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Abstract

This study aimed to analyze the effect of exercise-induced hyperpnea on gross efficiency (GE)
and anaerobic capacity estimates during a self-paced 3-min supramaximal cycle time trial (TT).
Fourteen highly-trained male cyclists performed 7x4-min submaximal stages, a 6-min passive
rest, a 3-min TT, a 5-min passive rest, and a 6-min submaximal stage. Three models were based
on the 7x4-min linear regression extrapolation method, using (1) the conventional model (7-
Yun); (2) the same 7-Ypin model but correcting for the additional ventilatory cost (i.e.,
hyperpnea) (7-YLin-v-cor); and, (3) accounting for linearly declining GE during the TT (7-YLin.p).
The other three models were based on GE from the last submaximal stage, using the
conventional model (GEpast) and the same modifications as described for 7+Yym, i.e., (1)
GEpast, (2) GELAsT-V-cor, and (3) GEpast-p. The GEpast model generated 18% higher values of
anaerobic capacity than the 7-Yp v model (P<0.05). During the TT, the hyperpnea corrected
model (i.e., 7-Yriin-vcor OF GEpast-vcor) generated, compared to the respective conventional
model (i.e., 7-Yriv or GEpast), ~0.7 percentage points lower GE and ~11% higher anaerobic
capacity (all, P<0.05). The post-TT GE was 1.9 percentage points lower (P<0.001) and the 7-
Yrinp or GEpast.p model generated, compared to the respective conventional model, a lower GE
(~1.0 percentage points) and ~17% higher anaerobic capacity during the TT (all, P<0.05). In
conclusion, the correction for a declining GE due to hyperpnea during a supramaximal TT
resulted in an increased required total metabolic rate and anaerobic energy expenditure compared

to the conventional models.

NEW & NOTEWORTHY
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This study demonstrates that GE declines during a 3-min supramaximal cycle TT, which is
possibly related to the hyperpneic response during supramaximal exercise. The finding from this
study also provides novel insight into how the increased ventilatory energy cost from exercise-
induced hyperpnea contributes to decreased GE, increased required total metabolic rate, and
increased anaerobic energy expenditure during supramaximal exercise. Therefore, conventional

linear models for estimating anaerobic capacity are likely to generate underestimated values.

Keywords: endurance exercise, energetics, oxygen deficit, supramaximal exercise, ventilation

rate

INTRODUCTION

Two common approaches for estimating the metabolic requirement and anaerobic capacity
during supramaximal exercise are the linear regression method, usually referred to as the
maximal accumulated oxygen deficit method, and the gross efficiency (GE) method (1, 2). An
alternative version of the conventional maximal accumulated oxygen deficit method uses a linear
relationship between power output and metabolic rate (i.e., a PO-MR linear-regression method)
during submaximal steady-state exercise to estimate the instantaneous required total metabolic
rate (i.e., the sum of the aerobic and anaerobic metabolic rates) during supramaximal exercise by
extrapolation (3-5). Such a linear relationship can also be used to estimate instantaneous GE
during supramaximal exercise, which is of interest when comparing anaerobic capacity estimates
generated by different computational models (3, 5). When estimating the required total metabolic

rate using the GE method, GE is usually determined during a single submaximal bout at a
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relatively high exercise intensity (~70-80% of maximum oxygen uptake [VOamax]), which is used
to determine the required total metabolic rate during a subsequent supramaximal effort (2-4). For
both the PO-MR linear-regression method and the GE method, the accumulated anaerobic
energy expenditure is calculated as the difference between the estimated required total metabolic
rate and measured aerobic metabolic rate, integrated over time. For a linear regression between
power output and metabolic rate with a positive Y-intercept value, GE increases hyperbolically
with increasing power output (6, 7). However, when using the GE method, a fixed value of GE is
used, i.e., GE is not assumed to increase with higher power output. Due to these differences, the
conventional GE method would likely generate higher values of anaerobic capacity during cycle-

ergometry exercise than the linear regression method.

Yet both of these methods have been criticized as potentially too simplistic, following
observations of a decline in GE after prolonged (~60 min at 60% of VOZmaX) submaximal-
intensity exercise (8) and/or supramaximal-intensity exercise (9-11). To account for these
variations in GE, de Koning et al. (12) suggested a method where GE measured post-exercise
could be back-extrapolated to the end of the high-intensity exercise, with the decline in GE from
pre-to-post high-intensity exercise being assumed to be proportional with the minute ventilation
(i.e., the hyperpneic response). This back-extrapolation of GE has been utilized to estimate
anaerobically attributable work in some recent studies (10, 12, 13), with demonstrable
differences between the two calculation methods for constant, or declining, GE. Since
instantaneous GE can also be calculated during supramaximal exercise by using the linear
regression method based on power output and metabolic rate (3, 5), a similar method to the one
proposed by de Koning et al. (12) that accounts for a declining GE could potentially also be used

in connection with the linear regression method used for determining anaerobic capacity.
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Yet the back-extrapolation GE method also introduces additional potential confounding factors
that may influence the veracity of the estimated GE during supramaximal exercise. For example,
excess post-exercise oxygen consumption (EPOC), or recovery oxygen uptake, following a
supramaximal exercise task will likely induce some confounding to calculated GE, potentially
affecting back-extrapolation and the computed anaerobic contribution to external work (or power
output) (14, 15). In addition, non-linear kinetics of carbon dioxide (VCO,) elimination by
ventilation during and after supramaximal exercise will influence the respiratory exchange ratio
(RER), and so may not reflect the actual substrate utilization (11, 16, 17). Therefore,
quantification of anaerobic capacity (or anaerobic work capacity) during high-intensity exercise
using back-extrapolated GE may prove erroneous due to the influence of the stated confounding

factors.

