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Abstract
Purpose  All-out, non-steady state running makes for difficult comparisons regarding linear and shuttle running; yet such 
differences remain an important distinction for field-based sports. The purpose of the study was to determine whether an 
energetic approach could be used to differentiate all-out linear from shuttle running.
Methods  Fifteen male field-sport athletes volunteered for the study (means ± SD): age, 21.53 ± 2.23 years; height, 
1.78 ± 0.68 m; weight, 83.85 ± 11.73 kg. Athletes completed a graded exercise test, a 3-min linear all-out test and two all-
out shuttle tests of varied distances (25 m and 50 m shuttles).
Results  Significant differences between the all-out tests were found for critical speed (CS) [F(8.97), p < 0.001), D′ (finite 
capacity for running speeds exceeding critical speed) [F(7.83), p = 0.001], total distance covered [F(85.31), p < 0.001], peak 
energetic cost ( EC ) [F(45.60), p < 0.001], peak metabolic power ( Ṗ ) [F(23.36), p < 0.001], average EC [F(548.74), p < 0.001], 
maximal speed [F(22.87), p < 0.001] and fatigue index [F(3.93), p = 0.027]. Non-significant differences were evident for 
average Ṗ [F(2.47), p = 0.097], total EC [F(0.86), p = 0.416] and total Ṗ [F(2.11), p = 0.134].
Conclusions  The energetic approach provides insights into performance characteristics that differentiate linear from shut-
tle running, yet surprising similarities between tests were evident. Key parameters from all-out linear and shuttle running 
appear to be partly interchangeable between tests, indicating that the final choice between linear and shuttle testing should 
be based on the requirements of the sport.
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Smax	� Maximal speed attained during all-out running
V̇O2max	� Maximal oxygen uptake

Introduction

All-out running and cycling are dependent on both metabolic 
and mechanical systems (Kenney et al. 2015) which in turn 
are dependent on adequately developed aerobic and anaer-
obic bioenergetic pathways. Unlike aerobic metabolism, 
however, the anaerobic equivalent cannot yet be adequately 
measured (Mendez-Villnueva et al. 2008; Kenney et al. 
2015), which is especially true for all-out or non-constant 
running, where conventional methods of assessment become 
more unreliable (Mendez-Villnueva et al. 2008). Hence, 
validated mathematical approaches have been developed 
to shed light on sprint activities by focusing on the force 
or mechanical power that muscle contractions can produce 
and the inherent whole-body performances associated with 
such activities (di Prampero et al. 2015; Bundle and Weyand 
2012; Buglione and di Prampero 2013; Kenney et al. 2015).

The threshold separating sustainable from non-sustaina-
ble running speeds is referred to as the critical speed (CS) 
(Poole et al. 2016). Although various methods exist to derive 
the CS parameter for running (Pettitt et al. 2012; Mattioni 
et al. 2018), the one that has received the least attention 
since its inception in 2012 is the 3-min all-out test (AOT) for 
running (linear AOT) (Pettitt et al. 2012; Broxterman et al. 
2013). Of specific interest is the duration dependency of run-
ning speed, which is characterized by a negative exponential 
relationship (Bundle et al. 2003; Weyand and Bundle 2005), 
showing that the greatest speed decrements are observed 
early on during all-out running (10–30 s), compared to the 
marginal speed decrements observed at 60–120 s (Bun-
dle and Weyand 2012). A similar relationship was found, 
although not modelled, when the linear AOT was modified 
to incorporate 180° directional changes during all-out shut-
tle running of the same duration (Saari et al. 2017). In that 
study, CS obtained from a shuttle AOT was similar to CS 
modelled from three separate shuttle running time-trials of 
three different distances but was not compared to the CS 
from a linear AOT nor shuttles of differing distances. Intui-
tively, CS from linear running would be expected to exceed 
that of shuttle running or shorter distances, although such 
research has not yet been conducted. A second parameter 
typically derived from all-out testing is D′, defined as the 
finite capacity for running at speeds exceeding CS (Jones 
and Poole 2005). Although it is presently implied that the 
magnitude of D′ is consistent with energetic parameters 
largely thought to be ‘anaerobic’ [e.g. muscle (PCr), glyco-
gen], relatively recent evidence shows that D′ may be linked 
to the development of the oxygen uptake ( V̇O2 ) slow-compo-
nent, suggesting a link between the development of fatigue 

at speeds above CS and the loss of skeletal muscle efficiency 
(Vanhatalo et al. 2011). Given the relative ambiguity of the 
constitution of D′, an investigation between all-out testing 
and the energetic approach may, therefore, be warranted. 
Modelling of the linear AOT compared to a shuttle AOT 
may, therefore, shed more light on various mechanistic dif-
ferences between AOT methodologies and the transferability 
of parameters for potential training prescription.

