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Abstract
Background The 30-s-long Wingate Anaerobic Test (WAnT_30s) has some limitations in high-level athletes. A shorter ver-
sion might be helpful for both clinical applications and performance assessment. The comparison between the traditional 
WAnT_30s and a shorter version has never been carried out yet in Paralympic athletes.
Aim To assess if a 10-s-long Wingate Anaerobic Test (WAnT_10s) could be used to accurately assess and predict the anaero-
bic components of physical fitness as an alternative to the traditional WAnT_30s in male Paralympic athletes.
Methods Forty-four trained male Paralympic Athletes grouped by severity of locomotor impairment completed the 
WAnT_30s and the WAnT_10s with an arm cranking ergometer. Differences between mean and peak power achieved 
throughout both WAnTs were analysed using a mixed-design analysis of variance and predictivity was assessed by stepwise 
linear regression analysis.
Results In the whole sample, peak power values were similar (P > 0.005) in the two tests and the WAnT_10s mean power was 
significantly higher than that in the WAnT_30s (P < 0.005). Finally, the mean power measured during WAnT_30s showed 
high level of predictability from mean power measured during WAnT_10s and the Functional class (adjusted R2 = 0.906; 
P < 0.001).
Conclusion The WAnT_10s is accurate to assess peak power, is definitively appropriate to evaluate the alactic anaerobic 
metabolism and seems able to predict the mean power as traditionally evaluated through a WAnT_30s in male Paralympic 
Athletes. Thus, it can be used to assess the anaerobic components of physical fitness in this athletic population.

Keywords Adapted sports · Anaerobic capacity · Anaerobic power · Anaerobic physical fitness evaluation · Physical 
disability
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ANOVA  Analysis of variance
η2

p  Partial eta squared
r  Pearson’s product–moment correlation 

coefficient
R2  Adjusted coefficient of determination
SEE  Standard error of the estimate
f2  Cohen’s f squared
RMSPE  Root mean squared prediction error
ATP  Adenosine triphosphate
SCI  Spinal cord injury
AMP  Amputation
ILG  Groups of level of impairment
VO2peak  Oxygen uptake peak

Introduction

The Paralympic Games represent one of the major inter-
national mega-sport events in the early 21st century [1]. 
Following to the advancement of the Paralympic movement 
over the last two decades, the physiological monitoring of 
Paralympic athletes is now common practice [2] and today 
the intensity and the energy expenditure of the practiced 
sport and the physical fitness evaluations are considered fun-
damental in the assessment of athletes with physical impair-
ments [3, 4].

Upper limb anaerobic power and capacity are funda-
mental components of physical fitness in both able-bodied 
[5] and Paralympic athletes [4, 6]. In fact, performance in 
many individual and team Paralympic sport carried out by 
individuals with a locomotor impairment is considerably 
dependent on maximal anaerobic power and capacity [4, 6, 
7]. In particular, anaerobic power is a performance-related 
physical fitness component among many individual sports, 
such as for example, track events (short distance) and field 
events (throws and both high and long jumps) in athletics, 
para alpine skiing (for athletes with either physical or vis-
ual or intellectual impairment) and, among the team sports, 
wheelchair basketball, sitting volleyball and Para ice hockey 
(formerly called ice sledge hockey). Anaerobic capacity is 
a physical fitness prerequisite of wheelchair track event 
sprints (up to 400 m), track cycling, swimming (short dis-
tances), alpine skiing, and is a limiting factor in all above 
quoted team sports. Furthermore, it has been shown that 
the assessment of these components of physical fitness is of 
great importance not only for competitive success in Para-
lympic sports [4] but also for health-related and quality-of-
life-related reasons [6, 8, 9]. Indeed, many motor activities 
of daily living conducted by individuals with a locomotor 
impairment are performed in a short duration and utilize 
anaerobic metabolism [8, 9]. For these reasons, monitoring 
the anaerobic components of physical fitness in Paralym-
pic athletes is useful to evaluate training status, to prevent 

overtraining, to plan appropriate training protocols maximiz-
ing their benefits [4, 6, 10] and to guarantee an appropriate 
health status and quality of life [8, 9].

Classical interpretation of the anaerobic components of 
physical fitness is based on the rationale that the fuel for 
an anaerobic performance comes from two primary energy 
sources: an “alactic” anaerobic metabolism with high power 
and low capacity (largely phosphagen based and typically 
depleted within 6–9 s) and an anaerobic glycolytic metabo-
lism with lower power and larger capacity (mainly limited 
by hydrogen ion accumulation and the consequent acido-
sis, which is exhausted within about 45 s) [10–13]. Power 
and capacity of each single energy metabolism system in 
providing adenosine triphosphate (ATP) are strictly inter-
related [14, 16, 17], indeed maximal turnover rate (mmol/
kg of wet muscle per second) and total human body stores 
(mmol/kg of wet skeletal muscle) are equal to 3–6 and 20–25 
for ATP-phosphocreatine (a-lactic anaerobic metabolism) 
and 1.5–3 and 50 for anaerobic glycolysis (lactic anaero-
bic metabolism), respectively [14, 16]. Furthermore, in a 
supramaximal (intensity over the maximal aerobic power) 
all-out exercise lasting 30 s, the mean ATP turnover rate of 
the aerobic metabolism, contributing for about 9% of the 
total energy supplied to complete the effort, reaches in 6 s 
values of about 1.32 mmol/kg of dry muscle per second [16], 
corresponding to about 0.4 per kg of wet muscle per second.