An alternative method to account for the potential decline in GE during high-
intensity/supramaximal-intensity exercise may be to consider the additional metabolic
requirement associated with higher ventilation, i.e., exercise-induced hyperpnea (18). During
incremental submaximal exercise up to a ventilation rate of ~105 L min’! (~75% of VOimax in
endurance-trained males (5)), the oxygen cost of ventilation as a fraction of the oxygen uptake
remains relatively constant at ~4% (18). However, due to the exponential rise in the energy cost
per liter of ventilation and/or the higher ventilatory equivalent for oxygen, the relative oxygen
cost of ventilation may increase to ~15% of VOomax during high-intensity or supramaximal-
intensity exercise (18-21). The exponential increase in the oxygen cost of hyperpnea has been
proposed to be the main factor for a declining GE during supramaximal exercise (12). Therefore,
research where this aspect (i.e., hyperpnea) is integrated into the estimation of GE during high-

intensity and/or supramaximal-intensity exercise would be of particular interest to many athletes,
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coaches, and sports scientists, as this information could be utilized in a variety of different ways
(e.g., used for optimizing ventilation patterns, refining pacing strategies, and/or targeting
appropriate nutritional needs, etc.). As the oxygen cost of hyperpnea increases exponentially
from high-intensity submaximal to supramaximal exercise, failure to integrate this additional
oxygen cost during supramaximal exercise would result in an underestimation of the required
total metabolic rate, the estimated anaerobic metabolic rate, and the accumulated anaerobic
energy expenditure. Yet, to the best of our knowledge, no previous study has considered the
effect of the additional metabolic requirement of hyperpnea on GE and anaerobic capacity

estimates during supramaximal exercise.

Therefore, the current study was designed to analyze, for the first time, the effect of exercise
hyperpnea on GE and anaerobic capacity estimates during a self-paced 3-min supramaximal
cycle time trial (TT) using the two common methods for calculating anaerobic capacity (i.e., a
PO-MR linear regression method [7-Ypn] and a GE method [GEpasr]) with three different
variations for each method (i.e., [1] the standard model; [2] with additional ventilation cost
during the supramaximal exercise; and [3] accounting for a declining GE), which resulted in a
total of six different models. Specifically, the two different calculation methods would be first
tested using their default conventional equations (i.e., 7-Y v and GEpasr); then both corrected
for the additional metabolic cost of ventilation (i.e., 7-YLiN-v-cor and GEjasT.v-cor); and finally,

accounting for a linearly declining GE during the TT (7-Yrin-p: GELAST-D)-

The hypotheses of the current study were as follows: 1) the anaerobic capacity estimate would be
higher for the GE st than the 7-Y v model, and 2) the anaerobic capacity estimate would be
higher for each of the respective hyperpnea-corrected models (i.e., 7-YriN-v-cor and GEpasT-v-cor)

compared to the respective conventional model.
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METHODS
Participants

Fourteen highly-trained male cyclists (mean + SD: age: 26.2 + 3.7 years, body mass: 74.7 £ 5.9
kg, stature: 180.5 + 6.0 cm) participated in this study (Tier 3—4, McKay et al. (22)). The ethical
review board of the University of Salzburg approved the study (EK-GZ: 05/2020). All
participants were fully informed about the nature of the study and provided written consent to
participate. The participants regularly competed in cycling events and had previously undergone
a laboratory performance test on a bike. A criterion for exclusion was a VOppay of < 55 ml-kg’
"min". On the day of laboratory testing, participants were instructed to have their last regular

meal 3-h pre-test and refrain from ingesting caffeine. All participants were familiar with

submaximal and maximal cycle ergometry tests.

Equipment and testing procedures

The participant’s stature and body mass were measured pre-test (Seca 764, Hamburg, Germany).
Each participant used their cycling gear (e.g., shoes, cleats, pedals, and clothes) during testing
and a Monark LC7TT time-trial bike (Monark Exercise AB, Vansbro, Sweden) was set to the
participant’s preferences. The LC7TT time-trial bike was equipped with road race handlebars
and standard shifting mechanics (Shimano Ultegra 11 Speed, Shimano Inc., Osaka, Japan).
Cycling power output was logged continuously as second-by-second data. Respiratory variables
were measured using a Cosmed Quark CPET mixing chamber system (Cosmed srl, Rome, Italy)

with data as 10-s values. This setup was used to provide valid and reliable metabolic
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measurements, especially at high ventilation rates in highly trained athletes (23, 24). The gas
analyzers were calibrated prior to each test using a known reference gas containing 15.0% O,
and 5% CO; (UN 1950 Aerosols, Cortex Biophysik GmbH, Leipzig, Germany) and ambient air.
The flowmeter was calibrated with a 3-L syringe (M9424; Medikro Oy, Kuopio, Finland). Blood
lactate concentration was determined from an earlobe blood sample (20 pL) and analyzed with a
Biosen S-line (EKF diagnostic GmbH, Magdeburg, Germany), which was calibrated with a
standard solution of 12 mmol L™'. Heart rate was monitored using a chest strap (Wahoo Kickr,
Wahoo Fitness, Atlanta, Georgia, United States) that was connected to the ANT+ receiver of the

Cosmed system and synchronously stored with ergospirometry data.

A 6-min warm-up was performed at ~37% of peak oxygen uptake (VOapeax) and was directly
followed by a 7 X 4-min submaximal protocol, at intensities corresponding to ~37-70% (~5.5%
increments) of VOzpeak and power outputs were determined based on previous test results. After
the submaximal protocol, a 6-min passive rest was given to the participant followed by a self-
paced 3-min TT that was performed at a maximal effort. Following completion of the TT, the
participants passively rested for 5-min, whereafter a 6-min submaximal stage was performed at
the same power output as the final submaximal stage prior to the TT. For the warm-up and
submaximal stages, the power output was fixed and cadence independent whereas, for the TT,
the power output was regulated freely by the athlete via the bike’s shifters and was cadence
dependent. During all testing, cadence was self-selected by the participant. The cadence for the

submaximal exercise was determined as the average of the final minute of each stage.

