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113  Materials and Methods

114  Participants

115  Sixteen highly trained male (#=13) and female (n=3) cyclists (age 18.7 = 2.2 y; height 180.8 =
116 8.0 cm; mass 73.2 + 10.1 kg; VOspeak 64.4 + 6.0 ml-kg!'min’!; estimated mechanical power at
117 VOsjpeak 353.3 £58.9 W) volunteered to participate in the study. All participants were involved
118  inan Australian State Institute of Sport Track Cycling program, completed >4 cycling and two
119  resistance training sessions a week, and were free from injury at the time of data collection. All
120 cyclists had >2 years’ experience in the high-performance environment and were familiar with
121  high-intensity ergometer testing. Written informed consent was given prior to participation and
122 the study was approved by the Human Research Ethical Committee of Edith Cowan University

123 (project number 2019-00505-DUPLESIS).

124 Data collection
125  Experimental design

126  Data were collected across two days separated by at least 48 h but at the same time of day using
127  a stationary electromagnetically braked cycle ergometer (LODE Excalibur, Groningen,
128  Netherlands). On Day 1, an industry-modified incremental step test (23) was completed
129  including a submaximal component, a 20-min recovery, and a constant work rate (CWR) test
130  of 4 min. This “2-in-1" test was designed to replicate a track cyclist’s pursuit time trial (i.e., an
131  individual pursuit across 4 km for men, and 3 km for women). The purpose was to record the
132 cyclist’s highest sustained average power output during the 4-min CWR test. The maximal rate
133 of oxygen uptake (VOapear), VO, kinetics, heart rate, and blood lactate concentrations ([La]y,)
134  were measured to indicate physiological stress, i.e., to infer the chemo-energetic state of the

135  muscles across the 4-min CWR test. A 10-s maximal cycle sprint was performed before and
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136  immediately after the 4-min CWR test to assess the loss in maximal mechanical functional
137  capacity (i.e., task fatigability). On Day 2, a shorter (2-min) CWR test was completed at the

138  same intensity as the 4-min test, with a maximal 10-s sprint also performed before and after.

139  Experimental procedures

140  Day 1: “2-in-1" test

141 On Day 1, the seat, handlebar positions and crank length of the cycle ergometer were adjusted
142 to match the participant’s own track racing bicycle. The participants were required to use their
143 own pedals and cycling cleats as well as to perform a 15-min warm-up at a self-selected
144  intensity, which was recorded and then repeated on Day 2. The warm-up procedures
145  subsequently included a low-intensity bout at 50-100 W for 5 min, a 5-min ramp between 125-
146 300 W, a 6-s maximal seated sprint, and finally a non-fatigued 10-s all-out seated sprint (PRE-
147  CWR 4min), With each sprint separated by a 5-min active recovery at 50-100 W. All sprint
148  components of the warm-up were completed in the cadence-dependent linear mode (i.e., in
149  ‘Wingate’ isoinertial mode) of the ergometer with a torque factor load of 0.6 Nm-kg!. All other
150  warm-up components were completed using a constant power mode of the ergometer, which

151  allows the power output to be set independent of the freely chosen cadence.

152  After the 15-min standardised warm up, participants performed a modified VO« test, i.e.,
153 the “2-in-1” test, using methods currently employed in the State Institute system in Australia.
154  This test comprised two components separated by 20 min of active or passive rest as selected
155 by the participant (and repeated on Day 2). The first component involved 5-7 x 5-min stages
156  of increasing intensity, starting at 100 W (women) or 150 W (men) and increasing by 25 W
157 (women) and 50 W (men), using the constant power mode of the ergometer. Rating of

158  perceived exertion (RPE (24)) was obtained at the end of each stage. Blood lactate samples
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159  were taken from the earlobe and analysed (Lactate Pro2, Kyoto, Japan) during the 4" minute
160  of each stage, and the test ceased when [La’], exceeded 4 mmol-I-'. VO, and carbon dioxide
161  production (VCO,) data were continuously collected using a ParvoMedics metabolic cart
162  system (ParvoMedics TrueOne 2400 diagnostic system, USA) and averaged over 10-s
163  windows during the last 2 min of each stage. Heart rate was continuously measured (RS800

164  Polar Heart Rate Monitor, Finland).

165  Following the 20-min recovery, a warm-up of 5 min at a self-selected intensity was mandated
166  after which the second component of the test, a 4-min CWR test, was performed. This 4-min
167 CWR test was designed to imitate a pursuit race in which bicycle gears are fixed and power
168  output is highly cadence-dependent. Therefore, the CWR test was completed using the
169  cadence-dependent mode of the ergometer with careful consideration of the torque factor load
170  setting. Through consultation with the high-performance coaches and considering each
171  participant’s recent (<6 months) race history, one of two processes was followed to determine