Most research focusing on energetic differences [i.e. ener-
getic cost ( EC ) and metabolic power ( Ṗ )] between linear and 
shuttle running have used constant speed running (i.e. vary-
ing the average running speed required to complete a shuttle) 
between shuttles of varying distance (i.e. 5, 10, 20 and 25 m) 
(Buglione and di Prampero 2013; Zamparo et al. 2014; di 
Prampero et al. 2015; Stevens et al. 2015). To the knowl-
edge of the authors, no study has previously investigated 
the energetics of all-out running, whether based on linear or 
shuttle running methodologies. Given the utility of the all-
out test for determining both CS, more recently defined as 
a ‘critical metabolic rate’ (Poole et al. 2016), as well as D′ 
(likened to ‘anaerobic’ energetics), the extent to which such 
parameters differ between linear and shuttle AOTs must be 
explored further. Similarly, given the lack of statistically sig-
nificant differences related to the V̇O2 kinetics between all-
out linear and shuttle running of the same duration in soccer 
players (Kramer et al. 2018b), an energetic approach may 
differentiate between these testing methodologies. Based on 
the premise that the locomotor patters of linear and shuttle 
running are inherently different, quantifying the locomotor 
cost of movement both in terms of EC and Ṗ would lend 
itself adequately to the energetic approach. Such research 
might allow sport scientists the ability to model and predict 
energetics between linear and shuttle running, with shuttle 
running being more sport-specific.

The purposes of the present investigation were, therefore, 
to determine whether an appraisal of EC and Ṗ could distin-
guish the physiological loading between linear and shuttle 
AOTs; to investigate energetic differences between shuttles 
of varying distances (i.e. 25 m and 50 m) using the AOT 
methodology; and to determine to what extent the param-
eters from the various AOTs were interchangeable.

Methods

Participants

Fifteen male field-sport athletes (soccer, n = 4; rugby, n = 11) 
volunteered for the study. The characteristics of the play-
ers were as follows (means ± SD): age, 21.53 ± 2.23 years; 
height, 1.78 ± 0.68 m; weight, 83.85 ± 11.73 kg. Prior to par-
ticipation, all participants completed and signed an informed 
consent form that included all relevant details pertaining to 
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the tests and testing procedures. The study was approved 
by the Research Ethics Committee of the Nelson Mandela 
University in accordance with the principles of the 1975 
Declaration of Helsinki.

Experimental design

A repeated measures study design was followed, where par-
ticipants were required to visit the laboratory on five sepa-
rate occasions, with all tests being completed following a 
24 to 48-h rest period. All tests were completed within a 
2-week period.

The first visit served to obtain baseline anthropometric 
data such as height and weight, as well as familiarizing 
participants with the testing procedures both for the graded 
exercise test (GXT), as well as the all-out tests. The sec-
ond test required participants to perform a laboratory-based 
square-wave GXT with a verification bout to determine the 
‘true’ maximal pulmonary oxygen uptake rate ( V̇O2max ) 
and gas exchange threshold (GET). For the third visit, par-
ticipants were required to complete a 3-min AOT around a 
400-m synthetic outdoor sprinting track (linear AOT). The 
fourth visit required participants to complete a 3-min all-out 
shuttle test by running repeated 50 m shuttles (50 m AOT). 
The fifth and final test was a replication of the 50-m AOT, 
with the exception of completing the shuttles over 25 m 
distance (25 m AOT). The third through fifth visits were 
randomized to minimize any potential order effects (Fig. 1).

Experimental procedures

Determination of V̇O
2max

The GXT was conducted on a motorized treadmill (Wood-
way 4Front, USA). The ramp protocol consisted of 3 min of 
walking or slow jogging at a speed of 6 km h− 1, followed 

by a ramp increase in speed of 0.5 km h− 1 min− 1 until voli-
tional exhaustion. Once volitional exhaustion was reached, 
the treadmill speed was reduced to 6 km h− 1 for 3 min to 
allow for active recovery, after which the verification bout 
was initiated to confirm the end-stage V̇O2 . For the verifica-
tion bout, the speed was increased to two stages below the 
end-stage speed, and subjects were encouraged to continue 
until volitional exhaustion (usually within 2–3 min), upon 
which the test was terminated.