There are many laboratory procedures for evaluating 
directly [5, 17–21] and indirectly [4, 6, 8, 22–24] the anaero-
bic components of physical fitness. The indirect procedures, 
in which the anaerobic evaluation is based on the mechani-
cal performance of the athlete on different ergometers, are 
definitively more popular [4, 6, 22–24]. Among the latter, 
the Wingate Anaerobic Test (WAnT), an all-out test in which 
the ergometer allows that the prefixed torque is maintained 
constant and the individual pedals at her/his maximal speed, 
has been adapted since the 1980s for individuals with loco-
motor impairments using arm cranking ergometers [24, 25]. 
The WAnT has many versions, of which the 30-s-long test 
(WAnT_30s) has been applied most often in athletes and 
non-athletes with different physical impairments [6, 22, 23, 
26–37]. On the other hand, shorter WAnT protocols have 
also been employed in studies dealing with high-level ath-
letes with physical impairments [4, 38].

Scientific data [20, 39, 40] documented some limitations 
in the use of the WAnT_30s in able-bodied individuals sug-
gesting abbreviated versions of the WAnT_30s, e.g. 20-, 10- 
or 6-s-long protocols. These limitations of the WAnT_30s 
were reported in high-level athletes [20, 40] and included 
detrimental physical side effects of the test, such as head-
ache, vomiting, dizziness, and nausea [39, 41], leading to 
less than maximal efforts during repeated testing. Further-
more, shorter versions of the WAnT would be useful to 
those athletes requiring for their performance short bursts 
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of explosive power because during a WAnT_30s there is a 
predominance of phosphagen breakdown (a-lactic anaerobic 
metabolism) in the first 7–9 s and a predominance of anaero-
bic glycolysis (lactic anaerobic metabolism) from the 10th 
second to the 30th second of this maximal effort [16, 42, 
43]. In analogy with the able-bodied literature, it is, there-
fore, reasonable to assume that shortening the traditional 
WAnT_30s might be helpful in Paralympic athletes from 
both performance-related and clinical applications. To the 
best of our knowledge, the results obtained in WAnT_30s 
and in a shorter version of the WAnT (e.g., WAnT_10s) have 
never been compared yet in Paralympic athletes. Accord-
ingly, this research was conducted on a sample of 44 male 
Paralympic athletes with a twofold aim. First, to assess pos-
sible differences among “anaerobic” mechanical power and 
capacity variables assessed with the traditional WAnT_30s 
and an abbreviated (10-s long) WAnT (WAnT_10s). Due to 
the heterogeneity of the considered population, the extent 
of functional limitation of Paralympic athletes has been also 
considered. Second, to explore whether the mean power 
assessed in the WAnT_10s could be used in Paralympic ath-
letes to accurately predict the mean power of the traditional 
WAntT_30s.

Methods

Participants

Forty-four trained male Paralympic Athletes with a loco-
motor impairment were tested before their participation in 
the Summer Paralympic Games. Paralympic athletes were 
engaged in wheelchair basketball (n = 12, including 7 players 
with a thoracic spinal cord injury (SCI), 1 with lower limb 
poliomyelitis, 2 with trans-tibial amputation (AMP), 1 with 
trans-femoral AMP, 1 with a health condition determining a 
reduced knee range of movement), wheelchair tennis (n = 5, 
including 3 tennis players with an incomplete cervical SCI, 

1 with a thoracic SCI and 1 with a lumbar SCI), para table-
tennis (n = 3, including 1 with a thoracic SCI, 1 with a hemi-
paresis from cerebral palsy and 1 with a health condition 
determining reduced knee and ankle ranges of movement), 
hand-bike (n = 1, with an incomplete lumbar SCI), para-
swimming (n = 4, including 1 with a complete cervical SCI, 
1 with an incomplete cervical SCI, 1 with trans-tibial ampu-
tation, 1 with a hemiparesis from cerebral palsy), shooting 
(n = 4, including 3 with a thoracic SCI, 1 with lower limb 
poliomyelitis), archery (n = 3, including 1 with spina bifida, 
1 with tetra-paresis from cerebral palsy, 1 with lower limb 
poliomyelitis), sailing (n = 2, including 1 with an incomplete 
cervical SCI and 1 with complete thoracic SCI), Para ath-
letics (n = 6, 4 competing in field events, including 2 with a 
complete thoracic SCI, 1 with trans-tibial amputation, 1 with 
lower limb poliomyelitis and 2 competing in field events, 
both with complete cervical SCI) and wheelchair fencing 
(n = 4, including 3 with complete thoracic SCI and 1 with 
incomplete lumbar SCI). Athletes were pooled, in accord-
ance with the classification system adopted in Para swim-
ming [44], into three groups of level of impairment (ILG). 
In this Paralympic classification, the functional activity is 
assessed through an ordinal scale ranging from 1 to 10 (the 
lower the number, the more severe the activity limitation). 
The three groups were formed as follows: ILG-A (n = 9), 
which included classes from 2 to 4; ILG-B (n = 22) which 
included classes from 5 to 7; ILG-C (n = 13), which included 
classes from 8 to 10. Table 1 shows, for the whole sample 
of Paralympic Athletes divided in accordance with the ILG 
(A-B-C), age, main anthropometric characteristics (body 
mass and stature), health condition, para-swimming class, 
sport disciplines and oxygen uptake peak (aerobic fitness). 
All data used to characterize the participants of the present 
study were obtained through a retrospective chart review 
of Paralympic athletes selected to compete in Athens 2004 
[45]. VO2peak had been assessed through standard measure-
ments using a breath-by-breath metabolimeter (Quark  b2, 

