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Abstract
Purpose  The purpose of the present study was to determine whether a contiguous ramp and all-out exercise test could accu-
rately determine critical power (CP) in a single laboratory visit during both upright and supine cycle exercise.
Methods  Healthy males completed maximal ramp-incremental exercise on a cycle ergometer in the upright (n = 15) and 
supine positions (n = 8), with task failure immediately followed by a 3-min all-out phase for determination of end-test power 
(EP). On separate days, participants undertook four constant-power tests in either the upright or supine positions with the 
limit of tolerance ranging from ~ 2 to 15 min for determination of CP.
Results  During upright exercise, EP was highly correlated with (R2 = 0.93, P < 0.001) and not different from CP 
(CP = 221 ± 40 W vs. EP = 226 ± 46 W, P = 0.085, 95% limits of agreement − 30, 19 W). During supine exercise, EP was 
also highly correlated with (R2 = 0.94, P < 0.001) and not different from CP (CP = 140 ± 42 W vs. EP = 136 ± 40 W, P = 0.293, 
95% limits of agreement − 16, 24 W).
Conclusion  The present data suggest that EP derived from a contiguous ramp all-out exercise test is not different from 
the gold-standard method of CP determination during both upright and supine cycle exercise when assessed at the group 
level. However, the wide limits of agreement observed within the present study suggest that EP and CP should not be used 
interchangeably.
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Abbreviations
%Δ	� Percentage difference between gas exchange 

threshold and maximal oxygen uptake
ANOVA	� Analysis of variance
CP	� Critical power
CV	� Coefficient of variation
EP	� End-test power
GET	� Gas exchange threshold
LoA	� Limits of agreement
P	� Power
SD	� Standard deviation
SEE	� Standard error of the estimate

T	� Time
V̇O2	� Pulmonary oxygen uptake
V̇O2max	� Maximal oxygen uptake
W	� Work
W′	� Work capacity available above critical power
WEP	� Work performed above end-test power

Introduction

The relationship between power and time to task failure 
during cycle exercise over durations spanning ~ 2–30 min is 
well-described by a hyperbolic function (Poole et al. 2016). 
This power–time relationship is defined by two parameters: 
critical power (CP); representing the power asymptote of the 
hyperbola, and W′; the curvature constant of the hyperbola 
representing a finite amount of work that can be performed 
above CP (Fukuba et al. 2003). CP represents an important 
parameter of aerobic function (Poole et al. 1988); separating 
exercise intensities where a steady state is attainable for pul-
monary oxygen uptake ( V̇O2) and muscle metabolites (i.e. 
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“heavy” intensity domain) from intensities where a steady 
state is unattainable (i.e. “severe” intensity domain) (Poole 
et al. 1988; Jones et al. 2008). During sustained exercise 
above CP, therefore, pulmonary V̇O2 is driven towards its 
maximal value ( V̇O2 max) (Poole et al. 1988), intramuscu-
lar phosphocreatine projects towards a nadir (Jones et al. 
2008), and exercise tolerance is predictably limited (Poole 
et al. 2016).

CP and W′ are both sensitive to exercise training (Gaesser 
and Wilson 1988; Poole et al. 1990; Jenkins and Quigley 
1992; Vanhatalo et al. 2008a) and offer an accurate predic-
tion of endurance performance within the task duration 
range of ~ 2–30 min, underscoring the importance of these 
parameters as determinants of endurance performance. 
Moreover, elite male runners typically sustain 96% of their 
critical speed (analogous to CP) over the course of a mara-
thon (Jones and Vanhatalo 2017), and critical speed is pre-
dictive of marathon performance across a range of abilities 
(Smyth and Muniz-Pumares 2020). CP and W′ therefore 
provide invaluable information to endurance performance 
athletes, coaches and practitioners regarding the physiologi-
cal and mechanical performance capabilities of an athlete, as 
well as the efficacy of a given training intervention or ergo-
genic aid. However, the conventional approach for establish-
ment of CP and W′ requires undertaking 3–5 constant load 
prediction trials to the limit of tolerance, ideally on separate 
days, such that confident estimates of the parameters may be 
obtained (Muniz-Pumares et al. 2018). Precise determina-
tion of CP is therefore both time- and labour-intensive for 
researchers and practitioners alike.

The power–duration relationship predicts that when W′ 
has been fully depleted (i.e. at task failure), the highest 
power output that can be sustained is CP (Coats et al. 2003; 
Chidnok et al. 2013). Hence, Vanhatalo et al. (2007) dem-
onstrated that during the final 30 s of an all-out 3-min bout 
of cycle exercise, power output plateaued to a work rate that 
was not different from, and highly correlated with, CP (i.e. 
end-test power; EP). More recently, Murgatroyd et al. (2014) 
demonstrated that CP could be accurately and reliably deter-
mined from the EP attained during a single exercise test, 
incorporating a 3-min all-out bout of exercise performed 
immediately following task failure during a maximal ramp-
incremental exercise test, whereas W′ was underestimated 
by the work above EP (WEP). This approach represents 
a significant advance over 1- (Clark et al. 2013) or 2-day 
(Vanhatalo et al. 2007; Bergstrom et al. 2012) testing pro-
cedures, because additional parameters of aerobic function 
(i.e., the gas exchange threshold, GET; mean response time 
of V̇O2 kinetics; V̇O2max) and thus the boundaries between 
moderate, heavy, and severe exercise intensity domains can 
be determined in a single visit. However, the validity of this 
test has not been confirmed by more than one study (Murga-
troyd et al. 2014), nor have the robustness of its underlying 

principles been tested using alternative exercise modes. For 
instance, if EP from the contiguous ramp all-out test can 
be demonstrated to provide a valid estimate of CP and W′ 
in an alternative mode of exercise (e.g. supine exercise), 
this would provide further evidence of the robustness of the 
underlying principles of this approach for the determina-
tion of CP. Such an approach would considerably reduce 
the burden associated with determination of the power-time 
parameters for sports and exercise practitioners.