Pulmonary gas exchange was measured breath-by-breath 
during the GXT and verification bouts using a facemask and 
breathed through low dead-space, low resistance mouthpiece 
and digital transducer turbine assembly (Metamax 3B, Cor-
tex Biophysik, Leipzig, Germany). Electrochemical cells 
( O2 ) and infrared ( CO2 ) analyzers housed in the Metamax 
3B unit were used to sample the breath-by-breath inspired 
and expired gas volumes and gas concentrations (Cortex 
Biophysik). Prior to each test, the analyzers were calibrated 
using known gas concentrations, and the turbine volume 
transducer was calibrated using a 3-L syringe (Cortex Bio-
physik). Heart rate was continuously monitored using wire-
less telemetry to coincide with the breath-by-breath meas-
urements (Polar H7, Polar Electro Oy, FI-90440, Kempele, 
Finland). A ‘true’ V̇O2max was identified using the highest 
V̇O2 between the GXT and verification bouts, provided the 
two values differed by less than 3% (Kirkeberg et al. 2011).

Three‑minute all‑out tests

A stringent warm-up procedure consisting of light jogging 
and dynamic stretching was followed prior to each all-out 
test, followed by a 5-min rest period. The linear AOT was 
completed on a 400-m oval outdoor sprinting track, whereby 
subjects were instructed to run all-out and to maintain the 
fastest possible speed at any given instant for the duration 
of the test. Subjects were fitted with a wrist-worn GPS unit 
(Garmin Forerunner, Model 305, Taiwan), which yielded 

Fig. 1   Schematic representation 
of the experimental overview 
for a representative subject. 
The left-most panel represents 
the graded exercise test fol-
lowed by active recovery and 
severe intensity, verification 
bout, where exercise time was 
recorded in minutes (total time 
of ∼ 14 min). This is followed 
by the linear AOT, 25 m AOT 
and 50 m AOT with exercise 
time recorded in seconds with 
a randomized testing order. 
Notice the differences in peak 
speed, but similar profile of the 
speed decay



480	 European Journal of Applied Physiology (2019) 119:477–486

1 3

a displacement accuracy of ∼ 3 m, and a speed accuracy of 
∼ 0.1 m s− 1. Verbal encouragement was provided throughout 
the test, but no information pertaining to time elapsed or 
time remaining was provided to discourage pacing. The GPS 
data were exported to Microsoft® Excel for data acquisition, 
then exported to OriginPro [OriginPro 2017 (version 94E), 
OriginLab, USA] for further analysis. The CS is denoted as 
the average speed over the final 30-s of the test (Pettitt et al. 
2012), whereas D′ is calculated as the area under the speed-
time curve above CS (Broxterman et al. 2013).

For the 25-m and 50-m AOTs, cones were set up 2 m 
apart over distances of 25 m and 50 m, respectively. Subjects 
were then required, depending on the scheduled test, to run 
all-out over either 25 m or 50 m shuttles. Since no commer-
cially available wrist worn GPS units are available with an 
adequate sampling frequency (30 Hz minimum is recom-
mended) to accurately measure speed over such short, high-
velocity distances, we opted to use a high-speed camera with 
a sampling frequency of 100 Hz (Sony Cyber-shot DSC-
RX10 MK III, Sony, America) to track athlete displacement. 
To minimize the measurement error, the camera was set up 
perpendicularly to the line of travel at a distance of 40 m and 
80 m for the 25 m AOT and 50 m AOT, respectively. As per 
the linear AOT, subjects were verbally encouraged through-
out the entirety of the test, whilst access to any temporal 
information was omitted to discourage pacing.

To obtain the desired instantaneous speed and accelera-
tion data from the all-out shuttle tests, the video files were 
exported to a motion analysis software package (Tracker 
4.11.0, Open Source Physics). The automated motion track-
ing feature was utilized to obtain raw displacement data, 
which could then be exported to OriginPro for further analy-
sis. Speed data were obtained by numerical differentiation of 
the displacement data, and acceleration data were obtained 
by differentiating the speed data. All data were filtered using 
a fourth-order, zero-lag Butterworth filter with a cut-off fre-
quency of 1–3 Hz (Winter 2009). Peak and average speed 
data as well as the accelerations and decelerations for each 
shuttle could be obtained and separately modelled.

Energetics and metabolic power

In a landmark study by di Prampero et  al. (2015), the 
investigators reported that accelerated running was bio-
mechanically equivalent to uphill running at an ‘equiva-
lent slope’ (ES), which was dictated by the forward accel-
eration ( af ) of the individual. During af , subjects exert a 
force that is greater than body weight, by an amount that is 
proportional to af , referred to as ‘equivalent mass’ (EM). 
Therefore, once af is known, ES and EM can be easily 
obtained as follows: ES = af∕g , and EM = (a2

f
+ g2)0.5∕g . 

