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Abstract  20 

Purpose This study aimed to: 1) examine the accuracy with which Wʹ reconstitution (WʹREC) 21 

is estimated by the Wʹ balance (WʹBAL) models following a 3-min all-out test (3MT); 2) 22 

determine the effects of a 3MT on the power-duration relationship, and; 3) assess whether 23 

accounting for changes in the power-duration relationship during exercise improved estimates 24 

of WʹREC. Methods The power-duration relationship and the actual and estimated WʹREC was 25 

determined for 12 datasets extracted from our laboratory database where participants had 26 

completed two 3MT separated by 1-min recovery (i.e., control, C-3MT and fatigued, F-27 

3MT). Results Actual WʹREC (6.3±1.4 kJ) was significantly overestimated by the WʹBAL·ODE 28 

(9.8±1.3 kJ; P<0.001) and the WʹBAL·MORTON (16.9±2.6 kJ; P<0.001) models, but was not 29 

significantly different to the estimate provided by the WʹBAL·INT (7.5±1.5 kJ; P>0.05) model. 30 

End power (EP) was 7% lower in the F-3MT (263 ± 40 W) compared to the C-3MT (282±44 31 

W; P<0.001), and work done above EP (WEP) was 61% lower in the F-3MT (6.3±1.4 kJ) 32 

compared to the C-3MT (16.9±3.2 kJ). The size of the error in the estimated WʹREC was 33 

correlated with the reduction in WEP for the WʹBAL·INT and WʹBAL·ODE models (both r>-0.74, 34 

P<0.01) but not the WʹBAL·MORTON model (r=-0.18, P>0.05). Accounting for the changes in 35 

the power-duration relationship improved the accuracy of the WʹBAL·ODE and WʹBAL·MORTON, 36 

but they remained significantly different to actual WʹREC. Conclusion These findings 37 

demonstrate that the power-duration relationship is altered following a 3MT, and accounting 38 

for these changes improves the accuracy of the WʹBAL·ODE and the WʹBAL·MORTON, but not 39 

WʹBAL·INT models. These results have important implications for the design and use of 40 

mathematical models describing the energetics of exercise performance. 41 
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Introduction 45 

Endurance exercise performance is well described by the parameters of the hyperbolic power-46 

duration relationship, the critical power (CP) and the curvature constant (Wʹ) (1, 2). CP is 47 

considered to be a metabolic or fatigue threshold that separates the “heavy” and “severe” 48 

exercise intensity domains, whilst the Wʹ represents a fixed work capacity above CP which is 49 

intrinsically linked to loss of skeletal muscle efficiency during fatiguing severe-intensity 50 

exercise (3). In the heavy-intensity domain (<CP), intramuscular homeostasis is maintained 51 

and pulmonary oxygen uptake (V̇O2) attains a delayed steady state (4-6). In contrast, in the 52 

severe-intensity domain (>CP), physiological steady states are not achieved, and there is a 53 

concomitant loss of intramuscular homeostasis and rise in V̇O2 until the attainment of a 54 

critical local metabolic environment and maximal O2 uptake (V̇O2max) at the limit of tolerance 55 

(Tlim) which coincides with the complete utilization of Wʹ (3-6). During severe-intensity 56 

exercise (>CP), Tlim is therefore predictable according to the power output above CP and the 57 

Wʹ (1-3). 58 

The power-duration concept has been applied to intermittent exercise (i.e., “work” intervals 59 

>CP separated by “recovery” intervals <CP) using equations that assume linear discharge and 60 

reconstitution kinetics for Wʹ (WʹBAL·MORTON; (7)), or which appreciate the curvilinear 61 

recovery of Wʹ (WʹREC) and use either an integral convolution equation (WʹBAL·INT; (8)) that 62 

implies some WʹREC even when a net Wʹ depletion is observed, or an ordinary differential 63 

equation (WʹBAL·ODE; (9)), that considers mutually exclusive Wʹ depletion and recovery 64 

during exercise above and below CP, respectively. However, the accuracy of these models for 65 

describing Wʹ balance (WʹBAL) and thus predicting exercise performance is equivocal (10-12; 66 

cf. 13-16). Studies that support the application of these models utilized no greater than ~10% 67 

of the total Wʹ during each period of work (10-12), whereas those highlighting inaccuracies 68 

employed protocols which either completely (14, 15) or substantially (~50%) (13, 16) utilized 69 



Wʹ during the first work interval, suggesting that the amount of Wʹ utilized during each work 70 

bout influences its recovery. Furthermore, the rate of Wʹ utilisation may also be an important 71 

factor in the accuracy of the WʹBAL models, with WʹREC reported to be slower following an 8-72 

min compared to a 4-min severe-intensity exercise bout (14). No study has evaluated the 73 

ability of the WʹBAL models to predict WʹREC following exercise which completely utilizes Wʹ 74 

at its fastest possible rate, by employing an ‘all-out’ exercise model. 75 

Further to the potential effects of the work rate and duration of the work interval on WʹREC, 76 

dynamic changes in CP (reduced by ~9%) and Wʹ (reduced by ~20%) have been reported 77 

following 2 h heavy-intensity exercise (17). Whilst the performance of severe-intensity 78 

constant work rate (CWR) exercise has no effect on CP (18), the physiological responses to 79 

