, top tier of English Rugby League) achieved
a slightly greater CM]J height (d = 0.12 [trivial effect]), but a moderately greater mean propul-
sion power (d = 0.94) than the ul9s players’ scores [6]. This was likely due to the senior players
performing the CMJ with a shorter propulsion phase time, although this data were not
reported [6]. Similarly, senior SL players demonstrated a greater RSI;;,,4 (d = 1.11) than senior
RLC players, owing to their capacity to attain a similar jump height (d = 0.25) but via a much
shorter time to take-off (d = 1.26) value [7], highlighting a superior neuromuscular
performance.

With respect to the two main positional groups within rugby league, backs jumped higher
than forwards by ~2 cm (Hedge’s g [¢g] = 0.44) and attained a higher RS, 4 by ~0.03 units
(g=10.37) in a recent study in which researchers assessed combined senior SL and senior RLC
rugby league players’ (n = 104) CM]J performances via a force platform [8]. Both mean and peak
relative propulsion power (presented as Watts per kilogram of body mass) were moderately
greater (g = 0.65-0.70) for the backs too [8]. If one were to take these results at face value, it
would be concluded that backs outperform forwards in the CM]J. Of course, this statement
could only be made with reference to these variables, but these are the most reported CM] vari-
ables in rugby league studies [5, 6, 9]. However, the forwards were, on average, ~12 kg heavier
than the backs (g = 1.34) which represented a large effect. Nevertheless, forwards only produced
a slightly poorer jump height, RSI;,,,q and relative power (small-moderate effect size) in the
CMJ. As body mass impedes take-off velocity, and therefore jump height, did the forwards really
perform inferiorly to the backs? As described in the previous study [8], jump height, RS04,
mean propulsion power and peak propulsion power are all biased towards lighter athletes (i.e.,
generally the backs). Thus, identifying position-specific force platform-derived CM] variables
that may be more applicable to collision sport athletes, who are sometimes required to be able to
effectively accelerate their own body mass and the body masses of their opponents, is warranted.

In a collision sport such as rugby league, sprint momentum (which includes body mass in
its calculation: body mass x velocity) has been highlighted as a more important factor than
sprint velocity and associated variables [10]. This is, perhaps, why sprint momentum is now
more commonly reported by rugby league researchers and practitioners than sprint velocity or
split times. A rationale for calculating jump take-off momentum as part of routine CM] testing
of rugby league players was recently presented [11]. Researchers showed that jump take-off
momentum and sprint momentum attained at 5, 10 and 20 m demonstrated very large-near
perfect associations (r = 0.78-92; 61-85% shared variance [R*])ina high-level (RLC) rugby
league cohort [11]. This preliminary study included CM] and sprint data from of a mixture of
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forwards (n = 14) and backs (n = 11), so there is currently no position-specific data available
on jump take-off momentum within rugby league or, indeed, any other collision sports. A
more recent study illustrated that the high correlation between sprint and jump take-off
momentum is a product of body mass being included in each calculation and is influenced par-
ticularly when there is a large variance in body mass scores and a low variance in jump height
scores [12], as is seen in rugby league cohorts. As already mentioned, being heavier can be con-
sidered an asset for certain positions within rugby league but this should not detract from the
importance of being able to attain high velocities too, either to achieve an even larger momen-
tum, to beat an opponent to the ball or to break away from the opposition. Indeed, this may be
why, as mentioned earlier, greater CMJ heights were correlated with better tackling ability [3].

Currently, there is limited information available that can be gleaned from empirical studies
to aid rugby league researchers’ and practitioners’ identification of practically meaningful and
position-specific force platform derived CM] metrics. Given that specific CM] variables can
discriminate performance level in rugby league [4-7] and it is reccommended that CM]J testing
of this cohort should ideally be performed using a force platform [13, 14], there is a require-
ment to fill this knowledge gap. Additionally, although jump take-off momentum may be a
promising metric for collision-sports, only one study has reported it to date and the data were
obtained from an entire rugby league cohort rather than from positional groups [11]. Also,
there are currently no criteria to establish whether a rugby league player’s body mass effectively
contributes to their jump take-off momentum. For example, rugby league players who are
heavy but achieve lower than expected jump take-off momentum may benefit from either
reducing their body mass slightly to be able to move faster or developing sufficient strength to
be able to move their body mass faster. Plotting the relationship between body mass and jump
take-off momentum and incorporating a quadrant chart to illustrate the cause-effect relation-
ship (i.e., with the quadrant comprised of 1) low body mass with low momentum, 2) low body
mass with high momentum, 3) high body mass with low momentum, and 4) high body mass
with high momentum) should reveal which rugby league player’s body mass is contributing
effectively to their jump take-off momentum.