Minetti et al. (2002) showed that the instantaneous energy 
cost (EC, J kg− 1 m− 1) of constant speed uphill running is 

described by the following equation (Eq. 1), which was 
modified by Osgnach et al. (2010):

where EC is the energy cost of accelerated running, ES is 
the equivalent slope, with 3.6 (J kg− 1 m− 1) representing the 
energy cost of running at constant speed on a flat terrain, 
and KT is the terrain constant [1.29 in the study by Osgnach 
et al. (2010)]. The metabolic power ( Ṗ , W kg− 1) can then be 
calculated by multiplying EC (J kg− 1 m− 1) with the instan-
taneous speed ( ̇s , m s− 1) (Eq. 2):

Once the instantaneous EC and Ṗ were calculated for 
each AOT, we modelled the peak change in these param-
eters per shuttle for the 25 m AOT and 50 m AOT). For the 
linear AOT, however, the EC and Ṗ were only modelled 
from the point of peak speed attainment which occurred 
at approximately 6 s, whereby the remaining performance 
represents a period of speed decay. Peak EC, Ṗ and average 
speed per shuttle ( Savg ) were found to decrease exponen-
tially per shuttle and could be accurately modelled using 
the general equation (Eq. 3):

where y(�) is the dependent variable of interest (EC, Ṗ or 
Savg ), � represents the independent variable which in the pre-
sent application represents a given shuttle (1, 2, 3… etc.), 
y0 is the asymptote of the exponential function, A is the 
amplitude of the exponential curve and � is the decay time 
constant (representing the time taken to reach 63% of the 
amplitude). For example, the Ṗ per shuttle would, therefore, 
be modelled as follows (Eq. 4):

where Ṗ(𝛿) is the metabolic power per shuttle, and Ṗ0 repre-
sents the asymptote of the metabolic power (Fig. 2).

Having modelled EC and Ṗ per shuttle turn, as well as the 
average speed per turn, it was possible to derive and express 
both EC and Ṗ as a function of the average speed per shut-
tle, yielding the following equation (Eq. 5; here Ṗ is given 
as an example; see supplementary files for the derivation):

where Ṗ(Savg) is the metabolic power as a function of the 
average speed for a given shuttle ( � ), A1 and �1 are the ampli-
tude and decay time constants of original Ṗ function, A2 and 
�2 , are the amplitude and decay time constants of the Savg(�) 
function.

(1)

EC = (155.4ES5 − 30.4ES
4 − 43.3ES

3

+ 46.3ES
2 + 19.5ES + 3.6) ⋅ EM ⋅ KT,

(2)Ṗ = EC ⋅ ṡ.

(3)y(�) = y0 + A ⋅ e−�∕� ,

(4)Ṗ(𝛿) = Ṗ0 + A ⋅ e−𝛿∕𝜏 ,

(5)Ṗ
(

Savg
)

= P0 + A1

(

Savg(𝛿) − S0

A2

)𝜏2∕𝜏1

,
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Equivalent distance

The equivalent distance (ED) represents the total distance 
the athlete would have run at steady pace on a solid surface 
using the total energy spent during the continuous all-out 
shuttle run (see Eq. 6):

where ED is the equivalent distance (m), Wtot is the total 
energy expenditure (J  kg− 1), ECc is the EC of running 
at a constant pace on a flat, solid terrain assumed to be 
3.6 J kg− 1 m− 1 and KT is the terrain constant, here assumed 
to be 1.29 (Osgnach et al. 2010). Stated differently, the ED 
method provides a means by which the additional energy 
associated with repeated shuttle accelerations and decelera-
tions can be converted into a ‘linear’ running distance equiv-
alent (measured in meters as opposed to J kg− 1), therefore, 
allowing for more meaningful comparisons to linear running 
(Osngnach et al. 2010). The ED method, therefore, provides 
useful insights into the total distance that could be covered 
theoretically for the shuttle running trials, whereas the raw 
distance data would misrepresent the actual effort associated 
with shuttle running.