The self-paced 3-min TT was performed with no visible information available regarding
physiological response or performance (i.e., heart rate, oxygen uptake, and power output).

Participants were instructed to generate the highest possible average power output throughout the
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TT, with verbal encouragement and information about elapsed time every half minute provided
by the test leaders. Blood lactate concentration was measured 5 min into the warm-up, at the end
of the 7 X 4-min submaximal stages, 1 min before the start of the TT, and 2 min after completion

of the TT.

Processing of respiratory data

Respiratory and heart rate data were collected continuously during the submaximal exercise and
TT. During the submaximal exercise, data from the last minute of each submaximal stage was
used for analyzes. To enable a more dynamic respiratory response during the TT, raw respiratory
10-s data from the TT were interpolated second-by-second using piecewise constant
interpolation for each 10-s average and smoothed using a 9-s counterbalanced moving average
(i.e., using a +4-s time window for smoothing), which was conducted twice as described by
Lidar et al. (25). The VOapeax and peak ventilation rate were determined as the respective highest
20-s moving average during the TT, as based on the raw 10-s respiratory data, while peak heart
rate was obtained as the highest 10-s average value. Peak RER was taken over the same period as

the VOZpeak .

Calculations
Submaximal exercise

Energy expenditure was calculated from oxygen uptake (VO,) and RER (VCO,-VO,™) according

to the equation introduced by Weir (26) and then converted into a metabolic rate that was based

10

Downloaded from journals.physiology.org/journal/jappl at Mittuniversitetet Sundsvall (193.010.119.235) on December 26, 2022.



216

217

218

219

220

221

222

223

224

225

226

227

228

229

230

231

232

233

234

on the average VO,, in L'min”', and RER values (< 1.00) during the final minute of each stage of

the submaximal exercise protocol.

MR [W] = 4184(V0,(1.1RER+3.9)) (Eq. 1)

60

GE was calculated as:

(Eq. 2)

Where PO is the power output on the bike.

During the submaximal exercise following the TT, the MR was based on the average VO, in
L-min” during the final minute and using the RER value from the last submaximal stage prior to
the TT. This was because RER measured following supramaximal exercise was not considered to
reflect the actual substrate utilization due to EPOC and ventilatory dynamics (14, 16, 17). The

GE for the submaximal exercise following the TT was calculated as in Eq. 2.

The estimation of anaerobic capacity

A linear relationship between PO (W) and metabolic rate (W) during the final minute of each of
the 7 X 4-min submaximal stages was derived for each participant and referred to as the 7-Yiy
model (Figure 1). The 7-Ypiw regression equation was used to estimate the required

instantaneous metabolic rate during the TT (MRt r.q) at each 1-s time-point. Submaximal GE
based on the last submaximal stage (GELast) Was also used to estimate the MRyr 4 at each 1-s

time-point of the TT, with MR77 .4 calculated by dividing instantaneous PO with GEpast. The

11

Downloaded from journals.physiology.org/journal/jappl at Mittuniversitetet Sundsvall (193.010.119.235) on December 26, 2022.



235

236

237

238

239

240

241

242

243

244

245

246

247

248

249

250

251

252

253

254

instantaneous s-by-s GE values during the TT were also calculated for the 7-Y v model (GERrgg)

as instantaneous PO divided by the instantaneous MR calculated from the regression equation.

A model was developed to correct for a changing GE during the TT based on the difference in
GE between the last submaximal stage (i.e., GE ast) and GE measured following the TT
(GErtpost)- To reflect the relative decline in GE at the end-point of the TT (i.e., at 180 s), a ratio
between GErrpost and GEpast was used, whereas the GE ratio was set to 1 at the start of the TT.
A linear regression was fitted through the GE ratio at the start of the TT (i.e., 1) and the GE ratio
at the end-point of the TT (i.e., GEtrpost divided by GEpast). The regression equation was used to
determine the GE ratio at each 1-s time-point (f) of the TT (GEgratio). The correction for a
declining (p) GE during the TT was applied to the original 7-Yn and GEpast models and then
referred to 7-Yimn.p and GEpast-p. The MRrr (o at each 1-s time-point (¢) of the TT was

calculated for 7-Yin.p as:

POTT, (W]
MRTT_req,t (W] = T

GEREG,t X GERATIO

(Eq. 3)

For GELast-p, the MRt g at each 1-s time-point (f) of the TT was calculated similarly as in Eq.

3, but with the exception that GErgg was changed to GEpsr.

For the four models (i.e., 7-Yrin, GErast, 7-YLinD, and GEpast.p), the instantaneous anaerobic

metabolic rate (MRaN) at each 1-s time-point (¢) of the TT could then be expressed as:
MRy W] =M R, o0t [W] = MRy [W] (Eq. 4)

where MR is the aerobic metabolic rate calculated according to Eq. 1 and using an RER of

1.00 (i.e., assuming 100% carbohydrate utilization during the TT).

12
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For all four models, the total anaerobic energy expenditure (Ean) was calculated by integrating

MR n over the 3-min TT.

The estimation of the metabolic requirement for ventilation

Based on the non-linear relationship for minute ventilation versus respiratory oxygen cost for
exercise hyperpnea reported by Dempsey et al. (18), a polynomial third-order equation was
constructed but with the oxygen cost of ventilation converted to an energy cost in Joules per liter
of ventilation (Vg), assuming 100% carbohydrate utilization and an energy equivalent of 20.92

J-mL[VO,]"". The equation was expressed as:

VEz_cosrl] * L1 Vg] = —=1.05217 X 1075 x VE3 + 5.74842 x 1073 X VE2 — 0.520568 X

VE + 48.8437 (Eq.5)
where VEg.cosr is the ventilatory energy cost in Joules per liter of V.