The aim of this study was to identify position-specific CM] force-time variables within
rugby league. Specifically, we aimed to compare select force-time variables from the counter-
movement (i.e., the combination of unweighting and braking) and propulsion phases of the
CM] between the global forwards and backs positional groups. We also aimed to compare typi-
cal (i.e., jump height) and alternative (i.e., take-off momentum) outcome CM] variables
between positional groups. It was hypothesised that absolute kinetic variables would be larger
for the forwards and relative (to body mass) kinetic variables would be larger for the backs,
owing to the larger body mass of the forwards. Consequently, it was hypothesised that jump
height would be higher for the backs, but take-oftf momentum would be larger for the for-
wards. Finally, despite the previously mentioned hypotheses, that were formulated due to
expected differences in the average body mass of each positional group, it was further hypothe-
sised that there would be considerable overlap of individual player’s body mass and CM]J per-
formances across the forwards and backs. Therefore, we also sought to visually present each
individual player’s CM] performance alongside the average data to help inform how rugby lea-
gue practitioners may best interpret and report the CM]J performances of their athletes.

Materials and methods

A convenience sampling approach led to twenty-seven forwards (age = 25.9 + 4.2 years,
height = 1.85 + 0.06 m, body mass = 102.9 + 9.4 kg) and twenty-seven backs (age = 25.9 + 3.5
years, height = 1.81 + 0.06 m, body mass = 88.7 +7.9 kg), who at the time of testing competed
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in the senior men’s English RLC, participating in this study. All players were free from injury
and engaged in a full-time strength and conditioning programme (strength and power
focussed, after a period of hypertrophy focussed training) at the time of testing (the start of the
pre-season). Written informed consent was provided prior to testing, the study was pre-
approved by the University of Salford institutional review board and conformed to the World
Medical Association’s Declaration of Helsinki.

Following a brief (~10 minutes) warm-up comprised of dynamic stretching and sub-maxi-
mal jumping (5x1 sets of single effort and 2x5 repeated CMJs), participants performed three
recorded maximal effort CMJs to their preferred countermovement depth, each interspersed
by ~1 minute rest [15]. They were instructed to “jump as fast and as high as possible”, whilst
always keeping their hands on their hips. The participants were informed that the “jump as
fast” part of the verbal cue referred to them performing the countermovement and propulsion
phases of the jump as quickly as possible. Verbal cues were standardised owing to their influ-
ence of CM]J force-time characteristics [16, 17].

Ground reaction forces during the maximal effort CMJs were sampled at 1000 Hz using a
Kistler type 9286AA force platform and Bioware 5.11 software (Kistler Instruments Inc.,
Ambherst, NY, USA). The force platform was zeroed before each CM] trial. The participants
stood upright and still for the first second of data collection [18, 19] to enable calculation of
body weight (N, vertical force averaged over 1 s) and body mass (kg, body weight divided by
gravitational acceleration). Raw vertical force-time data were exported as text files and ana-
lysed using a customized Microsoft Excel spreadsheet (version 2016, Microsoft Corp., Red-
mond, WA, USA). Previous research supports the analyses of raw CM] force-time data [20].

Firstly, net force was calculated by subtracting body weight from every force sample. Centre
of mass velocity was then determined by dividing net force by body mass on a sample-by-sam-
ple basis and then integrating the product using the trapezoid rule [19]. Instantaneous centre
of mass displacement was determined by integrating the velocity data at each time point, again
using the trapezoid rule [19]. The onset of movement was identified in line with current rec-
ommendations for unloaded CMJs [18]. The instant of take-off was identified when force fell
below a threshold equal to five times the standard deviation (SD) of the flight phase force [21-
23]. The SD of the flight phase force was calculated across the middle 50% of the flight phase
duration when the force platform was unloaded [21, 22]. The CM] phases were identified
using the terminology explained recently by McMahon et al. [24]. Specifically, the counter-
movement phase comprised of the unweighting and braking phases and was defined as occur-
ring between the onset of movement and zero velocity and the propulsion phase was deemed
to have started when velocity exceeded 0.01 m-s™ (typically one sample after zero velocity) and
finished at take-off [5, 25].

A selection of CM]J ‘strategy’ variables were calculated to help explain how the outcome vari-
ables were attained. Countermovement and propulsion phase times were calculated as the dura-
tion of each phase. Countermovement and propulsion displacement were calculated as the
change in vertical centre of mass position between the start and end of each phase. Furthermore,
countermovement and propulsion displacement (i.e., the displacement between the end of the
braking phase and the instant of take-off) were also expressed as a percentage of standing centre
of mass height which, in turn, was calculated as 57% of standing height [26]. This enabled a rela-
tive (to stature) between-group comparison [7]. Peak negative velocity, which occurs at the tran-
sition from unweighting to braking, was calculated to provide an indication of how fast the
initial countermovement phase was performed. Net force at zero velocity was calculated as the
net force at the end of braking phase, as this dictates the net force at the beginning of propulsion.
Finally, propulsion mean net force was calculated as the average net force during the propulsion
phase as this describes the force component that contributes to the propulsion net impulse.
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Three CM] outcome variables were calculated. Take-off velocity was calculated as the centre
of mass velocity at the instant of take-off. Jump height was derived from vertical velocity at
take-off [19]. The RSI,,0q was calculated as CMJ height divided by time to take-off (time
between onset of movement to take-off). Jump take-off momentum was calculated by multi-
plying take-off velocity by the participant’s body mass [11].