Table 1  Age, main anthropometric characteristics (body mass and 
stature), para-swimming functional classes (FC), health condition 
(HC), sport disciplines and aerobic fitness (oxygen uptake peak—

VO2peak) of Paralympic athletes divided by group of level of impair-
ment (ILG-A, ILG-B and ILG-C)

Data are mean (standard deviation)
SCI spinal cord injury, PL poliomyelitis, SB spina bifida, AMP amputation, CP Cerebral palsy, LA Les Autres, meaning “other” health conditions 
different from SCI, PL, SB, AMP, CP

Age (years) Body mass (kg) Stature (m) FC (from 2 to 10) VO2peak (ml kg−1 min−1) HC

ILG-A (classes 2–3–4) 
(n = 9)

37.00 (10.64) 66.67 (10.00) 1.78 (0.05) 3.44 (0.73) 20.69 (7.42) 8 SCI, 1 CP

ILG-B (classes 5–6–7) 
(n = 22)

35.41 (5.20) 72.50 (11.43) 1.78 (0.11) 5.82 (0.66) 27.16 (6.25) 19 SCI, 1 PL, 1 SB, 1 CP

ILG-C (classes 8–9–10) 
(n = 13)

36.38 (9.70) 76.85 (12.21) 1.80 (0.09) 8.85 (0.90) 35.78 (7.79) 2 SCI, 3 PL, 5 AMP, 2 
LA, 1 CP



 Sport Sciences for Health

1 3

Cosmed, Italy) during an arm cranking incremental maximal 
exercise test carried out up to exhaustion [46].

All testing procedures were approved by the Review 
Board of the Institute of Sports Medicine and Science 
(ISMS) of the Italian National Olympic Committee (CONI) 
(Rome, Italy) for athlete testing and by “Santa Lucia Foun-
dation” Ethical Committee. All participants signed informed 
consent form after they had been fully informed about the 
purposes and the testing procedures of the study.

Procedures

Functional data related to the assessment of anaerobic fit-
ness, collected during the institutional health and fitness 
screenings [47] funded by the Italian Paralympic Commit-
tee, carried out, as primary clinical care, in the ISMS of 
CONI to assess a risk-free sport eligibility [45] before the 
Summer Paralympic Games, were analysed and presented 
in the current study.

All Paralympic Athletes completed the WAnT_30s and 
the WAnT_10s with an electrically braked ergometer (excal-
ibur lode, Groningen, Holland) positioned on a specific table 
fixed to the ground to prevent any movement of the ergom-
eter during the test.

This study adopted a randomized 2-sequence (AB | BA), 
2-tests (WAnT_30s vs. WAnT_10s) crossover design. At 
the beginning of the study, the 44 study participants were 
randomly assigned to one of the two sequences using the 
Wei’s urn design, a randomization technique for balancing 
treatment assignments [48]. Participants randomized to the 
AB sequence performed a WAnT_30s and after a washout 
period of 1.5 h, a WAnT_10s. Participants randomized to 
the BA sequence performed a WAnT_10s and after 1 h a 
WAnT_30s.

Considering the severity of the impairment (class) and 
the aerobic fitness status (see Table 1), the best performing 
torque factor was established in the day preceding the data 
collection [37]. Athletes performed three to five WAnT_10s 
at different torque factors (ranging from 0.1 to 0.9) to iden-
tify the torque factor that allowed them to achieve the highest 

mean power values [49]. For each athlete, the torque value 
(N m) was then set up by multiplying the body mass (kg) 
by the torque factor. In this study, the torque factors ranged 
from 0.3 to 0.7 (Table 2). After a 15-min standardized sub-
maximal warm-up at a power ranging between 10 and 50 
watts depending on the level of the lesion and the physical 
fitness status, athletes were submitted to tests. They were 
requested to crank at a very low power (range between 5 and 
20 watts) and at less than 30 revolutions per minute and then, 
after a countdown of 10 s, the constant torque was applied 
and they were requested to start cranking at their maximum 
speed trying to maintain the crank rate as high as possible 
until the end of the test. The mean and the peak power (both 
expressed in W kg−1) achieved throughout the WAnT_30s 
and the WAnT_10s were considered for analysis.