The metabolic requirement for ventilation (MRyg [in W]) was calculated as the product of VEg.
cost (L', calculated as in Eq. 5) and respiratory rate (L's™'). The metabolic requirement for
ventilation was also expressed as (1) a fraction of the metabolic rate during the submaximal
stages; (2) as a fraction of the average aerobic metabolic rate during the TT; and (3) as a fraction
of Vngeak at the ventilation rate associated with Vngeak (calculated by converting Vngeak to a

peak aerobic metabolic rate [Eq. 1] using an RER of 1.00).

The ventilatory corrected models for estimating anaerobic capacity

13
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Eq. 5 was used for estimating the additional metabolic requirement during the TT caused by
exercise hyperpnea as described in Figure 2. The increase in VEg.cost with increasing hyperpnea
during exercise is shown in Figure 2A. The VEg.cost above that associated with the last
submaximal stage was then added to the metabolic requirement estimated during the TT with the

7-Yiin and GEpast models and were then referred to as the 7-YiN-v-cor aNd GEp AST - v-cor models.

The additional instantaneous metabolic requirement for ventilation (AMRyg) at each 1-s time-

point (¢) of the TT was calculated as:
AMRyg (W] = (VEg_costept — VEp—costsyg, U " L™ VE]) X TTyge[L-s7"] (Eq. 6)

where TTyg, is the instantancous ventilation rate during the TT; VEg_cosr.c is the
instantaneous VEg_cogr during the TT; and VEg_cosrgyy, 18 the VEg_cosr associated with the

last submaximal stage (SUB?7).

AMRy . was only calculated for ventilation rates higher than the ventilation rate at the last

submaximal stage.

The AMRyg, was added to the MRrr ,¢q, estimated with the 7-Yin and GELast models and

thereafter referred to as the 7-Ypm.v.cor and GEpast.v.cor models (i.e., the ventilatory corrected

[V-cor] models).

The instantaneous anaerobic metabolic rate for the 7-Yim.v-cor and GEpast.v-cor models was

calculated as in Eq. 4 and the Ean was calculated by integrating MR an over the 3-min TT.

The estimation of GE and anaerobic work capacity during supramaximal exercise

The instantaneous GE at each 1-s time-point (¢) of the TT (GErt,) was calculated as:
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__ POrr:[W]

where MRrt; is the model-specific instantaneous required metabolic rate. This calculation was
performed for the 7‘YLIN, 7_YLIN—V—C01‘3 GELAST-V-cor, 7'YLIN-D, and GELAST-D models. The
calculation was redundant for the GE;ssT model as that assumes a constant GE (i.e., the same

GE as for the last submaximal stage).

Anaerobic PO contribution (POan cont) (i.€., PO attributable to MRax) at each 1-s time-point (7)
of the TT was calculated for the 7-Yiin, GErLasT, 7-YLiN-V-cor, OELAST-V-cor, 7-YLIN-D, and GE[ ast-

p models as:
POsN it W] = POrr ([W] — (MR4g[W] X GE71,t) (Eq. 8)
where POt is the PO during the TT and MR g, is the aerobic metabolic rate.

The anaerobic work capacity in Joules was calculated for the six models by integrating the

model-specific POaN cont (W) over the TT duration (s).

The estimated relative effect of hyperpnea on the change in GE between pre- and post-TT

measures

To calculate a GE value for the post-TT submaximal bout that was independent of a changing

MRye (GE_INDwr vE), the following equation was used:

POsyB[W]
MRSUB_post_(MRVEpost_MRVEpre)[W]

GE_INDyg,, = (Eq. 9)

Where POgyg is the submaximal power output (was the same for pre-and post-TT measures of

GE), MRsug post 18 the post-TT submaximal metabolic rate (in W), MRvE post 1 the post-TT
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metabolic requirement for ventilation (in W), and MRyg . is the pre-TT metabolic requirement

for ventilation (in W).

The percentage point difference in GE between SUB7 and GErrpes: Was compared with the
percentage point difference in GE between SUB7 and GE_INDwr ve. Based on these data the
relative effect of exercise hyperpnea on the change in GE from pre-to-post TT submaximal

exercise could be evaluated.

Statistics

Data were checked for normality by visual inspection of Q-Q plots and histograms together with
the Shapiro-Wilks analysis and are presented as mean + standard deviation (SD), except in the
case of RPE and peak heart rate where data are presented as median and interquartile range
(IQR). The linear relationship between power output and metabolic rate was assessed using
linear regression analysis. A one-way repeated measures ANOVA test was used to compare GE
between the seven submaximal stages. The six different model-specific estimated values of GE,
required metabolic rate, anaerobic capacity, and anaerobic work capacity associated with the TT
were also compared with one-way repeated measures ANOVA tests. In addition, the
methodological error was evaluated via the overall standard error of measurement (SEM)
calculated as the square root of the within-subjects mean square error term in the repeated-
measures ANOVA. For the ANOVA tests, the assumption of sphericity was tested using
Mauchly’s test and for violated sphericity, Greenhouse-Geisser correction of the degrees of
freedom was used (epsilon was < 0.75). Eta squared effect size (n°) was also reported for the

ANOVA tests. Bonferroni o corrections were applied to all ANOVA tests. A paired ¢-test was
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used to compare physiological responses, GE, and perceived effort associated with submaximal
exercise during the seventh submaximal stage prior to the TT versus the same submaximal
exercise after the TT. The mean difference + 95% limits of agreement for the respective pair-
wise comparisons of the six anaerobic capacity estimates were evaluated by using Bland-Altman
calculations (27). The pair-wise mean difference was also tested with a paired-sample #-test. In
addition, the absolute typical error for the comparisons was computed, which was also expressed
as a percentage (i.e., relative to the grand mean). For the paired #-tests, the standardized mean
difference (Hedges’ g, effect size [ESx, 4v]) Was computed according to the equations presented
by Lakens (28). All statistical tests were processed using Office Excel 2016 (Microsoft
Corporation, Redmond, WA, USA) and the Statistical Package for the Social Sciences (SPSS 25,

IBM Corp., Armonk, NY, USA). The level of statistical significance was set at a < 0.05.