172 test power output and cadence, and therefore the appropriate torque factor load:

173 For the minority of participants (n=5) who used power meters on their track bicycles, the target

174  power and cadence were set to their most recent Individual Pursuit power output and cadence;

175  For the remaining participants, the VO, during the last 2-min of each submaximal workload of
176  the “2-in-1 test was averaged. Based on the linear regression equation of the submaximal VO,
177 and power output, the VO,ca (determined from the cyclists’ previous test conducted within
178  the last year) was used to predict the mechanical power output at VOypeak. The target power
179  output of CWR test was estimated between 105-110% of this mechanical power output at
180  VOspea, With the estimation based on previous research (25, 26) and retrospective analysis of
181  all athlete data collected in the “2-in-1” test at the State Sports Institute in the three years

182  preceding testing.
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183  The torque factor load was subsequently calculated as:

184 Torque (Nm - kg™) = [Power (W) + Angular velocity (rad - s~1)]
+ Body mass (kg)

185  with power being the predicted 4-min CWR test power output, and angular velocity calculated
186  as:

187 21 x cadence (revoluions - s~ 1)

188  The participants were familiar with performing this severe-intensity CWR test and therefore
189  strongly encouraged to provide a maximal but evenly-paced effort, and to maintain the target
190  cadence for the duration of the test. The aim was to attain the highest average sustained power
191  output, even if it resulted in a small cadence variation (of less than 5 rpm). A head unit secured
192 to the ergometer provided visual feedback on both cadence and power. They were instructed
193  to remain seated throughout the test. Torque and angular velocity (and power) data were
194  sampled every 2° of a pedal stroke by the LODE ergometer mechanical system, and
195  subsequently averaged per pedal revolution. The average power and cadence of the 4-min
196 CWR test were calculated and used as reference for testing on Day 2. VO,, VCO, and heart

197  rate data were continuously collected throughout the 4-min CWR test.

198 At the immediate conclusion of the 4-min CWR test, without pause, a 10-s all-out seated sprint
199  (a“fatigued sprint”, POST-CWR 4,i,) was performed (18, 19). No pause was allowed after the
200 4-min CWR test to prevent recovery of central or peripheral aspects of fatigue. A cycling-
201  specific maximal sprint was selected to assess fatigue (i.e., rather than a knee extension, leg
202  press or other test) to prevent any perseveration effect (i.e., a motor pattern interference)
203  influencing the test performance, which may occur when movement patterns differ between
204  tasks (27, 28). Blood was obtained from the ear lobe before and 1, 3, 5 and 7 min after the
205  sprints that followed the CWR tests. [La], was analysed within 15 s using the Lactate Pro2
206  analyser and the peak [La], value retained for further analysis. RPE was obtained immediately

207  following PRE-CWR and POST-CWR.
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208  Day 2: 2-min CWR test

209  On Day 2, participants completed the pre-test preparations as on Day 1, including the same
210  warm-up that ended with a 10-s all-out seated sprint (PRE-CWR ,i,). After 5 min active
211  recovery (50-100 W), participants were equipped with the same metabolic mouthpiece, and
212 then performed a 2-min CWR test at the same intensity (i.e. the same torque factor, cadence
213 and power) as the 4-min CWR test. This 2-min CWR test was also immediately followed by a
214 10-s all-out seated sprint effort (POST-CWR 5in). VO,, VCO,, heart rate, [La’], and RPE data

215  were collected as in the 4-min CWR test.

216 Data Analysis
217  Physiological variables

218  VOjpcar, minute ventilation (VE,c.x), the respiratory exchange ratio (RERc.x), and heart rate
219 (HRpeak) were calculated as the highest average values attained over any 30-s interval during
220  both the 2- and 4-min CWR tests. The mean response time (MRT) represented the time taken
221  from the baseline to achieve 63% of the final response VO, , and was estimated for both the 2-
222 and 4-min CWR tests using a mono-exponential model fitted to each VO, data set, as follows

223 (9,15, 29, 30):
224 VOZ ® = I./02 Baseline T VOZ Amplitude X (1 - e_(t - MRT))

225  where VO, () is the VO, at any time point, VO, gascline 15 the baseline VO, calculated as the 1-
226  min average VO, before the start of the 2- and 4-min CWR tests, VO, ampiitudc 1S calculated as
227  the difference between the steady state VO, asymptote and baseline, and (1-¢ (time = MRT)) jg the
228  exponential function that describes the rate of VO, rise towards the steady state amplitude. For

229  each participant, the Microsoft Excel solver function was used as an iterative fitting procedure
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230  to solve for the smallest sum of squares differences between the projected VO, (calculated
231  using the exponential function) and the experimental data(9). VO, gaseiine Was used as a fixed
232 parameter and the VO, smplitude and the estimated MRT parameters for the 2- and 4 min CWR

233 tests were subsequently computed.