CWR exercise differ considerably to those elicited during all-out sprint exercise (i.e., exercise 80 

that requires the individual to produce as much power as possible throughout the bout). 81 

Instead of the progressive activation of motor units (19, 20) and recruitment of additional 82 

type II muscle fibers with time that occurs during CWR exercise (21), the muscle activation 83 

pattern during all-out sprint exercise is “reversed” with all available (task-specific) motor 84 

units recruited at exercise onset (19, 20). The disparity between power profiles results in a 85 

much greater utilization of Wʹ during all-out exercise at a given time compared to a work-86 

matched CWR test of the same duration (22). Furthermore, the utilization of all motor units 87 

from the onset of all-out exercise results in substantial fatigue of type II motor units (23, 24) 88 

Given that type II muscle fibers recover more slowly than type I muscle fibers (23, 25, 26) 89 

WʹREC may be significantly slowed following all-out exercise. The impact of all-out exercise 90 

on the parameters of the power-duration relationship, and the ability of the WʹBAL models to 91 

accurately estimate WʹREC following all-out exercise, has yet to be examined. 92 

The 3-min all-out cycling test (3MT) permits valid and reliable determination of CP and Wʹ 93 

(27, 28). During this test external power output declines with time to attain a nadir during the 94 



final 30 s of the test (end test power, EP) that approximates CP, with the work completed 95 

above EP (WEP) being equivalent to Wʹ (27, 28). Performing two 3MTs, separated by a brief 96 

recovery interval (1-min), provides the opportunity to: 1) assess the accuracy of the WʹBAL 97 

models to predict WʹREC following exercise which completely utilises Wʹ at its fastest 98 

possible rate; 2) determine the effect of a 3MT on the power-duration relationship; and thus 99 

3) incorporate any changes to CP and Wʹ in the WʹBAL models and, subsequently, re-evaluate 100 

the accuracy of WʹREC estimates. Based on the differences in motor unit recruitment patterns 101 

between CWR and all-out exercise, and likely differences in the rates of recovery between 102 

muscle fiber types, we hypothesized that the existing WʹBAL models would overestimate 103 

WʹREC. We also hypothesized that WEP, but not EP, would be significantly reduced during 104 

the second, fatigued, 3MT (F-3MT) compared to the first, control, 3MT (C-3MT). Finally, 105 

we hypothesized that estimates of WʹREC would be improved by incorporating any changes in 106 

the parameters of the power-duration relationship into the WʹBAL models. 107 

 108 

Methods 109 

Datasets 110 

The datasets for this study were extracted from our laboratory database. We included data 111 

from participants who had completed a ramp incremental test, a familiarization 3MT and an 112 

experimental “repeated 3MT” (described below), where tests were completed within a 4-wk 113 

period and had not included any intervention (e.g., dietary supplementation). Subsequently, 114 

the experimental repeated 3MTs were assessed to ensure that all efforts were maximal using 115 

the following criteria: 1) the ramp incremental test V̇O2peak was attained and then maintained 116 

(≥95% ramp incremental V̇O2peak) in both the C-3MT and F-3MT; and 2) the power profiles 117 

were devoid of any evidence of a submaximal effort (i.e., a decrease(s) and subsequent 118 



increase(s) in power output). In total, datasets from 12 participants (sex: males n=11, female 119 

n=1; age: 23 ± 4 y; body mass 82.2 ± 15.1 kg; height: 1.81 ± 0.12 m) were included in this 120 

study. Testing was performed at the same time of day within each dataset. All participants 121 

had been instructed to be adequately hydrated and not to have consumed alcohol for 24 h and 122 

food or caffeine for 3 h before each test. Each participant had been informed of the protocol 123 

and possible risks/benefits involved according to the study from which the dataset originated 124 

and had provided written informed consent to participate. All procedures were approved by 125 

the local Research Ethics Committee and were conducted in accordance with the Declaration 126 

of Helsinki. 127 

Exercise tests 128 

Ramp incremental cycling test 129 

All tests were performed on the same electronically-braked cycle ergometer (Lode Excalibur 130 

Sport, Groningen, The Netherlands). The ergometer seat and handlebars were adjusted for 131 

comfort, and these settings were recorded and replicated for all tests. The ramp incremental 132 

test consisted of a baseline of 3 min of pedaling at 20 W followed by a ramp increase in 133 

power output of 30 W·min-1 until the limit of tolerance (Tlim). Participants were instructed to 134 

maintain their self-selected cadence (70-90 rpm) for as long as possible. The test was 135 

terminated when the pedal rate fell >10 rpm below the chosen cadence for >5 s despite strong 136 

verbal encouragement. V̇O2peak was determined as the highest 30-s mean value recorded 137 

during the test and GET was determined as previously described (29). Account was taken of 138 

the mean response time (MRT) for V̇O2 during ramp exercise, i.e., two-thirds of the ramp rate 139 

was deducted from the work rate at GET and V̇O2peak (30).  140 

Repeated 3-min all-out cycling test 141 



The repeated 3MT protocol began with 3 min of pedalling at 20 W, at the same self-selected 142 

cadence chosen during the ramp incremental test, followed by two 3MTs (a single 3MT is 143 

described in refs. 27, 28) separated by 1-min passive recovery. The first 3MT served as a 144 

rested-control condition (C-3MT), whereas the second 3MT was performed in a fatigued state 145 