RESULTS

The submaximal power outputs, cadences, physiological responses, and GE associated with the
seven submaximal stages (SUB;.;) of cycle ergometry exercise, and the post time trial
submaximal bout are shown in Table 1. The GE was shown to be power output dependent as
revealed by the significant differences between the seven submaximal stages (Fo23 = 18.8, P <
0.001, n* = 0.591) with significant pairwise differences being indicated in Table 1. The blood
lactate concentrations 1 min prior to the first submaximal stage (after a 5-min warm-up) and
immediately after the seventh submaximal stage were 0.9 + 0.1 and 2.2 + 0.8 mmol-L",
respectively. The average metabolic rates for the 7-Yr iy model are displayed in Figure 1A and

GE values are presented in Figure 1B.
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The 3-min TT was completed at an average power output of 399 + 42 W at an average cadence
of 93 + 11 rev'min™. The average VO, was 50 + 4 ml'’kg"-min” (3.8 £ 0.5 L'min") and the
VOspeax Was 66 + 6 mlkg'-min” (4.9 £ 0.6 L-min™', 1.71 + 0.22 kW) at an RER of 1.11 = 0.08.
The peak ventilation rate and peak heart rate were 183 + 26 L-min"' and 181 (IQR = 179-183)
beats'min™', respectively. The blood lactate concentrations 1 min pre and 2 min post the TT were
1.9 + 0.5 and 10.9 + 2.0 mmol-L™, respectively. The median RPE measured immediately after
the TT was 19 (IQR = 19-20). Respiratory responses and the estimated ventilatory energy cost
per liter of ventilation as well as the estimated metabolic rate required for ventilation during the
TT are shown in Table 1. The ventilation rate at VOzpeak was 181 + 27 L-min'l, which resulted in
an estimated ventilatory energy cost of 81 + 14 JLL[Vg]' and an estimated metabolic rate

required for ventilation of 250 + 80 W, which was equivalent to 14.4 = 3.4% of VOzpeak.

The difference in physiological responses between the last submaximal stage prior to the TT, and
the submaximal stage following the TT, are shown in Table 1. For the same power output (3.30 +
0.30 W-kg™), the physiological responses were higher for all variables except for RER, whereas
GE was 1.9 percentage points lower than prior to the TT. Approximately one-third (29%) of the
1.9 percentage point decline in GE could be related to the higher ventilatory energy expenditure
due to the 27% higher ventilation rate and the 20% higher ventilatory energy cost per liter of

ventilation.

Figure 2A shows the relationship between ventilation rate (L-min") and ventilatory energy cost
(J-L [Ve] ") adapted from Dempsey et al. (1996). Figure 2B shows the average instantaneous
ventilation rate during the TT and Figure 2C shows the additional instantaneous metabolic
requirement for respiration that was added to the required metabolic rate estimated with the 7-

Yimw and GEpast models, and thereafter referred to as the 7-Yiin.vecor and GE asT.v-cor models.
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Figure 3 shows the average effect on the required total metabolic rate, GE, and anaerobic
metabolic rate when the estimated additional metabolic rate due to hyperpnea was added to the
7-Yiin and GEpast models, i.e., the results for the two ventilation corrected models (7-YLiN-y-cor

and GEpasT-v-cor)-

When comparing the 7-Yyy versus the GEjpast model, the 7-Y v model resulted in a 0.9
percentage point higher GE associated with the TT, a 5% lower required total metabolic rate, a
15% lower anaerobic capacity, and an 11% lower anaerobic work capacity (see Table 2). The
correction for an increased metabolic requirement due to hyperpnea (i.e., the 7-YpN.v.cor and
GELAsT-v-cor models) resulted in ~0.7 percentage points lower GE, ~3% higher required total
metabolic rate, ~11% higher anaerobic capacity, and ~9% higher anaerobic work capacity for the
7-YiiN-V-cor aNd GE[ asT-v.cor models combined versus the GEpast and 7-Y v models combined.
The mean differences, limits of agreement, and typical errors for the pair-wise comparisons of

the six various models are presented in Figure 4.

DISCUSSION

This study has systematically analyzed the effect of exercise hyperpnea on GE and anaerobic
capacity estimates during a self-paced 3-min supramaximal cycle TT. For the two conventional
models that were compared, the GE ast model generated higher values of anaerobic capacity
than the 7-Yp v model, due to the positive Y-intercept value for the 7-Yym model, which
assumes an increasing GE with higher power outputs for the 7-Y v model. When correcting for
hyperpnea during the TT (i.e., 7-YrLin-v-cor and GEpast.v-cor), GE values were ~0.7 percentage

points lower than for the conventional models (i.e., 7-Yp v and GEpasr), which resulted in
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significantly higher values of the required metabolic rate (~3.2%) and anaerobic capacity (~11%)
during the TT. The GE measured after the TT was 1.9 percentage points lower than prior to the

TT.

The significantly higher values of anaerobic capacity (18%) observed with the GEp st than 7-
Yun model confirmed the study hypothesis. This finding was explained by the positive Y-
intercept in the 7-Yy regression (Figure 1A) and the increasing GE with higher power output
(Figure 1B), which is contrary to the GE; osT model that assumes a constant GE. On average, this
resulted in a 0.9 percentage point higher GE during the TT for the 7-Yy than the GE st model.
This finding differs from the results of previous studies that utilized different exercise modalities,
such as diagonal-stride roller-skiing or running on a treadmill, where a linear regression model
(power output/speed versus metabolic rate) without a baseline (i.e., “resting”) value of metabolic
rate generated similar values of anaerobic capacity as a model based on a fixed value of GE
and/or gross energy cost (4, 5, 29). This was due to the close-to-zero average Y-intercept value

for the respective linear regression model in these previous studies.