234  The estimated MRT for the 2-min CWR test was factored since a steady-state (required for the
235  exponential function above) could not always be clearly defined for VO, data collected during
236  the 2-min CWR test. That is, in addition to calculating MRT for the 4-min CWR test from Day
237 1 (with a clearly defined steady-state), the first 2-min of the same VO, data set was used
238  separately to calculate the 2-min MRT. The linear relationship (i.e., the slope and intercept)
239  between the MRT of the first 2-min of the 4-min CWR test and the MRT of the 4-min CWR
240  test was subsequently calculated for all individuals. This slope and intercept were then used to

241  correct the MRT for the standalone 2-min CWR test from Day 2:

242 Corrected MRT ypmin = (MRT 2mmin X Slope) + intercept

243  Mechanical variables

244  The functional decline in mechanical power output was determined by the fatigue-related
245  decrements in peak and average power between the PRE-CWR and POST-CWR sprints. Only
246  the first 8 s of the 10-s all-out sprints were used to remove any change in effort as the test
247  neared completion. In addition, the peak cadence decrement during the sprints were calculated

248  as indicators of the velocity-specific effect of the functional decline.

249 It should be noted that PRE-CWR was performed from a stationary start whereas POST-CWR
250  was performed without delay from a rolling start following the 2- and 4-min CWR tests (i.e.,
251  the starting pedalling rates of the sprints were different). To eliminate the confounding effects

252  of the pedalling rate on fatigue estimation, the average power was also calculated for a pedal
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253  rate-specific region (31). This region consisted of the minimal-to-maximal cadence range

254  recorded during POST-CWR and compared to PRE-CWR within this region (see Fig 4).

255  Statistical Analysis

256  All statistical analyses were performed using R software package (v 1.4). Data are presented
257  as mean =+ standard deviation, statistical significance was accepted at an alpha level of 0.05,
258  and 95% confidence intervals (CI) with upper and lower limits were computed. Preliminary
259  tests assessed and verified all test assumptions of multivariate normality (mvnormtest),
260  multicolinearity (rstatix), homogeneity of variances (rstatix), and sphericity of the data, where

261  relevant.

262  One-way repeated measures ANOVAs were used to test for differences between the 2- and 4-
263  min CWR tests for 1) the physiological variables obtained during the CWR tests [peak oxygen
264 consumption (VOypeak), estimated mean VO, response time (MRT), peak heart rate (HRpeax),
265  peak respiratory exchange ratio (RERx), peak minute ventilation relative to body mass
266  (VEpex), and peak blood lactate concentration ([Lap peak), as well as the perceived exertion
267 (RPE)], and ii) changes in mechanical variables obtained during sprints performed before and
268  after the CWR tests [peak power (APower,e.x), average power (APower,,), average power

269  calculated during the pedal-rate-specific region of POST-CWR (APower,, prs), and peak

270  cadence (ACadencepear)].

271  Pearson’s correlations were computed to quantify the linear relationships between the
272  physiological and mechanical variables between the 2- and 4-min CWR tests. These were
273  interpreted as r: 0.10-0.39, weak; 0.40-0.69, moderate; 0.70-0.89, strong and 0.90-1.00 very
274  strong relationship (32). The standard error of the estimate (SEE) of the regression was used to

275  assess the accuracy of the 2-min test’s data to predict the outcomes of the 4-min test. Smaller
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276  SEEs represent a smaller prediction error. To assist in the interpretation of the statistical
277  confidence, the relative SEE was presented as a percentage of the 4-min CWR test mean: SEE

278 (%)= (SEE + mean) x 100.

279  Relationships between the physiological and mechanical variables were analysed using a fixed-
280  slopes linear mixed effect model approach using R package ImerTest (33). Visual inspection
281  ofresidual plots confirmed that linear modelling assumptions were met. The response variable
282  was the relative change in average power (W-kg!) between the sprints across the 2- and 4-min
283  CWR tests. The fixed effects were the physiological variables (VOypeak, [Laly, peak, MRT,
284  HRpeak, RERcak) as well as the duration (i.e., 2- and 4-min) of the CWR test. The random effect
285 was set for the individual participants to account for intraindividual dependencies

286  interindividual heterogeneity.