(F-3MT). Participants were instructed to accelerate to 110-120 rpm over the final 5 s of the 146 

baseline period, and for the final 5 s of the active recovery period that preceded the C-3MT 147 

and F-3MT, respectively. The resistance on the pedals during the 3MT was set using the 148 

linear mode of the ergometer such that, on reaching their self-selected cadence, the power 149 

output would be equivalent to 50% of the difference between the power output at GET and 150 

V̇O2peak (linear factor = power/cadence2). To ensure an all-out effort, subjects were instructed 151 

and strongly encouraged to attain their peak power as quickly as possible, and to maintain 152 

their cadence as high as possible until instructed to stop. EP was defined as the mean power 153 

output during the final 30 s for both the C-3MT and F-3MT. The work performed above EP 154 

(WEP) was calculated as the work done above EP for the C-3MT and F-3MT. End test V̇O2 155 

was determined as the final 30-s mean value in each of the 3MTs. The end-exercise V̇O2 gain 156 

for C-3MT and F-3MT was calculated by dividing the mean V̇O2 by the mean power output 157 

during the final 30 s of the C-3MT and F-3MT.  158 

Pulmonary gas exchange 159 

Breath-by-breath pulmonary gas exchange data were collected continuously during all 160 

cycling tests. Participants wore a nose clip and breathed through a mouthpiece and impeller 161 

turbine assembly (Jaeger Triple V, Hoechberg, Germany). The inspired and expired gas 162 

volume and concentration signals were sampled continuously at 100 Hz, the latter using 163 

paramagnetic (O2) and infrared (CO2) analyzers (Jaeger Oxycon Pro, Hoechberg, Germany) 164 

via a capillary line connected to the mouthpiece. These analyzers were calibrated before each 165 

test with gases of known concentration, and the turbine volume transducer was calibrated 166 



using a 3-L syringe (Hans Rudolph, KS). The volume and concentration signals were time-167 

aligned, accounting for the transit delay in capillary gas and analyzer rise time relative to the 168 

volume signal.  169 

WʹBAL Modeling 170 

The amount of Wʹ available at the start of F-3MT, which is assumed to be equal to the 171 

measured WEP during F-3MT, was estimated using three different equations, namely 172 

WʹBAL·MORTON,, WʹBAL.INT and WʹBAL·ODE.  173 

Morton and Billat (8) described WʹREC according to Equation 1 (WʹBAL·MORTON):  174 

WʹBAL = ((CP-Pr)*Tr)       [1] 175 

where Pr and Tr are indicative of the power output and the duration of the recovery (<CP) 176 

period, respectively.  177 

According to the WʹBAL.INT model, the reconstitution of WʹBAL occurs exponentially, as given 178 

by the convolution integral in Equation 2 (31):   179 

 𝑊′
𝐵𝐴𝐿−𝐼𝑁𝑇(𝑡) = 𝑊𝑜

′ − ∫ [𝑒
−(𝑡−𝑢)

𝜏
𝑊′ ] 𝑊′

𝐸𝑋𝑃(𝑢) 𝑑𝑢
𝑡

0
      [2] 180 

where,    181 

𝑊′
𝐸𝑋𝑃(𝑢) = {

0, 𝑃(𝑢) ≤ 𝐶𝑃                

∫(𝑃(𝑢) − 𝐶𝑃)𝑑𝑢 ,     𝑃(𝑢) > 𝐶𝑃                 
      [3] 182 

where WʹBAL·INT (t) is the amount of Wʹ remaining at any given time (t), 𝑊𝑜
′ is the individual’s 183 

known W′ as determined from C-3MT, W′EXP represents the expended W′, t and u is the time 184 

in s spent recovering <CP, and τWʹ is the time constant of the reconstitution of the Wʹ. τWʹ is 185 

calculated according to Equation 4 (8): 186 

    𝜏𝑊ʹ = 546 · 𝑒(−0.01DCP) + 316    [4] 187 



   188 

The WʹBAL·ODE model is bi-conditional, assuming linear kinetics for Wʹ expenditure, and 189 

exponential Wʹ recovery. Wʹ is expended at a rate equal to the difference between CP and P 190 

when P>CP. When P<CP, the model specifies that the rate of Wʹ reconstitution is 191 

proportional to the amount of Wʹ expended relative to 𝑊𝑜
′ and the difference in P between CP 192 

and P (9, 31). 193 

  
𝑑𝑊𝐵𝐴𝐿.𝑂𝐷𝐸

′

𝑑𝑢
= {

−(𝑃(𝑢) − 𝐶𝑃),      𝑃(𝑢) > 𝐶𝑃

(1 −
𝑊𝐵𝐴𝐿−𝑂𝐷𝐸

′

𝑊𝑜
′ ) (𝐶𝑃 − 𝑃(𝑢)),      𝐶𝑃 > 𝑃(𝑢)