Statistical analysis

In this work, an AB|BA crossover design was adopted. 
Numerical variables were summarized using mean ± stand-
ard deviation and normal distribution of the data was tested 
using the Shapiro–Wilk test. All variables were normally 
distributed. Accordingly, parametric statistics were adopted. 
Descriptive statistics (mean and standard deviation) were 
computed for all variables using standard procedures. Dif-
ferences between mean and peak power registered in the 
WAnT_30s and WAnT_10s tests and possible interaction 
between athletes’ functional limitation were analysed using 
mixed-design analysis of variance (ANOVA) with the 
three ILGs (A, B and C) and the two tests (WAnT_30s and 
WAnT_10s) with repeated measures on the second factor. 
When the repeated measures factor violated the assumption 
of sphericity (P < 0.05), the Greenhouse–Geisser correction, 
which refers to degrees of freedom of F statistics, was used. 
For each ANOVA model, if significant effects were detected, 
post hoc analysis with Bonferroni’s correction was carried 
out. Cohen’s partial eta squared (ηp

2) was used to calcu-
late the effect size in the ANOVA with repeated measures. 
According to Cohen’s guidelines [50], effect size values 

Table 2  Wingate Anaerobic Test (WAnT): mean power and peak power assessed in two protocols of different length for the whole-sample as 
well as for the three subgroups of different classes based on the level of impairment (ILG)

Data are mean (standard deviation)
WAnT_30s 30-s-long Wingate Anaerobic Test, WAnT_10s 10-s-long Wingate Anaerobic Test

Torque factor WAnT_30s WAnT_10s WAnT_30s WAnT_10s
Mean power (W kg−1) Mean power (W kg−1) Peak power (W kg−1) Peak power (W kg−1)

Whole-sample (n = 44) 0.50 (0.16) 4.00 (1.36) 4.51 (1.70) 5.87 (1.98) 5.79 (2.08)
ILG-A (n = 9) 0.32 (0.14) 2.18 (0.78) 2.26 (1.04) 3.29 (1.15) 3.01 (1.33)
ILG-B (n = 22) 0.49 (0.11) 3.92 (0.82) 4.43 (0.95) 5.69 (1.14) 5.68 (1.15)
ILG-C (n = 13) 0.64 (0.09) 5.39 (0.67) 6.22 (1.05) 7.97 (1.06) 7.90 (1.19)
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were interpreted as small (ηp
2 = 0.01), medium (ηp

2 = 0.06), 
and large (ηp

2 = 0.14).
A stepwise linear regression was run to determine the 

accuracy with which the mean power assessed during the 
WAnT_30s could be predicted from the values of the mean 
power assessed during the WAnT_10s and the Functional 
class. Adjusted coefficients of determination (R2), standard 
error of the estimate (SEE) and residual diagnostics were 
used to represent the goodness of the predictor model. The 
Durbin–Watson test, the variance inflation factor, the toler-
ance value, and the condition index were calculated to test 
collinearity. For the regression model, Cohen’s f squared 
(f2) was used to calculate the effect size of the regression 
model and interpreted according to Cohen’s guidelines [50]. 
The developed regression model was then validated using a 
repeated tenfold cross-validation (with 1000 replications), 
estimating for each cross-validation sample the root mean 
squared prediction error (RMSPE) and the R2.

Statistical power of the sample was evaluated using 
G*Power Software 3.1 [51] on the basis of the observed 
effect sizes. All analyses were performed with SPSS v. 16.0 
(IBM Corp., Armonk, NY, USA) and R-3.6.2 (Foundation 
for Statistical Computing, Vienna). The alpha value was set 
at 0.05.

Results

Descriptive statistics (mean and standard deviation) of 
the mean and peak power in the WAnT_30s and in the 
WAnT_10s for the three ILGs (A, B and C) and the aggre-
gate sample are summarized in Table 2. For the same sam-
ples, Table 2 also shows the multiplying factor (torque fac-
tor) of the body mass used to obtain the torque use to carry 
out the test.

Mixed‑design analysis of variance (ANOVA)

The results of the mixed-design ANOVA with the three ILGs 
(A, B and C) and the two tests (WAnT_30s and WAnT_10s) 
with repeated measures on the second factor showed a sig-
nificant main effect of ILG on both peak power (F = 47.374, 
P < 0.001, ηp

2 = 0.698) and mean power (F = 47.547, 
P < 0.001, ηp

2 = 0.956). Post hoc analysis with Bonferroni’s 
correction revealed that ILG-A had statistically significant 
lower values of both peak and mean power than ILG-B 
(P < 0.001 for both) and ILG-C (P < 0.001 for both). The 
mean values of peak and mean power were also significantly 
lower in ILG-B than in ILG-C (P < 0.001 for both).

The results of mixed-design ANOVA showed a statisti-
cally significant main effect of Wingate test condition for 
mean power (F = 28.318, P < 0.001; ηp

2 = 0.408), while no 

significant main effect of test condition was found for peak 
power (F = 2.828, P = 0.100, ηp

2 = 0.065). In the whole sam-
ple, the mean power assessed in the WAnT_30s was lower 
(−12.8%) in comparison with the mean power assessed in 
the WAnT_10s.

A statistically significant main effect for ILG by Win-
gate test condition interaction was found for mean power 
(F = 4.976, P = 0.012, ηp

2 = 0.195), while no significant 
main effect for ILG by test condition interaction was found 
for peak power (F = 1.155, P = 0.325, ηp

2 = 0.053). Post hoc 
analysis with Bonferroni’s correction revealed that the val-
ues of mean power assessed in the WAnT_30s were signifi-
cantly lower than those assessed in the WAnT_10s in both 
ILG-B and ILG-C (P < 0.001 for both). In ILG-A (athletes 
with either tetraplegia or tetraparesis), the values of mean 
power were similar in the two Wingate tests (P = 0.673). 
For each ANOVA model, post hoc power analysis exceeded 
0.99.