A novel aspect of the current study was the inclusion of an estimated additional metabolic cost of
ventilation for exercise intensities that were above the exercise intensity of the last submaximal
stage; as demonstrated in Figure 2. Thus, the additional instantaneous metabolic rate due to
hyperpnea during the TT was calculated and added to the total metabolic requirement generated
by the 7-Yiv and GEpast models (Figure 2C) with the average effect presented in Figure 3. Due
to the ventilatory response during the TT (see Figures 2B-C), the instantaneous GE started to
decline after approximately the first minute of exercise and continued to gradually decline
throughout the TT (see Figures 3C-D). This resulted in a higher anaerobic metabolic rate for

each respective ventilatory-corrected model, compared to each respective conventional model,
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during the last two minutes of exercise (Figures 3E-F). When correcting for hyperpnea during
the TT, the GE was, on average, ~0.7 percentage points lower compared to the conventional
model (i.e., 7-Y1iv or GEast), and anaerobic capacity values were ~11% higher (or 0.14 kJ'kg™
higher). As shown in Figures 4E and 4H, the higher anaerobic capacity estimates due to
hyperpnea ranged between 0.05-0.27 kJ-kg™, indicating considerable inter-participant variation.
This is not a surprising result as the magnitude of additional ventilatory energy cost is related to
the absolute ventilation rate during exercise (Figure 2A), which has also been considered in

previous studies (18, 21).

To account for a declining GE during supramaximal cycle exercise, de Koning et al. (12)
suggested an alternative back-extrapolation approach compared to the conventional GE method.
However, this back-extrapolated approach has some methodological issues and requires several
problematic assumptions. For example, oxygen uptake recovery (also known as EPOC) after a
high-intensity/supramaximal-intensity effort is curvilinear due to the respective fast and slow
components (14, 15). Also, the nonlinear VCO, kinetics after maximal exercise is likely to
generate a post-exercise RER that does not reflect actual substrate utilization (11, 14, 17). For
example, in the current study, the RER measured during the submaximal bout after the TT was
0.80, which was substantially lower than the RER of 0.90 that was measured prior to the TT (see
Table 1). However, it is highly unlikely that substrate utilization shifts towards a higher relative
fat utilization after a supramaximal TT, indicating that the measured RER did not accurately
reflect the true substrate utilization. Due to these aforementioned problems, GE in the current
study was measured during the final minute of a 6-min submaximal stage that started 5 min after
the TT. Since the RER measured during the submaximal exercise following the TT was not

considered to reflect substrate utilization, the RER value from the same steady-state submaximal
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exercise prior to the TT (i.e., the seventh submaximal stage) was used in the calculation of
metabolic rate and GE. It should be acknowledged that the revised models of the present study
are based on theoretical constructs, and are thus unlikely to calculate the exact quantity of
anaerobic capacity, due to the complex physiological systems. However, this caveat is also
pertinent to the original models and should be considered an inherent flaw in all anaerobic

capacity calculations.

Similar to previous research (10-13), GE was found to be lower during the submaximal exercise
that followed the supramaximal TT than before. Interestingly, a considerable part of this 1.9-
percentage-point lower GE could be related to the increased metabolic requirement for
ventilation due to the ~25 L-min™' higher ventilation rate and the estimated ~20% higher energy
cost per liter of ventilation. Other potential factors to the lower GE after the supramaximal TT
could have been attributed to impaired muscle contractility and/or altered muscle recruitment
patterns (11, 30). One major factor for the higher ventilation rate during the submaximal exercise
bout that followed the TT, than prior to the TT, was likely mainly related to an increased
ventilatory drive, i.e., lower ventilatory recruitment threshold of the ventilatory response, caused
by lower blood pH (acidosis) due to anaerobic glycolysis from the prior 3-min supramaximal TT
(16). Both the 7-Yyin.p and 7-Yin.vcor models generated higher values of anaerobic capacity
than the conventional 7-Y v model (Figures 4D, E), a result that also was similar to the GE
method-based models (Figures 4G, H). One clear difference between the 7-Ypnv and GEpast
models is presented in Figure 1, where the 7-Y v model assumes a slightly increasing GE with
higher power outputs, whereas the GE; ast model assumes a constant GE during the TT based on
the GE value from the seventh submaximal stage. Due to the decline in GE during supramaximal

exercise, the 7-Yy likely underestimated anaerobic capacity. In contrast, the GEpast model may
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have provided a more valid estimate due to the lower GE value used for calculating the required
metabolic rate (see Figures 3C-D). The corrections made for a declining GE during the TT in
connection with the 7-Y vy model, i.e., the 7-Yrnv-cor and 7-Yrn.p models, probably generated
more valid estimates of anaerobic capacity compared to the conventional 7-Yin model. On the
other hand, the corrections made for a declining GE during the TT in connection with the GEp sst

model, i.e., the GEpast.v-cor and GEpasT.p, may have overestimated the anaerobic capacity.

From these observations, we conclude that GE declines during a 3-min supramaximal cycle TT.
A major cause of this decline is likely related to the concave-upward relationship of ventilation
rate versus ventilatory energy cost (see Figure 2A) and the ventilatory response during
supramaximal exercise with a higher ventilatory equivalent for oxygen. Therefore, conventional
linear regression models that do not account for a declining GE during supramaximal cycle-
ergometry exercise may underestimate the total metabolic requirement and, thus, the
accumulated anaerobic energy expenditure. In the current study, the relationship between
ventilation rate and ventilatory energy cost was adapted from data presented by Dempsey et al.
(18) and was assumed to remain consistent across participants, i.e., no inter-participant variation.
We recognize that this assumption was a simplification of the probable individual variation, as a
high individual variation in this relationship has been previously observed (21). Based on the
results presented in Table 1 and Figure 2A, a very minor part of the increased requirement for
ventilation was likely already included in the 7-Yy model. This is because the estimated relative
metabolic rate required for ventilation increased from 4.5% at the first submaximal stage to 5.4%
at the last submaximal stage (see Table 1). Nevertheless, this part is likely to be very marginal as
the ventilatory equivalent for oxygen increased substantially during the TT and so did also the