The aim of this study was therefore to determine whether 
the contiguous ramp and all-out exercise test provides a valid 
estimate of CP during both upright and supine cycle exer-
cise. It was hypothesised that (1) the EP derived from the 
ramp all-out exercise test would not be different from and 
highly correlated with CP during both upright and supine 
exercise, and consistent with previous research, (2) WEP 
derived from the ramp all-out exercise test would be differ-
ent from W′.

Methods

The data presented in the present study comprise retrospec-
tive analysis of data from five previous reports (Goulding 
et al. 2017, 2018a, b, 2019a, b). A total of 26 participants 
completed the upright exercise experiments (Goulding 
et al. 2017, 2018a, 2019b) and a total of 16 participants 
completed the supine exercise experiments (Goulding et al. 
2018b, 2019a). However, several participants completed 
more than one of the original experiments, therefore in these 
instances only the data from the first experiment that the par-
ticipant took part in was used for further analysis. Thus, 19 
[mean ± standard deviation (SD); age: 28 ± 8 years; height: 
181 ± 7 cm; body mass: 78 ± 9 kg] and 12 [age: 24 ± 5 years; 
height: 179 ± 9 cm; body mass: 79 ± 8 kg] healthy, recrea-
tionally active males took part in the upright and supine 
portions of the study, respectively, with 2 participants com-
pleting both upright and supine arms of the study. All par-
ticipants provided written informed consent and all experi-
ments received ethical approval from the Liverpool Hope 
University Research Ethics Committee. Participants were 
asked to avoid alcohol and strenuous exercise 24 h prior to 
each visit, not to consume caffeine 3 h prior to each visit, 
and to arrive 3 h postprandial. Tests were separated by at 
least 24 h, with each test performed at the same time of day 
(± 2 h).

Equipment and measurements

All upright exercise tests were performed on an electroni-
cally braked cycle ergometer (Lode Excalibur Sport, Gron-
ingen, The Netherlands). Saddle height/angle and handlebar 
height/angle were recorded at the first test and replicated 
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during each subsequent test. All supine exercise tests were 
performed with an electronically braked ergometric unit 
(Lode Angio, Groningen, The Netherlands) whilst lying 
flat on an Echo Cardiac Stress Table (Lode, Groningen, The 
Netherlands). Handrails were available for participants to 
grip throughout the tests to minimize backwards movement 
when forces were applied to the pedals, and an adjustable 
shoulder pad was positioned above the participant’s shoul-
ders also to prevent backward movements. The partici-
pant’s feet were strapped securely to the pedals. The posi-
tion between the shoulder pad and the distance between the 
hip and the crank were recorded and replicated during each 
visit. Both ergometers utilised in the present study featured 
cadence-dependent and cadence-independent power output 
controls, which was adjusted according to trial type (out-
lined below). Throughout all tests, pulmonary gas exchange 
and ventilation were measured breath-by-breath, with par-
ticipants using a metabolic cart (Blue Cherry; Geratherm 
Respiratory, GmbH, Bad Kissingen, Germany). Participants 
wore a silicone facemask (Hans Rudolph, Kansas City, MO, 
USA) of known dead space attached to a low-dead space 
flow sensor (Geratherm Respiratory, GmbH, Bad Kissingen, 
Germany). Gas analysers were calibrated before each test 
using gases of known concentrations, and the flow sensors 
were calibrated using a 3-L syringe (Hans Rudolph, Kansas 
City, MO, USA).

Exercise protocols

All tests were preceded by 3 min baseline cycling at 30 (for 
the ramp all-out test) or 20 W (for the constant work-rate 
tests). Participants were instructed to cycle between 70 and 
90 rev min−1 (which was recorded and replicated in all sub-
sequent visits). Task failure during the ramp portion of the 
ramp all-out test and the constant work-rate tests was defined 
as the point at which the cadence dropped below 70 (Gould-
ing et al. 2017, 2018a, b) or 50 (Goulding et al. 2019a, b) 
rev min−1. Importantly, end-point cadences were the same 
for each test that a given individual performed to ensure 
consistency across comparisons, as these have been demon-
strated to affect CP and W′ (Green et al. 1995; Barker et al. 
2006). Participants were given strong verbal encouragement 
throughout all tests.