Statistical analyses

A series of two-way mixed-effects model (average measures) intraclass correlation coefficients
(ICC [type 3,k]), along with the upper and lower 95% confidence interval (Clys), were used to
determine the relative between-trial reliability of each variable. Based on the lower bound Clys
of the ICC estimate, < 0.5, between 0.5 and 0.75, between 0.75 and 0.90 and >0.90 were indic-
ative of poor, moderate, good and excellent relative reliability, respectively [27]. Absolute
between-trial reliability of each variable was calculated using the coefficient of variation per-
centage (CV%), along with the upper and lower Clos. A CV of <10% and <5% (based on the
Clys of the CV% estimate) was considered to represent good and excellent absolute reliability,
respectively [28].

All variables met parametric assumptions, apart from net force at zero velocity (both abso-
lute and relative) and relative propulsion mean net force, following the Shapiro-Wilk test of
normality. The mean differences between the forwards’ and backs’ normally distributed CM]
data were established using independent t-tests whereas non-parametric variables were com-
pared between groups via the Mann-Whitney U test. Effect sizes were calculated (Cohen’s d)
and were interpreted as trivial (<0.19), small (0.20-0.49), moderate (0.50-0.79), or large
(>0.80) [29]. A quadrant scatter chart was produced to illustrate the cause-effect relationship
between take-off momentum and body mass, with a Pearson correlation test (r) performed to
explore the magnitude of the relationship, along with the upper and lower Clgs. The correla-
tion coefficient was interpreted as trivial (0.0-0.09), small (0.1-0.29, moderate (0.3-0.49), large
(0.5-0.69), very large (0.7-0.89), and nearly perfect (0.9-1.0) [30]. The coefficient of determi-
nation (R”) was calculated by squaring the correlation coefficients. Visual representations of
the individual forward’s and back’s body mass, jump height and take-off momentum values,
along with the mean values and mean differences, were also produced using Gardner-Altman
plots [31]. Independent t-tests, the Mann-Whitney U tests, the Pearson correlation test, and
ICCs were performed using SPSS software (version 25; SPSS Inc., Chicago, IL, USA) with the a
priori alpha level set at P < 0.05. The effect sizes, CV% calculations and the quadrant scatter
chart were produced in Microsoft Excel.

Results

There was no difference in age between the forwards and backs (P = 0.972, d = 0.01), but the
former were significantly (moderate effect) taller (P = 0.013, d = 0.70) and significantly (large
effect) heavier (P<0.001, d = 1.64). A visual representation of the individual forward’s and
back’s body mass values, along with the mean values and mean difference for each positional
group, is presented via the Gardner-Altman plot in Fig 1.

All CM] variables exhibited excellent relative between-trial reliability apart from counter-
movement phase time which demonstrated good-excellent reliability (Table 1). All outcome
and propulsion phase variables showed excellent absolute between-trial reliability (Table 1).
Absolute and relative countermovement displacement displayed good-excellent absolute
between-trial reliability, whereas all remaining countermovement phase variables demon-
strated good absolute between-trial reliability (Table 1). There were no significant differences
in any countermovement phase or propulsion phase variable between forwards and backs with
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Fig 1. A Gardner-Altman plot of the forwards’ and backs’ body mass data, with the mean and mean difference for and between each positional
group, respectively.
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just small effect sizes noted (Table 1). Jump height was significantly greater for backs with
moderate effects displayed (Table 1). Take-off momentum was largely and significantly greater
for forwards (Table 1).

A visual representation of the individual forward’s and back’s jump height and take-off
momentum values, along with the mean values and mean differences for each positional
group, is presented via the Gardner-Altman plots in Figs 2 and 3.

The quadrant scatter chart that illustrates the cause-effect relationship between take-off
momentum and body mass is presented in Fig 4. There was a very large relationship between
take-off momentum and body mass (r = 0.865, P <0.001), with body mass explaining ~75% of
the variance take-off momentum values (Fig 4).

Discussion

The primary aim of this study was to compare select force-time variables from the counter-
movement and propulsion phases of the CMJ, in addition to typical (i.e., jump height) and
alternative (i.e., take-off momentum) outcome variables, between the global forwards and
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Table 1. The mean (+ standard deviation) countermovement jump outcome and strategy values attained by each position and associated reliability data.