ventilatory energy cost per liter of ventilation (see Table 1). Due to these issues, a more refined
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methodology would include a separate test to establish the individual polynomial relationships
between ventilation rate and ventilatory oxygen cost (or estimated energy cost) (18, 19, 21). For
example, a participant could mimic different exercise ventilation rates during rest, i.e., different
levels of enforced hyperventilation at rest using a COj-enriched gas mixture to avoid the
participant from fainting (21). Such an analysis would also allow for a more holistic
understanding of the importance of respiratory energy/oxygen cost on exercise performance. For
instance, the method provided in this study would make it possible to estimate the individual
effect of hyperpnea on GE (or gross energy cost), which is an important performance factor in
many sports (31). In addition, different ventilation strategies/patterns, pacing strategies, and/or
altitudes may potentially induce different hyperpneic responses that could result in altered
metabolic requirements for ventilation which in turn could influence GE and exercise
performance. Further studies could potentially determine the specific effect(s) of respiratory
training and/or respiratory muscle fatigue on high-intensity endurance performances (32, 33).
Other areas of interest could be to analyze the potential effect of exercise-induced hyperpnea,
and/or respiratory muscle fatigue (18, 34, 35), on the VO, slow component during high-intensity

submaximal exercise (11, 35, 36).

CONCLUSIONS

The current study shows that for the two conventional models that were compared, the GEpasr
model generated higher values of anaerobic capacity than the 7-Yr v model, an effect caused by
the different GE assumptions during supramaximal exercise. The two hyperpnea corrected
models (i.e., 7-Yrin-v-cor and GEpast.v.cor) generated, on average, a 0.7 percentage point lower

GE estimate during the TT, which resulted in an 11% higher anaerobic capacity estimate
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compared to the respective conventional models. In addition, a substantial part of the decline in
GE after the TT was estimated to be caused by the higher ventilation rate, and, thus, the
increased metabolic requirement for ventilation, that followed the supramaximal exercise.
Therefore, these findings suggest that the conventional linear model (i.e., 7-Y ) for estimating

anaerobic capacity is likely to generate underestimated values.
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Figure 1. (A) The average metabolic rates associated with the seven stages of submaximal

exercise (Sub stages 1-7) and the extrapolated average total metabolic rate for the supramaximal
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self-paced 3-min time trial (TTavg). The black line represents the linear regression line (7-Yrn)
based on the average data with the dotted lines representing the = SD for the linear regression
line. (B) The gross efficiencies for the seven stages of submaximal exercise (yellow tilted
squares) and the average gross efficiency for the TTayg as calculated from the regression
equation in A (i.e., power output divided by the total metabolic rate during the TT). The black
line (in B) represents the gross efficiency relationship calculated from the linear regression

equation presented in A with the dotted lines representing the + SD.

Figure 2. (A) The effect of an increased ventilation rate on the energy cost of ventilation (VEg.
cost)- The relationship was adapted from Dempsey et al. (16) with further details provided in the
methods. The dashed green vertical lines indicate the average ventilation range for the seven
submaximal stages in the current study. The dashed red horizontal line is based on the average
ventilation rate associated with the last submaximal stage and represents the average boundary
for additional metabolic requirement due to exercise hyperpnea during the supramaximal time-
trial (TT) effort (i.e., the TT average cut off). (B) The average instantaneous second-by-second
ventilatory response during the 3-min supramaximal TT. (C) The average additional
instantaneous metabolic rate due to hyperpnea during the TT, calculated as VEg.cost above the
last submaximal stage multiplied by the ventilation rate in liters per second (see the methods for
further details). The estimated additional instantaneous MR due to hyperpnea during the TT was
added to the total metabolic requirement generated by the 7-Y v and GEpast models and then
referred to as the 7-Yiin.vcor and GEpast.v.cor models (i.e., the ventilatory corrected [V-cor]

models).
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Figure 3. The power output and the estimated required total metabolic rates (MRgrgq) for (A)
GEprast and GEpastv-cor, and (B) 7-Ypun and 7-Yiny-cor models during the 3-min self-paced
cycle time trial (TT). The 7-Ypx is the linear model based on seven submaximal stages and the
GELast is the model based on the GE value from the last submaximal stage. The 7-YN.v-cor and
GEpLasT.vcor are the same models but with the estimated additional metabolic rate due to
hyperpnea added to the 7-Yrinv and GEpast models. (C-D) The instantaneous second-by-second
gross efficiency values for the different models during the TT. (E-F) The instantaneous second-
by-second aerobic metabolic rate (MR4g) and the estimated anaerobic metabolic rate (MRan) as
based on the different models during the TT. The presented data are based on group-average

values.

Figure 4. Bland-Altman plots for the six various models of estimating anaerobic capacity (AnC)
associated with the 3-min self-paced cycle time trial. Bland-Altman plots represent the mean
difference (MEANDrr) in the AnC + 95% (1.96 SD) limits of agreement between the methods.
Abbreviations: AnCpyrp, the difference in AnC; TE, typical error (in parenthesis: typical error
expressed as a percentage of the grand mean); ES, Hedges’s g, effect size (Hg,), 7-Y1LN, the 7 X
4-min linear regression model; GE ast, the gross efficiency model based on the last submaximal
stage; 7-YLiN-v-cor, the exercise hyperpnea corrected 7-Ypi model; GEpasrt.vcor, the exercise
hyperpnea corrected GEpasr model; 7-Yyn.p, the 7-Y v model corrected for a declining GE;

GELast-p, the GEpasT model corrected for a declining GE.
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Table 1. Mean + SD values of power outputs, physiological responses, and gross efficiencies associated with the seven submaximal
stages (SUB;-SUBy), the 3-min supramaximal time trial (TT), and the post-time-trial submaximal stage (SUBtrp0st) 0f cycle ergometry

exercise.

