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ABSTRACT

Introduction The ergogenic effects of respiratory alkalosis induced by prior voluntary
hyperventilation (VH) are controversial. This study examined the effects of prior VH on
derived parameters from the 3-min all-out cycling test (3MT). Methods Eleven men (VO
= 46 + 8 mL-kgt-min™) performed a 3MT preceded by 15-min of rest (CONT) or voluntary
hyperventilation (V¢ = 38 + 5 L-min'!) with PerCO; reduced to 21 + 1 mmHg (HYP). End-test
power (EP; synonymous with critical power) was calculated as the mean power output over the
last 30-s of the 3MT, and the work done above EP (WEP; synonymous with W’) was calculated
as the power-time integral above EP. Results At the start of the 3MT, capillary blood PCO>
and [H*] were lower in HYP (25.2 + 3.0 mmHg, 27.1 + 2.6 nmol-L™*) than CONT (43.2 + 2.0
mmHg, 40.0 + 1.5 nmol-L?) (P < 0.001). At the end of the 3MT, blood PCO> was still lower
in HYP (35.7 £ 5.4 mmHg) than CONT (40.6 + 5.0 mmHg) (P < 0.001). WEP was 10% higher
in HYP (19.4 + 7.0 kJ) than CONT (17.6 + 6.4 kJ) (P = 0.006), whereas EP was 5% lower in
HYP (246 + 69 W) than CONT (260 + 74 W) (P = 0.007). The AWEP (J-kg'?) between CONT
and HYP correlated positively with the PCO, immediately before the 3MT in HYP (r = 0.77,
P = 0.006). Conclusion These findings suggest that acid-base changes elicited by prior

voluntary hyperventilation increase WEP but decrease EP during the all-out 3MT.

Key words: Power-duration relationship, respiratory alkalosis, critical power, hypocapnia
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INTRODUCTION

The hyperbolic power-duration relationship is conventionally determined using 3-5 severe-
intensity constant power exercise tests performed to task failure and lasting ~2-15-min (1,2).
This relationship derives two parameters: critical power, represented by the power asymptote
of the hyperbola, and W', represented by the curvature constant. Critical power demarcates the
heavy and severe exercise intensity domains and defines the highest sustainable oxidative
metabolic rate, whereas W’ represents a finite amount of work that can be performed above
critical power (3). Mechanistically, the physiological underpinnings of the power-duration
relationship are closely associated with the oxygen uptake (VO,) kinetics during severe-
intensity exercise (4). An inverse relationship exists between critical power and the time
constant of the fundamental (or phase 1) VO, kinetics (tVO,) (5,6), and a positive relationship
exists between W’ and the VO, slow component magnitude (6). The association between W'
and the VO, slow component magnitude suggests that W’ is intrinsically linked, in part, to
fatigue-related metabolic and ionic perturbation (1,2) and the associated muscle fatigue and

muscle inefficiency (7).

Valid estimates of critical power and W' can be derived in recreationally active
individuals using a 3-min all-out cycling test (3MT) (8). During the 3MT, power output peaks
within ~5-s followed by an exponential decline during the subsequent ~2-min as W' is rapidly
depleted (8,9). The mean power output during the final 30-s of the 3MT (termed the end-test
power, EP) provides an estimate of critical power, whereas the work done above EP (WEP)
provides an estimate of W’ (8). However, whether EP and WEP are mechanistically equivalent
to critical power and W' remains uncertain (1,10). The all-out nature of the 3MT elicits
maximal motor unit recruitment from the outset (11) and marked metabolic and ionic

perturbation (10,12). Positive relationships have been reported between the magnitude of WEP
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and the muscle [La] and [Cr] at the end of the 3MT (12). Moreover, the O, cost of exercise,
reflected by the VO, gain, increases throughout the 3MT and a positive relationship exists
between WEP and the VO, slow component magnitude (11,12). These observations suggest
that the exponential decline in power output during the 3MT and the magnitude of WEP may
depend, in part, on an intrinsic link between substrate level phosphorylation, fatigue-inducing
intramuscular accumulation of H*, Pi, H2PO4™, and/or K*, and an associated loss of muscular
efficiency. Moreover, intramuscular metabolic and ionic perturbation and a progressive fall in
cerebral blood flow may contribute to the progressive development of central fatigue (13,14),

which may be an important determinant of EP (10,15).

Exercise-induced increases in intramuscular [H*] primarily result from a decrease in
the strong ion difference ([SID]) due to La  accumulation and K* efflux (16). Intramuscular
acidosis is partly resolved by the systemic circulation as it traverses active and inactive muscle,
which maintains transmembrane ion concentration gradients (17). Fatigability and exercise
tolerance may, therefore, be sensitive to interventions that modify intracellular and/or
extracellular ion balance (1,10,18,19). For example, sodium bicarbonate ingestion increases
plasma [HCO5] by ~4 mmol-L and reduces plasma [H*] by ~6 nmol-L™ (18) without affecting
intramuscular [H*] (20). The ergogenic effects of sodium bicarbonate ingestion are, however,
variable, possibly due to adverse gastrointestinal side effects and/or ineffective dosing
schedules (19). This may explain why the effects of sodium bicarbonate ingestion on the 3MT
are inconclusive: Deb et al. (21) reported a 15% increase in WEP whereas Vanhatalo et al. (22)
reported no change (EP was unchanged in both studies). Interestingly, compared to sodium
bicarbonate ingestion and without gastrointestinal side effects, a more rapid and pronounced
pre-exercise alkalosis can be achieved using voluntary hyperventilation, which reduces blood
(23-26) and muscle (27) [H*] by reducing blood PCO: (i.e. hypocapnia) and body CO; stores.