Variable Forwards Backs d p | ICC | ICCLoClIys | ICC UpClys | CV% | CV% LoClys | CV% UpClys
Outcome
Jump Height (m) 0.34 £ 0.04 0.36 = 0.04 -0.60 | 0.03 | 0.96 0.94 0.98 3.23 2.39 4.06
Reactive strength index modified (ratio) 0.44 + 0.08 0.48 + 0.08 -0.46 | 0.10 | 0.95 0.93 0.97 5.51 4.09 6.94
Take-off Momentum (kg-m/s) 265.11 + 28.52 237.42 +26.24 1.01 | 0.00 | 0.99 0.99 1.00 1.58 1.19 1.98
Propulsion Phase
Mean Net Force (N) 997.67 +165.36 | 922.46+158.89 | 0.46 | 0.09 | 0.97 0.96 0.98 3.72 2.68 4.77
Rel. Mean Net Force (N/BW) 0.99+0.17 1.06 £ 0.17 -0.40 | 0.51 | 0.97 0.95 0.98 3.72 2.68 4.77
Time (s) 0.266 + 0.036 0.259 + 0.037 0.20 | 0.47 | 0.96 0.94 0.98 3.39 2.36 4.43
Displacement (m) 0.429 + 0.057 0.434+0.059 | -0.09 | 0.76 | 0.96 0.94 0.98 3.48 2.51 4.44
Rel. Displacement (%) 23.53+2.37 23.97 +3.19 -0.15 | 0.57 | 0.95 0.92 0.97 3.48 2.54 4.41
Countermovement Phase
Net Force at Zero Velocity (N) 1429.19 + 346.58 | 1336.67 +£275.35 | 0.30 | 0.14 | 0.96 0.94 0.98 6.63 4.75 8.52
Rel. Net Force at Zero Velocity (N/BW) 1.43 + 0.36 1.54 £ 0.31 -0.33 | 0.51 | 0.97 0.95 0.98 6.63 4.75 8.52
Time (s) 0.615 + 0.067 0.612 + 0.090 0.04 | 0.87 | 0.90 0.84 0.94 7.21 5.18 9.23
Displacement (m) 0.318 £ 0.052 0.331 £ 0.061 -0.22 | 0.44 | 0.96 0.94 0.98 4.32 2.95 5.68
Rel. Displacement (%) 17.49 £ 2.20 18.29 £ 3.35 -0.28 | 0.76 | 0.95 0.93 0.97 4.32 3.08 5.55
Peak Velocity (m/s) 1.30 +£0.23 1.31+£0.21 -0.05 | 0.85 | 0.94 0.91 0.97 5.44 3.73 7.16

Negative effect sizes indicate that backs achieved a larger mean value than forwards. ICC = intraclass correlation coefficient. CV% = coefficient of variation percentage.
LoClgs = lower 95% confidence interval. UpClgs = upper 95% confidence interval. Rel. = relative. BW = bodyweight.

https://doi.org/10.1371/journal.pone.0265999.t001

backs positional groups within rugby league. Countermovement phase variables did not dis-
criminate between forwards and backs (Table 1). Also, none of the propulsion phase variables
were significantly different between positions (Table 1). Therefore, the hypothesis that absolute
kinetic variables would be larger for the forwards and relative (to body mass) kinetic variables
would be larger for the backs was rejected for all variables.

Differences in countermovement phase variables has distinguished between senior SL and
senior RLC players [7] and between senior and academy RLC players [5] when combined data
from forwards and backs were analysed collectively. The lack of significant between-position
differences in countermovement phase variables in the present study could, therefore, be due
to the inclusion of forwards and backs who competed at the same senior level (i.e., RLC) only.
More research is needed to ascertain whether countermovement phase variables distinguish
between forwards and backs who compete in rugby league at different levels. Additionally,
countermovement phase variables obtained from the CM] test tend to be more sensitive to
acute neuromuscular fatigue [32] and so a worthwhile future research avenue may be to
explore whether countermovement phase variables can be used to determine different neuro-
muscular fatigue responses for forward and backs. At the very least, select countermovement
phase variables, such as those reported in the present study, should still be regularly monitored
as part of routine CM] testing of rugby league players as they help to explain maintenance or
change in CM]J outcome variables.

The jump height (and thus take-off velocity) was significantly greater for backs (moderate
effects), whereas the take-off momentum was largely and significantly greater for forwards
(Table 1), which was in line with the hypothesis. The greater jump height values attained by
the backs agrees with the results of a recent study [8]. The mean jump height values reported
for the forwards and backs in the present study correspond to the 50™ and 45 percentile,
respectively, based on the norm-referenced values for high-level rugby league players reported
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recently [8]. Owing to take-off velocity being higher for backs (as inferred from the higher
jump height values), the larger take-off momentum (body mass x velocity) for the forwards
(Table 1) was largely a consequence of their larger mass (Fig 1). The CM] take-off momentum
of rugby league players has only been reported in one study, but descriptive statistics were not
provided [11]. However, in another study, researchers reported that the mean propulsion net
impulse (which is identical to take-off momentum) attained by senior RLC players was

254 + 28 Ns [5] which is very similar to the mean take-off momentum of 251 + 31 kg-m/s
attained by the RLC players who participated in the present study (Fig 4). Therefore, the jump
height and take-off momentum values reported in this study may be considered a representa-
tive sample of high-level rugby league players’ CMJ data.