Ramp all‑out test

Following an initial 3-min 30 W baseline period, power 
output increased linearly at a rate of 30 W min−1 (upright 
experiments) or 25 W min−1 (supine experiments) until 
task failure. These ramp rates were selected to elicit task 
failure in 8–12 min (Buchfuhrer et al. 1983). V̇  O2 peak 
was taken as the highest 30 s value attained during the test 
and the GET was determined visually using established 

criteria (Beaver et al. 1986; Goulding et al. 2017, 2018a, 
b) after the test to enable estimation of appropriate work 
rates for the CP prediction trials. Following task failure, 
the cycle ergometer was immediately switched to its 
cadence-dependent (linear) mode, where the programmed 
linear factor determines flywheel braking resistance from 
work rate/cadence2. Hence, work-rate varies as a function 
of cadence (i.e. work-rate = linear factor × cadence2). Par-
ticipants then immediately undertook an all-out effort for 
3 min, as this duration has demonstrated to reliably result 
in a plateau in power output during the final 30 s (Burnley 
et al. 2006; Vanhatalo et al. 2007; Murgatroyd et al. 2014). 
Strong verbal encouragement was provided throughout the 
duration of the test to ensure that participants maintained 
their cadence as high as possible throughout the test. To 
prevent pacing, participants were not informed of elapsed 
time and cadence was obscured from vision at the onset 
of the all-out phase. CP is sensitive to variations in pedal 
cadence (Barker et al. 2006), however, in the ramp all-
out test, flywheel resistance must be fixed before the test 
without prior knowledge of CP. It has previously been 
demonstrated that in 60 healthy young participants, CP 
was approximated by 3 × body mass (van der Vaart et al. 
2014). Therefore, CP was estimated according to this rela-
tionship with the linear factor set such that at a cadence 
of 80 rev min−1, the estimated CP would be attained. CP 
is reduced during supine exercise (Goulding et al. 2017, 
2018b, 2019a); therefore, for all supine tests, the estimated 
CP was taken as 2.5 times body mass. Power output during 
the all-out phase of the ramp all-out test was averaged into 
30 s epochs to allow determination of the duration required 
to provide a stable EP. The power-time integral above EP 
during both the all-out and ramp phases (i.e. work done 
above end-test power; WEP) was determined to provide 
an estimate of W′.

Constant work‑rate tests

In each of the following four visits on separate days, a severe-
intensity constant work-rate exercise test was undertaken to 
task failure to allow the determination of the power–dura-
tion relationship, each at different work rates. These work 
rates were estimated to be in the range of 50%Δ (i.e. 50% of 
the difference between GET and V̇O2max)—110% V̇O2 max, 
such that exercise durations ranged from 2 to 15 min for each 
subject (Poole et al. 2016). If exercise duration for a particu-
lar test fell outside this range, the work-rate was modified 
and the test repeated on a subsequent day. Work-rates were 
presented in random order. Following a 3-min 20 W baseline 
period, a step increase in work-rate was abruptly applied to 
the desired severe-intensity, and participants exercised until 
task failure was reached.
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Data analyses

CP and W′ were determined by inputting power output (P), 
time to task failure (T) and work done (W) measured during 
the constant work-rate trials into three models: the hyper-
bolic power-time (Eq. 2), linear work-time (Eq. 3), and linear 
1/T models (4):

The standard errors of the estimates (SEE) associated 
with CP and W′ were expressed as a coefficient of variation 
(CV) relative to the parameter estimate. Best individual fit 
parameter estimates were obtained for each participant by 
selecting the model producing the lowest summed CV for 
both parameters.

Statistical analysis

All data were analysed using SPSS Statistical Software 
(IBM SPSS Inc., Chicago, IL). One-way repeated meas-
ures ANOVA was used to determine differences in the 30 s 
epochs of V̇O2 and power during the all-out phase. Planned 
repeated contrasts were used to locate significant differences. 
Paired samples t tests were employed to compare CP with 
EP and W′ with WEP. Agreement between these parameters 
was assessed using Pearson’s correlation coefficient and 
Bland–Altman mean bias ± 95% limits of agreement (LoA). 
The coefficient of variation (CV; mean of both scores/stand-
ard deviation of both scores × 100) was also calculated to 
provide further information on agreement between these 
variables. 5% error for estimation of CP and 10% error asso-
ciated with estimation of W′ was set as the a priori thresh-
old for accurate determination of these parameters, in line 
with current recommendations (Jones et al. 2019). Data are 
presented as mean ± SD unless otherwise stated; statistical 
significance was accepted at P < 0.05.

Results

Upright exercise

V̇O2 during the all-out phase fell below 95% of V̇O2 peak 
determined during the ramp phase in 4 participants, indi-
cating a submaximal effort, therefore data are presented for 
the remaining 15 participants. In the remaining participants, 
V̇O2 peak during the ramp phase (3.84 ± 0.69 L min−1) did 
not differ from the average V̇ O2 measured across the all-out 

(1)P = W
�∕T + CP,

(2)W = CP × T +W
�
,

(3)P = W
� × (1∕T) + CP.

phase (mean: 3.80 ± 0.68 L min−1; P = 0.24) or the V̇O2 peak 
from the constant work-rate trials (mean: 3.73 ± 0.71 L min−1; 
P = 0.339, Fig. 1). During the all-out phase, some participants 
demonstrated a decline in power with time (negative pacing 
strategy, n = 10, Fig. 1, P = 0.004), whereas the remaining 
participants demonstrated a lower power in the initial 30 s 
(P = 0.003) followed by a stable power from 30 to 180 s (even 
pacing strategy, n = 5, Fig. 1, P > 0.05). EP was therefore cal-
culated as the average power over the final 30 s for negatively 
paced trials and the average power from 30 to 180 s for the 
evenly paced trials. EP and WEP averaged 226 ± 46 W and 
14.0 ± 4.5 kJ, respectively; CP and W′ averaged 221 ± 40 W 
(SEE: 7 ± 2 W) and 16.6 ± 5.4 kJ (SEE: 2.3 ± 1.2 kJ), respec-
tively. CP was highly correlated with (R2 = 0.93, P < 0.001) 
(Fig. 2A), and not different from EP (P = 0.085, mean bias 
6 W), with a CV between measures of 3 ± 2%. The LoA 
between the two parameters were − 30, 19 W (Fig. 2B), equiv-
alent to -14, 9% of CP. WEP was lower than W′ (P = 0.034, 
mean bias 2.6 kJ), with a typical error of 3.0 kJ and a CV 
between measures of 18 ± 14%. The 95% LoA between the 
two measures was -5.8, 11.0 kJ, equivalent to − 35.1, 66.4% 
of W′ (Fig. 3).