Statistical analyses

Statistical analyses were conducted using the Statistica 
package (version 10.1, StatSoft, Dell Software, USA), with 
all results being presented as mean ± standard deviation 

(6)ED =
Wtot

(ECc × KT)
,

(SD) unless otherwise stated. Relationships between 
selected variables were analysed by Pearson correlation 
coefficients (r). The correlation coefficients were inter-
preted on the following criteria: r < 0.1, trivial; 0.1–0.3, 
small; 0.3–0.5, moderate; 0.5–0.7, large, 0.7–0.9, very 
large; and > 0.9, almost certain (Hopkins et al. 2009). 
Normality of all distributions was confirmed using the 
Shapiro–Wilk test. Consistency of measurement was 
assessed using the intraclass correlation coefficient (ICC 
� ), typical error (TE) and coefficient of variation (CV%). 
Data derived from all three AOTs were assessed for sta-
tistical significance using a one-way analysis of variance 
(ANOVA), where statistically significant differences were 
analysed using a post-hoc Scheffè test. Statistical signifi-
cance was accepted at p < 0.05.

Results

Graded exercise test and all‑out tests

A ‘true’ V̇O2max (mean ± SD) of 45.47 ± 4.97 ml kg− 1 min− 1 
was achieved during the GXT, as indicated by the strong 
internal consistency between GXT and verification bouts 
(TE = 0.77 ml kg− 1 min− 1, CV = 1.7%, ICC � = 0.97). Peak 
speed attained during the GXT was 4.08 ± 0.47 m s− 1.

Correlations between V̇O2max and CS parameters 
from the AOTs were strong for both CSlinear (r = 0.79, 
p < 0.001) and CS50m (r = 0.77, p < 0.001) and moderate 
for CS25m (r = 0.51, p = 0.054). The total number of shut-
tle turns initiated during both the 25-m and 50-m AOTs 

Fig. 2   Modelling process for the exponential decay in peak meta-
bolic ( Ṗ ) power. a The raw Ṗ as a function of time; b the peak Ṗ at 
each turn, represented by filled dots; c the exponential decay model 

applied to each of the peak Ṗ points (dotted black lines represent the 
95% CI for the model)
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was 26 ± 2 and 14 ± 1, respectively. The results from the 
AOTs are presented in Insert Table 1 and Fig. 3.

The fatigue index (FI%) represents the speed decrease 
from Smax to CS as a percentage of Smax (see Eq. 7):

The correlation between the maximum speed attained 
during the AOTs ( Smax ) and the speed decrement towards 
CS provides an indication of fatigue (as indicated by FI%). 
Strong positive correlations were observed between the 
speed decrease and Smax for the linear (r = 0.72, p = 0.003), 
25 m (r = 0.97, p < 0.001) and 50 m (r = 0.97, p < 0.001) 
AOTs, indicating that those participants who achieved 
greater Smax values, also experienced the greatest speed 
decrements.

Variations in individual performances are visualized 
more clearly in Fig. 3, highlighting differences in actual 
distances recorded during the AOTs (panel A) compared 
to the equivalent distances calculated from both the ED-
method (panel B).

The EC (panel A) and Ṗ (panel B) as a function of speed 
for the various AOTs are highlighted in Fig. 4. Both EC 
and Ṗ increase non-linearly as a function of speed for the 
shuttle AOTs, but linearly for the linear AOT. Both EC 
and Ṗ are significantly more elevated for the 25 m AOT 
than the 50 m AOT, respectively, for each equivalent speed 
beyond 4 m s− 1.

(7)FI(%) = 100 ⋅ ((Smax − CS)∕Smax).

Table 1   Parameter estimates 
from the all-out tests

Dtot is the total distance achieved during each AOT, S
max

 is the maximal speed reached during the AOTs 
and FI% the Fatigue index expressed as a percentage
*p < 0.05; **p < 0.01; ***p < 0.001
a Significantly different from linear AOT
b Significantly different from 25 m AOT
c Significantly different from 50 m AOT

Parameter Linear AOT 25 m AOT 50 m AOT

AOT parameters
 CS (m s−1) 3.56 ± 0.67b,*** 2.90 ± 0.19a,*** 3.27 ± 0.26
 D′ (m) 231.07 ± 67.29b,***,c,*** 107.21 ± 38.34a,*** 134.79 ± 49.19a,***
 Dtot (m) 876.01 ± 77.79b,***,c,*** 631.50 ± 20.04a,***,c,*** 730.26 ± 33.80a,***,b,***
S
max

 (m s−1) 8.95 ± 0.92b,***,c,** 7.28 ± 0.59a,*** 7.82 ± 0.83a,**
FI (%) 60.21 ± 6.81 59.91 ± 4.64 57.66 ± 5.96
Energetic AOT parameters
 Peak EC (J kg−1 m− 1) 13.28 ± 3.24b,***,c,*** 32.16 ± 9.16a,*** 29.24 ± 2.74a,******
 Peak Ṗ (W kg−1) 65.32 ± 15.82b,***,c,*** 113.63 ± 25.37a,*** 101.28 ± 17.91a,***
 Mean EC (J kg−1 m− 1) 4.63 ± 0.01b,***,c,*** 6.19 ± 0.20a,***,c,*** 5.47 ± 0.10a,***,b,***
 Mean Ṗ(W kg−1) 22.81 ± 2.06 21.50 ± 1.53 21.82 ± 1.33
 Total EC (KJ kg−1) 4.06 ± 0.36 3.91 ± 0.28 4.00 ± 0.28
 Total Ṗ (KW kg−1) 4.10 ± 0.37 3.89 ± 0.28 3.94 ± 0.24