In line with the above discussion point, there was a very large relationship between body
mass and take-off momentum (Fig 4). As hypothesised, however, there was considerable over-
lap of individual player’s body mass and CM]J variables such as jump height and take-off
momentum across the forwards and backs (Figs 1-3), despite significant differences in the
mean values attained by each positional group. Therefore, although the included participants
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Fig 3. A Gardner-Altman plot of the forwards’ and backs’ take-off momentum data, with the mean and mean difference for and between each
positional group, respectively.

https://doi.org/10.1371/journal.pone.0265999.9003

were stratified into the global forwards and backs positional groups and significant positional
differences in CMJ outcome variables were noted, ultimately rugby league is a collision sport
that requires players from each positional group to be able to attain high movement velocities
and utilise their body mass effectively during competition, for example, during tackles. How-
ever, the cause-effect relationship between body mass and take-off momentum, that is visually
presented as a quadrant scatter plot in Fig 4, shows that a heavier body mass does not always
contribute effectively to take-off momentum. For example, there was a cluster of forwards who
had above average body mass when compared to the whole cohort, but their momentum was
also below average (Fig 4). These players, therefore, fall into the undesirable high body mass
with low momentum quadrant, located as the bottom-right quadrant in Fig 4.

Although only CM]J data are presented in this study, very large-near perfect associations
between CM] take-off momentum and sprint momentum were reported in the study that
involved a high-level (RLC) rugby league cohort [11], probably attributable to the large vari-
ance in body mass and low variance in jump height for the involved cohort [12]. While corre-
lation and causation are different, it is reasonable to suggest that the cluster of forwards with
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Fig 4. A quadrant scatter chart illustrating the relationship between take-off momentum and body mass. The forwards’ data are represented by the
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interval, respectively, of the relationship between take-off momentum and body mass.

https://doi.org/10.1371/journal.pone.0265999.9004

high body mass, but low momentum (Fig 4), may also demonstrate lower than desirable sprint
momentum. Sprint momentum has been highlighted as a key performance indicator in rugby
league [10]. Forwards experience the most collisions during competition [33], particularly hit-
up forwards [34, 35]. Therefore, the ability to attain a large momentum can be considered
especially important for rugby league forwards which potentially places the forwards who fall
into the high body mass with low momentum quadrant (Fig 4) at a performance disadvantage.
As mentioned earlier though, players from each positional group would benefit from being
able to move fast and make use of a large body mass during competition. Evidence of this
includes the two backs who feature in the low body mass with high momentum quadrant.
These players achieved a large take-off momentum in the CM] by being able to attain a high
take-off velocity and, therefore, a high jump.

Conclusion

While the overarching aim of this study was to identify position-specific CMJ force-time vari-
ables within rugby league, the results suggest that it may be more beneficial to rugby league
athletes and practitioners to identify player-specific, or at least sub-position-specific, variables.
As a minimum, it would be worthwhile for the CM]J force-time variables to be selected based
on what is considered important to individual player’s or small clusters of similar players’ suc-
cesses during competition. For example, if a player’s key area for competition success is driven
by their capacity to effectively accelerate their own body mass, as they are typically involved in
fewer collisions and cover a greater volume and distance of sprint running during a match,
then CM]J height, relative mean net forces and phase times may be suitable variables of interest.

PLOS ONE | https://doi.org/10.1371/journal.pone.0265999 March 25, 2022 10/15


https://doi.org/10.1371/journal.pone.0265999.g004
https://doi.org/10.1371/journal.pone.0265999

PLOS ONE

Rugby league position-specific countermovement jump variable selection

Alternatively, if a player’s key area for competition success is dictated by their ability to effec-
tively utilise their body mass to drive the opposition backwards, as they are typically involved

in frequent collisions and cover a lower volume and distance of sprint running during a

match, then CM]J take-off momentum and absolute mean net forces may be suitable variables

of interest. If CMJ take-off momentum is to be reported (11), then plotting relationship

between body mass and take-off momentum for the whole rugby league squad via a quadrant

Player
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Fig 5. An example one-page report of countermovement jump variables attained by one of the rugby league
forwards who participated in this study, alongside the body mass and take-off momentum relationship for the
whole rugby league squad via a quadrant scatter chart (per Fig 4). T-scores were calculated using squad median
value due to sample size.

https://doi.org/10.1371/journal.pone.0265999.g005
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scatter chart should help to identify individual players who may benefit from either reducing
body mass (in the form of fat-mass) or increasing their net force expression (i.e. increasing
maximal strength), or a combination of both, to develop a larger momentum during jumping
and sprinting. Two examples of how one may consider reporting key CM]J variables for spe-
cific players, alongside the body mass and take-off momentum relationship for the whole
rugby league squad via a quadrant scatter chart, are presented as Figs 5 and 6.
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Fig 6. An example one-page report of countermovement jump variables attained by one of the rugby league backs
who participated in this study, alongside the body mass and take-off momentum relationship for the whole rugby
league squad via a quadrant scatter chart (per Fig 4). T-scores were calculated using squad median value due to
sample size.

https://doi.org/10.1371/journal.pone.0265999.g006
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Supporting information

S1 Table. The jump data for forwards (n = 27) and backs (n = 27) that was taken forward
for statistical analyses. RSImod = reactive strength index modified and BW = bodyweight.
(XLSX)

Acknowledgments
The authors would like to thank the participants of the study.

