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Abstract: This study aimed to analyze the validity and sensitivity of two time-shortened Wingate
anaerobic tests (WAnTs), by means of three phases. In Phase A, 40 participants performed a traditional
30 s WANT, whereas the first 15 s (WAnT;5) and 20 s (WAnT,p) were used to elaborate two predictive
models. In Phase B, another 30 s WANT was performed by 15 different volunteers to examine
the error of these models (cross-validation). Finally, in Phase C, a 30 s WANnT was registered
before and after a 10-week velocity-based training conducted by 22 different participants (training
group, TRAIN = 11; control group that fully refrained from any type of training, CONTROL = 11).
Power changes (in Watts, W) after this training intervention were used to interpret the sensitivity of
the time-shortened WANT. Adjusted coefficient of determination (R?) was reported for each regression
model, whereas the cross-validation analysis included the smallest detectable change (SDC) and bias.
Close relationships were found between the traditional 30 s WANT and both the WAnT;5 (R% = 0.98)
and WANT,, (R? = 0.99). Cross-validation analysis showed a lower error and bias for WAnT),
(SDC =9.3 W, bias = —0.1 W) compared to WAnT;5 (SDC = 22.2 W, bias = 1.8 W). Lastly, sensitivity
to identify individual changes was higher for WAnT,g (TRAIN = 11/11 subjects, CONTROL = 9/11
subjects) than for WANnT;5 (TRAIN = 4/11 subjects, CONTROL = 2/11 subjects). These findings suggest
that the WANT,( could become a valid and sensitive protocol to replace the traditional 30 s WANT.
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1. Introduction

Since it was developed in 1970, the Wingate anaerobic test (WAnNT) has become one of the main
assessments to evaluate anaerobic power independently of the individual’s body weight [1]. During
the traditional WANT, the subject is required to pedal as fast as possible without an effort distribution
(i.e., all-out) for 30 s [2]. Although this traditional 30 s WANT has been proved to be a useful and reliable
test [2,3], it commonly induces several detrimental effects, including nausea, dizziness, headaches,
and vomiting [4]. In addition, this test to exhaustion produces excessive neuromuscular fatigue,
limiting the assessment of other physical evaluations or high-quality training sessions within the
following 48-72 h [5]. These aspects together have led to the development of several proposals based
on time reductions, including 6, 10, 15, and 20 s WAnTs [6-12]. These time-shortened protocols
measure the power output produced in the first seconds of the test, such as the peak power output
(PPO) or power value generated at specific time points (e.g., at the second 10 or 15), to predict other
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performance parameters like the mean power (MPO) by means of regression analyses [6,9,11]. MPO is
considered a variable of interest in many investigations [13,14], since it could be predictive of the
anaerobic capacity (i.e., ability to sustain extremely high power) [1,2,15]. Another key variable derived
from a WANT is the fatigue index (FI). Including the FI in a regression model could help to adjust
the power estimation, since this parameter relates with how the power declines along the test [2].
However, to date, no previous investigation has included the FI as a covariable to predict the MPO by
means of a time-abbreviated WAnT.

Most of these time-shortened WANT versions estimating MPO have shown high relationships
with the MPO measured by the traditional 30 s WANT, however, only two studies have analyzed
the accuracy (i.e., magnitude of error) of these regression models by means of a cross-validation
analysis [6,16]. Since one of the main goals of the use of the WAnNT is to examine the power changes
after short- and long-term training/detraining periods, it is necessary to identify whether the changes
observed in power are due to the actual modifications in athletes” anaerobic performance or due to
an estimation error of the time-abbreviated test (i.e., sensitivity). Thus, practically interpreting the
magnitude of error derived from this cross-validation analysis would be essential to examine the
suitability of these shortened proposals for daily use. Nevertheless, in addition to the few studies
including a cross-validation analysis, no study to date has interpreted the validity of a time-shortened
WANT considering its sensitivity.