SUB; SUB, SUB; SUB4 SUBs SUBs SUB, TT SUB trpost ES

Power output (W-kg')  1.54+0.14 1.84+0.16 2.13+0.19 2424022 272+024 3.01+027 330+030 534+043 330+030 -

Cadence (rev-min™") 69+5 T1+5 T4+5 77+5 80+5 83+5 86+5 93+ 11 87+7 0.3
Heart rate (% of TTpea) 60+ 6 64+ 6 67+6 72+6 77+5 82+5 86+5 - 91 +4° 0.9
MR 55 (W-kg™) 83+1.2 94+13 106+13 11.8+16 13.1+1.6 144+16 158+17 17714 174+17° 09
MR g (% of MRAE peak) 36+6 42+7 47+7 52+38 58+9 64+9 69 +9 - 76 + 9% 0.7
Ve (L'min™) 456+82 509+9.7 573103 643+103 725+112 81.0£129 90.7+156 130.5+23.1 1156+20.6° 1.3
VEke.cost (J-L[VE] ™) 36+ 1 36+ 1 36+ 1 37+1 38+2 39+3 42+ 4 61+9 50 + 8° 1.2
MRy (W-kg'l) 04+0.1 04=+0.1 0.5+0.1 0.5+0.1 0.6+0.1 0.7+0.1 09+0.2 20+£0.6 13+04% 1.4

MRuyE re1 (Yo of MRyE) 45+03 43+0.3 44+03 45+03 47+04 49+0.5 54+0.9 102+24 75+19% 1.3

VeV0,! 246+17 240+17 241+15 245+16 248+13 252415 260+22 348+35  303+32% 15
Ve-VCo,! 286+2.1 281423 28.0+22 28.1+25 283+23 284+23 289+29 335+3.1 375+445 22
RER (VCO,'VO,™) 0.86+0.04 0.86+0.04 086+0.05 0.87+0.04 0.88+0.05 0.89+0.05 090+0.05 1.03+0.09 080+0.04° -2.1
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Gross efficiency (%) 18.8+2.0°9 19.7+2.19 202+1.8 207+18 208+14 209+13 21.0+13 - 19.1+1.2%  -14

Abbreviations: ES, effect size; TTpea, TT peak value; MRag, aerobic metabolic rate; MRAE peak, peak aerobic metabolic rate from the
TT; Vg, ventilation rate; VEg.cost, ventilatory energy cost; Vg, ventilation volume; MRy, the estimated metabolic rate required for
ventilation (i.e., VEg.cost [J -L'l] x Vg [L-s'l]); MRy re1, the estimated metabolic rate required for ventilation expressed as a fraction of
the MRag; Ve-VO,™, ventilatory equivalent for oxygen; Ve-VCO,™, ventilatory equivalent for carbon dioxide; RER, respiratory exchange
ratio. Statistical comparisons were performed between SUBtry0st and SUBs. SP < 0.001 versus SUB,. Hedges’ dav ES (HQay) was
presented for the respective pair-wise comparisons. A one-way repeated measures ANOVA was used to compare the gross efficiency
values for the seven submaximal stages. ““Significantly different from SUB3, SUB,4, SUBs, SUBg, and SUB-, all P < 0.01. dSigniﬁcantly

different from SUB4, P=0.01.

Downloaded from journals.physiology.org/journal/jappl at Mittuniversitetet Sundsvall (193.010.119.235) on December 26, 2022.



Table 2. Mean + SD values of the gross efficiency, metabolic requirement, anaerobic capacity, anaerobic work capacity, and relative

anaerobic energy contribution during the 3-min cycle time trial (TT) for the six different calculation models.

Model of calculation

7-YiNn 7-Y LIN-V-cor 7-YLin-D GEasT GEiastveeor  GEpastp F-value P-value n SEM
GErr avg (%) 21.9+1.4°"  212+13%"  209+13" 21.0+1.3%" 204+13 20012 F,,=234 <0001 0643 089
MR req (W-kg™) 243190 251+20° 254+22" 255+24°"  263+£26 26627 Fsi=21.8 <0.001 0.627 0.66
MR req (% Of MRy peai) 106 £ 4° 110 + 4% 115 111+ 6% 115+6 116£6  Fsg=24.1 <0.001 0.650 2.72
AnC (kJ-kg™) 1.19+027°" 133+0.25% 141+032" 140+031%" 154+031 1.63+0.36 Fse=23.6 <0.001 0.645 0.12
AnWC (kJ’kg™) 0.26 +0.05"  0.29+0.05%" 0.30+0.06" 0.29+0.065" 032+0.05 033+0.06 F,,» =250 <0.001 0.658 0.03
AN,y (% of total) 27 + 5" 29 + 4°8f 315 30 + 58 32 +4f 34+5  F,=27.6 <0.001 0.680 3.01

Abbreviations: 7-Yyn, the 7 X 4-min linear regression model; GEjast, the gross efficiency model based on the last submaximal stage;
7-YLiNn-v-cor, the exercise hyperpnea corrected 7-Y v model; GEpast-v-cor, the exercise hyperpnea corrected GEpast model; 7-Yrn.p, the
7-Yin model corrected for a declining GE; GEpastp, the GEpast model corrected for a declining GE; SEM, standard error of
measurement; GErray,, average GE during the TT; MRyrreq, required total metabolic rate during the TT; MRy peak, peak aerobic
metabolic rate during the TT; AnC, anaerobic capacity; AnWC, anaerobic work capacity; AN, relative anaerobic energy contribution.

F-values, P-values, and eta squared effect size (n°) were obtained by a one-way ANOVA. bStatistically significantly different from 7-
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YLN-Vocor (P <0.05). CStatistically significantly different from 7-Yyw.p (P < 0.05). dStatistically significantly different from GEpsst (P <

0.05). eStatistically significantly different from GEpast.v-cor (P < 0.05). fStatistically significantly different from GEpast.p (P < 0.05).
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anaerobic capacity estimates during a 3-min cycle time trial
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