Table 3 shows the same variables dividing the whole 
sample by the practiced sport. Athletes with a locomotor 
impairment, without impaired upper limb, competing in 
intermittent (circumstance) sports (those with alternate 
anaerobic/aerobic metabolisms), including wheelchair 
basketball, wheelchair fencing and wheelchair tennis, 
showed relative (W kg−1) peak and mean power values in 
the WAnT_10s and WAnT_30s equal to 6.34 ± 1.47 and 
4.98 ± 1.25, and 6.31 ± 1.33 and 4.43 ± 0.91, respectively. 
Athletes with a locomotor impairment competing in endur-
ance sports (excluding those with tetraplegia), including 
hand-bike and swimming, showed relative (W kg−1) peak 
and mean power values in the WAnT_10s and WAnT_30s 
equal to 7.29 ± 1.36 and 5.46 ± 0.64, and 8.07 ± 1.17 and 
5.61 ± 0.56, respectively. Athletes with a locomotor impair-
ment (excluding those with either tetraplegia or tetrapare-
sis) competing in skill sports, including archery, table ten-
nis, sailing and shooting, showed relative (W kg−1) peak 
and mean power values in the WAnT_10s and WAnT_30s 
equal to 6.13 ± 1.27 and 4.79 ± 1.12, and 6.00 ± 1.16 and 
3.94 ± 0.87, respectively.

Regression analysis

In the whole sample of Paralympic athletes, the mean power 
assessed in the WAnT_30s showed high level of predict-
ability from mean power assessed in the WAnT_10s and 
the functional class (adjusted R2 = 0.906, SEE = 0.416, 
f2 = 9.638; P < 0.001). A scatter plot and the correspond-
ing regression line showing the relationship between 
mean power in WAnT_30s (y axis) and the mean power in 
WAnT_10s (x axis) is reported in Fig. 1a. The model for the 
prediction of the mean power in the WAnT_30s was: mean 
power (WAnT_30s) = 0.611 (mean power assessed in the 
WAnT_10s) + 0.137 (functional class) + 0.393.
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Residual diagnostics suggested that residuals are dis-
tributed around 0 and no unexplained (linear/nonlinear) 
structure can be detected in the residuals (Fig. 1b). The 
distribution of residuals is also pretty close to a Gaussian 
distribution (Fig. 1c and Fig. 1d).

The Durbin–Watson test, the variance inflation factor, 
the condition index, and tolerance value were equal to 2.2, 
1.0, 5.5 and 1.0, respectively, showing that they were robust 
to collinearity. Post hoc power analysis in the regression 
analysis exceeded 0.99, suggesting a good model sensitiv-
ity to Type II error as well as that the model was adequately 
powered to detect the true effect of the predictor variable. 
The validation of our model using a repeated tenfold cross-
validation, showed that the model has good predictive per-
formance (RMSPE = mean 0.43 and standard error = 0.005; 
R2 = mean 0.89 and standard error = 0.002).

Discussion

The assessment of anaerobic components of physical fitness 
is of great importance in Paralympic sports for both perfor-
mance and health-related reasons [4, 6, 14, 16, 16, 17, 17, 
21, 27, 28, 35]. The traditional 30-s-long Wingate Anaerobic 
Test (Want_30s) has been widely used to evaluate the anaer-
obic performance in individuals with locomotor impairment 
[6, 23, 27–37]. In the present research, we studied 44 elite 

athletes with a locomotor impairment deriving from the 
main typical health conditions common among Paralympic 
participants and competing in sports with a wide range of 
energy expenditure and intensities [49, 52] and, therefore, 
with a wide range of aerobic fitness [4, 53].

We evaluated the hypothesis, to our best knowledge 
not yet tested, that a short version of the WAnT, i.e. a 
10-s-long Wingate Anaerobic Test (WAnT_10s), could be 
used to accurately assess and predict the anaerobic compo-
nents of physical fitness as an alternative to the traditional 
WAnT_30s in Paralympic athletes. The results of the present 
study demonstrated that the WAnT_10s is both a valid tool 
for the evaluation of the upper-body anaerobic fitness and, 
through its mean value, accurately predicts the mean power 
assessed in the WAnT_30s.

The traditional WAnT_30s is routinely used to monitor 
training status in athletes with a locomotor impairment, such 
as wheelchair basketball players [37]. The assessment of the 
anaerobic components of physical fitness through an abbre-
viated version of the traditional WAnT_30s might be helpful 
in Paralympic athletes from both clinical (rehabilitation) and 
performance applications [4, 49]. Indeed, the WAnT_10s 
has been used to assess “mean explosive power” in Winter 
Paralympic Athletes [4, 49]. In the present study, we took 
into consideration that 1) the peak power (which should be 
the same in both tests because it should occur in the first ten 
seconds of a maximal effort exercise) is expression of the 

Table 3  Wingate anaerobic test (WanT). Mean power and peak power assessed in two protocols of different length dividing the group by the 
practiced sport

Para-swimming functional Classes (FC) are also included. Data are mean (standard deviation)
WAnT_30s 30-s-long Wingate Anaerobic Test, WAnT_10s 10-s-long Wingate Anaerobic Test, WC Wheelchair
a Tetraparesis from cerebral palsy
b Tetraplegia from spinal cord injury