   [5] 194 

The equation is solved piecewise for segments of the ergometer file where P(u) is constant. 195 

We then express the solutions to the equations as definite integrals from u = ta to u = tb, 196 

where ta and tb are time points that bound the periods of constant P.  197 

For the “adjusted” WʹBAL models (i.e., ADJ·WʹBAL·ODE; ADJ·WʹBAL·INT; ADJ·WʹBAL·MORTON), 198 

the F-3MT EP and F-3MT WEP were entered into the above equations, replacing the C-3MT 199 

EP and C-3MT WEP, at the completion of the C-3MT (i.e., T=181 s). Thus, the adjusted 200 

WʹBAL models accounted for the effect of fatigue on the parameter estimates of the power-201 

duration relationship induced during C-3MT in their estimates of WʹREC. 202 

Statistical Analyses 203 

Differences in actual and predicted WʹREC derived with each model (i.e., WʹBAL·MORTON, 204 

WʹBAL·INT, WʹBAL·ODE) were assessed using analysis of variance (ANOVA) with repeated 205 

measures (RM), with significant differences examined used Bonferroni corrected post hoc 206 

t-tests. Paired samples t-tests and Bland-Altman analyses were used to assess differences and 207 

agreement between the actual and predicted WʹREC, respectively. Further paired samples t-208 

tests were used to evaluate differences in peak power output, EP, WEP, total work done 209 

(TWD) and end-exercise V̇O2 gain between the C-3MT and F-3MT. These analyses were 210 



repeated for the adjusted WʹBAL models. Subsequently, separate RM ANOVAs were 211 

performed to assess for differences in actual WʹREC and the estimates of WʹREC provided by 212 

the conventional and adjusted WʹBAL models. Pearson’s product moment correlation 213 

coefficients were used to assess relationships between the physiological and performance 214 

based parameters derived during the ramp incremental cycling test and C-3MT, and the 215 

changes in F-3MT relative to C-3MT (i.e., % decrease). All data are presented as mean ± SD. 216 

Statistical analyses were performed using SPSS version 22 (SPSS Inc., Chicago, Illinois, 217 

USA) with significance set at P<0.05. 218 

 219 

Results  220 

The V̇O2peak measured in the ramp incremental test was 4.28 ± 0.57 L·min-1, with GET 221 

occurring at 1.96 ± 0.18 L·min-1. These values corresponded to work rates of 383 ± 48 W and 222 

133 ± 16 W, respectively.  223 

The group mean power output profiles for the C-3MT and F-3MT are displayed in Figure 1. 224 

The peak power output in the C-3MT, which was attained within 4.5 ± 0.8 s of the start of the 225 

test, was 989 ± 186 W (at 162 ± 10 rpm), and represented 257 ± 28% of the peak power 226 

output attained in the ramp incremental test. C-3MT EP was 282 ± 44 W (3.5 ± 0.4 W·kg-1). 227 

C-3MT WEP was 16.9 ± 3.2 kJ, and participants completed 67.7 ± 8.9 kJ of work in total. 228 

Following 60 s recovery, the peak power output during F-3MT (793 ± 178 W; 144 ± 13 rpm) 229 

was significantly lower than C-3MT (P<0.001; Figure 2A), but tended to be attained in a 230 

shorter period of time from the start of the test (3.6 ± 1.4 s; P=0.07). F-3MT EP was ~19 W 231 

lower (7%; 263 ± 40 W; P<0.001; Figure 2B) than C-3MT EP. F-3MT WEP (6.3 ± 1.4 kJ) 232 

was 61 ± 11% lower than in C-3MT (P<0.001; Figure 2C), thus participants recovered ~39% 233 

of their C-3MT WEP during the 60 s recovery period. The total work done during the F-3MT 234 



(53.6 ± 7.6 kJ) was significantly lower than C-3MT (P<0.001; Figure 2D). The end-exercise 235 

V̇O2 gain was greater in the F-3MT (16.8 ± 1.7 ml·min-1·W-1) than the C-3MT (15.2 ± 1.1 236 

ml·min-1·W-1, P<0.001).  237 

The WʹREC (6.3 ± 1.4 kJ) was significantly overestimated by the WʹBAL·ODE (9.8 ± 1.3 kJ; 238 

P<0.001) and the WʹBAL·MORTON (16.9 ± 2.6 kJ; P<0.001) models, but was not significantly 239 

different to the estimate provided by the WʹBAL·INT model (7.5 ± 1.5 kJ; P>0.05). The 240 

estimates provided by each model were significantly different from one another 241 

(all P<0.001). WʹREC was not correlated with the values predicted by WʹBAL·INT (r = 0.10, 242 

Figure 3A), WʹBAL·ODE (r = 0.28, Figure 3B) or WʹBAL·MORTON (r = 0.36, Figure 3C), with a 243 

mean bias of -1.2 kJ (Figure 3D), -3.5 kJ (Figure 3E) and -10.6 kJ (Figure 3F), respectively. 244 