However, the ergogenicity of respiratory alkalosis is also inconclusive. While some studies
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report that respiratory alkalosis improves 30-s all-out Wingate cycling test performance (24)
and repetitive cycling sprint performance (25), others report no effect on Wingate cycling test
performance (28,29), small muscle mass exercise tolerance (26,30), or fatigue development

during tetanic stimulation of the perfused rat hindlimb (31).

The mechanisms that may underpin an increase in exercise tolerance with induced
respiratory alkalosis remain uncertain. A stimulatory effect of respiratory alkalosis on
glycolysis has been observed during a 30-s all-out Wingate cycling test (24) and during the
first minute of heavy-intensity (indicated by an elevated but stable blood [La’]) constant power
cycling exercise (32). Moreover, using phosphorus magnetic resonance spectroscopy, Forbes
et al. (27) found that respiratory alkalosis increased the amplitude of the on-transient PCr
kinetic response during moderate-intensity plantar flexion exercise, indicative of greater PCr
breakdown. Collectively, these studies suggest that respiratory alkalosis may increase substrate
level phosphorylation during exercise. Therefore, given the positive association between WEP
and muscle [La’] and [Cr] at the end of the 3MT (12), WEP may be increased by respiratory
alkalosis induced by voluntary hyperventilation. However, Chin et al. (33) observed a 17-s
increase in TVO, (reflecting slower VO, kinetics) when voluntary hyperventilation was
performed before and during moderate-intensity cycling exercise. Given that critical power is
inversely related to VO, (5,6), slower VO, kinetics due to respiratory alkalosis might reduce
EP. Moreover, the hypocapnia that results from voluntary hyperventilation increases
cerebrovascular resistance and reduces cerebral blood flow (34,35), which may also reduce EP
due to an attenuation of cortical voluntary activation (36,37) and an increase in central fatigue

(10,15,38,39).

Therefore, the aim of this study was to examine the effects of prior voluntary
hyperventilation on the parameters of the power-duration relationship derived using the 3MT.

We hypothesised that prior voluntary hyperventilation would increase WEP, but decrease EP.
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METHODS

Participants and ethical approval

Eleven healthy, non-smoking men (age: 26 + 6 years; height: 181 + 7 cm; body mass: 81 + 8
kg) with normal lung function (forced vital capacity: 5.52 + 0.83 L; forced expiratory volume
in 1-s: 4.51 +£0.77 L; peak expiratory flow: 10.3 + 1.4 L-s) provided written informed consent
to participate in the study. Participants refrained from caffeine on test days, and alcohol and
strenuous exercise the day preceding and day of a test. Participants reported to the laboratory
at least 2-h post-prandial. The Institutional Human Ethics Committee approved all procedures,
which were conducted in accordance with the Declaration of Helsinki.

Experimental design

Participants attended the laboratory on four separate occasions, at about the same time of day
(£1-h), separated by at least 48-h but no more than 1 week. During visit 1, pulmonary function
was assessed followed by a cycling ramp incremental test for determination of gas exchange
threshold and VO,,,,,. During visit 2, participants performed a 3MT which served as a
familiarization trial. During visits 3 and 4, which were randomized, participants performed a
3MT without (hereafter termed CONT) and with prior voluntary hyperventilation (hereafter

termed HYP).
Equipment and measurements

Pulmonary function was assessed according to ATS/ERS guidelines (40) using a
pneumotachograph (Pneumotrac; Vitalograph, Buckinghm, UK) calibrated with a 3 L syringe.
Exercise was performed on an electromagnetically braked cycle ergometer (Excalibur Sport;
Lode, Groningen, The Netherlands) that provides accurate measurement of power output up to
a cadence of 180 rpm, which was not exceeded in the present study. For each participant the

position of the seat and handlebars was replicated for all tests. Ventilatory and pulmonary gas
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exchange variables were measured breath-by-breath (ZAN 600USB CPX incorporating GPI
V3.0 software; Nspire Health, Oberthulba, Germany). Participants wore a facemask (model
7940; Hans Rudolph, Missouri, USA) connected to a low resistance (0.51 cmH,0-L s at <14
L-st) flow sensor (ZAN variable orifice pneumotach; Nspire Health) with a combined dead
space of 67 mL. The flow sensor was calibrated using a 3-L syringe. Gas concentrations were
sampled (50 mL-min™t) at the mouth via a 2-m capillary line and analyzed using fast responding
laser diode absorption spectroscopy sensors that were calibrated using ambient air and gases
of known concentration (5% CO., 15% O, balance N.; BOC, Guilford, UK). Volume and
concentration signals were time aligned by accounting for the transit delay in the gas capillary
line and the analyzer rise time (T10-90 <90-ms, where Tio-00 reflects the time taken for the
analyzer output to change from 10% of the final value to 90% of the final value) relative to the
volume signal. Heart rate was measured using short-range telemetry (Polar FT1; Polar Electro,
Kempele, Finland). Arterial oxygen saturation (SpO2) was estimated using a pulse oximeter
(Model 8600; Nonin Medical, Plymouth, MN) and an adhesive forehead reflectance sensor

(Model 8000R; Nonin Medical).

Fingertip capillary blood samples (70 uL) were collected into capillary tubes containing
electrolyte balanced heparin (safeCLINITUBES, Radiometer, Copenhagen, Denmark) and
analyzed immediately for [Hb], [Na*], [K*], [Ca?'], [CI]], [La], PCO2, pH and [HCO3] (ABL90
FLEX; Radiometer). The [H*] was derived from pH as the antilog, and ion concentrations were
corrected for hemoconcentration (41). The [SID] was calculated as the sum of the strong
cations minus the sum of the strong anions: [SID] = ([Na*] + [K*] + [Ca?*]) — ([CI] + [La])
(1,10,16). Changes in blood volume from baseline were calculated from changes in [Hb]

(10,42).