Supine exercise

V̇O2 during the all-out phase fell below 95% of V̇O2 peak 
determined during the ramp phase in 4 participants, therefore 
data are presented hereafter for the remaining 8 participants. 
In the remaining participants, V̇  O2 peak during the ramp 
phase (2.66 ± 0.48 L.min−1) did not differ from the average 
V̇O2 measured across the all-out phase (mean: 2.71 ± 0.54 
L min−1; P = 0.43) or the V̇O2 peak from the constant work-
rate trials (mean: 2.79 ± 0.58 L min−1; P = 0.18, Fig. 1). All 
participants in the supine group produced a negative pacing 
profile, therefore EP was taken as the average power over the 
final 30 s of the all-out phase (Fig. 1). EP and WEP aver-
aged 136 ± 40 W and 14.8 ± 6.0 kJ, respectively; CP and W′ 
averaged 140 ± 42 W (SEE: 4 ± 1 W) and 10.6 ± 3.3 kJ (SEE: 
1.2 ± 0.7 kJ), respectively. CP was highly correlated with 
(R2 = 0.94, P < 0.001) and not different from EP (P = 0.293, 
mean bias 4 W), with a CV between measures of 4 ± 3% 
(Fig. 4A). The 95% LoA between the two measures was -16, 
24 W (Fig. 4B), equivalent to − 11, 17% of CP. WEP was 
greater than W′ (P = 0.031, mean bias − 4.6 kJ), with a CV 
between measures of 29 ± 14% (Fig. 3). The 95% LoA between 
the two measures was − 12.9, 4.4 kJ, equivalent to − 120.7, 
41.8% of W′.



2725European Journal of Applied Physiology (2021) 121:2721–2730	

1 3

Discussion

The present study determined whether a contiguous ramp 
all-out exercise test could determine CP and W′ in a single 

laboratory visit during both upright and supine cycle exer-
cise. The findings of the present study show that CP con-
ventionally estimated from a series of severe-intensity pre-
diction trials was not different from, and highly correlated 
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Fig. 1   Group mean (black circles, with SD displayed as error bars) 
responses of power output (left) and V̇O2 (right) during the ramp 
all-out test for negative pacing in the upright group (A, B), even pac-
ing in the upright group (C, D) and the supine group (negative pac-
ing only; E, F), plotted relative to the start of the 3-min sprint phase. 

Responses were averaged into 30 s epochs to facilitate comparisons. 
Following task failure during the ramp phase, the ergometer was 
switched from its cadence-independent mode to its cadence-depend-
ent mode and participants performed a 3 min all-out exercise bout. * 
indicates significantly different from previous 30 s (P < 0.05)
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with the EP from the contiguous ramp all-out exercise test 
during both modes of exercise, suggesting that the ramp all-
out test may be used to determine CP in a single visit. How-
ever, WEP was significantly different from W′ during both 
modes of exercise. This suggests that the ramp all-out exer-
cise test is not appropriate for characterising W′, and thus, 
for instance, predicting endurance performance of 2–20 min 
duration. Furthermore, the wide 95% LoA (i.e. − 14, 9% of 
CP for upright, and − 11, 17% of CP for supine exercise) 
between CP and EP suggests that the two parameters should 
not be used interchangeably.

Murgatroyd et  al. (2014) designed and validated the 
contiguous ramp all-out test utilised in the present study to 
enable the precise characterisation of the power–duration 
relationship in a single test. These authors demonstrated 
close agreement with CP determined via gold-standard 
procedures: EP and CP were not significantly different, and 
the 95% LoA between the two measures were ± 6% of CP. 

During exercise 10 W below EP in validation trials, all par-
ticipants were able to complete 30 min of cycling and V̇
O2 attained a delayed steady state, whereas during exercise 
10 W above EP, participants attained V̇O2 max and task 
failure occurred within ~ 19 min (Murgatroyd et al. 2014). 
The purpose of the present study was therefore to inde-
pendently validate these findings by determining whether 
EP could provide similarly precise estimates of CP during 
both upright and supine cycling. Our results are somewhat 
in agreement with those of Murgatroyd et al. (2014). Spe-
cifically, we found no difference between EP derived from 
the ramp all-out test and CP determined via gold-standard 
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procedures in both body positions, and these parameters 
were highly correlated in both groups. Furthermore, the 
CV between EP and CP was less than the minimal level of 
error with which the gold-standard procedures used to deter-
mine CP are typically associated with in both body posi-
tions, i.e. 5% (Hill 1993; Mattioni Maturana et al. 2017). 
These findings therefore indicate a high level of agreement 
between EP and CP and suggest that the ramp all-out test 
is a valid tool to determine CP in a single laboratory visit. 
However, the 95% LoA between CP and EP were some-
what wide in both body positions (upright: − 30, 19 W or 
− 3 ± 11% of CP, supine: − 16, 24 W or 3 ± 15% of CP), a 
finding inconsistent with those of Murgatroyd et al. (2014). 
In this group of participants, therefore, it can be said that 
for any given individual there was a 95% probability that 
the difference between EP and CP would be between − 14% 
and + 9% (or − 12% and + 18% for supine exercise) of the 
mean of both measurements (Atkinson and Nevill 1998). 
This degree of error is somewhat larger than that typically 

