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ABSTRACT

Countermovement jump (CMJ) performance has been routinely used to monitor
neuromuscular status. However, the protocol used to establish the criterion score is not well
documented. The purpose of this study to examine how the protocol used would influence of
the sensitivity of CMJ variables in rugby union players. Fifteen male (age: 19.7 £ 0.5 years)
rugby union players performed 8 CMJs on two occasions, separated by 7-days. The between
session coefficient of variation (CV) was calculated using two techniques for treating
multiple trials, the average and the trial with the best jump height (JH), and then compared to
the smallest worthwhile change (SWC). The signal-to-noise ratio was measured as the group
mean change in a variable divided by the CV. Using the average value across multiple trials
is superior to the best trial method, based on lower CVs for all variables. Only the average
performance across 6 or more trials was classified as ideal (CV < 0.5 x SWC) for peak
velocity (PV). In addition, the signal-to-noise ratio for peak concentric power (PCP), PV and
JH were classified as good, irrespective of the treatment method. Although increasing the
number of trials can reduce the random error, it may be pragmatic to simply take the average
from 2-3 trials, facilitating a CV < SWC for PV, PCP and JH. Due to its simplicity, JH may

be considered the principal variable to monitor neuromuscular fatigue.
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INTRODUCTION

Countermovement jump (CMJ) performance has been used for many decades to examine the
effects of a wide variety of training modalities. In recent years, these protocols have also been
used to provide a functional measure of neuromuscular fatigue after both training and
competition. Collectively, the kinetic and kinematic variables used have provided sensitive
markers in many, but not all investigations (4,29). The disparity in the findings reported have
been ascribed to several factors, with the protocol used to establish the criterion score being a
confounding factor that has not been well documented. While several authors have used the
results from a single trial (6,19), the variability that is intrinsic to all human movement
suggests that such an approach may not adequately represent an athletes’ performance.
Increasing the number of trials may potentially overcome this concern; however, it needs to
be recognised that it may not be practical or physically possible to collect multiple trials in
certain situations. On most occasions, athletes are required to perform 2-3 trials, with as
many as 8 trials sometimes being advocated (5). It is notable that previous studies have not
provided a clear rationale for the number of trials used and the decisions seem somewhat

arbitrary in nature.

Two techniques for treating multiple trials have been identified: best or taking the average.
The single best trial is most commonly retained for analysis (4) and of great interest to many
coaches. When both techniques were used in the same training study, the ability to monitor
changes in CMJ performance over time was viewed as comparable and likely to produce
similar outcomes, at both the group and individual level (11). However, a recent meta-
analysis found average, rather than best CMJ performance, to be more sensitive when

monitoring changes in neuromuscular status (4). Furthermore, despite the popularity of using



CMJ performance as an objective marker of neuromuscular performance, there is a lack of
consensus regarding the most sensitive variable. The height jumped, is the most commonly
used variable, which seems well founded based on the outcomes of a meta-analytic approach
(4,29). However, several studies have reported (6,10,27,33), that in certain situations, jump
height (JH) was not a sensitive measure of fatigue and as such, advocated a focus on the

movement strategy used to achieve the output.

A potential solution to address these aforementioned issues, which is often overlooked within
strength and conditioning (18), is to consider the signal-to-noise ratio of the derived CMJ
variables. When the noise is expressed as a coefficient of variation (CV), it has often been
used in isolation with arbitrary thresholds, such as 5% and 10%, to define an acceptable
margin of error. Such an approach allows the coaches to assess changes relative to the
expected error values but does not provide any information regarding the meaningfulness of
the change. Coaches initially want to ascertain the likelihood that the changes observed are
greater than the smallest signal for their specific population, referred to as the smallest
worthwhile change (SWC) (17). To facilitate this process, it requires a test or variable with a
CV < SWC, with the ideal contrast being when the CV < 0.5 x SWC, thus enabling any
change that is greater than the SWC being classified as substantial (3,15). It is well
established that increasing the number of trials will theoretically reduce the CV by a factor of
1/\n (i.e., using 4 trials reduces the noise by 50%) (15). Nonetheless, a variable with a
relatively low level of noise doesn’t always constitute an effective tool to monitor fatigue and
supercompensation (3,30). The noise also needs to be compared to the observed signal, to
provide another important index of sensitivity (18). Therefore, the aim of this study was to
consider how the protocol used to establish the criterion score would influence the sensitivity

of countermovement jump performance in rugby union players. As a working hypothesis, we



assumed that the average of multiple trials would decrease the noise associated with a CMJ
variable and as a result, improve the signal-to-noise ratio for the main outcome variable, jump

height.