Protocols
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Maximal incremental cycling ramp test. Participants performed 3-min of unloaded cycling
followed by an incremental ramp protocol (30 W-min™) until the limit of tolerance or task
failure (cadence below 60 rpm). Participants maintained their preferred cadence throughout the
test. The breath-by-breath pulmonary gas exchange data were reduced to 10-s rolling averages.
The gas exchange threshold was determined using the V-slope method (43) and the VO, .«

was taken as the highest 10-s mean value (10,12).

The 3MT. The 3MT was preceded by 3-min of unloaded cycling. During the last 3-s of
unloaded cycling participants gradually increased their cadence to ~120-130 rpm and then
elicited maximum effort from the start of the 3MT. Participants then maintained their cadence
as high as possible for the duration of the 3MT. The resistance to pedalling was set using the
linear mode of the cycle ergometer so that, for each participant, the attainment of their preferred
cadence (recorded during the incremental ramp test) corresponded to a power output halfway
between their gas exchange threshold and VO,,.... Verbal encouragement was provided, and
participants were blinded from the elapsed time to prevent pacing. EP and end-test cadence
were calculated as the mean power output and cadence over the last 30-s of the 3MT, and WEP
was calculated as the power-time integral above EP (8-10). Similar to previous work (15), EP
and WEP were taken as estimates of CP and W' and used to predict the time taken (Tlim) to
complete a range of total work done (W) targets (50, 75, 100, 125, 150, 175, and 200 kJ) using

the equation: Tlim = (W —W')/CP.

CONT and HYP. A standardized 18-min period, during which participants were seated on the
cycle ergometer, preceded the 3MT. During CONT, participants rested for 15-min before
starting the 3-min unloaded cycling phase. During HYP, an initial 3-min rest period was
followed by 15-min of voluntary hyperventilation, as previously described (24). Participants

received real-time visual feedback of their end-tidal carbon dioxide pressure (PerCO2) and
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were instructed to progressively increase tidal volume (V1) over 2-3 min to reduce PerCO> to
20 mmHg. Spontaneous breathing was resumed 3-s before the 3MT. An audio metronome
controlled respiratory frequency (fr) at 25 breaths-mint. During the last 3-min of voluntary
hyperventilation, participants simultaneously performed the 3-min unloaded cycling phase.
Breath-by-breath data were averaged into 10-s rolling averages. The O cost of exercise was
determined using the VO, gain (VO,/power), and the VO,,,., Was taken as the highest 10-s
rolling average (10,12). Heart rate and SpO. were measured via visual inspection at baseline,
every 3-min during the subsequent 12-min, every minute during unloaded cycling, and every
30-s during the 3MT. Blood samples were collected at baseline, immediately before and after

the 3MT, and after 5-min recovery.
Statistical analysis

Normality of the data was confirmed by the Shapiro-Wilk test. Differences in VO,,,, between
the incremental ramp test, CONT and HYP were evaluated using a one-way repeated measures
ANOVA. Paired samples t-tests were used to evaluate between-trial differences in mean
cardiorespiratory responses during the 15-min period preceding the 3MT, cadence at the end
of unloaded cycling, peak power output and the corresponding cadence during the 3MT, WEP,
EP, end-test cadence, and total work done. Since 95% of the WEP is accumulated over the first
90-s of the 3MT (44), the total work done was determined at 10-s intervals during the first 90-
s of the 3MT (nine time points) and analyzed using a two-way (trial-time) repeated measures
ANOVA. Ventilatory and pulmonary gas exchange responses (10-s time bins; 19 time points),
VO, gain (18 time points), heart rate and SpO2 (both seven time points) during the 3MT were
analyzed using a two-way (trial-time) repeated measures ANOVA. A two-way repeated
measures ANOVA was also used to analyze blood parameters (trial-time) and predicted Tlim
(trial-total work done target). Significant main effects and interactions were further explored

using Bonferroni’s multiple comparisons test to identify between-trial differences at each
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measurement time point or total work done target. To control the family-wise error rate, P-
values for multiple comparisons were adjusted for multiplicity (45). For ANOVA, effect sizes

are given as partial eta-squared (1112,) and interpreted as small (TIIZ) =0.01), medium (nf) =0.06)
and large (nf) = 0.14) (46). For paired comparisons, effect sizes are given as Cohen’s d; and

interpreted as small (d; = 0.2), medium (d, = 0.5) and large (d, = 0.8) (46). For correlation
analyses, EP and WEP were normalized to body mass. The relationship between the difference
in EP (AEP) between CONT and HYP and the difference in WEP (AWEP) between CONT and
HYP was evaluated using Spearman’s rank correlation coefficient (p). All other relationships
were evaluated using Pearson’s product moment correlation coefficient (r). Statistical
significance was set at P < 0.05. Data were analyzed using IBM SPSS Statistics VV24.0, except
for Cohen’s d; which was calculated using G*Power 3 software. Results are presented as mean

+ SD unless otherwise indicated.
RESULTS
Incremental cycling ramp test

The gas exchange threshold occurred at 2.05 + 0.64 L-min™ (177 £ 56 W), VO,,,x Was 3.77 +
0.81 L-min (46 + 8 mL-kg™-min), and peak power output was 374 + 67 W (4.6 + 0.7 W-kg"
1).

Cardiorespiratory responses during the 15-min period preceding the 3MT

Table 1 summarizes the cardiorespiratory responses during the 15-min period preceding the
3MT. During the initial 12-min of this period (i.e. prior to unloaded cycling), PetCO2 was

lower, whereas Vg, VT, fr, VO, and heart rate were higher in HYP compared to CONT. Except

for heart rate, these differences persisted during unloaded cycling.