Physiological indices indicative of aerobic performance determined during the ramp 245 

incremental test (V̇O2peak, peak power output, and work rate at GET) were significantly 246 

correlated with EP, TWD, and peak power output during the C-3MT and F-3MT (all P<0.05; 247 

Table 1).  However, no significant correlations existed between any variables measured 248 

during the ramp incremental test and C-3MT WEP or F-3MT WEP (P>0.05; Table 1). No 249 

significant relationships were observed between the decrease in EP (absolute, W; relative, %) 250 

between the C-3MT and F-3MT and variables assessed during the ramp incremental test or 251 

the C-3MT (all P>0.05; Table 2). The decrease in peak power output (absolute, W) between 252 

the C-3MT and F-3MT was inversely related to C-3MT WEP (r=-0.66, P=0.02). The absolute 253 

(i.e., kJ) reduction in WEP between the C-3MT and F-3MT was inversely related to C-3MT 254 

WEP (r=-0.92; P<0.001). The error in the WʹBAL·INT and WʹBAL·ODE models was significantly 255 

correlated with the change in WEP between the C-3MT and F-3MT (Figure 4), i.e., a greater 256 

reduction in WEP between C-3MT and F-3MT was associated with a greater degree of 257 

predictive error when using the WʹBAL·INT and WʹBAL·ODE models. No significant relationships 258 

were observed between the error in the WʹBAL models and the reduction in EP (Figure 4).  259 



The WʹBAL models were adjusted to account for the significant decrease observed in EP and 260 

WEP following the C-3MT. Following these adjustments, actual WʹREC was not significantly 261 

different to the ADJ·WʹBAL·INT (7.5 ± 1.5 kJ) model, and these estimates were not different to 262 

the original WʹBAL·INT (7.4 ± 1.5 kJ; P>0.05) model. The ADJ·WʹBAL·ODE (5.3 ± 1.3 kJ) model 263 

significantly underestimated actual WʹREC (P<0.001), and the ADJ·WʹBAL·MORTON (15.8 ± 2.4 264 

kJ) model significantly overestimated actual WʹREC (P<0.001). WʹREC was significantly 265 

correlated with the predictions provided by ADJ·WʹBAL·ODE (r = 0.94, Figure 5B) but not 266 

ADJ·WʹBAL·INT (r = 0.13, Figure 5A) and ADJ·WʹBAL·MORTON (r = 0.20, Figure 5C), with a 267 

mean bias of 1.0 kJ (Figure 5E), -1.2 kJ (Figure 5D), and -9.4 kJ (Figure 5F), respectively. 268 

The mean bias was significantly improved for the adjusted compared to the original 269 

(unadjusted) WʹBAL·ODE and WʹBAL·MORTON models (both P<0.001).  270 

 271 

Discussion 272 

The present study aimed to: 1) assess the accuracy with which the existing WʹBAL models 273 

estimate WʹREC following prior all-out sprint exercise that results in the complete utilization 274 

of Wʹ; 2) determine the effects of prior all-out sprint exercise on the power-duration 275 

relationship; and thus 3) incorporate any changes to CP and Wʹ in the WʹBAL models and, 276 

subsequently evaluate the accuracy of WʹREC estimates. We therefore used a repeated 3MT 277 

protocol (2 x 3MT interspersed with 1-min recovery) to determine the actual WʹREC between 278 

work intervals based on the assumption that both the first (i.e., control, C-3MT) and second 279 

(i.e., fatigued, F-3MT) 3MT would result in the complete utilization of the available Wʹ. This 280 

approach also enabled the appraisal of the power-duration relationship performed in a fresh 281 

state (i.e., C-3MT) and in the presence of fatigue (F-3MT), and enabled the EP and WEP 282 

values from the F-3MT to be entered into the WʹBAL models. The principal novel findings of 283 



this study were that: 1) WʹREC was significantly overestimated by the original (unadjusted) 284 

WʹBAL·ODE and WʹBAL·MORTON models, but not WʹBAL·INT model; 2) both EP and WEP were 285 

significantly reduced after prior all-out sprint exercise; and 3) accounting for the decrease in 286 

EP and WEP between the first and second tests significantly improved accuracy for the 287 

ADJ·WʹBAL·ODE and ADJ·WʹBAL·MORTON models, but not ADJ·WʹBAL·INT model.  288 

The group mean actual WʹREC between work intervals was overestimated for the WʹBAL·ODE 289 

and WʹBAL·MORTON models by +3.5 kJ and +10.6kJ, respectively. Moreover, whilst the group 290 

mean WʹBAL estimated from the WʹBAL·INT model was not statistically different to actual 291 

WʹREC, the estimate was not correlated with the actual value with a mean bias of +1.2 kJ. The 292 

most accurate prediction for any participant, which was provided by the WʹBAL·INT model, 293 

overestimated WʹREC by ~0.7%. In stark contrast, the least accurate prediction for this 294 

individual, provided by the WʹBAL·MORTON model, overestimated WʹREC by ~126%. In addition 295 

to this considerable between-model variability, there was a substantial difference in the 296 

within-model accuracy, which ranged from -19% to 94% for the WʹBAL·INT model, 24% to 297 