deemed acceptable for estimation of CP with gold-standard 
modelling procedures (i.e. 5%, Hill 1993; Mattioni Maturana 
et al. 2017; Muniz-Pumares et al. 2018), therefore these find-
ing suggest that CP and EP should not be used interchange-
ably. Vanhatalo et al. (2008a) previously demonstrated that 
a 4-week exercise training intervention resulted in a 25 W 
or 10% increase in CP. As the 95% LoA between EP and CP 
overlaps this change in both body positions in the present 
study, our data suggest that the ramp all-out test-determined 
EP is not sufficiently sensitive to monitor training-induced 
changes in CP. Moreover, 4/19 and 4/16 participants in the 
upright and supine positions were unable to maintain their 
V̇O2 above 95% of their V̇O2 peak during the all-out phase. 
This observation highlights the fact that, due to the difficulty 
of the ramp all-out test, participants must be highly moti-
vated to complete it. However, given appropriate motivation, 
if the goal is to prescribe exercise within the heavy or severe 
domains, this may now be achieved in one test compared to 
the previously typical five (i.e. one incremental ramp test 
and four constant work-rate prediction trials), provided the 
tests are not in extremely close proximity to EP (i.e. not 
within ± 9–18% EP). The reason for the discrepancy regard-
ing the 95% LoA between the present study and (Murgatroyd 
et al. 2014) is presently unclear, however, as no other study 
has examined the validity of the ramp all-out test.

WEP systematically underestimated W′ during upright 
exercise, whereas WEP was greater than W′ during supine 
exercise. The physiological determinants of W′ are still not 
well understood (Poole et al. 2016), therefore the reasons 
for these discrepancies are not currently clear. However, 
Murgatroyd et al. (2014) also found that WEP during the 
all-out phase of the ramp all-out test was lower than W′, 
and the WEP during the standalone 3 min all-out test is 
typically lower than W′ (Vanhatalo et al. 2007). Moreover, 
CP and W′ derived from constant work-rate prediction tri-
als have been shown to overestimate ramp exercise per-
formance (Black et al. 2016), suggesting that W′ may be 
reduced during ramp exercise. A reduction in W′ in ramp 
and/or all-out exercise versus constant work-rate exercise 
could therefore potentially account for the underestimation 
of W′ by WEP in the upright group in the present study. 
The reasons for the overestimation of W′ by WEP in the 
supine position are less clear, but may simply be related 
to random error, given the 95% LoA between the two 
measurements was equivalent to 81.25% of W′. Irrespec-
tive of the reason for the overestimation of W′ by WEP in 
the supine position, a major attraction of the power–time 
relationship is that once CP and W′ are known, it becomes 
possible to predict endurance exercise performance with 
high precision for exercise durations spanning 2–30 min. 
However, the inability of WEP to provide accurate esti-
mates of W′ in the present study limits the use of this test 
to predict endurance performance.
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Limitations

One potential source of error that may have contributed 
to the wide 95% LoA in the present study is the fact that 
the linear factor must be set a priori before knowledge of 
a participant’s GET (Bergstrom et al. 2012; Clark et al. 
2013). This is crucial because CP is sensitive to manipula-
tions in cadence during variable power exercise (Vanhatalo 
et al. 2008b). The chosen linear factor must therefore be 
selected such that the cadence produced at the end of the 
all-out phase (i.e., when riding close to EP) elicits a power 
output that is close to the as yet unknown CP. In the pre-
sent study, we utilized the same procedures as Murgatroyd 
et al. (2014), wherein the linear factor was set according 
to the previously determined relationship between CP and 
body mass (van der Vaart et al. 2014). In this study, CP 
approximated three times body mass in a cohort of 60 
healthy active men; however, the relationship was inher-
ently variable (R2 = 0.32). Variability in CP related to 
other factors, such as training status, is thus not consid-
ered in this estimation, and this likely translates to error in 
determination of CP from EP using the ramp all-out test. 
However, whilst these considerations likely explain a sig-
nificant proportion of the error inherent in estimating CP 
from the ramp all-out test, our procedures were the same 
as those of Murgatroyd et al. (2014) and thus the reasons 
for the discrepancies between the data presented in that 
study and herein remain unclear. The protocol presented 
by (Constantini et al. 2014) would be a useful method to 
mitigate this concern, as these authors utilized a ramp and 
all-out exercise test separated by 20 min to determine CP 
and W′. This would allow time for estimation of the GET 
and thus selection of the appropriate linear factor for the 
all-out test. Future work in this area should validate this 
protocol to determine whether or not reliable and valid 
estimates of CP and W′ can be obtained.