Fig. 3   Actual distance and equivalent distance comparison. a A line 
series plot of total actual distance achieved for the all-out tests with 
95% CIs. Athletes are color-scaled according to CS values of the lin-
ear AOT. b A box plot comparison showing the actual (blue) and esti-
mated (red) total distances calculated using the ED-method
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Discussion

The present study was the first to calculate the EC and Ṗ 
associated with 3-min all-out linear and shuttle-based run-
ning. Several novel findings of the study are presented: (1) 
peak and average EC as well as Ṗ for all-out shuttle running 
exceeded linear running; (2) the EC and Ṗ requirements 
increased non-linearly with higher average running speed 
(Savg) during all-out shuttle running for both 25 m and 50 m 
shuttle distances, but linearly for the linear AOT; and (3) 
a valid approach for comparing the physiological loading 
between linear and shuttle AOTs was derived.

Running speeds and, therefore, muscle work, tend to 
be lower during continuous shuttle running compared to 
straight-line running, resulting in a reduced percentage of 
speed decrement (Mendez-Villnueva et al. 2008; Buchheit 
et al. 2011). A smaller speed decrement for shuttle running 
was evidenced in the present study whereby the FI% for both 
the 25 m and 50 m AOTs was significantly lower than for 
the linear AOT. A lower FI% indicates a narrower difference 
between maximal running speed and CS, coinciding with 
the lower D′ values observed in the present study for shut-
tle running in comparison to linear running. Although the 
exact underlying physiological mechanisms for the narrower 
FI% and lower D′ are not presently understood, the indirect 
evidence is suggestive of metabolic and neuromuscular per-
turbations, rather than energy supply limitations (Buchheit 
et al. 2010).

Movement speed is dependent on the mechanical power 
that the muscles can produce, which is subject to the product 
of force and muscle shortening velocity (Allen et al. 2008). 

The fatigue-inducing mechanisms affecting power output 
and shortening velocity are inherently different, whereby 
movements requiring high forces are more influenced by 
reductions in force production, and those requiring high 
movement speeds are more impacted by reductions in short-
ening velocity (Allen et al. 2008). The linear AOT, therefore, 
poses a unique challenge to the athlete in that it is dependent 
on both high-power outputs as well as rapid muscle short-
ening velocities. Most of the experimental evidence is sug-
gestive of the fact that transient increases in (ADP) play 
a central role in decreased maximal shortening velocities, 
whereas increases in Pi or H+ or decreases in [Ca2+] have lit-
tle impact on this parameter (Funk et al. 1989; Sahlin 1992; 
Allen et al. 2008). Such findings may be directly extended to 
the AOT method where Vanhatalo et al. (2011) investigated 
differences between constant work exercise compared to all-
out exercise during cycling. The principal finding of their 
study was that fatigued muscle fibers incurred a high O2 cost 
due in part to either a decreased contribution to externally 
measured power output or a significantly higher O2 cost per 
unit of external work done. The lower contractile efficiency 
was explained partly by the muscle metabolic perturbations 
associated with the accumulation of metabolites (e.g. H+, Pi, 
ADP and reactive oxygen species).

Direct comparisons between linear and shuttle running 
are often difficult due to the time lost while accelerating, 
turning and re-accelerating, which accounted for the dif-
ferences in total running distance observed in the present 
study (Buchheit et al. 2010; Buglione and di Prampero 2013; 
Stevens et al. 2015; Kramer et al. 2018a). It is here that 
we believe the ‘equivalent distance’ method, proposed by 