Sport (number of Paralym-
pic athletes)

FC (from 2 to 10) WAnT_30s (mean 
power W kg−1)

WAnT_10s (mean 
power W kg−1)

WAnT_30s (peak 
power W kg−1)

WAnT_10s 
(peak power 
W kg−1)

Archery (2) 7.5 (0.71) 5.10 (0.82) 6.34 (1.38) 7.36 (0.84) 7.83 (1.38)
Archery tetra (1)a 3.0 1.44 1.98 3.75 3.04
Field events (4) 7.25 (2.22) 5.13 (1.53) 6.09 (2.18) 7.76 (2.85) 7.59 (2.67)
Track events tetra (2)b 2.5 (0.71) 1.41 (0.45) 1.03 (0.2) 1.97 (0.87) 1.28 (0.06)
Hand bike (1) 8 5.00 4.88 6.80 6.22
Sailing (1) 5 3.60 4.33 5.53 5.67
Sailing tetra (1)b 4 2.47 2.83 3.45 3.33
Shooting (4) 6.25 (1.26) 3.68 (0.80) 4.59 (0.91) 5.83 (1.33) 5.83 (1.15)
Swimming (2) 8.5 (2.12) 5.91 (0.28) 5.75 (0.55) 8.71 (0.52) 7.83 (1.41)
Swimming tetra (2)b 3.5 (0.71) 2.87 (1.21) 2.98 (1.47) 3.72 (1.76) 3.65 (1.99)
Para table tennis (3) 7.3 (1.53) 3.61 (0.61) 4.19 (0.56) 5.47 (0.76) 5.54 (0.78)
WC basketball (12) 7.0 (1.91) 4.49 (1.05) 4.93 (1.53) 6.28 (1.60) 6.28 (1.79)
WC fencing (4) 5.75 (0.96) 4.01 (0.50) 4.92 (0.39) 6.05 (0.43) 6.27 (0.45)
WC tennis (2) 7.0 (1.41) 4.88 (0.32) 5.36 (0.60) 7.00 (0.43) 6.84 (0.68)
WC tennis tetra (3)b 4 (0) 2.40 (0.39) 2.51 (0.93) 3.68 (1.06) 3.61 (1.07)
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ATP maximal turnover rate of (i.e., energy coming from) the 
phosphocreatine [2, 16, 21], the lactic anaerobic metabolism 
contributes for about 45% in the ATP turnover in a 10-s-long 
all-out exercise test [17]. Therefore, in the anaerobic fitness 
functional assessment context, the WAnT_10s should be an 
appropriate test to evaluate not only the power, but also the 
capacity of the phosphagens, being the energy contribution 
from phosphocreatine null after 10 s of all-out exercise [54].

In the present study, the IPC classification system used 
for para-swimming [44] has been used to divide the ath-
letes in three groups with different levels of impairment. 
The impact of this subdivision in groups (ILGs: A, B and 
C) in the peak and mean values of both WAnTs was sta-
tistically significant. Athletes pooled in the ILG-A, which 
included only those with tetraplegia or tetra-paresis, showed 
the lowest values, while the athletes pooled in the ILG-C, 

Fig. 1  Regression analysis. a Scatter plot and the correspond-
ing regression line for the relationship between mean power in the 
WAnT_30s and mean power in the WAnT_10s. b Scatter plot of 
model residuals versus predicted values of WAnT_30s. c Scatter plot 

of the empirical quantiles of WAnT_30s versus the theoretical quan-
tile of a Gaussian. d Scatter plot of the estimated Cook’s distance for 
each observation. MP: mean power, WAnT_30s: 30-s-long Wingate 
Anaerobic Test, WAnT_10s: 10-s long Wingate Anaerobic Test
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which included athletes with the lowest levels of impair-
ment (deriving from either lumbar paraplegia, or lower limb 
poliomyelitis or trans-femoral and trans-tibial amputations 
or other less severe health conditions), showed the highest 
values. These results in both peak and mean power of both 
WAnTs are consistent with the smallest amount of muscle 
available in the athletes of the ILG-A and the lower amount 
of muscle available in the athletes of the ILG-B than in those 
of the ILG-C.

The results of the present study indicated that in the 
whole sample, the peak power output was similar in the two 
tests (i.e., a non-significant 0.08 W kg−1 difference between 
the WAnT_30s and the WAnT_10s was found). This result 
shows, as pointed out in the Literature and hypothesized in 
the present study, that Paralympic athletes achieved their 
peak power within the initial 10 s of the anaerobic exercise 
and that similar maximal effort was demonstrated over both 
tests, showing the good quality of the assessment in both 
WAnTs. This result was in line with a previous investigation 
[55] conducted on able-bodied participants and carried out 
on a Monark cycle ergometer reporting that the peak power 
assessed during the traditional WAnT_30s was similar to 
that assessed in a 20-s-long WAnT. Because peak power 
measured during a 10-s all-out test depends on the power 
(ATP turnover) of the alactic anaerobic metabolism [16, 21] 
and this energy metabolism is completely exhausted after 
10 s [54], it is definitively reasonable to conclude that peak 
power values in both tests must be the same.