287 Results

288 2-and 4-min CWR test outcomes

289  CWR tests were completed at 109 + 0.1% of the predicted mechanical power output at VOpear
290  asdetermined from the incremental step test. Average power output and cadence for the 2- and
291  4-min CWR cycling tests were 384.0 £ 67.2 W (5.2 W-kg'!) and 106.6 + 4.0 rpm vs. 383.4 +

292 67.7W (5.2 W-kg!)and 105.5 + 7.1 rpm, respectively.

293 Physiological variables and perceived exertion between 2- and 4-

294 min CWR tests

295  No differences were observed in VO, kinetics (including VOpeq, and MRT) or RER;cak
296  between the 2- and 4-min tests (p>0.05) (Table 1). Differences were observed in HRpcax

297 (p=0.022), [La']p peak (p=0.019), VEcax (p=0.003) and RPE (p<0.001). Moderate to very strong
13
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correlations were found between 2- and 4-min CWR tests for all physiological variables
(ranging from r=0.66 for MRT to 1=0.96 for VO,,c), but not for RPE (r=-0.21) (Fig 1).
Relative to the 4-min CWR test mean values, SEEs ranged from 2.6% to 16.3%. Participants
reached the same fraction of VO, at the end of the 2-min CWR test (93.4 £ 2.6%) as at the
2-min point of the 4-min CWR test (92.4 + 2.8%) (Fig 2). In some cases, the 2-min CWR test
was too short to clearly show a VO,-time asymptote. Therefore, the MRT from the 2-min CWR
test was corrected from 34.9 + 6.1 s to 36.5 £ 5.1 s based on the linear relationship between the
estimated MRT in the first 2-min of the 4-min CWR test and the estimated MRT of the 4-min

test: [Corrected MR T, i, = 0.845 (MR Ty) + 7.02].
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Table 1. Physiological variables and perceived exertion observed in the 2-and 4-min CWR tests (n=16).

2-min 4-min Mean Difference [95% CI] p-value r [95% CI] SEE SEE (%)
VOspeax (ml-kg!*min-t) 60.1+5.9 64.4+6.0 421[3.3,5.2] 0.083 0.96 [0.88, 0.98] 1.8 2.8
MRT (s) 36.5+5.11 355+5.7 -1.0[-3.4, 1.3] 0.767 0.66 [0.25, 0.87] 4.4 12.4
REReak 1.15+0.07 1.16 +£0.05 0.01 [-0.01, 0.03] 0.500 0.77 [0.45, 0.92] 0.03 2.6
HR o (bpm) 181.5+9.0 188.6 8.5 7.1[3.7,10.5] 0.022" 0.75[0.39, 0.91] 5.8 3.1
[LaTb peak (mmol-1'1) 9.5+2.1 11.7£2.9 2.2[1.2,3.1] 0.019* 0.76 [0.43,0.91] 1.9 16.3
VEeax (I'kg!'min!) 1.9+0.3 23+03 0.4 0.3, 0.5] 0.003* 0.8310.57,0.94] 0.2 8.7
RPE (6-20 Borg scale) 158+ 1.5 18.8+£0.7 3.0[2.1,4.0] <0.001* -0.21 [-0.64, 0.31] 0.8 4.4
309 Data presented as mean + standard deviation. SEE: standard error of the estimate; smaller SEE represents a smaller prediction error. SEE (%): SEE relative to 4-min CWR
310 test mean. MRT: Estimated mean response time, time taken to reach 63% of the VO, asymptote. 'Corrected mean response time: MRT corrected by the relationship between
311 the MRT of the 4-min CWR test and the first 2-min within the 4-min CWR test. * p<0.001, significant difference between sprints performed before and after the CWR tests.
312
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313  Fig 1. Relationships between physiological changes induced by 2- and 4-min CWR tests.
314  Correlation and absolute standard error of the estimates (SEE) between the CWR tests are displayed on
315  the top left corner of each graph. Dotted lines indicate the 95% CI. Physiological variables obtained
316  during the 2-min CWR test show moderate to strong correlations and can predict the outcomes of the
317  4-min CWR test within a 2.6-16.3% error range (relative SEE), although a portion of this error relates
318  to the tests being conducted on different days (see text for details).