Fig. 4   EC and Ṗ as a function of average shuttle speed. a The EC per 
unit of average speed for the AOTs; b The Ṗ per unit of average speed 
for the AOTs, respectively. Take notice that at faster speeds (i.e., 
> 4  m  s− 1), EC and Ṗ are proportionately higher for all-out shuttle 

versus continuous linear running, a relationship more pronounced for 
25 versus 50 m switch backs. At slower speeds (~ 3–4 m s− 1), a fixed 
difference in EC and Ṗ between shuttle and linear running remains, 
with no differences between 25 and 50 m switchbacks
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Osgnach et al. (2010), would provide useful insights when 
comparing all-out linear to shuttle running. Raw distance 
data comparisons of the present study show that the 25 m 
and 50 m AOTs achieved ∼ 27% and ∼ 17% less distance 
compared to the linear AOT (Fig. 3a). However, when the 
time associated with repeated speed changes and turning 
is accounted for using the ED method, the differences in 
distance are largely negated (i.e. differences in distances 
drop to within ∼ 4% and ∼ 2% for the 25 m and 50 m AOTs, 
respectively; Fig. 3b). The repudiation of overall differences 
is also reflected in the non-significantly different average 
Ṗ , total EC and total Ṗ values recorded for each AOT in 
the present study, thereby showing comparable physiologi-
cal loading for the athlete. The comparative physiological 
loading is commensurate with previous research findings 
related to the V̇O2 kinetics associated with all-out running 
(Kramer et al. 2018b). In that study the authors observed 
no differences in almost all parameters associated with the 
V̇O2 kinetics during both all-out linear and shuttle running 
of the same duration. Such findings mirror the ED findings 
of the present study, highlighting again that the physiologi-
cal loading between all-out linear and shuttle running may 
essentially be invariant.

Therefore, the ‘true’ differences observed between shuttle 
and linear AOTs may be attributable to unique challenges 
imposed by shuttle running, such as coordination, agility, 
balance and flexibility (i.e. neuromuscular rather than physi-
ological) (Buchheit et al. 2010). Within the context of the 
present study, physiological fatigue factors are considered 
to be related more to V̇O2 kinetics and peripheral fatigue 
mechanisms such as muscle fiber efficiency and metabolic 
perturbations associated with all-out running (e.g. increase 
in H+, Pi and ADP), which have been shown to be largely 
immutable between linear and shuttle running using all-out 
testing (Burnley et al. 2010; Chidnok et al. 2013; Poole et al. 
2016; Kramer et al. 2018b). Alternatively, neuromuscular 
fatigue factors are related to proprioception and muscle 
activation/recruitment inherent to the activity (Buchheit 
et al. 2010; Dittrich et al. 2013; Poole et al. 2016), which, 
when related to the peak EC and Ṗ of the present study, 
were shown to be considerably higher in shuttle running 
compared to linear running.

It is, therefore, possible that the cumulative effect per 
shuttle may account for some of the ‘lost’ energy which 
cannot be remediated to an appreciable extent. During the 
initial stages of all-out shuttle running, where speeds were 
very high (i.e. significantly greater than CS), the differences 
between linear and shuttle running, as well as between shut-
tles of different distances (i.e. 25 m vs. 50 m), were most 
pronounced (i.e. non-linear), but tended to become more 
homogenous at lower speeds (i.e. ∼ 4 m s− 1). Interestingly, 
the non-linear speed-related differences in EC and Ṗ were 
only true for continuous shuttle running, but not for linear 

running (see Fig. 4). Despite similar speed-time profiles 
between linear and shuttle running, the EC for the linear 
AOT exhibited a negligible positive linear relationship, 
whereas Ṗ exhibited a more pronounced positive linear 
relationship. Such a finding is in line with results obtained 
by Stevens et al. (2015), but in contrast to those by Buchheit 
et al. (2010), who did not find a speed-dependent relation-
ship between running economy and shuttle running. Our 
findings may partly be ascribed to differences in shuttle dis-
tances and the non-constant high-speed running methodol-
ogy employed. Although the EC and Ṗ seem to elicit rela-
tively linear relationships at lower speeds (Hatamoto et al. 
2013; Almodhy et al. 2014; Stevens et al. 2015), the extent 
to which this holds at higher speeds is, therefore, debat-
able; as shown in our study. It is hoped, therefore, that the 
high speeds (> 7 m s− 1 as indicated by Smax ) recorded in the 
present study for both linear and shuttle running, as well as 
the EC and Ṗ responses to such high speeds, will provide 
further impetus for future research regarding the underlying 
physiological mechanisms.