As expected, as a consequence of both fatigue and dif-
ferent power of alactic and lactic anaerobic metabolisms 
[16, 17, 42, 54], the results from this study indicated that an 
abbreviated version of the traditional WAnT_30 produced 
significantly higher relative mean power outputs. In fact, 
when considering the whole sample of Paralympic athletes 
(n = 44), the mean power assessed in the WAnT_10s was 
significantly higher (11.3%) than the mean power assessed 
in the WAnT_30s. These results were in line with the previ-
ously quoted investigation [55] conducted on able-bodied 
participants reporting that the mean power assessed during 
a shorter version of the WAnT (i.e., a 20-s-long WAnT) was 
significantly higher (+ 11.1%) than that measured in the tra-
ditional 30-s-long WAnT.

When assessing the comparisons in the anaerobic out-
puts between WAnT_30s and WAnT_10s according to 
the extent of functional limitation, the results of the pre-
sent study highlighted no significant ILG by test interac-
tion for peak power but a significant ILG by test interaction 
for mean power. In details, only group B and C produced 
greater mean power by, respectively,  + 11.5% and  + 13.3% 
in the WAnT_10s versus the WAnT_30s, likewise the trend 
reported by Laurent and colleagues [55] as assessed in the 
able-bodied on a Monark cycle ergometer. The fact that no 
difference in the mean power of the WAnTs of two different 

lengths was found in ILG-A (group which included athletes 
with either tetraplegia or tetraparesis) could be due to the 
reduced amount of muscles available for contraction and 
the consequent reduced contribution of the alactic anaerobic 
metabolism in both tests and in particular in the WAnT_10s.

In the present study, the athletes were divided by the 
practiced sports, and when athletes with tetraplegia/paresis 
were present in that sport, a further subdivision was made 
(Table 3). During a complete fitness assessment of Paralym-
pic Athletes competing in Winter sports [4], representative 
of skill, power, intermittent endurance Athletes displayed 
mean power in the WAnT_10s, evaluated through the same 
electromagnetically braked ergometer (excalibur lode) 
and the same procedures, equalled to 3.6 ± 1.13 W kg−1, 
4.9 ± 2.06, 5.3 ± 1.23, 6.2 ± 1.28, respectively. Comparing 
these values with those of the present study, athletes compet-
ing in skill sports (sailing, table tennis, archery and shoot-
ing) had values 30% higher than those competing in curl-
ing. Athletes competing in intermittent sports (wheelchair 
fencing, basketball and tennis) had values 6% lower than 
Para Ice Hockey players. Endurance athletes (hand-bikers 
and swimmers) displayed values 12% lower than sitting 
Nordic skiers. Summer Paralympic Athletes competing in 
field events showed values 24% lower than Alpine skiers. 
An arm cranking ergometer (angio lode) developed by the 
same brand of that of our study is routinely used to assess 
anaerobic fitness in wheelchair basketball players [37]. Com-
paring the WAnT_30s results of the latter Polish study with 
those of the present study, we found similar values in the 
mean power (4.25 vs. 4.49 W kg−1, respectively) while the 
peak values were much higher in the Polish wheelchair play-
ers (7.95 W kg−1) than in the Italian players (6.28 W kg−1). 
The excalibur lode ergometer has a fly wheel greater than 
that used in the arm cranking ergometer (angio lode) and 
used by the Polish scientists [37] because the torque values 
could significantly differ affecting the athletes’ performance. 
Currently, to our best knowledge, there is no standardized 
method for determining the most appropriate torque value 
for the Wingate test protocol carried out on an electromag-
netically braked ergometer in athletes with a locomotor 
impairment. We can suppose that little differences in the 
torque values and the different flywheels could affect the 
peak power in the WAnT. When comparing our data with 
the other figures present in the literature, it is important to 
take into consideration the possible differences between an 
electromagnetically braked ergometer and mechanically 
braked ergometers [56, 57]. Due to the discrepancies in 
absolute power values between differently braked ergometers 
[58], data from different devices (e.g., lode excalibur sport 
and monark cycle ergometer) cannot be used for interunit 
comparison. Anyway, it has been shown [56, 58, 59] that 
the electromagnetically braked lode excalibur sport cycle 
ergometer provides reliable and highly correlated muscular 
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power data in the WAnT compared with the Monark cycle 
ergometer.