319  Fig 2. VO,-time profiles for 2- and 4-min CWR tests in a representative participant performed
320 on different days. VO, kinetics are inferred by the mean response times (Corrected MRT,,;,=25.3 s
321 vs. MRT,;,=23.6 s) and the VO, steady state, as fitted by a mono-exponential function which were
322  similar for both tests. The bottom black and grey lines represent the residuals. The darker and lighter
323 grey shaded regions show the 2- and 4-min CWR test durations, respectively.

324 Mechanical variables of the sprints performed before and after the

325 2-and 4-min CWR tests

326  Changes (A) in mechanical variables from the sprints performed before and after the 2-min
327 CWR test were significantly smaller (p<0.001) than changes in the sprints performed before
328 and after the 4-min test (Table 2). Moderate to very strong correlations were observed in
329  mechanical variables between the 2 and 4-min test (ranging from r=0.67 for ACadenceck to
330 r=0.92 for APower,..) (Fig 3). Relative to the 4-min CWR test mean values, SEEs ranged from
331  14.2% to 26.1%. Fig 4 shows the power- and torque-cadence relationships of the sprints
332 performed before and after the CWR tests and its downward shift in the fatigued conditions.
333  Fig 5 shows the changes in peak power relative to body mass for the individual groups of
334  cyclists. Irrespective of some individual variation, an overall trend of a functional mechanical

335  decline in sprint capacity after the longer vs. the shorter test is indicated.
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341

Table 2. Differences in the changes in mechanical variables recorded during sprints performed before (PRE-CWR) and after (POST-CWR) the 2-and 4-min CWR tests (n=16).

A Sprint A Sprint
Mean Difference [95% CI] p-value r [95% CI] SEE SEE (%)
2-min CWR 4-min CWR
APoweryea (W) -379.1 £ 153.9%* -553.2 £215.9* 174.1 [124.0, 224.3] <0.001** 0.92 [0.79, 0.97] 85.1 15.4
APower,,. (W) -305.2 £ 83.2% -455.8 £126.1* 150.6 [111.1, 190.0] <0.001** 0.83 [0.56, 0.94] 73.5 16.1
APower,ye prs (W) -420.7 £ 113.1* -540.7 £ 164.4* 120.0 [79.7, 160.2] <0.001** 0.89 [0.71, 0.96] 76.9 14.2
ACadencepeqx (rpm) -28.6£9.1* -49.0 + 16.7* 20.4 [13.7,27.1] <0.001** 0.67 [0.26, 0.88] 12.8 26.1

Data presented as mean + standard deviation. SEE: standard error of the estimate; smaller SEE represents a smaller prediction error. SEE (%): SEE relative to 4-min CWR
test mean. A: changes between sprints performed before and after CWR tests. Power ., prs: average power during the pedal rate-specific region, i.e., specific to the cadence
range of the fatigued sprint performed after the CWR tests. *: significant difference between sprints performed before and after CWR tests, p<0.001. **: significant difference

between changes in sprints across the 2- and 4- min test durations, p<0.001.
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Fig 3. Relationships between 2-min and 4-min CWR tests for changes in (A) mechanical variables
obtained in the sprints. Correlation and standard error of the estimates (SEE) between the CWR tests
are displayed on the top left corner of each graph. Dotted lines indicate 95% Cls. Relative SEEs show
that APower (average, peak and within the pedal rate specific region) between the pre- and post-CWR
sprints of the 2-min test can predict the outcomes of the 4-min test within 14.2-16.1% error, although a
portion of this error relates to the tests being conducted on different days (see text for details).

Fig 4. Power-cadence (left) and torque-cadence (right) relationships obtained in the sprints
performed before and after the 2-min (black shapes) and 4-min (grey shapes) CWR tests from a
representative subject. Triangles represent PRE-CWR sprints and the dots represent POST-CWR
sprints. The downward shift of power- and torque-cadence relationships after CWRs demonstrate that
power was severely compromised by the increase in CWR test duration. Shaded boxed regions represent
the differences between the pedal rate ranges for POST-CWR,;i, (lighter grey region) and POST-
CWRymin (darker grey region) zones used for APower,,. prs calculation.

Fig 5. Peak power (relative to body mass) before and after the 2- and 4-min CWR tests for all
participants. Irrespective of individual variation, a greater overall functional deficit was observed for
the longer test duration. Sprint time point ‘0’ represents the relative peak power in pre-CWR sprints
whereas time points ‘2° and ‘4’ represent the relative peak power in sprints performed after the 2-min
and 4-min CWR tests, respectively. Shapes represent the different groups of cyclists: black dots = elite
men, light grey squares = junior (U19) men, dark grey triangles = women.