On the other hand, all time-shortened WANnT models proposed to date have obtained the main
variable (power output) and its derivates (i.e., PPO or MPO) in an indirect way [6-12]. Thus, the power
output has been traditionally calculated by multiplying the revolution per second of the Monark®
cycle ergometer (velocity) by a fixed resistance, commonly corresponding to 7.5% of the subject’s
body mass (force) [11]. However, since the load placed in the basket of the cycle ergometer remains
constant while the moment of inertia changes during the initial acceleration, the actual resistance
to overcome is not constant throughout the entire trial [17,18]. Therefore, this traditional method
does not allow for the registration of instantaneous force that the subject is applying to overcome the
resistance. This fact could introduce a source of error in the power measurement, since in some cases
the accuracy of this variable (resistance X velocity) decreases as a consequence of an overestimation of
the resistance parameter [19]. Advances in technology have led to the development of power meters
that directly measure the instantaneous force applied to the pedals, plate, or rear-wheel axle [20,21].
Thus, instantaneous power output could be obtained by means of the simultaneous measure of the
angular velocity. This methodology has been previously used to measure power output changes after
different training programs [13,14] and evaluate the force—velocity profile in cycling [22]. However,
no study to date has analyzed a time-shortened WANT using this technology.

Therefore, this study aimed to analyze the validity and sensitivity of two time-shortened WAnT
modifications by measuring the main variable (power output) using a power meter device.

2. Materials and Methods

2.1. Experimental Design

Three phases can be differentiated in the current study. In Phase A (cross-sectional), 40 participants
conducted a single 30 s WANT on a cycle ergometer. The first 15 s and 20 s of these trials were used to
elaborate two predictive regression models of the traditional 30 s test. In Phase B (cross-sectional),
another 30 s WANT was performed by 15 participants (not including any subject who participated in
Phase A), in order to examine the accuracy of the aforementioned regression models (i.e., cross-validation
analysis). Finally, in Phase C (longitudinal), 22 volunteers completed a 10-week resistance training
program using the full back squat exercise. Before (T0) and after (T10) this training intervention,
participants completed a 30 s WANT, and changes in MPO were registered to evaluate the sensitivity of
the two time-shortened WANT protocols to detect increases or decreases in anaerobic capacity.
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2.2. Subjects

Seventy-seven subjects (age 22.1 + 2.7 year, body mass 76.7 + 11.1 kg, height 178.2 + 7.9 cm)
volunteered to take part in this study. Three inclusion criteria were pre-established: (i) previous
completion of at least three traditional 30 s WAnNTS, (ii) absence of medical conditions incompatible with
preforming high-intensity exercise, physical limitations, or musculoskeletal injuries that could affect
pedaling, (iii) involved in a resistance training program, including the full squat exercise, during the
6 months preceding the research. The study was conducted according to the Declaration of Helsinki
and approved by the Ethics Commission of the University of Murcia (ID: 2504/2019). All subjects
signed a written consent form after being informed of the purpose and experimental procedures.

2.3. Procedures

Participants included in phases A, B, and C followed the same testing procedures. Each participant
visited the laboratory on 3 occasions, separated by 72 h (session 1 and 2) and 7 days (session 2 and 3).
Although all participants had experience in the execution of the traditional 30 s WANT, they completed
two familiarization sessions (sessions 1 and 2) to strengthen the technical execution of the test.
Furthermore, session 1 was used to register personal data, administer a health history questionnaire,
and conduct a medical examination of each subject. Finally, in session 3, participants performed a 30 s
WANT to elaborate the predictive regression models (Phase A), cross-validation analysis (Phase B),
and pre-training evaluation (Phase C). After 10 weeks of a resistance training intervention or a
detraining period (described later in detail), participants included in Phase C returned to the laboratory
to perform again the 30 s WANT. Power changes after this training or detraining period were used to
practically interpret the sensitivity of the time-shortened WAnNT.