Author Contributions

Conceptualization: John J. McMahon.

Data curation: John J. McMahon.

Formal analysis: John J. McMahon.

Methodology: John J. McMahon, Jason P. Lake, Paul Comfort.
Visualization: John J. McMahon.

Writing - original draft: John J. McMahon.

Writing - review & editing: John J. McMahon, Jason P. Lake, Paul Comfort.

References

1. TillK, Scantlebury S, Jones B. Anthropometric and Physical Qualities of Elite Male Youth Rugby Lea-
gue Players. Sports Medicine. 2017:1-16.

2. Cronin JB, Hansen KT. Strength and power predictors of sports speed. J Strength Cond Res. 2005; 19
(2):349-57. https://doi.org/10.1519/14323.1 PMID: 15903374

3. Gabbett T, Jenkins DG, Abernethy B. Correlates of Tackling Ability in High-Performance Rugby Lea-
gue Players. The Journal of Strength & Conditioning Research. 2011; 25(1):72-9. https://doi.org/10.
1519/JSC.0b013e3181ff506f PMID: 21157385

4. Gabbett Td, Jenkins DG, Abernethy B. Relative importance of physiological, anthropometric, and skill
qualities to team selection in professional rugby league. Journal of Sports Sciences. 2011; 29
(13):1453-61. https://doi.org/10.1080/02640414.2011.603348 PMID: 21834623

5. McMahon JJ, Murphy S, Rej SJ, Comfort P. Countermovement-Jump-Phase Characteristics of Senior
and Academy Rugby League Players. International Journal of Sports Physiology and Performance.
2017; 12(6):803—11. https://doi.org/10.1123/ijspp.2016-0467 PMID: 27918658

6. Ireton MRE, Till K, Weaving D, Jones B. Differences in the Movement Skills and Physical Qualities of
Elite Senior & Academy Rugby League Players. Journal of Strength and Conditioning Research. Pub-
lish Ahead of Print. https://doi.org/10.1519/JSC.0000000000002016 PMID: 28934100

7. McMahon JJ, Jones PA, Comfort P. Comparison of countermovement jump-derived reactive strength
index modified and underpinning force-time variables between super league and championship rugby
league players. The Journal of Strength & Conditioning Research. 2022; 36(1):226-31. https://doi.org/
10.1519/JSC.0000000000003380 PMID: 31714454

8. McMahon JJ, Lake JP, Dos’ Santos T, Jones P, Thomasson M, Comfort P. Countermovement jump
standards in rugby league: what is a ’good’ performance? Journal of Strength and Conditioning
Research. In-Press.

9. Dobbin N, Highton J, Moss SL, Twist C. The Discriminant Validity of a Standardized Testing Battery and
Its Ability to Differentiate Anthropometric and Physical Characteristics Between Youth, Academy, and
Senior Professional Rugby League Players. International Journal of Sports Physiology and Perfor-
mance. Publish Ahead of Print; 14(8):1110-6.

10. Baker D, Newton R. Comparison of Lower Body Strength, Power, Acceleration, Speed, Agility, and
Sprint Momentum to Describe and Compare Playing Rank among Professional Rugby League Players.
The Journal of Strength & Conditioning Research. 2008; 22:153.

PLOS ONE | https://doi.org/10.1371/journal.pone.0265999 March 25, 2022 13/15


http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0265999.s001
https://doi.org/10.1519/14323.1
http://www.ncbi.nlm.nih.gov/pubmed/15903374
https://doi.org/10.1519/JSC.0b013e3181ff506f
https://doi.org/10.1519/JSC.0b013e3181ff506f
http://www.ncbi.nlm.nih.gov/pubmed/21157385
https://doi.org/10.1080/02640414.2011.603348
http://www.ncbi.nlm.nih.gov/pubmed/21834623
https://doi.org/10.1123/ijspp.2016-0467
http://www.ncbi.nlm.nih.gov/pubmed/27918658
https://doi.org/10.1519/JSC.0000000000002016
http://www.ncbi.nlm.nih.gov/pubmed/28934100
https://doi.org/10.1519/JSC.0000000000003380
https://doi.org/10.1519/JSC.0000000000003380
http://www.ncbi.nlm.nih.gov/pubmed/31714454
https://doi.org/10.1371/journal.pone.0265999

PLOS ONE

Rugby league position-specific countermovement jump variable selection

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22,

23.

24,

25.