The prediction results of the present study showed that the 
mean power assessed in the WAnT_10s and the functional 
class were able to predict about 90% of the total variance 
for the mean power assessed in the traditional WAnT_30s 
with a large effect size. Moreover, repeated cross-validation 
analysis, together with a Residual Diagnostic, highlighted 
the goodness-of-fit and the predictive power of the proposed 
model. Accordingly, the mean power assessed in the tra-
ditional WAnT_30s can be predicted accurately using data 
collected during the WAnT_10s in male Paralympic athletes. 
Beneke and colleagues in a traditional 30-s-long Wingate 
test carried out with the lower limbs on an electromag-
netically braked ergometer [20] found that the total energy 
expenditure of the test was supplied for 19% by the aerobic 
metabolism and for 50 and 31% by the lactic and the alactic 
anaerobic metabolisms, respectively [20]. Lovell and col-
laborators [42] studied the different ATP contribution from 
the three energy metabolisms in an upper limb 30-s-long 
Wingate test carried out on a modified lode ergometer. They 
found that the percentages of energy contributions deter-
mined by the aerobic, anaerobic lactic, and anaerobic alactic 
energy systems were 11.4, 60.3 and 28.3%, respectively. The 
authors [42] explain the slightly higher contribution from the 
lactic anaerobic metabolism considering how the upper body 
utilizes energy and responds to high-intensity exercise com-
pared with the lower body. Bernardi and colleagues [5] in an 
all-out test carried out up to exhaustion (and lasting about 
30 s) in an arm cranking iso-power cadence independent 
ergometer (Ergometrics 800, Ergoline, Germany), test spe-
cifically designed for America’s Cup Grinders, athletes with 
great muscle masses in the upper limbs, had found energy 
contributions from the 3 energy metabolism systems simi-
lar to the values found by Lovell and colleagues [42]. The 
total energy expended by the America’s Cup Grinders was 
supplied for 15% by the aerobic metabolism and for 56% and 
29% by the lactic and alactic anaerobic metabolisms, respec-
tively [5]. Most muscle groups in the upper body contain a 
greater proportion of fast-twitch fibers [60] than those in 
the lower body, and because they extract less oxygen during 
exercise, they rely in a larger extent on anaerobic energy 
production during sprint exercise [61]. We can conclude that 
the prediction results of the present study can be justified by 
the great anaerobic contribution and the low aerobic contri-
bution of both WAnT (10- and 30-s long). Furthermore, we 
can hypothesize a likely reduced contribution of the alactic 
anaerobic energy metabolism and relatively higher anaero-
bic glycolytic energy contribution in the WAnT_10s, typical 
of Athletes with impairment, who cannot rely on the lower 
part of the body. Gastin [17], reviewing the contributions 
in the ATP turnover of the energy systems in a 10-s-long 
all-out exercise carried out with the lower limbs, found that 

the alactic anaerobic metabolism accounted for about 50% 
while the lactic anaerobic metabolism for about 45%. These 
results show just a little difference, in terms of contribution 
of the lactic anaerobic metabolism, with respect to the three 
previously quoted studies (45% in Gastin’s Study [17] vs. 
about 55%, as average of other 3 studies). The explanation 
of the similar contribution of anaerobic glycolytic metabo-
lism between the all-out tests of different durations (10 vs. 
30 s) can be explained by the suppression of phosphofruc-
tokinase activity (key enzyme of the anaerobic glycolysis) 
determined by acidosis [16], which determines an ATP max-
imal turnover rate of this metabolism at around 13 s with a 
fast decrease thereafter. The suppression of the activity of 
this key enzyme suggests that an all-out test is not the most 
appropriate to evaluate the capacity of the lactic anaerobic 
metabolism [16]. Furthermore, the suppression of phosphof-
ructokinase activity suggests the reason why the total energy 
provision is affected by the aerobic metabolism, explaining 
how an upper-body aerobic training, carried out at intensities 
close to the respiratory compensation point, in America’s 
Cup grinders is able to determine significant improvements 
in the all-out test [62]. Considering that the anthropomet-
ric measures, which are proportional to the level of lesion/
impairment, are correlated with the alactic anaerobic capac-
ity [42], taking into account the great contribution of the 
lactic anaerobic metabolism in an upper limb WAnT_10s, 
since the contribution of the alactic anaerobic metabolism is 
exhausted probably in the first 5 s for the small muscle mass 
available and the contribution of the aerobic metabolism is 
negligible, the predictability of the mean power assessed in 
the WAnT_30s from the values of mean power assessed in 
the WAnT_10s can be definitively explained.

The present study has some limitations that should be 
acknowledged. Our results have been limited to a small sam-
ple of male Paralympic athletes (n = 44) relatively to both 
the practiced sports and the ILG-A (the athletes with the 
highest level of impairment are 9). Further data are needed 
to confirm that a 10-s-long protocol is appropriate for assess-
ing the anaerobic performance of those engaged in other 
levels of training and sports, in different age groups, and 
in particularly in female athletes. Furthermore, due to the 
heterogeneity of the considered population, future research 
in a larger sample size is needed to investigate different 
WAnT protocols according to the type and the severity of 
the physical impairment. However, it is important to under-
line that an inherent limitation when studying athletes with 
impairments is the enormous variability within the popula-
tion itself resulting in an extremely heterogeneous sample. 
Furthermore, heterogeneous pools of high-level athletes 
with a physical impairment lead to large territorial spread for 
most studies, thus limiting the use of accurate measurement 
systems available by means of laboratory-based techniques. 
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Accordingly, large samples of high-level athletes are difficult 
to recruit in this population.

In conclusion, the results presented herein offer important 
practical implications in Paralympic sports from the per-
spective of the anaerobic physical fitness evaluation. The 
WAnT_10s is accurate to assess peak power, is definitively 
appropriate to evaluate the alactic anaerobic metabolism 
and seems able to predict the mean power as traditionally 
evaluated through a WAnT_30s in male high-level athletes 
with various degrees of functional limitations allowing for 
a decrease in the mild to severe physical discomfort often 
associated with the longer traditional protocol. This may be 
especially important for those athletes with physical impair-
ment involved in typical power sport disciplines, whose 
competitive efforts are based on the alactic and lactic anaero-
bic energy metabolism systems.
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