2.3.1. Wingate Anaerobic Test (WANT)

All WANTs were conducted in a friction belt cycle ergometer (Monark© 874E, Varberg, Sweden).
This cycle ergometer has a basket located ~63 cm from the floor to place the extra resistance, which was
set as 7.5% of the subject’s body mass (body mass x 0.075 kg) [2,6,11]. In order to directly measure the
force applied by the participant during the trial, the SRM® power meter (SRM, Julich, Germany, 1 Hz,
+1% accuracy) was adapted to the bottom bracket of the cycle ergometer (Figure 1). This technology
is based on a strain gauge instrumented crank set that measures the deformation on the shafts of
both cranks resulting from the force applied when pedaling. In addition, the power meter provides
the revolution per second (i.e., angular velocity) by means of reed switch triggers. The power meter
was calibrated at the beginning of each testing session following the manufacturer’s instructions.
The saddle and handlebar positions of the cycle ergometer were individually adjusted to fit with
participants’ body size. A standardized warm-up consisted of alternating 30 s periods of active rest
(no extra load in the basket, pedaling at 60 rpm) and three 30 s bouts of pedaling at increasing resistance
(25, 50, 75% of the definitive load) were performed before each test [9]. The WAnNT began from a
complete stop with the pedal of the dominant leg placed at 45° from the vertical. When the researcher
finished the countdown “3, 2, 1” and shouted “Go”, the participants performed a 30 s all-out effort.
Participants were verbally encouraged during the test by the researchers to perform a true all-out effort.
After finishing the trial, participants completed an active cool-down 5 min period without resistance.
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Figure 1. SRM® power meter (Panel B) adapted to the Monark® friction belt cycle ergometer (Panel A).
This technology obtained the power variable (force X velocity) multiplying the strain gauge deformation

on the shafts of both cranks (force) by the revolution per second registered through reed switch triggers
(velocity).

2.3.2. Variables Analyzed

The accuracy of the WAnT;5 and WAnT» to estimate the MPO of the traditional 30 s WAnT was
calculated through predictive models that included the following variables (Figure 2) [6,11]:

- Mean Power Output (MPO): Average power output achieved throughout the trial duration.

- Fatigue Index (FI): Percentage of power decline during the trial duration calculated as
(PPO-MinPO)/PPO, where PPO and MinPO represent the peak (i.e., maximal) and minimal
power outputs achieved in the test, respectively.
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Figure 2. A representative example of the instantaneous power output during the traditional 30 s
Wingate Anaerobic Test (WANT) and specific values used to calculate the predictor variables included
in the regression models. PPO: Peak power output, MinPO: Minimal power output, MPO: Mean power
output, FI: Fatigue index.

In Phase A, these variables were acquired for the first 15 s (WAnT;5) and 20 s (WAnTyg) of the
same 30 s trial and used to elaborate the predictive regression models. In phase B, MPO and FI for the
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first 15 s and 20 s were included in the models elaborated in Phase A to obtain an estimated MPO,
which was compared against the MPO of the 30 s WANT, used as reference criterion (cross-validation).

2.3.3. Resistance Training Program

Following an initial evaluation (T0), 22 participants were randomly assigned in a counterbalanced
fashion according to their initial MPO performance to the resistance training (TRAIN, n = 11) or the
control (CONTROL, n = 11) group. The TRAIN group underwent a 10-week velocity-based resistance
training program using the full back squat exercise. All training variables including relative intensity
(60-80% 1RM), number of sets (4-5 sets), number of repetitions (8—4 repetitions), between-set recovery
(4 min), and between-session recovery (72 h) were identical for all participants of the TRAIN group.
In this group, relative loads were determined from the load—velocity relationship of the full squat
exercise [23]. Thus, a target mean propulsive velocity to be attained in the first (usually the fastest)
repetition of each training session was used as an accurate estimation of load magnitude [24]. After a
standardized warm-up (5 min of running at a self-selected intensity, 5 min of joint mobilization
exercises, and 3 sets of progressively faster 30 m running accelerations), adjustments in the proposed
load (kg) were made when needed so that the velocity of the first repetition matched that programmed
velocity (+0.03 m-s~!). Once the load (kg) was adjusted, it was maintained for the rest of the training
sets during the session. Furthermore, participants were instructed to conduct each repetition as fast as
possible. Repetitions during the training sessions were recorded by using a linear velocity transducer
with a sampling frequency of 1000 Hz (T-Force System, Ergotech, Murcia, Spain). This technology has
been tested for barbell velocity measurement with excellent results of reproducibility and repeatability,
as detailed elsewhere [25,26]. On the other hand, the CONTROL group was required to fully discontinue
any kind of programmed resistance or endurance stimuli other than the normal physical activity of the
active life of these young adults during the 10-week period.