143% for the WʹBAL·ODE model, and 93% to 319% for the WʹBAL·MORTON model, highlighting 298 

concerns in their ability to provide accurate estimates for an individual-athlete. It is important 299 

to recognize that we applied the WʹBAL models as published (7-9, 31) and did not determine 300 

an individualized time constant for WʹREC (see “Experimental Considerations”) nor include a 301 

decay rate for CP. The considerable within-model variation highlights that the generalized 302 

equation used to describe the time constant for WʹREC provided a more accurate estimate of 303 

performance for some participants compared to others, an observation that is consistent with 304 

previous reports (13-15, 32, 33). However, unlike Bartram and colleagues (32) who proposed 305 

a modified time constant for WʹREC for use in highly trained cyclists, we found no 306 

relationships between the error in WʹBAL for any of the models and any variable assessed 307 

during the incremental test or the C-3MT. It is therefore not likely that the overestimation in 308 



WʹREC in the current study was mediated by any effect of fitness on the time constant for 309 

WʹREC.  310 

The assumed constancy of CP throughout exercise is a key tenet of the WʹBAL models, and is 311 

essential in defining both Wʹ expenditure and WʹREC. Previous investigations have shown that 312 

CP can be altered in line with changes in V̇O2 kinetics (34-40), and that it is also reduced 313 

during 2 h of heavy-intensity CWR exercise (17), but not following short-duration exhaustive 314 

severe-intensity CWR exercise (18). Despite evidence to demonstrate the plasticity of CP, 315 

prior to this study, the effects of prior all-out sprint exercise that exhausts Wʹ on 3MT 316 

performance had not been determined. In the current study, EP, WEP and TWD all declined 317 

in F-3MT. Specifically, there was a ~7% reduction in F-EP, which varied considerably 318 

between individuals (range: -13% to +1%), and a ~61% reduction (range: -44% to -77%) in 319 

F-WEP. Whilst the reduction in WEP in the F-3MT was expected given the complete 320 

utilization of Wʹ during the C-3MT and the short (1-min) recovery between work intervals, 321 

the reduction in EP following all-out sprint exercise is an important novel finding which, 322 

when viewed in light of our previous research, indicates that EP decreases with time during 323 

both continuous endurance exercise (17) and following all-out sprint exercise (current study). 324 

These changes in EP question the practice of estimating performance capacity from models 325 

which incorporate EP measured in a previously rested state and do not account for changes 326 

due to fatigue. Specifically, the observed reduction in EP during repeated all-out sprint 327 

exercise might necessitate a progressively greater Wʹ contribution during each work interval 328 

performed above EP, and thus result in the cessation of exercise sooner than predicted by the 329 

current WʹBAL models. 330 

Several factors may contribute to the left-downward shift in the power-duration relationship 331 

following the C-3MT. We have previously reported that the decrease in EP (-9%) during 332 

heavy-intensity CWR exercise lasting 2 h is correlated with muscle glycogen depletion and 333 



the decrement in EP is ameliorated with carbohydrate feeding (17). However, whilst the 334 

reduction in muscle glycogen content may be an important and limiting factor implicated in 335 

the fatigue process(es) during prolonged endurance exercise, it is likely of less importance 336 

following the 3MT where muscle glycogen stores are not appreciably depleted (22). Instead, 337 

the accompanying exercise-induced reductions in muscle PCr and pH, and increases in Pi 338 

(22), are more likely responsible for the observed reductions in EP and WEP following 339 

C-3MT. The importance of PCr availability to initial and repeated all-out sprint performance 340 

is well documented (e.g., 41, 42), and its utilization during C-3MT would be expected to 341 

impair subsequent sprint performance and thus contribute to the observed reduction in WEP 342 

in the second test. The decrease in muscle pH, due to H+ accumulation and the concomitant 343 

increase in Pi have been shown to impair excitation-contraction coupling (43-47) and would 344 

therefore be expected to increase the oxygen cost per watt of power produced. However, in 345 

the current study, we observed no relationships between the decreases in EP or WEP between 346 

the C-3MT and F-3MT and physiological performance variables assessed during the ramp 347 

incremental test or the C-3MT.  348 

In contrast to the findings of the present study, Ferguson et al. (18) reported that exhaustive 349 

severe-intensity CWR exercise resulted in a reduction in Wʹ but no changes in CP. Given that 350 

a similar muscle metabolic perturbation is evident following all-out and work-matched CWR 351 

exercise performed to Tlim (22), it seems plausible that this discrepancy is due to differences 352 

in motor unit recruitment profiles. The recruitment of all available (task specific) motor units 353 

at the onset of all-out sprint exercise results in a greater muscle metabolic perturbation at a 354 

given iso-time compared to work- and time-matched CWR exercise (22), increasing the 355 

intensity and duration of muscle afferent feedback, accelerating the rate of central fatigue 356 