METHODS

Subjects

Fifteen male academy players from a professional rugby union club in the United Kingdom
volunteered to take part in the study (age 19.7 + 0.5 years, height 185.2 £ 7.5 cm, and mass
97.0 £ 10.6 kg). Although this sample size is congruent with similar studies (26,30), more
subjects would be required to attain optimal precision for estimates of reliability and as such,
this study can be viewed as a preliminary investigation (14). To be eligible for inclusion in
the study, players must have been part of academy squad at the start of the playing season and
therefore familiar with the CMJ testing that is routinely conducted. Exclusionary criteria
included players with known musculoskeletal injury or pain during the time of testing. The
weekly training volume of the players was 8-12 hours (5-7 hours of rugby training, 1-2 hours
of speed and agility training, plus 2-3 hours of gym based preparation), and one competitive
game. Prior to the study commencing, the players attended a presentation to outline the
purpose, benefits, risks and procedures involved in the study. Players provided written
informed consent and were free to withdraw from the study at any stage without penalty. The

study was approved by the Ulster University Human Research Ethics Committee.

Design

A within-subject test-retest design was used, with the testing protocol completed on two

occasions, separated by 7 days. To control for the possible influence of circadian rhythms



and the phase of training, all tests were performed during the morning period of the
competitive season. Subjects were asked to maintain their normal diet throughout and to
refrain from strenuous exercise 48 hours before each session. Prior to the tests, subjects
completed a 10-minute standardised warm-up consisting of jogging, dynamic stretching, and
several practice jumps of progressively increasing intensity until they felt capable of

producing a maximal effort.
Methodology

CMJ trials were performed on a force plate (Type 9286BA, Kistler AG, Winterthur,
Switzerland) that was connected to an A/D convertor (Type 5691A1, Kistler AG, Winterthur,
Switzerland). Temporal and vertical ground reaction force (F;) data were collected at a
sampling frequency of 1000 Hz for 5 seconds using Bioware® software (Version 5.1, Type
2812A). The force plate was zeroed immediately before each trial and sampling began when
the subject was standing still. After approximately 2 seconds, subjects were instructed to
jump as high as possible using a self-determined countermovement depth. Each subject
completed 8 trials with 1 minute of rest between. The raw F, data for each jump were
exported as text files and analysed using a customized Microsoft Excel® spreadsheet. The
subjects’ body weight was calculated as the average F, during the first second of the
sampling period. The start of the countermovement was determined as 5% reduction in F;. (7)
The take-off and landing time points were determined by finding the 0.4 second moving
average with the smallest standard deviation F; and then taking the peak residual force during
this phase as the threshold. The vertical velocity of the centre of mass (COM) was determined
using the impulse method. Net impulse was obtained by integrating net F; using the trapezoid
method from the start of the countermovement and then dividing it by body mass to obtain
vertical velocity. Although not always advocated (34), power was calculated as the product of

F, and velocity, to allow comparison with other commonly used variables. The vertical



velocity of the COM at take-off was used to calculate JH. The eccentric and concentric
phases were defined as: eccentric phase, the start of the countermovement to the transition
from negative to positive velocity; concentric phase, the end of the eccentric phase to the
point of take-off. The reactive strength index-modified (RSImod) was calculated as the JH
divided by the contraction time (9). The flight time:contraction time ratio (FT:CT) was