2.4. Statistical Analysis

Means and standard deviations (SD) were calculated for each variable. Normal distribution for all
parameters (Shapiro-Wilk test) and the homogeneity of variances (Levene’s test) were analyzed and
confirmed (p > 0.05). In Phase A, a multiple linear regression model (stepwise method) was conducted
to examine the relationship between each time-shortened WAnNT (including MPO and FI as predictor
variables) and the 30 s WANT. The following statistics were reported for each general model: adjusted
coefficient of determination (R?), standard error of the estimation (SEE), and F-value (ANOVA).
Furthermore, the raw (B) and standardized (£8) coefficients, and t-value (t) were used to describe
each predictor variable within the model. The variance inflation factor (VIF) was included to inspect
multicollinearity. If the VIF value exceeded 4.0, a high correlation between predictor variables
was considered [27]. Residuals from each regression model were examined in terms of normality
(Shapiro-Wilk’s test and P-P plot), independence (Durbin Watson's test), linearity, and homoscedasticity
(Q-Q plot). In Phase B, besides the Pearson’s correlation coefficient (r), intraclass correlation coefficient
(ICC), and paired samples t-test, the cross-validation analysis included calculations about the magnitude
of error:

- Standard error of measurement (SEM) calculated from the square root of the mean square error
term in repeated-measurements ANOVA [28]. Results were presented both in absolute (W)
and relative terms as a coefficient of variation (CV = 100 SEM/mean).

- Smallest detectable change (SDC) derived from the SEM (/2 x SEM X 1.96) as an indicator of
sensitivity [29].

- Bland-Altman plots and the calculation of systematic bias and its 95% limits of agreement (LoA =
bias + 1.96 SD) were also used to analyze the level of agreement between paired (estimated vs.
criterion) MPO measurements [30].
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In Phase C, training effects were analyzed by means of a 2 X 2 repeated measures ANOVA with
Bonferroni post-hoc adjustments using one inter-factor (group: TRAIN vs. CONTROL) and one
intra-factor (time: Pre (T0) vs. Post (T10)). Sensitivity of each time-shortened WANT model was
examined by comparing the SDC result in the cross-validation analysis (Phase B) against each subject’s
change in MPO after the training intervention. Statistical significance was accepted at p < 0.05.
The required sample size for the intervention was determined by statistical power calculation [31]
on the basis of previous studies that described the variability on the WAnT MPO in a similar sample [6]
and determined the changes after a training intervention [13]. Ten subjects would be required to detect
changes of 30 + 25 W in the WANnT MPO, with a power of 0.90 and two-tailed « level set at 0.05. For the
validity analysis, 12 pairs of data would be enough to identify differences below 30 W with an expected
mean difference of 10 + 5 W [32]. Calculations were performed using SPSS software version 17.0
(SPSS, Chicago, IL, USA), MedCalc Statistical Software version 18.2.1 (MedCalc Software bvba, Ostend,
Belgium; http://www.medcalc.org; 2018), and GraphPad Prism 6.0 (GraphPad Software Inc., CA, USA).

3. Results

3.1. Regression Models (Phase A)

Residuals from the two models were found to be normal (p > 0.05), independent (Durbin Watson
= 1.47-1.73), and fulfilled the assumption of homoscedasticity and linearity. Furthermore, the two
predictor variables (MPO and FI) significantly contributed to the goodness of the models (p < 0.001),
specifically MPO (8 > 0.94), and no multicollinearity was found (VIF < 1.07). Both the WAnT5 (R? =
0.98, SEE = 12.9 W, F-value = 1042.5, p < 0.001) and WAnT,q (R? = 0.99, SEE = 9.4 W, F-value = 1963.2,
p < 0.001) regression models were a good fit to the 30 s MPO (Table 1).

Table 1. Regression models to estimate 30 s mean power output (MPO) using the MPO and the fatigue
index (FI) obtained in the first 15 (WAnT;5) and 20 (WAnNT,p) seconds of the test.