Implications

CP and W′ are highly relevant for athletic performance as 
they conflate to determine the tolerable duration of exer-
cise over the range of 2–30 min. CP and W′ can thus be 
used to prescribe training intensity, monitor the distribu-
tion of training intensity, predict competition performance, 
and monitor the performance of athletes over time. The 
ramp all-out test proposed by Murgatroyd et al. (2014), 
thus represents an attractive alternative to the previously 
typical 3–5 constant work-rate trials needed to precisely 
determine the power-time relationship. However, this is 
the first study to attempt to independently validate the 

ramp all-out test. The data presented herein suggest that 
the ramp all-out test may be used to prescribe heavy- or 
severe-intensity exercise for training or testing purposes, 
provided the intensities selected differ from EP by an 
appreciable margin (e.g. ± 9–18% EP using the data of 
the present study). For instance, it is common practice 
to prescribe heavy-intensity exercise as 40% of the dif-
ference between V̇O2 max and the GET. However, this 
method does not take into account inter-individual vari-
ation CP and is thus liable to error. Using the ramp all-
out test, greater confidence that a prescribed intensity is 
definitively heavy could be achieved by prescribing a work 
rate that is 50% of the difference between the GET and EP, 
for example. However, the wide LoA between CP and EP, 
along with the inability of WEP to predict W′, suggests 
that the test should not be used for performance prediction 
and/or athlete monitoring over time due to the unaccept-
ably large error involved in estimation of the power–time 
relationship from the ramp all-out test. It is therefore rec-
ommended that traditional constant work-rate prediction 
trials are used in favour of the ramp all-out test in applied 
and practical settings for these purposes. Future research 
should test the robustness of these findings in various pop-
ulations, e.g. athletes and patient populations.

Conclusion

This study demonstrates that EP derived from a single, 
contiguous ramp all-out test was not different from and 
highly correlated with CP in both supine and upright exer-
cise positions. Despite this, the 95% LoA between the two 
parameters was large, suggesting that EP derived from the 
ramp all-out test does not provide precise estimates of CP 
at the individual level. Moreover, WEP could not be used 
to estimate W′, limiting the practical utility of the ramp 
all-out test.

Acknowledgements  The authors would like to thank all participants 
for their efforts in this study. The authors would also like to extend 
thanks to Dr. Marc Wells for his assistance during data collection and 
insightful discussions regarding data interpretation.

Author contributions  RPG and SM were responsible for the design 
and conception of the work. RPG was responsible for data acquisition 
and analysis, whereas all authors were responsible for interpretation 
of the data. RPG drafted the work and all authors revised it critically 
for important intellectual content, approved the final version to be pub-
lished, and agree to be accountable for all aspects of the work.

Funding  RPG was funded by The Japan Society for the Promotion 
of Science, the Ministry of Education, Science, and Culture of Japan 
(JSPS Postdoctoral Fellowships for Research in Japan) and the Euro-
pean Federation for the Study of Diabetes (EFSD Boehringer Ingelheim 
European Research Programme) during the completion of this work.



2729European Journal of Applied Physiology (2021) 121:2721–2730	

1 3

Availability of data and material  Data are available upon request from 
the authors.

Code availability  Not applicable.

Declarations 

Conflict of interest  The authors declare that there is no conflict of in-
terest associated with this manuscript.

Consent to participate  Informed consent was obtained from all indi-
vidual participants included in the study.

Consent to publish  The authors affirm that all human research partici-
pants involved in this study provided informed consent for publication 
of the data contained herein.

Open Access  This article is licensed under a Creative Commons Attri-
bution 4.0 International License, which permits use, sharing, adapta-
tion, distribution and reproduction in any medium or format, as long 
as you give appropriate credit to the original author(s) and the source, 
provide a link to the Creative Commons licence, and indicate if changes 
were made. The images or other third party material in this article are 
included in the article’s Creative Commons licence, unless indicated 
otherwise in a credit line to the material. If material is not included in 
the article’s Creative Commons licence and your intended use is not 
permitted by statutory regulation or exceeds the permitted use, you will 
need to obtain permission directly from the copyright holder. To view a 
copy of this licence, visit http://​creat​iveco​mmons.​org/​licen​ses/​by/4.​0/.

References

Atkinson G, Nevill AM (1998) Statistical methods for assessing meas-
urement error (reliability) in variables relevant to sports medicine. 
Sports Med 26:217–238. https://​doi.​org/​10.​2165/​00007​256-​19982​
6040-​00002

Barker T, Poole DC, Noble ML, Barstow TJ (2006) Human critical 
power–oxygen uptake relationship at different pedalling frequen-
cies. Exp Physiol 91:621–632. https://​doi.​org/​10.​1113/​expph​ysiol.​
2005.​032789

Beaver WL, Wasserman K, Whipp BJ (1986) A new method for 
detecting anaerobic threshold by gas exchange. J Appl Physiol 
60:2020–2027

Bergstrom HC, Housh TJ, Zuniga JM et al (2012) A new single work 
bout test to estimate critical power and anaerobic work capacity. 
J Strength Cond Res 26:656–663. https://​doi.​org/​10.​1519/​JSC.​
0b013​e3182​2b7304

Black MI, Jones AM, Kelly JA et al (2016) The constant work rate 
critical power protocol overestimates ramp incremental exercise 
performance. Eur J Appl Physiol 116:2415–2422. https://​doi.​org/​
10.​1007/​s00421-​016-​3491-y

Buchfuhrer MJ, Hansen JE, Robinson TE et al (1983) Optimizing the 
exercise protocol for cardiopulmonary assessment. J Appl Physiol 
Respir Environ Exerc Physiol 55:1558–1564. https://​doi.​org/​10.​
1152/​jappl.​1983.​55.5.​1558

Burnley M, Doust JH, Vanhatalo A (2006) A 3-min all-out test to 
determine peak oxygen uptake and the maximal steady state. Med 
Sci Sports Exerc 38:1995–2003. https://​doi.​org/​10.​1249/​01.​mss.​
00002​32024.​06114.​a6