calculated as previously described (7).
Statistical Analysis

A customized Microsoft Excel® spreadsheet (16) was used to determine the typical error
(TE), calculated as the standard deviation of the difference score divided by V2 and expressed
as a coefficient of variation (CV) with +90% confidence intervals (Cl). The SWC was
calculated as 0.2 times the between subject SD, which corresponds to a small effect, and
expressed as a percentage of the mean to compare with the CV (12). The usefulness of a
variable was rated as marginal when the CV > SWC, okay when the CV = SWC, good when
the CV < SWC (15), and ideal when the CV < 0.5 x SWC (3,15). To examine the influence of
the number of trials, the between session CV was calculated using the two techniques for
treating multiple trials, the average and the trial with the best JH. The sensitivity to change
+90% CI, sometimes referred to as internal responsiveness (18), was calculated by dividing
the signal by the noise. The percentage change in the group mean between baseline and 48
hours post-exercise was considered as the signal, provided by a previous similar study (20),
and the CV from 3 trials as the noise, provided from the current study. The utility of a signal-

to-noise ratio was classified as good when >1, okay if =1, and poor if <I (8).



RESULTS

Figure 1 illustrates the estimates of within-subject variation for the two treatment techniques
of multiple trials, the average and the trial with the best JH, relative to the SWC and 0.5 x
SWC. Without exception, the average of multiple trials resulted in lower CVs when
compared to the best. PV, PCP and JH were classified as good (CV < SWC) when the
average of 2 or more trials were performed. Using the best trial method, PV and JH were
classified as good when 3 or more trials were performed. Only the average performance
across 6 or more trials was classified as ideal (CV < 0.5 x SWC) for PV. All other variables

were classified as marginal (CV > SWC).

***FIGURE 1 NEAR HERE AS A 2 X 3 MATRIX***

Figure 2 illustrates that the signal-to-noise ratios for PV, PCP and JH were classified as good,
irrespective of the treatment method but were consistently higher for the average method. All
other variables were classified as poor. PV, using the average method, had the highest (2.9

+1.2) signal-to-noise ratio, with PCP (2.5 +1.3) and JH (2.4 £1.1) having comparable values.

***FIGURE 2 NEAR HERE***

DISCUSSION

CMJ performance is routinely used to monitor fatigue and supercompensation in athletic

populations. Considering that it is viewed essential to identify the true value when



determining a real and meaningful change, we investigated the sensitivity of CMJ variables
using two techniques for treating multiple trials: best or taking the average. The main
findings of the present study indicated that average performance across multiple trials is
superior to the best trial method, as determined by lower CVs (Figure 1). These results are in
accordance rudimentary reliability theory, in which multiple trials will reduce the noise
associated with a variable and thus produce a better estimate of performance. When trying to
identify a variable that could measure a change that is greater than the SWC, only the average
PV across 6 trials was classified as ideal (CV < 0.5 x SWC). In addition, the signal-to-noise
ratio was classified as good for PV, PCP and JH, irrespective of the treatment method but

were consistently higher for the average method (Figure 2).

When multiple trials of a test are collected, then the decision regarding which trial or trials to
use as the criterion score represents a long forgotten question, as evidenced by the fact that
the vast majority of published studies having used the best CMJ (4). It has been
recommended that the selection should be based on whether the criterion score is supposed to
reflect the typical or maximum performance (13). Therefore, it appears evident that the
average method should be used to determine the criterion score if an estimate of typical CMJ
performance is required. In a sport like track and field athletics, the best result is
understandably used in multiple trial events such as the long jump or shot put, because
maximum performance is the measure of success. However, by definition the best
performance is not typical and may demonstrate greater variability, as presented in Figure 1,
and this choice makes as much sense as selecting the lowest score when trying to monitor
typical performance (21). It would seem that almost all researchers and coaches are looking
for an estimate of typical CMJ performance and are therefore ill-advised to disregard large

amounts of data by selecting the best trial.
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Increasing the number of trials will in most cases reduce the typical error associated with a
test variable. However, the number of trials required to achieve a desirable level (CV < SWC)
has not been well documented (30). Taking the average across 8 trials reduces the CV by
approximately 1-3%, depending on the variable. Although it may be possible to reduce the
random error, the additional time required needs to be carefully considered by the coach.
Unless a scenario exists that requires detection of the SWC, then it may be advisable to
simply take the average from 2-3 trials, to facilitate a CV < SWC for PV, PCP and JH. The
output of a CMJ can be considered very reliable, but there is a tremendous amount of
redundancy in the neuromuscular system that permits a multitude of ways in which a JH can
be achieved, even in a non-fatigued state. It is therefore virtually impossible to repeat a CMJ
in the exact same manner and for that reason, a major source of error in composite variables,
such as FT:CT and RSImod, can be attributed to the biovariance inherent in all human

movement (25).