Physiological variables of the CWR tests vs. changes in sprint

mechanical variables

The linear mixed model was generated as: APower,,. relative to body mass = (0.07 X VOypeax)
+(0.14 x [La]p peak) — (0.01 X MRT )+ (1.65 X REReax) +(0.02 X HRpear) — (1.26 X CWR test
duration) -5.49, with a random effect for individual participants. An ANOVA of the model
revealed significant effects for VOpeax, [La ]y peak and CWR test duration (p<0.05). As a result,
these physiological variables were found to be best related to the functional mechanical decline

after the CWR tests.

Discussion

The main purpose of this study was to determine whether a shorter (2-min), severe-intensity
constant work rate (CWR) cycling test could be used as a proxy for a longer (4-min) test. This
CWR test was selected to simulate a 4-km pursuit time trial in track cycling where performance

is influenced by the ability to mitigate reductions in the power output and tolerate the inevitable

18


https://doi.org/10.1101/2021.10.12.464126
http://creativecommons.org/licenses/by/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2021.10.12.464126; this version posted October 12, 2021. The copyright holder for this
preprint (which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in
perpetuity. It is made available under aCC-BY 4.0 International license.

peripheral muscle fatigue developed at these high physiological work rates. The findings
confirmed our hypotheses. First, the CWR test of 50% of the original duration was sufficient
to elicit substantial fatigue, as indicated by the significant loss in mechanical power, and this
magnitude of reduction was strongly correlated with the power loss measured in the longer test.
Additionally, both the physiological and mechanical variables (i.e., the fatigability estimates)
were independently and strongly correlated between the CWR tests despite the tests being
performed on different days, and thus being influenced by between-day variability. This
highlights the comparable nature of the tests. Second, the differences in VO,peqx, blood lactate
concentration, and the duration of the CWR tests were strongly associated with the decline in
mechanical power output measured across the sprints. Although no single physiological
variable can be used to predict the loss in mechanical power (i.e., fatigability) independently,
explosive sprints both before and after a shorter CWR test can allow an estimate of fatigue that
would be obtained in the longer test, without causing the same extent of fatigue. Shorter CWR
tests followed by maximal sprints may therefore be useful as a (regular) fatigue assessment and

monitoring tool in athletic testing environments.

The participants completed 2- and 4-min CWR tests at 109% of their predicted mechanical
power output at VOypeax, Which reflected their individual track cycling pursuit power capacity.
A decline of 32 + 8% and 47 + 9% in mechanical power (i.e., functional capacity) was caused
by the 2- and 4-min CWR tests, respectively. Analogous to our findings, others (16, 17, 20, 34-
36) have shown maximal power reductions of 25-32% after submaximal CWR cycling tests
performed at 60-98% of the mechanical power reached at VO, for durations of 3-10 min. It
is likely that the greater (47%) decrease in power output after the 4-min CWR test in the present
study reflects the higher workloads (i.e., 109% vs. 60-98% of the mechanical power output at

VOpcax) and cadences (100-110 rpm vs. ~60-90 rpm), higher level of athletic training ability,
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and potentially, the different sprint modality (i.e., isoinertial vs. isokinetic, as discussed below)

used in the present study.

In addition to changes in functional mechanical power output, differences in the torque-angular
velocity (or cadence) and power-angular velocity relationships during maximal cycling present
valid estimates of performance fatigue (31, 36, 37). As done by Capelli and colleagues (17)
and Marcora and Staiano (8), we employed a cadence-dependent mode (i.e. an isoinertial
mode) on the cycle ergometer, allowing the participants to accelerate to a maximal cadence in
each sprint. As illustrated in Fig 4, the linear torque-cadence and parabolic power-cadence
relationships of the fatigued sprints shifted downwards, indicating that the athletes’ functional
performance abilities were severely compromised by the prior CWR tests; i.e. they were highly
fatigued (8, 31, 37). This was particularly evident after the 4-min CWR test. Evidently the
participants were unable to re-generate the same level of torque and angular velocity after the
CWR tests despite producing maximal voluntary effort. One may therefore gain insight into
task fatigability by imposing a maximal sprint immediately after a CWR test, which highlights
that greater performance fatigability was induced by the longer CWR test. This fatigability
would otherwise not have been quantified since there was no mechanical drop in power during
CWR tests. More importantly, the shorter test was discernibly less strenuous and should thus
have less impact on subsequent recovery and training. This possibility should be explicitly

determined in a future study.