The 3MT

10
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Cadence at the end of unloaded cycling in CONT (125 + 13 rpm) and HYP (123 + 16 rpm) was
not different (tio = 0.36, P = 0.723, d, = 0.10). The power profiles during the 3MT of CONT
and HYP are shown in Fig. 1A. There was no difference between CONT and HYP for peak
power output (tio = 1.37, P = 0.201, d, = 0.41) (Fig. 2A) or the corresponding cadence (tio =
1.12, P = 0.287, d; = 0.35) (Fig. 2B). WEP was 10% higher in HYP than CONT (mean
difference: 1.8 £ 1.8 kJ, 95% CI [0.7, 3.0 kJ]; t1o = 3.47, P = 0.006, d, = 1.05) (Fig. 2C), whereas
EP was 5% lower in HYP than CONT (mean difference: 13 + 13 W, 95% CI [5, 22 W]; tio =
3.42, P =0.007, d; = 1.09) (Fig. 2D). The end-test cadence was lower in HYP (81 + 12 rpm)
than CONT (83 + 12 rpm) (mean difference: 2 + 2 rpm, 95% CI [1, 3 rpm]; tio = 3.88, P =
0.003,d,=1.17). WEP in CONT correlated positively with the peak [La] (r =0.86, P = 0.001),
and negatively with the lowest [HCO3] (r = -0.72, P = 0.012). The EP in CONT correlated
positively with the GET (r = 0.77, P = 0.006) and VO,,.x (ML-kg™-mint) (r =0.89, P <0.001)

determined during the preliminary incremental ramp test.

For total work done during the first 90-s of the 3MT, there was a trial-time interaction,
with total work done being greater in HYP than CONT at all time points from 40-90-s (Fig.
1B). Total work done during the 3MT of CONT (64.5 + 13.1 kJ) and HYP (63.7 + 13.2) was
not different (to = 1.20, P = 0.259, d; = 0.38). For predicted Tlim, based on CP and W'
estimates derived in CONT and HYP, there was a main effect of trial (F1,10 = 9.03, P = 0.013,
1112, =0.73) and a trial-total work done target interaction (Fego = 12.85, P < 0.001, n; = 0.56).
The predicted Tlim was not different between CONT and HYP for fixed work targets of 50 kJ
(CONT vs. HYP: 135 + 50 vs. 135 + 55 s, tso = 0.13, P = 1.000, d; = 0.05) and 75 kJ (241 + 83
VS. 246 £ 88 s, teo = 1.61, P = 0.796, d, = 0.55). In contrast, Tlim was longer for HYP than
CONT for fixed work targets of 100 kJ (346 + 119 vs. 357 + 126 s, teo = 3.24, P = 0.014, d, =

0.80), 125 kJ (452 £ 155 vs. 468 + 164 s, tso = 4.84, P < 0.001, d; = 0.90), 150 kJ (557 + 192

11
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vs. 579 + 203 s, teo = 6.55, P < 0.001 d; = 0.95), 175 kJ (663 + 228 vs. 690 + 242 s, teo = 8.16,

P <0.001, d; = 0.98), and 200 kJ (768 + 265 vs. 802 + 282 s, tso = 9.84, P < 0.001, d; = 1.00).
Cardiorespiratory responses during the 3MT

Pulmonary gas exchange and heart rate during the 3MT are shown in Figure 3. For VO,, there
was a trial-time interaction effect, with VO, being lower in HYP than CONT at the 20-s time
point (tigo = 4.34, P < 0.001, d; = 0.54). The VO, during the preliminary incremental ramp
test and the 3MT of CONT (3.70 + 0.57 L-min™) and HYP (3.81 = 0.57 L-min™!) was not

different (F2,20 = 0.61, P = 0.556, n; = 0.06). For VCO,, there was a main effect of trial and a

trial-time interaction effect, with VCO, being lower in HYP than CONT from 10-150-s (t1s0 =
3.11 -14.29, P =<0.001 — 0.042, d, = 0.51 — 2.34). For heart rate, there was a main effect of
trial and a trial-time interaction effect, with heart rate being 10 beats-min™* lower in HYP than
CONT at 30-s (teo = 4.93, P < 0.001, d; = 0.72). SpO2 (n = 10) declined from the start to the
end of the 3MT (pooled data: 98 + 2% vs 92 + 4%) (main effect of time: Fess = 17.94, P <

0.001, T]?, = 0.67), and changes were not different between CONT and HYP (main effect of
trial: F19=2.37, P = 0.158, ﬂf, = 0.21; trial-time interaction effect: Fes54 = 0.13, P = 0.991, n;
= 0.02). Compared to the start of the 3MT, a reduction in SpO was first observed at the 1.5-

min time point (tss = 4.61, P <0.001, d; = 1.12).

For the VO, gain (Fig. 4), there was a trial-time interaction effect. The VO, gain was
~1.0-1.3 mL-min"t-W- (8-10%) higher during HYP than CONT from 90-110-s (ti7o = 3.20 —
3.38, P =0.016 — 0.030, d, = 0.77 — 1.01), and at 170-s (t170 = 4.00, P = 0.002, d; = 0.86) and

180-s (t170 = 4.41, P < 0.001, d; = 0.84).