26.

27.

28.

29.

30.

31.

32.

McMahon JJ, Lake JP, Ripley NJ, Comfort P. Vertical jump testing in rugby league: a rationale for calcu-
lating take-off momentum. Journal of Applied Biomechanics. 2020; 36(6):370—4. https://doi.org/10.
1123/jab.2020-0100 PMID: 32796137

McErlain-Naylor SA, Beato M. Factors influencing the jump momentum—sprint momentum correlation:
a data simulation. Eur J Sport Sci. 2021:1-21. https://doi.org/10.1080/17461391.2021.2002420 PMID:
34779744

McMahon JJ, Jones PA, Comfort P. Comment on: "Anthropometric and Physical Qualities of Elite Male
Youth Rugby League Players". Sports Medicine. 2017; 47(12):2667-8. https://doi.org/10.1007/s40279-
017-0771-6 PMID: 28819728

Till K, Scantlebury S, Jones B. Author’s Reply to McMahon et al. Comment on: "Anthropometric and
Physical Qualities of Elite Male Youth Rugby League Players". Sports Medicine. 2017; 47(12):2669-70.
https://doi.org/10.1007/s40279-017-0770-7 PMID: 28819742

Kennedy RA, Drake D. Improving the Signal-To-Noise Ratio When Monitoring Countermovement Jump
Performance. The Journal of Strength & Conditioning Research. Publish Ahead of Print. https://doi.org/
10.1519/JSC.0000000000002615 PMID: 29742747

Pérez-Castilla A, Rojas FJ, Gdmez-Martinez F, Garcia-Ramos A. Vertical jump performance is affected
by the velocity and depth of the countermovement. Sports Biomech. 2021; 20(8):1015-30. https://doi.
org/10.1080/14763141.2019.1641545 PMID: 31359825

Séanchez-Sixto A, McMahon JJ, Floria P. Verbal instructions affect reactive strength index modified and
time-series waveforms in basketball players. Sports Biomechanics. Publish Ahead of Print. https://doi.
org/10.1080/14763141.2020.1836252 PMID: 33404374

Owen NJ, Watkins J, Kilduff LP, Bevan HR, Bennett MA. Development of a Criterion Method to Deter-
mine Peak Mechanical Power Output in a Countermovement Jump. The Journal of Strength & Condi-
tioning Research. 2014; 28(6):1552-8.

Moir GL. Three Different Methods of Calculating Vertical Jump Height from Force Platform Data in Men
and Women. Measurement in Physical Education and Exercise Science. 2008; 12(4):207-18.

Harry JR, Blinch J, Barker LA, Krzyszkowski J, Chowning L. Low-Pass Filter Effects on Metrics of Coun-
termovement Vertical Jump Performance. J Strength Cond Res. 2020. https://doi.org/10.1519/JSC.
0000000000003611 PMID: 32287092

Lake JP, Mundy PD, Comfort P, McMahon JJ, Suchomel TJ, Carden P. The effect of barbell load on
vertical jump landing force-time characteristics. The Journal of Strength & Conditioning Research.
2021; 35(1):25-32. https://doi.org/10.1519/JSC.0000000000002554 PMID: 29489716

Lake J, Mundy P, Comfort P, McMahon JJ, Suchomel TJ, Carden P. Concurrent Validity of a Portable
Force Plate Using Vertical Jump Force-Time Characteristics. Journal of Applied Biomechanics. 2018;
34(5):410-3. https://doi.org/10.1123/jab.2017-0371 PMID: 29809100

Pérez-Castilla A, Fernandes JFT, Rojas FJ, Garcia-Ramos A. Reliability and Magnitude of Counter-
movement Jump Performance Variables: Influence of the Take-off Threshold. Measurement in Physical
Education and Exercise Science. 2021; 25(3):227-35.

McMahon JJ, Suchomel TJ, Lake JP, Comfort P. Understanding the key phases of the countermove-
ment jump force-time curve. Strength and Conditioning Journal. 2018; 40(4):96—106.

McMahon JJ, Rej SJ, Comfort P. Sex Differences in Countermovement Jump Phase Characteristics.
Sports. 2017; 5(1):8. https://doi.org/10.3390/sports5010008 PMID: 29910368

McGinnis PM. Biomechanics of Sport and Exercise. Third ed: Human Kinetics; 2013.

Koo TK, Li MY. A Guideline of Selecting and Reporting Intraclass Correlation Coefficients for Reliability
Research. Journal of Chiropractic Medicine. 2016; 15(2):155-63. https://doi.org/10.1016/j.jcm.2016.02.
012 PMID: 27330520

McMahon JJ, Lake JP, Comfort P. Reliability of and Relationship between Flight Time to Contraction
Time Ratio and Reactive Strength Index Modified. Sports. 2018; 6. https://doi.org/10.3390/
sports6030081 PMID: 30111715

Cohen J. Statistical Power Analysis for the Behavioral Sciences. New York: Routledge; 1988.