Chidnok W, DiMenna FJ, Fulford J et al (2013) Muscle metabolic 
responses during high-intensity intermittent exercise measured by 

31P-MRS: relationship to the critical power concept. Am J Physiol 
Regul Integr Comp Physiol 305:R1085–R1092. https://​doi.​org/​10.​
1152/​ajpre​gu.​00406.​2013

Clark IE, Murray SR, Pettitt RW (2013) Alternative procedures for the 
three-minute all-out exercise test. J Strength Cond Res 27:2104–
2112. https://​doi.​org/​10.​1519/​JSC.​0b013​e3182​785041

Coats EM, Rossiter HB, Day JR et al (2003) Intensity-dependent toler-
ance to exercise after attaining V̇O2 max in humans . J Appl Physiol 
95:483–490. https://​doi.​org/​10.​1152/​jappl​physi​ol.​01142.​2002

Constantini K, Sabapathy S, Cross TJ (2014) A single-session testing 
protocol to determine critical power and W′. Eur J Appl Physiol 
114:1153–1161. https://​doi.​org/​10.​1007/​s00421-​014-​2827-8

Fukuba Y, Miura A, Endo M et al (2003) The curvature constant 
parameter of the power-duration curve for varied-power exer-
cise. Med Sci Sports Exerc 35:1413–1418. https://​doi.​org/​10.​
1249/​01.​MSS.​00000​79047.​84364.​70

Gaesser GA, Wilson LA (1988) Effects of continuous and interval 
training on the parameters of the power-endurance time relation-
ship for high-intensity exercise. Int J Sports Med 9:417–421. 
https://​doi.​org/​10.​1055/s-​2007-​10250​43

Goulding RP, Roche DM, Marwood S (2017) Prior exercise speeds 
pulmonary oxygen uptake kinetics and increases critical power 
during supine but not upright cycling. Exp Physiol 102:1158–
1176. https://​doi.​org/​10.​1113/​EP086​304

Goulding RP, Roche DM, Marwood S (2018a) Elevated base-
line work rate slows pulmonary oxygen uptake kinetics and 
decreases critical power during upright cycle exercise. Physiol 
Rep 6(14):e13802. https://​doi.​org/​10.​14814/​phy2.​13802

Goulding RP, Roche DM, Marwood S (2018b) “Work-to-Work” exer-
cise slows pulmonary oxygen uptake kinetics, decreases critical 
power, and increases W′ during supine cycling. Physiol Rep 
6:e13916. https://​doi.​org/​10.​14814/​phy2.​13916

Goulding RP, Roche DM, Marwood S (2019a) Hyperoxia speeds 
pulmonary oxygen uptake kinetics and increases critical power 
during supine cycling. Exp Physiol 104(7):1061–1073. https://​
doi.​org/​10.​1113/​EP087​599

Goulding RP, Roche DM, Marwood S (2019b) Effect of hyperoxia on 
critical power and V̇O2 kinetics during upright cycling. Med Sci 
Sports Exerc 52(5):1041–1049. https://​doi.​org/​10.​1249/​MSS.​
00000​00000​002234

Green S, Bishop D, Jenkins D (1995) Effect of end-point cadence on 
the maximal work-time relationship. Eur J Appl Physiol Occup 
Physiol 71:559–561

Hill DW (1993) The critical power concept. Sports Med 16:237–254. 
https://​doi.​org/​10.​2165/​00007​256-​19931​6040-​00003

Jenkins DG, Quigley BM (1992) Endurance training enhances criti-
cal power. Med Sci Sports Exerc 24:1283–1289

Jones AM, Vanhatalo A (2017) The ‘Critical Power’ concept: appli-
cations to sports performance with a focus on intermittent 
high-intensity exercise. Sports Med 47:65–78. https://​doi.​org/​
10.​1007/​s40279-​017-​0688-0

Jones AM, Wilkerson DP, DiMenna F et al (2008) Muscle meta-
bolic responses to exercise above and below the “critical power” 
assessed using 31P-MRS. Am J Physiol Regul Integr Comp 
Physiol 294:R585-593. https://​doi.​org/​10.​1152/​ajpre​gu.​00731.​
2007

Jones AM, Burnley M, Black MI et al (2019) The maximal meta-
bolic steady state: redefining the “gold standard.” Physiol Rep 
7:e14098. https://​doi.​org/​10.​14814/​phy2.​14098

Mattioni Maturana F, Fontana FY, Pogliaghi S et al (2017) Critical 
power: how different protocols and models affect its determina-
tion. J Sci Med Sport 21(7):742–747. https://​doi.​org/​10.​1016/j.​
jsams.​2017.​11.​015