Despite the popularity of using CMJ performance as an objective marker of fatigue or
supercompensation, there is no consensus on which variable is the most sensitive. Intuitively,
coaches are always looking for variables that exhibit low levels of noise relative to the
smallest signal (CV < SWC). Nonetheless, it needs to be appreciated that even when this
condition is met, it does not automatically constitute a variable that can effectively monitor
fatigue and supercompensation (3,30). The signal-to-noise ratio of a test is viewed as an
essential, but largely overlooked property within strength and conditioning (18). A variable,
such as peak concentric force (PCF), that exhibits a relatively low CV but is also

unresponsive to fatigue inducing exercise (19,32), doesn’t represent a useful variable to
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monitor (Figures 1 & 2). The magnitude of the signal-to-noise ratio can therefore be
considered of paramount importance to every coach (3). JH is the most commonly used
outcome variable (4,29), which seems well founded, based on the signal-to-noise ratio
(Figure 2). In contrast, several studies have reported that impairments in neuromuscular
function can manifest themselves as an altered movement strategy in an attempt to achieve a
constant task outcome, such as JH (6,10,27,33). The disparity in the findings can be attributed
to not using fatigue-free baseline values (6), combining force plate and linear position
transducer data (10,24), and the threshold adopted to denote a substantial change (27,33).
Future research may want to consider the effect of countermovement depth at the fatigue-free
baseline time-point on the response to fatigue. It may be well be that certain individuals that
adopt a relatively small amplitude CMJ are more likely to demonstrate an altered movement
strategy in response to fatigue, based on the relationship between countermovement depth

and JH (22).

Although this study presents some novel findings, there are a few limitations that the
practitioner should keep in mind when interpreting the findings. Firstly, increasing the sample
size would help attain optimal precision for the estimates of reliability and therefore this
study can be viewed as a preliminary investigation into the area (14). Another limitation to
consider when using the between subject SD to provide an indirect estimate of the SWC, is
that the value calculated will vary depending on the sample used, a homogeneous group of
players will display a correspondingly low value for the SWC (28). Finally, the signal-to-
noise ratios reported are specific to the sample population (1,26) and also to the nature of the

fatigue inducing exercise utilised (23).
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PRACTICAL APPLICATIONS

Increasing the number of trials in a CMJ testing protocol will reduce the noise associated
with the performance variables chosen. However, the additional time required needs to be
carefully considered and it may be preferential to only take 2-3 trials. Coaches should also
appreciate that when multiple trials are taken, they are ill-advised to disregard large amounts
of data by selecting the best trial and should take the average. Variables should be selected
from the force-time curve that have been demonstrated as sensitive, rather than obscure
variables, that are unsubstantiated and do not advance jumping related research and practice.
Although PV demonstrated a slightly higher signal-to-noise ratio, JH may be considered the
principal variable to monitor fatigue, as it can also be estimated using a contact mat or a

similar flight time based system (2,31).
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Figure 1.

Coefficient of variation £90% confidence interval, relative to the SWC and 0.5 x SWC, for
peak velocity (PV), peak concentric force (PCF), peak concentric power (PCP), jump height
(JH), reactive strength index-modified (RSImod) and flight time:contraction time ratio
(FT:CT) based on the number of trials and the two treatment techniques of multiple trials, the

average and the best.

Figure 2.

Signal-to-noise ratio £90% confidence interval for peak velocity (PV), peak concentric force
(PCF), peak concentric power (PCP), jump height (JH), reactive strength index-modified
(RSImod) and flight time:contraction time ratio (FT:CT) based on the two treatment
techniques of multiple trials, the average and the best. Note that the signal-to-noise ratio was
calculated as the percentage change in the group mean, provided by a previous similar study
(20), and then divided by the CV from the current study using the results from trial number 3.

These results are specific to the population and the nature of the fatigue inducing exercise.
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