As the cycle sprints were used to predict the functional loss rather than muscle fatigue
specifically, sprint cadence was not fixed to the cadence of the CWR test. Thus, the velocity-
dependent effect of fatigue was not accounted for (34, 38). Because a cadence-dependent mode
was used, participants could increase cadence as a means of increasing power, which reflects

the temporal and kinetic patterns obtained when using fixed gears on a track bicycle (where
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cadence must increase when power increases). Not only did the CWR tests compromise the
maximal cadence achieved compared to a non-fatigued sprint, but the acceleration was also
severely impacted. This is evidenced by similarities between the average CWR test cadence
(105.5 £ 7.1 rpm) and peak sprint cadence (105.5 + 11.1 rpm), which may partly be explained
by the non-fatigued sprint commencing from a stationary start whilst the fatigued sprint
commenced, without pause, at the final cadence of the CWR test (i.e., from a rolling start). To
account for this limitation, we calculated the average difference in mechanical power for the
‘pedal rate-specific region’: i.e., the cadence range of the fatigued sprint. However, like the
decline in peak power (32% and 47%), decrements in average power during the pedal rate-
specific region were found after the 2- (37 = 5%) and 4-min (51 + 6%) CWR tests. Therefore,
the functional performance outcomes were severely affected by both 2-and 4 min CWR tests

even when partly accounting for velocity-dependent differences.

As illustrated by the loss in functional mechanical power, the present results show that a CWR
test of 50% of the original duration was sufficient to induce fatigue, regardless of the exact
mechanisms underpinning the fatigue (i.e., in the muscular system, cardiovascular system, or
central nervous system) (11). Moreover, strong correlations (r=0.83-0.92) were found between
the functional decline in power induced by the 2 and 4-min CWR tests within a prediction error
(SEE) of 14-16%. (Fig 3). Considering that the tests were done on the separate days, part of
the SEE can be attributed to between-subject differences in the rate of fatigability (Fig 5) but
the remainder can be attributed to the additional between-day variability of the sprint tests. For
example, the PRE-CWR sprint alone showed a SEE of 2.7% (26.3 W difference in average
power, r=0.99) between days whereas the fatigued POST-CWR showed a higher SEE of 8.5%
(42.6 W difference in average power, 1=0.91). Therefore, the 16% prediction error of the
change score (i.e., the fatigue estimate) will be elevated due to the between-day variability in

the sprints themselves. It is also important to consider that tests done in the fatigued state also
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show greater variability. Previous researchers (39, 40) showed good reliability (SEE <5%, r
>0.9) both within and between days for peak and mean power achieved in repeated maximal
explosive ergometer tests, however their estimated fatigue indices indicated poor reliability
(r=0.43 or ICC=0.34 and CV=21.3%). Due to the strong association between the 2-and 4-min
CWR tests obtained in the present study, despite the tests being done on different days, one can
be confident that the estimated functional decline estimated in the 2-min test is strongly
reflective of that which would be obtained in a 4-min CWR test. Further research is required
to specifically assess the systematic error between tests when they are performed on the same

day with sufficient recovery, which was not possible in the present study.

In addition to the power loss, an important aim was to assess differences in the physiological
demands between the CWR tests to provide insight into the energetic state of the muscles and
their influence on the subsequent maximal mechanical power loss. All physiological variables
increased in magnitude with a similar trajectory between the tests, which eventually resulted
in a greater decrease in mechanical power after the 4-min CWR test. Other researchers have
found that exhaustive cycling exercise within the severe-intensity domain, regardless of work
rate or test duration, is associated with the same level of depletion of high energy phosphates
[PCr] and the accumulation of [H*], [ADP] and [P1i], as well as lactate due to the greater rate
of glycolysis, and that the VO, will continue to rise until reaching VO, (i.e. VO, slow
component) (4, 10, 12, 13). This resulting muscular homeostatic imbalance can influence
various components within the sarcomeric excitation-contraction coupling process, resulting
in a functional decline manifested as a reduced external power output. As these methods are
impractical for use within the elite sporting environment, alternative methods such as the
temporal pulmonary VO, profile may provide insight into the energetic state of the muscle