Ventilatory responses during the 3aMT

12
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Ventilatory responses during the 3MT are shown in Figure 5. For Vg, there was a trial-time
interaction effect, with Vi being 30 L-min‘* higher at the start of the 3MT in HYP than CONT
(tiso = 3.70, P < 0.001, d; = 1.12). Thereafter, from 50-70-s Vi was ~19 L-min lower in HYP
than CONT (tig0 = 3.39 — 4.19, P = <0.001 — 0.017, d; = 0.97 — 1.68). The lower Vg was due
to a lower V1 from 30-70-s (tiso = 3.17 — 5.46, P = <0.001 — 0.034, d; = 0.54 — 1.00). For the
remainder of the 3MT, Vg during CONT and HYP was similar (~161 L-min™), although a
relative tachypnea (~5 breaths-min higher fr) was observed in HYP (main effect of trial). Due
to Vg being higher at the start of the 3MT in HYP than CONT, V/VO, was also higher by
~22 (t180 = 12.53, P < 0.001, d, = 1.83). The lower VCO, in HYP than CONT resulted in
V/VCO, being higher in HYP than CONT from 10-50-s (t1s0 = 4.01 — 14.73, P = <0.001 —
0.002, d; = 1.63 — 2.86). By design, the 3MT in HYP commenced with PetCO2 ~16 mmHg
lower than CONT. During the 3MT of HYP, PerCO2 gradually increased during the initial ~60-
s, after which it remained ~3-5 mmHg lower than CONT (tig0 = 4.30 — 22.88, P = <0.001 —

0.006, d, = 1.47 — 3.53).
Blood volume and acid-base balance

Baseline [Hb] and acid-base variables were not different between CONT and HYP and
therefore these data were pooled (Table 2). A comparable hemoconcentration was observed
during the 3MT of CONT and HYP, which reflected a 7-8% fall in blood volume (Table 2). A
one-way repeated measures ANOVA with Bonferroni’s multiple comparisons test revealed that
[La during HYP increased by 1.1 mmol-L™ from baseline to immediately before the 3MT (t1o
=5.79, P = 0.001, d;, = 1.75). This increase, along with reductions in [Ca%"] and [K], resulted
in the 3MT of HYP starting with a 3.3 mmol-L lower [SID] than CONT (tso = 2.69, P = 0.046,
d; = 1.17). Based on physicochemical principles, a reduction in [SID] (an independent variable)

would, by itself, cause an increase in [H*] and a reduction in [HCO53] (dependent variables)

13
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(1,16). However, such changes were offset by the ~15 mmHg reduction in PCO2 during
voluntary hyperventilation. This reduction in PCO; resulted in the 3MT of HYP commencing
with a 12.9 nmol-L* lower [H*] than CONT (ts = 12.60, P < 0.001, d; = 5.16). At the end of
the 3MT, [La], [SID] and [H*] were not different between CONT and HYP, whereas PCO>

was 4.9 mmHg lower in HYP (ts0 = 4.97, P <0.001, d; = 1.27).
AWEP and AEP correlates

The AWEP (J-kg™) between CONT and HYP was not correlated with the AEP (W-kg?)
between CONT and HYP (p = -0.39, P = 0.235). The AWEP between CONT and HYP was
positively correlated with, in HYP, the PCO, immediately before the 3MT (r =0.77, P = 0.006)
(Fig 6A), the A[H*] from baseline to immediately before the 3MT (i.e. the reduction in [H']
due to voluntary hyperventilation) (r = 0.63, P = 0.034) (Fig 6B), and the A[H'] from
immediately before the 3MT to 5-min after the 3MT (r = 0.72, P = 0.012) (Fig. 6C). The AEP
between CONT and HYP was not correlated with any between-trial differences in acid-base
balance immediately before the 3MT, VO, at the 20-s time point, heart rate at the 30-s time

point, or VO, gain from 170-180-s.
DISCUSSION
Main findings

In agreement with our hypothesis, the main finding of the present study was that prior voluntary
hyperventilation increased WEP, but decreased EP, during the 3MT. Although overall 3MT
performance, i.e. total work done, was not affected by prior voluntary hyperventilation, the
total work done from 40-90-s of the 3MT was greater in HYP than CONT. These novel results
suggest that acid-base alterations caused by prior voluntary hyperventilation increase WEP,

but decrease EP.
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Effects of voluntary hyperventilation on baseline physiology

The voluntary hyperventilation protocol used in the present study mimicked that used
previously (24) and caused a comparable reduction (~11.0 nmol-L?) in blood [H*]. The 1.1
mmol-L? increase in blood [La] with voluntary hyperventilation also corroborates previous
studies (28,32) and may be explained by reduced lactate clearance by active and inactive tissues
(47) and/or stimulation of glycolysis in erythrocytes (48) and brain tissue (49). The effects of
voluntary hyperventilation on resting intramuscular ion balance are largely unknown. In the
isolated perfused rat hindlimb, respiratory alkalosis (perfusate PCO, = 26.6 mmHg, [H'] = 27.2
nmol-L) increases intramuscular [Na‘], [CI], and [La] (31), whereas voluntary
hyperventilation in humans (PetCO2 = 17 mmHg) reduces intramuscular [H*] without affecting
intramuscular [La] (27,32). In the present studly, it is estimated that the 11.0 nmol-L reduction
in blood [H*] with voluntary hyperventilation corresponded to a 20 nmol-L? reduction in
intramuscular [H*] from an assumed baseline of 100 nmol-L* (50). The increased VO, during
voluntary hyperventilation can be attributed to O utilisation by respiratory muscles (51) rather
than resting skeletal muscle (27). Moreover, it is very unlikely that the work of breathing during
voluntary hyperventilation was sufficient to cause respiratory muscle fatigue (52). Therefore,
the increased WEP and reduced EP with prior voluntary hyperventilation are likely explained

by changes in fatigability caused by alterations in acid-base balance.
Effects of prior voluntary hyperventilation on peak power output and WEP