Model Variable B B 95% CI B t p

WAnNT;5

Y-Intercept 114.33 (18.74) 76.36 to 152.29 6.10 <0.001

MPO 0.81 (0.019) 0.77 to 0.85 0.94 42.27 <0.001

FI —205.70 (23.94) —254.21 to —157.20 -0.19 -8.59 <0.001
WAnNT,,

Y-Intercept 70.43 (15.52) 38.99 to 101.88 4.54 <0.001

MPO 0.88 (0.02) 0.85 to 0.91 0.97 58.71 <0.001

FI —115.10 (19.16) —153.91 to -76.29 -0.10 —-6.01 <0.001

B: raw coefficient (standard error, in parenthesis); §: standardized coefficient.

3.2. Cross-Validation Analysis (Phase B)
Results for the cross-validation analysis are presented in Table 2.

Table 2. Cross-validation analysis comparing the mean power (MPO) estimated by using the first 15
(WAnNT;5) and 20 (WANT,g) seconds of the test, and the 30 s MPO (reference criterion).

WAnT15 WAnng
Agreement
r 0.99 0.99
ICC 0.99 0.99
CI-95% lower 0.98 0.99
CI-95% upper 1.00 1.00
t-test (p-value) 0.56 0.96
Magnitude of error
SEM (W) 8.0 3.3
SDC (W) 222 9.3
CV (%) 1.2 05

ICC: Intraclass correlation coefficient; r: Pearson’s correlation coefficient; SEM: Standard error of measurement;
SDC: Smallest detectable change (sensitivity); CV: SEM expressed as a coefficient of variation.
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MPO estimated by the two models showed a high agreement (r > 0.99, ICC > 0.99) and no
significant differences (p > 0.05) with the 30 s MPO (reference criterion). Nevertheless, the magnitude
of error both in absolute and relative terms was lower for the WAnT,y (SDC = 9.3 W, CV = 0.5%)
than for the WAnT 5 (SDC =22.2 W, CV = 1.2%). Similarly, Bland—-Altman plots (Figure 3) exhibited
lower bias for MPO estimated by the WAnTy (bias = —0.1 W) compared to that estimated by the
WAnNT 5 (bias = 1.8 W).

WANT, WAnNT,,
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Figure 3. Cross-validation analysis. Bland—Altman plots comparing the MPO estimated by the 15 s
(WAnNT;5) and 20 s (WAnTpg) models, and the 30 s MPO (reference criterion). LoA: limits of agreement
(LoA = bias + 1.96 SD).

3.3. Sensitivity to Detect Power Changes (Phase C)

There were no dropouts during the study, and compliance with the resistance training program
was 100% of all sessions scheduled. All participants in the TRAIN group increased performance in
MPO (mean = 22 W), whereas it decreased for all subjects in the CONTROL group (mean = —-13 W).
Significant “time X group” interaction was observed in favor of the TRAIN group (F-value = 58.813,
p <0.001).

Individual change in MPO for subjects of each group is illustrated in Figure 4. As it can be
observed, the WAnT,j was able to identify pre-post MPO changes in 11/11 (100%) and 9/11 (81.8%)
participants in the TRAIN and CONTROL groups, respectively. On the other hand, the WAnT;;
detected MPO changes in 4/11 (36.4%) subjects in the TRAIN group and 2/11 (18.2%) subjects in the
CONTROL group.

TRAIN CONTROL
50 05
z g
-104 x2
£ 0] g
> > x2
£ £
& 2 &
= = -204
£ £
O 104 x2 @)
0 4 T -30 T T
TO T10 TO T10

Figure 4. Power changes (W) in the standard 30 s WANT performed before (T0) and after (T10)
the 10-week velocity-based resistance training program (TRAIN) or a detraining period (CONTROL).
Based on the SDC obtained in the cross-validation analysis (WANT5 = 22.2 W; WAnT,( = 9.3 W), color at
T10 indicates change detected by both the WAnT15 and WAnT) (green circles), change detected only
by the WAnNT) (blue circles), and changes not detected by either WANT;5 or WANT,( (white circles).
x2: two individuals with the same change.
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4. Discussion

This study examined the validity and sensitivity of two time-shortened versions (15 s and 20 s)
of the original 30 s WANT by directly measuring the main variable (power output) using a power
meter device. The main finding is that both WANT{5 and WANTj( are useful strategies to replace the
traditional 30 s WANT. In particular, the WAnT,( showed the highest fit and lowest magnitude of error
when compared with the criterion (30 s MPO). Furthermore, the WAnT,y model was found to be more
sensitive than the WAnT]5 in identifying changes in MPO after a training or detraining period.