development and reducing central motor drive (48).  357 



The factors underpinning the overestimation of WʹREC for the WʹBAL·ODE and WʹBAL·MORTON 358 

models and poor agreement between WʹBAL·INT and WʹREC in the present study may also be 359 

related to the amount and rate of Wʹ utilized within each work interval, variables that are not 360 

currently considered in the WʹBAL models. Indeed, investigations that have employed an 361 

intermittent protocol which results in complete (14, 15) or substantial (~50%) (13, 16) 362 

utilization of Wʹ in the first work interval have invariably reported inaccuracies when fitting 363 

the WʹBAL models to performance data. This is in contrast to studies that have utilized a much 364 

smaller proportion of Wʹ during each work interval (~10%), which have reported a close 365 

matching between actual performance and that predicted using the WʹBAL models (10-12). In 366 

addition, WʹREC has been shown to slow with repeated exhaustive intervals (15), and to 367 

depend on the rate of Wʹ utilization (14). Whilst the findings of the aforementioned studies, 368 

and those of the current investigation, highlight error in the WʹBAL models that appear linked 369 

to the magnitude and rate of Wʹ utilization, the putative mechanisms that underpin this 370 

phenomenon are unclear and require further attention.  371 

The reduction in EP and WEP during the F-3MT compared to the C-3MT observed in the 372 

current study is not accounted for by the WʹBAL models and would therefore be expected to 373 

negatively impact their ability to estimate WʹREC. Indeed, the predictive accuracy of the 374 

WʹBAL·INT and WʹBAL·ODE models, but not WʹBAL·MORTON model, was significantly correlated 375 

with the change in WEP between the C-3MT and F-3MT. However, no significant 376 

correlations were found between changes in EP and the degree of error in the model 377 

predictions. Nevertheless, given that (changes in) EP dictates the power outputs 378 

corresponding to Wʹ expenditure and recovery, we considered it important to incorporate 379 

changes in both EP and WEP. Accordingly, we adjusted the WʹBAL models to include the 380 

F-3MT EP and WEP instead of the C-3MT EP and WEP. This adjustment had a varying 381 

influence on the accuracy of the WʹBAL models. Specifically, whilst the accuracy of the 382 



ADJ·WʹBAL·ODE (~67%) and ADJ·WʹBAL·MORTON (~11%) models were significantly improved 383 

compared to their original form and, in the case of the ADJ·WʹBAL·ODE there was a strong 384 

relationship (r=0.98) and a substantial improvement in the agreement between actual and 385 

estimated W′REC. However, no improvements were observed for the ADJ·WʹBAL·INT model 386 

compared to the original WʹBAL·INT model. This lack of change for the WʹBAL·INT model 387 

following adjustment for the changes in EP and WEP is explained in the calculation of the 388 

time constant (or tau) for WʹREC (see equation 4). Using the mean values for the C-3MT EP 389 

and F-3MT EP, the original model provides a tau of ~355 s whilst the tau for the adjusted 390 

model is ~364 s. This small change (~ 9 s, ~2.5%) in the tau between the original and 391 

adjusted WʹBAL·INT model did not appreciably alter the group mean WʹBAL. In contrast, the tau 392 

for the WʹBAL⸱ODE model was ~62% faster for the adjusted (~26 s) compared to the original 393 

(~65 s) model. It should also be noted, that despite a strong relationship between the actual 394 

and predicted WʹREC for the ADJ·WʹBAL·ODE model, it continued to significantly underestimate 395 

(~17%) actual WʹREC. Similarly, the ADJ·WʹBAL·MORTON model significantly overestimated 396 

(~259%) actual WʹREC. The basis for this observed error was not related to indices of 397 

cardiovascular fitness assessed during this study. Further research into the potentially 398 

multifactorial physiological underpinnings of WʹREC, and mathematical adjustments reflecting 399 

such physiological mechanisms to prediction equations, will be required to more accurately 400 

describe the plasticity of the power-duration parameters during fatiguing exercise.   401 

Experimental considerations  402 

Our results highlight important considerations in the application of the WʹBAL models. It 403 

should be appreciated that our findings are specific to the conditions of our study. The 404 

exercise protocol was designed to completely utilise Wʹ ‘all-out’ at its fastest possible rate 405 

and, following a brief (1-min) recovery, to again completely utilise Wʹ as rapidly as possible. 406 

This protocol is not typical of a pacing strategy utilised during competition or training but 407 



enabled us to test the limits of the WʹBAL models. The 1-min recovery duration was selected 408 

to ensure that recovery was incomplete but sufficient to enable participants to (re-)perform 409 

maximal exercise. Indeed, participants were able to attain and maintain V̇O2max during the F-410 

3MT and, thus, provide valid estimates for F-3MT EP and WEP. This exercise protocol 411 

enabled us to answer specific research questions, but our study was not designed to assess the 412 

constancy in the predictive error across different recovery durations, or determine how WʹREC 413 

might differ according to the work-rate forcing function (e.g. all-out vs. constant work rate 414 

exercise). How exercise and recovery durations, and/or work rate forcing functions might 415 

affect the accuracy of the WʹBAL models was beyond the scope of the present investigation.  416 