Prior voluntary hyperventilation did not affect peak power output during the 3MT, which is
consistent with previous studies (24,25,28,29). This is probably because hypocapnia and
respiratory alkalosis do not affect baseline intramuscular [PCr] or maximal rates of PCr
degradation (27,32). Conversely, the 10% increase in WEP with prior voluntary

hyperventilation suggests that WEP is sensitive to changes in acid-base balance. Interestingly,
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the 10% increase in WEP after prior voluntary hyperventilation is less than the 15% increase
observed after sodium bicarbonate ingestion (21), although the latter is not a consistent finding
(22). This is intriguing because in the present study the reduced baseline blood [H*] with
voluntary hyperventilation (-11.0 nmol-L 1) was two-fold greater than after sodium bicarbonate
ingestion (21). Moreover, voluntary hyperventilation, but not sodium bicarbonate ingestion,
also reduces intramuscular [H*] (20,27). Surprisingly, however, the AWEP between CONT and
HYP correlated positively with the A[H'] from baseline to immediately before the 3MT in
HYP (Fig. 6B), i.e. the greater the reduction in [H*] with voluntary hyperventilation, the
smaller the improvement in WEP. This is obscure given the close association between acidosis
and peripheral fatigue (13), the contribution of H* accumulation to group HI/IV muscle
afferent-mediated inhibition of motoneuronal output (13), and the view that reduced [H*] is a
primary mechanism by which sodium bicarbonate ingestion improves exercise tolerance (19).
However, an important distinction is that voluntary hyperventilation, but not sodium
bicarbonate ingestion, causes hypocapnia, which reduces cerebral blood flow (34,35). This may
exacerbate central fatigue (38,39) and therefore moderate the positive effects of prior voluntary
hyperventilation on power output and WEP. In support, the AWEP between CONT and HYP
also correlated positively with the PCO, immediately before the 3MT in HYP (Fig. 6A), i.e.
the lower the PCO; after voluntary hyperventilation, which due to physicochemical principles
concomitantly reduces [H*] (16), the smaller the improvement in WEP. Therefore, the extent
to which prior voluntary hyperventilation increases WEP may be partly determined by the net
effect of two opposing mechanisms, namely alkalosis (beneficial) and hypocapnia
(detrimental). The interplay between the net effect of these opposing mechanisms and the task-
specific nature of performance fatigability may explain some of the controversy surrounding

the effects of voluntary hyperventilation on exercise performance (24-26,28-30).
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Putative mechanisms underpinning the increase in WEP with prior voluntary

hyperventilation

In the present study, VO, was lower during HYP than CONT at the 20-s time point of the 3MT.
This is consistent with previous studies showing that respiratory alkalosis increases the
anaerobic contribution to exercise and reduces the aerobic contribution (23,27,29,32).
Moreover, the lower VO, during HYP than CONT was within the fundamental phase of the
VO, on-kinetics, which may suggest that VO, kinetics were slower with prior voluntary
hyperventilation. This is consistent with the findings of Chin et al. (33) who reported an
increased tVO, when voluntary hyperventilation was performed before and during moderate-
intensity cycling exercise. Slower VO, kinetics with prior voluntary hyperventilation may
result, in part, from metabolic inertia due to delayed activation of the mitochondrial pyruvate
dehydrogenase complex (32) and/or slower convective and diffusive oxygen delivery (23). The
lower VO, during HYP than CONT at 20-s was commensurate with a lower heart rate at 30-s,
which may have indeed compromised convective oxygen delivery if not compensated by an
increased cardiac stroke volume. Previous studies suggest that respiratory alkalosis may
increase the anaerobic contribution to exercise by enhancing glycolytic flux (24,27,32),
possibly due to greater stimulation of phosphofructokinase (32). A greater glycolytic flux due
to prior voluntary hyperventilation may therefore explain, in part, why WEP and the total work
done from 40-90-s of the 3MT were greater in HYP than CONT. However, the relationship
between muscle [glycogen], glycolytic flux, fatigability, and WEP is complex and not fully
understood. Indeed, it has been shown that although muscle [glycogen] falls by ~35% during
the first 90-s of the 3MT, it is not different from baseline at the end of the 3MT (12). Moreover,
a 22% reduction in WEP after 2-h of heavy intensity cycling exercise did not correlate with the
reduction (~-65%) in baseline muscle [glycogen] (53). Therefore, power output and WEP

during the 3MT are possibly not limited by anaerobic energy resupply (54), but by progressive
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impairment of skeletal muscle function due to fatigue-inducing ionic perturbation (54).
Accordingly, although prior voluntary hyperventilation may increase WEP partly by increasing

glycolytic flux, this may be secondary to an attenuation of intramuscular ionic perturbation.

Although objective measurements of fatigue were not taken in the present study, fatigue
during the all-out 3MT is manifest explicitly by the fall in power output. The greater work done
from 40-90-s of the 3MT in HYP than CONT therefore suggests reduced fatigability with prior
voluntary hyperventilation. Three observations support that prior voluntary hyperventilation
may have attenuated intramuscular ionic perturbation during the first half of the 3MT: (1) the
lower VO, at the 20-s time point during HYP compared to CONT is consistent with prior
voluntary hyperventilation affecting muscle bioenergetics (7); (11) the lower V1 (from 40-60-
s) and corresponding lower heart rate (at 30-s) during HYP compared to CONT may be
explained by reduced stimulation of metabolically sensitive skeletal muscle afferents due to
less intramuscular metabolic / ionic perturbation (55,56); and (I11) hypocapnia, per se, due to
hypoxia-induced hyperventilation has been shown to attenuate peripheral fatigue during
isometric knee extensor exercise (38). The specific mechanisms by which prior voluntary
hyperventilation attenuates peripheral fatigue during exercise are uncertain but may include:
(1) reduced baseline intramuscular [H*] that attenuates the temporal rise in intramuscular [H'];
(1) increased La" efflux from contracting muscle, which would reduce the rise in intramuscular
[La] (31) and thereby attenuate the fall in [SID] and concomitant rise in intramuscular [H*];
and/or (I11) reduced K* release (31), which would preserve membrane excitability (17) and
attenuate the fall in [SID] and concomitant rise in intramuscular [H*]. Moreover, the AWEP
between CONT and HYP was positively correlated with the A[H*] from immediately before to
5-min after the 3MT in HYP, which suggests that WEP is partly related to the capacity for H*