during severe-intensity exercise.
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VO, kinetics (i.e., VOypeak and estimated mean response time), peak heart rate and blood lactate
concentrations were measured as physiological stress indicators, i.e., to infer the chemo-
energetic state of the muscles across the 2- and 4-min CWR tests. Strong relationships and
small SEEs indicated that the physiological variables obtained in the 2-min CWR test can be
used to predict the outcomes of the 4-min CWR test, at least within a 2.6-16.3% error range
(Fig 1). It was identified that neither the duration of the CWR test nor the fact that the CWR
tests were performed on different days affected VO, kinetics (and therefore the oxygen deficit)
or RER..«. Alternatively, significant increases were found in peak blood lactate concentration,
peak heart rate and minute ventilation as well as RPE for the longer CWR test. It can be
assumed that the greater rise in these physiological variables during the 4-min CWR test would
be associated with a greater anaerobic metabolism (i.e., decreased [PCr] and increased muscle
lactate concentrations and therefore [H'] accumulation). This would result in a greater
homeostatic disturbance and reduced exercise tolerance, or in our case lead to a greater change
in mechanical power output measured immediately after the 4-min CWR test. Consequently,
for the same power output within the severe intensity domain, exercising for a longer duration
resulted in a greater instability of the internal metabolic environment, which was subsequently

expressed as a greater loss in functional explosive power.

The findings from the mixed linear regression model suggest that VO, peak blood lactate
concentrations and the duration of the CWR tests were significantly associated with the decline
in the average power measured across the sprints. Thus, irrespective of the physiological
variables measured in the 4-min test being strongly predicted by the outcomes of the 2-min
test, no single physiological variable could predict mechanical power loss (i.e., fatigability)
independently. Alternatively, pre- to post-CWR changes in explosive sprint performance may
provide a useful fatigue estimate for use in training monitoring in athletic environments.

Furthermore, whilst the change in sprint power from before to immediately after a shorter CWR
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test can be used to predict (at least within a 14-16% error range) the power loss induced by the
longer CWR test, the opportunity also exists to use the post-CWR power alone (with SEE of
8.5%) as long as one is confident that the athlete started the CWR in the same state as the
previous test; variability of a complex variable (e.g. post — pre score) should always be greater

than a simple variable (e.g. post score alone).

Whilst taking into account the predictive error, a shorter CWR test may provide a valid
substitute for the longer tests, which are significantly physiologically and psychologically
taxing and induce substantial residual fatigue. Although the exact temporal recovery response
remains to be tested in future studies, the shorter test was more tolerable as it induced less
fatigue, and is not expected to substantively impact long-term athlete fatigue or training
schedules. Consequently, it may be more frequently used in a training season (including at the
start of a training session) to monitor performance and fatigue levels. The shorter test also
introduces the possibility of completing multiple shorter tests within a single session in order
to assess the effects of various interventions (such as bicycle-set up variations, recovery or

nutritional interventions, etc.) and thus with reduced error imposed by between-day changes.

In conclusion, severe-intensity CWR tests of fixed duration may simulate track cycling
individual pursuit performances, however a CWR test in itself rarely allows estimation of
performance fatigue (unless the test results in task failure). Alternatively, fatigability can be
estimated as the change in maximal sprint power from before to after a CWR test. The present
results demonstrate that the physiological variables measured during, and the loss in
mechanical (cycling) power measured immediately after, a severe-intensity 2-min CWR test
may be used as a proxy for outcomes that would be obtained in a test of twice the duration (4
min) despite the test evoking less fatigue. Because the 2-min test is significantly less fatiguing,

and thus more physiologically and psychologically tolerable, recovery time should be reduced
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and training and competition preparations less impacted; the specific magnitudes of these
effects require further study. A shorter test might therefore be employed in athlete (or clinical)
environments to minimise the ongoing impact of testing, and may speculatively allow for
multiple tests to be completed within a single session, assuming adequate recovery time is
provided, to assess the acute effects of specific interventions without between-day effects on

test reliability.

Conclusion

The CWR test lasting 50% of the original duration (i.e. 2 min vs. 4 min) was sufficient to evoke
fatigue by detecting meaningful changes in maximal cycling power output, and both
physiological and psychological strain without overly taxing the athletes. Laboratory tests that
simulate competition intensities (such as an individual pursuit) can therefore be performed
more regularly by using a shorter-duration CWR test that subsequently requires less recovery
time and thus impacts subsequent training and competition preparation to a lesser extent. Such
tests could be used to monitor training adaptation or to assess the effects of acute and chronic
interventions, such as changing bicycle-rider biomechanics, recovery or nutritional strategies,
equipment, etc. In well trained athletes, it is likely that multiple tests could be conducted on
the same day, assuming adequate recovery is provided, increasing testing efficiency.
Additionally, as the capacity to produce and maintain high power outputs after a prior fatiguing
exercise bout is essential for performance success, the ability to produce higher power output
for a given level of fatigue or produce the same power after a CWR of higher mean power
would indicate a performance improvement. Importantly, end-burst power following sustained,
high-power cycling has implications for other track (e.g. Keirin or bunch races) and road

cycling race events where a final sprint often dictates race outcomes.
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