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Abstract The effect of hyperventilation-induced hypo-
capnic alkalosis (HYPO) and prior heavy-intensity exercise
(HVY) on pulmonary O, uptake (VO,,) kinetics were
examined in young adults (n = 7) during moderate-intensity
exercise (MOD). Subjects completed leg cycling exercise
during (1) normal breathing (CON, PgrCO, ~ 40 mmHg)
and (2) controlled hyperventilation (HYPO, PgrCO, ~
20 mmHg) throughout the protocol, with each condition
repeated on four occasions. The protocol consisted of two
MOD transitions (MOD1, MOD?2) to 80% estimated lactate
threshold with MOD2 preceded by HVY (A50%); each
transition lasted 6 min and was preceded by 20 W cycling.
VO,, was measured breath-by-breath and concentration
changes in oxy- and deoxy-hemoglobin/myoglobin (A[HHb])
of the vastus lateralis muscle were measured by near-infrared
spectroscopy. Adjustment of VOQP and A[HHb] were mod-
eled using a mono-exponential equation by non-linear
regression. During MOD1, the phase 2 time constant (7) for
VO,, (tVOy,) was greater (P < 0.05) in HYPO (45 & 24 s)
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than CON (28 £ 17 s). During MOD2, rVOzp was reduced
(P < 0.05) in both conditions (HYPO: 24 £+ 7 s, CON:
20 + 8 s). The A[Hbror] and A[O,Hb] were greater
(P < 0.05) prior to and throughout MOD2. The A[HHDb]
mean response time was similar in MOD1 and MOD2, and
between conditions, however, the MOD1 A[HHb] amplitude
was greater (P < 0.05) in HYPO compared to CON, with no
differences between conditions in MOD?2. These findings
suggest that the speeding of VOzp kinetics after prior HVY in
HYPO was related, in part, to an increase in microvascular
perfusion.

Keywords Pulmonary O, uptake kinetics -
Near-infrared spectroscopy - Cycle ergometry -
Respiratory alkalosis

Introduction

Following a sudden increase in exercise intensity (and thus
muscle ATP requirement), muscle O, utilization and, after
a brief delay, the fundamental component of pulmonary O,
uptake (VO,,) increase exponentially towards a new
steady-state level. Whether the delay in reaching the
required Vng response resides in a relatively slow acti-
vation of rate-limiting enzymes and provision of substrates
(other than O,) to the mitochondrial tricarboxylic acid
(TCA) cycle and electron transport chain (ETC), to
impaired convective and/or diffusive delivery of O, to the
terminal oxidase in the mitochondria, or to a combina-
tion of these factors is unresolved (Poole et al. 2008;
Tschakovsky and Hughson 1999).

Voluntary hyperventilation resulting in a hypocapnic
alkalosis (HYPO, i.e., respiratory alkalosis) has been
shown to slow the adjustment of pulmonary VO, (VOa,)
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(Chin et al. 2007; Hayashi et al. 1999) and the breakdown
of muscle phosphocreatine (PCr) (Forbes et al. 2007) [both
measures reflecting the kinetics of muscle O, utilization
(Grassi et al. 1996; Krustrup et al. 2009; Rossiter et al.
1999)], and to delay the activation of the mitochondrial
pyruvate dehydrogenase (PDH) enzyme complex (LeBlanc
et al. 2002) during the transition to moderate-intensity
exercise. Hayashi et al. (1999) attributed the slowed VOZp
on-kinetics to impaired O, off-loading from hemoglobin as
a consequence of an alkalosis-induced leftward-shift in the
oxyhemoglobin dissociation curve. Alternatively, based on
near-infrared spectroscopy (NIRS)-derived measures of
total- and deoxy-hemoglobin/myoglobin changes in the
vastus lateralis muscle during exercise, Chin et al. (2007)
suggested that reduced muscle microvascular perfusion, in
part, was responsible for the slower Vng kinetics observed
during the on-transition to exercise in respiratory alkalosis.
Similarly Forbes et al. (2007) using simultaneous mea-
sures of phosphorus magnetic resonance spectroscopy
(*'P-MRS) and NIRS, suggested that impaired microvas-
cular perfusion and O, delivery was responsible for a slo-
wed adjustment of muscle O, utilization which resulted in
the greater and slower rate of muscle PCr breakdown
reported in that study.