A limitation of this study was the use of a generalized time constant for WʹREC in the 417 

WʹBAL.INT trials. This approach has been questioned, with reports demonstrating that the 418 

WʹREC time constant is dependent on training status (32). Nevertheless, we decided to apply 419 

the WʹBAL models as published (7-9, 31), as we believe that this is the method most likely to 420 

be utilized by applied practitioners and athletes due to its comparative simplicity and 421 

“readiness” for use. Whilst the published time constant for WʹREC was derived from a group 422 

of participants of comparable training status to those of the present study (8), it was 423 

determined during exercise which utilized Wʹ to a differing extent and in a contrasting 424 

fashion to that of the current study. That we observed no significant relationship between the 425 

C-3MT WEP and F-3MT WEP highlights that WʹREC differs between individuals and 426 

provides further reason to abandon the use of a generalized time constant. 427 

This study demonstrates that the WʹBAL·INT model provides estimates that are not different to 428 

actual WʹREC but displays relatively large limits of agreement. In contrast, the ADJ⸱WʹBAL·ODE 429 

model has much better limits of agreement, despite providing estimates that are significantly 430 

different from actual WʹREC. In light of these findings, and, given that it is not feasible to 431 

assess changes in CP and W′ during athletic competition or training, we would encourage 432 



applied practitioners and athletes to consider employing the WʹBAL·INT model to objectively 433 

assess performance capabilities, at least following all-out sprint exercise. 434 

Conclusions 435 

The findings of this study demonstrates that the accuracy with which WʹREC is estimated 436 

following a 3-min all-out sprint cycling test differs according to the WʹBAL model. The 437 

original WʹBAL·INT model provided estimates that were not significantly different to actual 438 

WʹREC, whilst WʹREC was significantly overestimated by the original WʹBAL·ODE 439 

and.WʹBAL·MORTON models. We also report, for the first time, that EP and WEP, surrogates for 440 

CP and Wʹ, respectively, are reduced following the C-3MT. Finally, we report that novel 441 

WʹBAL models that accounted for the observed reductions in EP and WEP improved the 442 

accuracy of the WʹBAL·ODE and WʹBAL·MORTON models, although these remained significantly 443 

different to actual WʹREC, but did not further enhance the accuracy of the WʹBAL·INT model. 444 

These results highlight that the WʹBAL·INT model provides superior estimates of WʹREC, at least 445 

following all-out sprint exercise. However, despite a strong relationship between actual and 446 

predicted WʹREC, the limits of agreement for the original and adjusted WʹBAL·INT model may 447 

limit its practical utility. These results have important implications for the design and use of 448 

mathematical models describing the energetics of exercise performance. Further work is 449 

necessary to resolve the factors that determine the durability of CP, and the mechanisms that 450 

underpin WʹREC. 451 
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Figure Captions 600 

Figure 1 Group mean power profiles for the 3-min all-out test during the control (i.e., C-601 

3MT; open circles) and fatigued (F-3MT, grey circles) conditions. SD is displayed every 10 s 602 

and is indicated for the C-3MT and F-3MT using positive and negative error bars, 603 

respectively.  604 

Figure 2 Group mean end power (EP; A), work above EP (WEP; B), peak power output, 605 

(PPO; C), and total work done (TWD; D), during the 3-min all-out test for the control (i.e., 606 

rested, C-3MT) and fatigued (F-3MT) conditions. Dashed lines represent individual 607 

responses. *Significantly different from C-3MT condition (P<0.001).  608 

Figure 3 Bland-Altman plots of the relationship (A, B, C) and the limits of agreement (D, E, 609 

F) between the actual and predicted WEP during F-3MT using the integral (A and D), 610 

differential (B and E) and Morton (C and F) models. A, B, C, the line of origin (solid line) is 611 

presented. D, E, F the mean difference (solid line) and the limits of agreement (dashed line) 612 

are provided. 613 

Figure 4 Scatterplots of the correlation between the change in EP (A, B, C) and WEP (D, E, 614 

F) between the control (i.e., rested, C-3MT) and fatigued (F-3MT) 3MT and the accuracy 615 

(i.e., actual WʹREC minus predicted WʹREC) for the WʹBAL·INT (A and C), WʹBAL·ODE (B and E), 616 

WʹBAL·MORTON (C and F) models. The correlation coefficient for each WʹBAL model is 617 

provided in the respective panel. *P<0.001. For clarity, a negative change in EP and WEP is 618 

indicative of a reduction (i.e., F-3MT minus C-3MT), whilst the size of the predictive error is 619 

directionless. 620 

Figure 5 Bland-Altman plots of the relationship (A-C) and the limits of agreement (D-F) 621 

between the actual and predicted WEP during F-3MT using the adjusted WʹBAL·INT (A and D), 622 

adjusted WʹBAL·ODE (B and E), WʹBAL·MORTON (C and F) models. A-C, the line of origin (solid 623 



line) is presented. D-F, the mean difference (solid line) and the limits of agreement (dashed 624 

line) are provided. 625 
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