Interestingly, the peak Ṗ for both the 25 m and 50 m 
AOTs in the present study exceeded the peak values of 
medium level sprinters during a 100 m dash (Tables 1, 2). 
Such high Ṗ values were only sustained for approximately 
three shuttle lengths during the 25 m AOT but dissipated 
more quickly for the 50 m AOT. Such findings attest to the 
extreme accelerations and decelerations experienced by ath-
letes during all-out shuttle running, yet despite this, athletes 
exhibited similar CS and lower fatigue indexes for shuttle 
running compared to linear all-out running (see Table 1). It 

Table 2   Summary of energetic cost and metabolic power

a di Prampero et al. (2015)
b Tam et al. (2012)
c Stevens et al. (2015)
d Cummings et al. (2016)
e Buchheit et al. (2015)
f Coutts et al. (2015)
g Present study

Mean Peak

EC Ṗ EC Ṗ

(J kg−1 m− 1) (W kg−1) (J kg−1 m− 1) (W kg−1)

Sprintersa 10.7 61.0 43.8 91.9
Usain Bolta 18.4 105.0 104.4 199.0
Marathonb 3.48–3.72 – – –
Soccerc,d 5.71–6.71c 9–16d – –
Rugbyd,e 5.88–6.07d 7.8–10.0e – –
Aus Footballf – 9.2–10.9 – –
25 m shuttleg 6.19 21.50 32.16 113.63
50 m shuttleg 5.47 21.82 29.24 101.28
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is possible that the lower peak speeds attained during shut-
tle running ‘balance’ the higher energy cost of the repeated 
shuttle turns, thereby essentially equating both the EC and 
Ṗ for linear and shuttle running. Evidence for the energetic 
equivalence is revealed in the total EC and Ṗ calculated for 
the various all-out tests, which were statistically non-signif-
icantly different.

Similarly, the mean EC and Ṗ results of the present study 
compare favourably to studies focusing on the energetics of 
soccer, rugby and Australian football (Osgnach et al. 2010; 
Coutts et al. 2015; Cummings et al. 2016). The implica-
tions are, therefore, that the linear, 25 m and 50 m AOTs, 
as methods of assessment, encompass a broad range of EC 
and Ṗ values that span not only all-out sprinting, but also 
match-play demands inherent to rugby and soccer. The AOT 
methodology, therefore, shows substantial utility as a testing 
tool as is evidenced by its diverse application to high-inten-
sity sports such as rowing, swimming, cycling and running 
(Jones and Vanhatalo 2017).

Despite the similarities and differences between linear 
and shuttle running portrayed in the current study, it is pres-
ently unclear which method of testing would yield the most 
useful training-specific parameters for sports such as soccer, 
rugby and hockey. The high EC and Ṗ exhibited during the 
early stages of shuttle running may impart adaptations that 
would be conducive to the development of agility or rapid 
accelerations; both attributes being considered favourable 
adaptations for soccer and rugby. Conversely, given the high 
correlation between CSlinear and V̇O2max , it may be true that 
training based on CS and D′ parameters derived from linear 
all-out running may induce more favourable adaptations for 
the development of aerobic fitness compared to parameters 
derived from all-out shuttle running. Surprisingly, the data 
may suggest that the 50 m AOT could potentially offer the 
most viable middle-ground in terms of adaptations from 
both linear and shuttle running. It is clear however, that dif-
ferences between all-out linear and shuttle running are not 
attributable to physiological mechanisms but are most likely 
ascribed to differences in neuromuscular loading. Evidently, 
additional research is needed to arrive at the optimum shuttle 
running training distances and the associated adaptations for 
given sport demands. Finally, more expedient methods of 
data acquisition for shuttle running need to be developed, 
potentially by utilizing high-fidelity GPS systems capable 
of recording speed at higher sampling rates (e.g. ≥ 20 Hz).

Conclusion

Although the inherent differences between all-out linear 
and continuous shuttle running were statistically non-sig-
nificant for certain parameters (i.e. similar mean ED, mean 
Ṗ , total EC and total Ṗ ), the inter-individual performance 

variations may negate the interchangeable nature of the 
parameters between AOTs. A high CS in the linear AOT 
does not guarantee CS transferability to the 25 m or 50 m 
AOTs. Similar observations were made for other param-
eters such as D′ and total distances covered. It would also 
appear that the CS methodology provides a useful method 
for comparing both all-out linear and shuttle running not 
only due to the parameters derived from the model, but 
also its broader ability to provide useful metrices such 
as ‘equivalent distance’. Even so, given the differences 
in the CS and D′ parameters derived from each test, it 
is unclear at this stage which version of the test would 
yield more optimal training results during a sport-specific 
intervention. The fatigue inducing mechanisms for shut-
tle running appear to be related more to neuromuscular 
factors rather than the physiological loading revealed in 
the present study. The choice of which test to implement 
for field-sport athletes should, therefore, be centered on 
test-specificity; the linear AOT may be more suited for the 
assessment of physiological loading, whereas the shuttle 
AOTs, specifically the 50 m AOT, may be better suited 
for the assessment of neuromuscular adaptation. More 
research in this field is, therefore, merited.
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