Hopkins WG. A Scale of Magnitudes for Effect Statistics 2016 http://www.sportsci.org/resource/stats/
effectmag.html.

Ho J, Tumkaya T, Aryal S, Choi H, Claridge-Chang A. Moving beyond P values: Everyday data analysis
with estimation plots. Nature Methods. 2019; 16:565—6. https://doi.org/10.1038/s41592-019-0470-3
PMID: 31217592

Gathercole R, Sporer B, Stellingwerff T. Countermovement Jump Performance with Increased Training
Loads in Elite Female Rugby Athletes. Int J Sports Med. 2015; 36(9):722-8. https://doi.org/10.1055/s-
0035-1547262 PMID: 25831403

PLOS ONE | https://doi.org/10.1371/journal.pone.0265999 March 25, 2022 14/15


https://doi.org/10.1123/jab.2020-0100
https://doi.org/10.1123/jab.2020-0100
http://www.ncbi.nlm.nih.gov/pubmed/32796137
https://doi.org/10.1080/17461391.2021.2002420
http://www.ncbi.nlm.nih.gov/pubmed/34779744
https://doi.org/10.1007/s40279-017-0771-6
https://doi.org/10.1007/s40279-017-0771-6
http://www.ncbi.nlm.nih.gov/pubmed/28819728
https://doi.org/10.1007/s40279-017-0770-7
http://www.ncbi.nlm.nih.gov/pubmed/28819742
https://doi.org/10.1519/JSC.0000000000002615
https://doi.org/10.1519/JSC.0000000000002615
http://www.ncbi.nlm.nih.gov/pubmed/29742747
https://doi.org/10.1080/14763141.2019.1641545
https://doi.org/10.1080/14763141.2019.1641545
http://www.ncbi.nlm.nih.gov/pubmed/31359825
https://doi.org/10.1080/14763141.2020.1836252
https://doi.org/10.1080/14763141.2020.1836252
http://www.ncbi.nlm.nih.gov/pubmed/33404374
https://doi.org/10.1519/JSC.0000000000003611
https://doi.org/10.1519/JSC.0000000000003611
http://www.ncbi.nlm.nih.gov/pubmed/32287092
https://doi.org/10.1519/JSC.0000000000002554
http://www.ncbi.nlm.nih.gov/pubmed/29489716
https://doi.org/10.1123/jab.2017-0371
http://www.ncbi.nlm.nih.gov/pubmed/29809100
https://doi.org/10.3390/sports5010008
http://www.ncbi.nlm.nih.gov/pubmed/29910368
https://doi.org/10.1016/j.jcm.2016.02.012
https://doi.org/10.1016/j.jcm.2016.02.012
http://www.ncbi.nlm.nih.gov/pubmed/27330520
https://doi.org/10.3390/sports6030081
https://doi.org/10.3390/sports6030081
http://www.ncbi.nlm.nih.gov/pubmed/30111715
http://www.sportsci.org/resource/stats/effectmag.html
http://www.sportsci.org/resource/stats/effectmag.html
https://doi.org/10.1038/s41592-019-0470-3
http://www.ncbi.nlm.nih.gov/pubmed/31217592
https://doi.org/10.1055/s-0035-1547262
https://doi.org/10.1055/s-0035-1547262
http://www.ncbi.nlm.nih.gov/pubmed/25831403
https://doi.org/10.1371/journal.pone.0265999

PLOS ONE Rugby league position-specific countermovement jump variable selection

33. Glassbrook DJ, Doyle TLA, Alderson JA, Fuller JT. The Demands of Professional Rugby League
Match-Play: a Meta-analysis. Sports Medicine—Open. 2019; 5(1):24. https://doi.org/10.1186/s40798-
019-0197-9 PMID: 31187357

34. Gabbett TJ, Jenkins DG, Abernethy B. Physical demands of professional rugby league training and
competition using microtechnology. Journal of Science and Medicine in Sport. 2012; 15(1):80-6.
https://doi.org/10.1016/j.jsams.2011.07.004 PMID: 21820959

35. Cummins C, Orr R. Analysis of physical collisions in elite national rugby league match play. International
Journal of Sports Physiology and Performance. 2015; 10(6):732-9. https://doi.org/10.1123/ijspp.2014-
0541 PMID: 25945899

PLOS ONE | https://doi.org/10.1371/journal.pone.0265999 March 25, 2022 15/15


https://doi.org/10.1186/s40798-019-0197-9
https://doi.org/10.1186/s40798-019-0197-9
http://www.ncbi.nlm.nih.gov/pubmed/31187357
https://doi.org/10.1016/j.jsams.2011.07.004
http://www.ncbi.nlm.nih.gov/pubmed/21820959
https://doi.org/10.1123/ijspp.2014-0541
https://doi.org/10.1123/ijspp.2014-0541
http://www.ncbi.nlm.nih.gov/pubmed/25945899
https://doi.org/10.1371/journal.pone.0265999