The high agreement found by the current study for both time-shortened WAnT models is in line
with previous investigations examining the capability of the 15 s and 20 s WANT to predict 30 s MPO.
In this regard, Attia et al. [6] found a close relationship (R? = 0.98) between a time-reduced 20 s WAnT
and the traditional 30 s WAnNT. Similarly, Stickley et al. [16] reported a high agreement between MPO
estimated by a 20 s WANT model and the 30 s MPO (R% = 0.99). Moreover, in accordance with our
findings, Stickley et al. [16] found the 20 s model closer to the traditional WANT than the 15 s model
(R? = 0.97). For the first time, our prediction models include the FI as a predictor variable to estimate
MPO. The FI relates to the time-course power decline during the test [2], so it seems a useful parameter
to reduce the possible overestimation bias and increase the accuracy of the prediction (Figure 3).

When the cross-validation of the two regression models was examined (Phase B), estimated MPO
by both time-shortened proposals, especially the WAnT,;, showed a high agreement and reduced
magnitude of error compared to the 30 s MPO (Table 2). This superior predictive capability of the
WAnNT),( could be due to the additional 5 s included in this proposal. Regarding the error generated
by each model, a time-shortened WANT could be considered useful if it has sufficient sensitivity to
detect changes in the variable of interest (i.e., SDC < change in MPO) [25,26]. For the first time, in
order to practically interpret this sensitivity, the current research compared the SDC obtained by each
time-shortened model in the cross-validation analysis with the changes in MPO after a resistance
training or detraining period. After the 10-week intervention, the TRAIN group increased the MPO
by 22.1 W, whereas the CONTROL group decreased the MPO by 13.5 W. When the changes were
interpreted individually, it was found that the WAnT;) model was able to detect MPO changes in
11/11 and 9/11 participants in the TRAIN and CONTROL groups, respectively; whereas this sensitivity
substantially decreased for the WAnT5 (4/11 subjects in the TRAIN group and 2/11 subjects in the
CONTROL group) (Figure 4). Extending this practical interpretation (based on SDC) to other long-term
interventions, both models would be sensitive to detect changes in MPO after programs including
low/moderate-level subjects [13,33]. On the contrary, the WAnT5 would fail to identify changes in
high-level athletes, whose changes in MPO are commonly slighter [34,35]. Similarly, whereas both
time-shortened WANTs would be useful to identify the effects on performance of some ergogenic
aids [36—41] or the circadian rhythms [42], the WANT;5 would lack the capability to accurately detect
the acute effects of some pre-exercise strategies like the post-activation potentiation or the foam roller
warm-up [43,44]. Thus, the higher sensitivity of the WAnT, makes it the best candidate, among those
analyzed, to replace the traditional 30 s WAnT. In addition, the WANT,( decreases the negative side
effects (e.g., discomfort) produced during the traditional WANT in 93% of participants [45], so it would
be possible that additional benefits from a further reduction in the duration of the test (i.e., WAnT5)
would not outweigh the lower sensitivity of the test. Nevertheless, future studies are encouraged
to complement the validity analysis of both abbreviated proposals by evaluating their physiological
effects. Thus, it would be of great interest to know if performing 5 additional seconds (i.e., WANT5)
would generate an exponential increase of metabolic waste products that could compromise the
athlete’s physical status in the coming training sessions.

5. Conclusions

Our results suggest that MPO values from the traditional 30 s WANT can be accurately estimated
by using the time-shortened 15 s and 20 s WANT versions. Nevertheless, due to its higher sensitivity,
physiologist, coaches, and athletes are encouraged to use the WANT, to replace the 30 s WANT.
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By doing so, practitioners could reduce the acute negative side effects associated with the excessive
fatigue produced by the original protocol. Furthermore, the WAnTy requires less recovery, which is
especially interesting when the WAnNT is performed together with a battery of evaluations (e.g., sprint
time, jump height, VO, max, etc.).
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