accumulation.
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Although the 3MT in HYP commenced with a lower blood [H*] than CONT, the fall in
SpO; during the 3MT, which was first observed at the 1.5-min time point, was not different
between trials. This may suggest that prior voluntary hyperventilation did not affect the
development of exercise-induced hypoxemia associated with an acidosis-mediated right shift
in the oxyhemoglobin dissociation curve. However, the initial between-trial difference in blood
[H*] must have declined to zero during the 3MT given that [H*] immediately after the 3MT
was not different between trials, which may partly explain why the fall in SpO2 during the

second half of the 3MT was similar in CONT and HYP.

It could be argued that the increase in WEP with prior voluntary hyperventilation is a
methodological artefact resulting from an inflated power-time integral due to the reduced EP.
Interdependence between WEP and EP has been reported previously: a hypoxia-induced
decrease in EP was inversely related to a concomitant increase in WEP (57), whereas a training-
induced increase in EP was inversely related to a concomitant decrease in WEP (58). In contrast,
acetaminophen ingestion increased EP without affecting WEP (15), whereas prior upper body
exercise reduced EP without affecting WEP (10). Collectively, these studies suggest that the
interdependence between WEP and EP may depend on the experimental intervention. In the
present study, the greater total work done from 40-90-s of the 3MT in HYP than CONT,
together with the lack of correlation between AEP and AWEP, suggests that the increase in
WEP with prior voluntary hyperventilation was not a methodological artefact resulting
exclusively from the decrease in EP. However, given the uncertainty regarding the mechanistic
equivalence of WEP and W' (1,10), it remains uncertain whether the increase in WEP with
prior voluntary hyperventilation reflects, mechanistically, an increase in W', which to resolve

would require conventional determination of the power-duration relationship.

The effects of prior voluntary hyperventilation on EP
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The present study is the first to examine the effects of prior voluntary hyperventilation on all-
out exercise lasting >30-s. Interestingly, although prior voluntary hyperventilation increased
WEP and the total work done over 40-90-s of the 3MT, this was at the expense of a reduced
EP. The reduced EP during HYP offset the increase in WEP and, therefore, overall performance
(i.e. total work done) was unaffected. Prior voluntary hyperventilation is the first acute
intervention shown to increase WEP at the expense of EP. An explanation for why prior
voluntary hyperventilation, but not sodium bicarbonate ingestion (21,22), reduces EP may
reside in the detrimental effects of hypocapnia on cerebral blood flow and central fatigue
(38,39). At rest, cerebral CO- reactivity (i.e. the percentage fall in cerebral blood flow per
mmHg fall in arterial PCO3) is 1-3% (59). Therefore, it is estimated that the ~15.2 mmHg
reduction in PCOz during voluntary hyperventilation resulted in the 3MT of HYP commencing
with an ~15-46% lower cerebral blood flow than CONT. This is similar to the 33-44%
reduction in cerebral blood flow previously observed during voluntary hyperventilation with
PCO; reduced to 20-28 mmHg (34,35). Moreover, PCO; is the primary regulator of cerebral
perfusion during exercise (59), and exercise per se increases cerebral CO> reactivity to 4-5%
(39). Therefore, it is estimated that the ~5 mmHg lower PCO. at the end of the 3MT of HYP
compared to CONT corresponded to a 20-25% lower cerebral perfusion, which may have
exacerbated central fatigue and contributed to the reduced EP. This notion is indirectly
supported by the observation that fr, which is modulated by fast inputs acting centrally (56),

was higher during HYP than CONT.

Studies have shown that the conventionally determined critical power is inversely
related to TVO, (5,6), and that TVO, is increased when voluntary hyperventilation is performed
before and during moderate-intensity cycling exercise (33). Moreover, the data of Murgatroyd
et al. (6) suggest that meaningful changes in CP (~10 W) can result from relatively small (~1-

2 s) changes in TVO,. Therefore, if, compared to CONT, the lower VO, at the 20-s time point
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of the 3MT in HYP reflects slower VO, kinetics with prior voluntary hyperventilation, this
may have contributed to the reduced EP. Moreover, compared to CONT, the lower EP in HYP
was also associated with a higher VO, gain during the last 20-s of the 3MT. Given that a
reduction in muscular efficiency is intrinsically linked to the mechanisms of muscle fatigue (7),
the higher VO, gain in HYP may have resulted from greater intramuscular metabolic and/or
ionic perturbation towards the end of the 3MT. Although this notion remains speculative,
Forbes et al. (27) used phosphorus magnetic resonance spectroscopy to examine changes in
intracellular [H*] and [Pi] during 6-min of moderate intensity plantar flexion exercise with
voluntary hyperventilation performed before and during exercise. Compared to the control
condition, voluntary hyperventilation resulted in a higher intracellular [H*] and [Pi] in the last
2-3-min of exercise. It is therefore possible that, in the present study, prior voluntary
hyperventilation exacerbated the intramuscular metabolic and/or ionic perturbation towards the

end of the 3MT, which increased muscle fatigue and the VO, gain, thereby lowering the EP.
Practical applications