Muniz-Pumares D, Karsten B, Triska C, Glaister M (2018) Meth-
odological approaches and related challenges associated with 

http://creativecommons.org/licenses/by/4.0/
https://doi.org/10.2165/00007256-199826040-00002
https://doi.org/10.2165/00007256-199826040-00002
https://doi.org/10.1113/expphysiol.2005.032789
https://doi.org/10.1113/expphysiol.2005.032789
https://doi.org/10.1519/JSC.0b013e31822b7304
https://doi.org/10.1519/JSC.0b013e31822b7304
https://doi.org/10.1007/s00421-016-3491-y
https://doi.org/10.1007/s00421-016-3491-y
https://doi.org/10.1152/jappl.1983.55.5.1558
https://doi.org/10.1152/jappl.1983.55.5.1558
https://doi.org/10.1249/01.mss.0000232024.06114.a6
https://doi.org/10.1249/01.mss.0000232024.06114.a6
https://doi.org/10.1152/ajpregu.00406.2013
https://doi.org/10.1152/ajpregu.00406.2013
https://doi.org/10.1519/JSC.0b013e3182785041
https://doi.org/10.1152/japplphysiol.01142.2002
https://doi.org/10.1007/s00421-014-2827-8
https://doi.org/10.1249/01.MSS.0000079047.84364.70
https://doi.org/10.1249/01.MSS.0000079047.84364.70
https://doi.org/10.1055/s-2007-1025043
https://doi.org/10.1113/EP086304
https://doi.org/10.14814/phy2.13802
https://doi.org/10.14814/phy2.13916
https://doi.org/10.1113/EP087599
https://doi.org/10.1113/EP087599
https://doi.org/10.1249/MSS.0000000000002234
https://doi.org/10.1249/MSS.0000000000002234
https://doi.org/10.2165/00007256-199316040-00003
https://doi.org/10.1007/s40279-017-0688-0
https://doi.org/10.1007/s40279-017-0688-0
https://doi.org/10.1152/ajpregu.00731.2007
https://doi.org/10.1152/ajpregu.00731.2007
https://doi.org/10.14814/phy2.14098
https://doi.org/10.1016/j.jsams.2017.11.015
https://doi.org/10.1016/j.jsams.2017.11.015


2730	 European Journal of Applied Physiology (2021) 121:2721–2730

1 3

the determination of critical power and W′. J Strength Cond Res 
33(2):584–596. https://​doi.​org/​10.​1519/​JSC.​00000​00000​002977

Murgatroyd SR, Wylde LA, Cannon DT et al (2014) A “ramp-sprint” 
protocol to characterise indices of aerobic function and exercise 
intensity domains in a single laboratory test. Eur J Appl Physiol 
114:1863–1874. https://​doi.​org/​10.​1007/​s00421-​014-​2908-8

Poole DC, Ward SA, Gardner GW, Whipp BJ (1988) Metabolic and 
respiratory profile of the upper limit for prolonged exercise in 
man. Ergonomics 31:1265–1279. https://​doi.​org/​10.​1080/​00140​
13880​89667​66

Poole DC, Ward SA, Whipp BJ (1990) The effects of training on the 
metabolic and respiratory profile of high-intensity cycle ergometer 
exercise. Eur J Appl Physiol Occup Physiol 59:421–429

Poole DC, Burnley M, Vanhatalo A et al (2016) Critical power: an 
important fatigue threshold in exercise physiology. Med Sci 
Sports Exerc 48:2320–2334. https://​doi.​org/​10.​1249/​MSS.​00000​
00000​000939

Smyth B, Muniz-Pumares D (2020) Calculation of critical speed from 
raw training data in recreational marathon runners. Med Sci 
Sports Exerc 52(12):2637–2645. https://​doi.​org/​10.​1249/​MSS.​
00000​00000​002412

van der Vaart H, Murgatroyd SR, Rossiter HB et al (2014) Selecting 
constant work rates for endurance testing in COPD: the role of the 
power-duration relationship. COPD 11:267–276. https://​doi.​org/​
10.​3109/​15412​555.​2013.​840572

Vanhatalo A, Doust JH, Burnley M (2007) Determination of critical 
power using a 3-min all-out cycling test. Med Sci Sports Exerc 
39:548–555. https://​doi.​org/​10.​1249/​mss.​0b013​e3180​2dd3e6

Vanhatalo A, Doust JH, Burnley M (2008a) A 3-min all-out cycling test 
is sensitive to a change in critical power. Med Sci Sports Exerc 
40:1693–1699. https://​doi.​org/​10.​1249/​MSS.​0b013​e3181​77871a

Vanhatalo A, Doust JH, Burnley M (2008b) Robustness of a 3 min all-
out cycling test to manipulations of power profile and cadence in 
humans. Exp Physiol 93:383–390. https://​doi.​org/​10.​1113/​expph​
ysiol.​2007.​039883

Publisher’s Note  Springer Nature remains neutral with regard to 
jurisdictional claims in published maps and institutional affiliations.

https://doi.org/10.1519/JSC.0000000000002977
https://doi.org/10.1007/s00421-014-2908-8
https://doi.org/10.1080/00140138808966766
https://doi.org/10.1080/00140138808966766
https://doi.org/10.1249/MSS.0000000000000939
https://doi.org/10.1249/MSS.0000000000000939
https://doi.org/10.1249/MSS.0000000000002412
https://doi.org/10.1249/MSS.0000000000002412
https://doi.org/10.3109/15412555.2013.840572
https://doi.org/10.3109/15412555.2013.840572
https://doi.org/10.1249/mss.0b013e31802dd3e6
https://doi.org/10.1249/MSS.0b013e318177871a
https://doi.org/10.1113/expphysiol.2007.039883
https://doi.org/10.1113/expphysiol.2007.039883

	The ramp and all-out exercise test to determine critical power: validity and robustness to manipulations in body position
	Abstract
	Purpose 
	Methods 
	Results 
	Conclusion 

	Introduction
	Methods
	Equipment and measurements
	Exercise protocols
	Ramp all-out test
	Constant work-rate tests
	Data analyses
	Statistical analysis

	Results
	Upright exercise
	Supine exercise

	Discussion
	Limitations
	Implications
	Conclusion
	Acknowledgements 
	References