In the present study, the total work done over 40-90-s of the 3MT was greater in HYP than
CONT, which is consistent with a previous study reporting greater work done during a 30-s
all-out Wingate test preceded by the same voluntary hyperventilation protocol (24). Since 95%
of the WEP is accumulated over the first 90-s of the 3MT (44), our findings therefore suggest
that an increase in WEP with prior voluntary hyperventilation may improve short-duration all-
out exercise performance. However, the increase in WEP with prior voluntary hyperventilation
was at the expense of a decrease in EP. This may have implications for severe-intensity exercise
performance that depends on the interplay between critical power and W', which depends on
exercise intensity and duration (60). We therefore used estimates of critical power and W’
derived in CONT and HYP to predict time-trial performance, i.e. predicted Tlim for fixed work

targets ranging from 50-200 kJ. Interestingly, whilst Tlim was not different between CONT
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and HYP for fixed work targets of 50 kJ and 75 kJ (~2-4 min), Tlim was ~3-4% longer for
HYP than CONT for fixed work targets ranging from 100-200 kJ (~6-13 min). Collectively,
our findings suggest that the effects of prior voluntary hyperventilation on exercise
performance may depend on exercise intensity and duration. However, further study should
determine whether prior voluntary hyperventilation affects critical power and W’ determined
conventionally using constant power exercise tests confined to the severe domain, which is
important because changes in the power-duration parameters with some interventions may
depend on the test protocol (1,10,58). Furthermore, the present study was undertaken on males

and due to sex differences in fatigability (61) the results may not extend to females.

Lack of access to blood gas and PetCO, measurements may limit the use of prior
voluntary hyperventilation in training and competition, although Leithauser et al. (24) suggest
that the protocol can be trained and individualized under controlled laboratory conditions and
subsequently applied in the field. Moreover, hypocapnia may impair cognitive function (62)
and induce paraesthesia and tetany (63), which may be undesirable in some circumstances.
Careful consideration of the task specific determinants of performance fatigability, along with
the potential side-effects, is therefore essential to establish the likelihood that prior voluntary

hyperventilation will improve exercise performance.

Conclusion

In summary, the present study demonstrates that voluntary hyperventilation prior to the all-out
3MT increases WEP, but reduces EP. Although the increase in WEP may improve short-
duration (< 90-s) all-out exercise performance, the reduced EP may reduce severe-intensity
exercise performance. The mechanisms by which prior voluntary hyperventilation affect WEP
and EP remain unknown but may be mediated by the degree of hypocapnia incurred along with

changes in muscle bioenergetics and fatigue etiology.
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TABLE 1 Cardiorespiratory responses during the 15-min period preceding the 3MT. Values

are mean * SD.

0-12-min 12-15-min (unloaded cycling)
CONT HYP CONT HYP

Vi (L-min?) 12+4 38 + 5** 25+8 59 + 14**
V(L) 0.78 +0.16 1.56 + 0.19** 1.38+0.38 2.39 £ 0.55**
fr (breaths-min‘t) 15+4 24 + 1** 18+4 24 + 1**
VO, (L-min?) 0.38+0.11 0.52 + 0.10** 0.94 +0.25 1.11+0.28*
PerCO, (MmHg) 3512 21 £ 1** 39+1 21 £ 1**
Heart rate (beats-min™) 80+ 16 101 +17** 98 + 20 100 + 17

Vg, minute ventilation; Vr, tidal volume; fr, respiratory frequency; VO,, pulmonary oxygen
uptake; PerCO», end-tidal CO>. Different from CONT: *P < 0.050, **P < 0.010.

TABLE 2 [Hb], changes in blood volume (ABV) from baseline, and blood acid-base variables.

Values are mean + SD.

Immediately before 3MT

Immediately after SMT

5-min recovery

Baseline CONT HYP CONT HYP CONT HYP
[Hb] (g-dLYyP 16.1+10 161+1.1 16.4+1.1 174+11  176+11 172415 17.3+11
ABV (%) -0.1+£33 -16+3.1 -7.2+3.2 -8.2+35 -6.2+49 -6.5+3.2
[La] (mmol-L%)2b 0.9+0.7 1.2+0.3 19+0.7 15.7+3.2 16.9+34 18.2+35 18.9+3.8
[Na*] (mmol-L*1)® 140+1 140+5 138+4 137+£5 136 £6 143+6 144 £5
[K*] (mmol-L%)2P 42+03 43+0.3 40+0.1* 51407 49106 37403 35+0.2
[Ca*] (mmol-L™)° 120+£0.03 122+005 116+0.04* 122+0.04 119+0.06 119+0.05 1.18+0.04
[CI] (mmol-L%)b 106 + 1 105+ 1 105+ 4 101+3 100 + 4 100 + 4 101+8
Independent acid-base variables
[SID] (mmol-L1)2b 30.3+17 40.2+26 36.8+1.3* 26.8+£35 25.1+33 299+37 283%6.7
PCO, (mmHg)>¢ 40.4+2.38 432120 25.2 + 3.0** 40.6£50 357+£54** 309+26 28.6£3.6
Dependent acid-base variables
[H*] (nmol-L1)2be 387+19 400+15 27.1+26** 64.6+7.2 64.1+86 726+108 748+153
[HCO5] (mmol-LY)>  255+1.0 254+14 25.7+1.2 133+1.8 124+1.7 112+22 10.7+2.0

aMain effect of trial (P = <0.001 — 0.049, n; =0.33-0.95).

® Main effect of time (P < 0.001, n; =0.56 - 0.98).

¢ Trial-time interaction effect (P = <0.001 — 0.033, T]f) =0.25-0.88).

Different from equivalent CONT value: *P < 0.050, **P < 0.010.
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