A prior priming bout of heavy-intensity exercise (HVY)
has been shown to be effective at speeding VOQp kinetics
during a subsequent bout of MOD, especially in older
adults (DeLorey et al. 2004; Scheuermann et al. 2002) and
in young adults presenting with slower VOzp kinetics (Gurd
et al. 2005, 2006). Although a speeding of the VOzp
response in MOD is not seen consistently with prior HVY
(Burnley et al. 2000; DeLorey et al. 2004; Gerbino et al.
1996; Scheuermann et al. 2002), it is evident that the
likelihood of observing a measureable decrease in the
phase 2 VO,, time constant (tVO,,) following priming
exercise may be dependent on the relative “sluggishness”
of the unprimed response (e.g., see Fig. 2 in Gurd et al.
2005 and Fig. 4 in Gurd et al. 2006). After HVY exercise,
heart rate (DeLorey et al. 2004; Gurd et al. 2005;
Scheuermann et al. 2002) and NIRS-derived measures of
oxy- and total hemoglobin/myoglobin [reflecting greater
local (microvascular) perfusion] (DeLorey et al. 2007,
DeLorey et al. 2004; Gurd et al. 2005, 2006) remained
elevated prior to and throughout the subsequent bout of
exercise, while conduit artery muscle (i.e., bulk) blood flow
remained elevated at baseline and during the immediate
onset of exercise (DeLorey et al. 2007; Endo et al. 2005;
Fukuba et al. 2004; Hughson et al. 2003; Jones et al. 2006;
MacDonald et al. 2001; Paterson et al. 2005). Based on
these findings, it was argued that the speeding of VOZp
kinetics seen after HVY in these individuals is due, in part,
to the removal of the constraint imposed by an inadequate
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local microvascular blood flow distribution and O, delivery
during the exercise on-transition.

Therefore, the purpose of the present study was to
examine the effect of hyperventilation-induced hypocapnic
alkalosis (HYPO) and prior heavy-intensity exercise on
VOzp kinetics during the transition to moderate-intensity
exercise. It was hypothesized that the slowed VOQp kinetics
associated with HYPO would become faster when pre-
ceded by a priming bout of heavy-intensity exercise and
that this would be due, in part, to improved perfusion
within the muscle [as assessed by a greater concentration
change in the NIRS-derived oxy- and total hemoglobin/
myoglobin, and less reliance on fractional O, extraction
(as assessed by the NIRS-deoxygenation signal)].

Methods
Subjects

Seven healthy male subjects [age 23 £ 3 years, VOzpeak
49 + 10 ml/(kg min), mean &+ SD] were given verbal and
written explanation of the experimental protocol and pos-
sible associated risks and discomforts before volunteering
to participate in this study. Informed consent was obtained
from each subject prior to any data collection. The protocol
was approved by The University of Western Ontario Ethics
Committee for Research on Human Subjects, in accordance
with the Declaration of Helsinki. All subjects were non-
smokers and free of known respiratory, cardiovascular and
metabolic disease.

Pre-experimental protocol

Each subject completed a ramp incremental exercise test
(20 W/min) to volitional fatigue on an electromagnetically
braked cycle ergometer (Lode, model H- 300-R) to esti-
mate their lactate threshold (0 using gas exchange
indices, and to measure their peak VO, (VOZ peak ). The oL
was defined as the VO, at which VCO, (CO; output) began
to increase out of proportion to the increase of VO, with
a rise similarly observed with the ventilatory equivalent
for VO, (Vg/V0,) and end-tidal PO, (PgrO,) with no
systematic increase in the ventilatory equivalent for
VCO, (Vg/VCO,) or fall in end-tidal PCO, (PgrCO,)
(Beaver et al. 1986; Whipp et al. 1986). VOzpeak was
determined as the average VO, from the final 20 s of the
ramp incremental test. Results from the ramp test also
allowed determination of the work rate (WR) that elicited
~80% of the VO, at @L (moderate-intensity exercise,
MOD) and ~50% of the difference (A50%) between the
VO, at @L and VO, peak (heavy-intensity exercise, HVY).



Eur J Appl Physiol (2010) 108:913-925

915

Before any actual data collection, subjects familiarized
themselves with the hyperventilation maneuver by estab-
lishing the degree of hyperventilation needed to attain the
target end-tidal PCO, (PgrCO,) of ~20 mmHg from a
normal PgrCO, of ~40 mmHg (Chin et al. 2007; LeBlanc
et al. 2002).

Exercise protocol

The protocol consisted of 5 min baseline with subjects
sitting quietly on the cycle ergometer and breathing nor-
mally, followed by an “accommodation” period lasting
20 min where subjects either continued with normal
breathing (CON; PgrCO, ~ 40 mmHg) or began volun-
tarily hyperventilating to induce a hypocapnic alkalosis
(HYPO; PgrCO, ~ 20 mmHg). During HYPO, subjects
hyperventilated throughout the MOD-HVY-MOD proto-
col, thereby maintaining PgrCO, at ~20 mmHg for the
entire exercise protocol. PgrCO, was displayed (ADIn-
struments Inc., PowerLab Chart v4.2, Colorado Springs,
CO, USA) and continuously monitored by the subjects,
with adjustments made to breathing frequency and/or tidal
volume as required to maintain PgrCO, at the target level.

Exercise consisted of two moderate-intensity step-tran-
sitions in work rate (MOD1, MOD2) that were separated
by a bout of heavy-intensity (HVY) exercise. Each step-
transition was preceded and followed by 6 min of 20 W
baseline exercise and all steps were 6 min in duration
except for HVY which lasted 5 min. Changes in WR were
made instantaneously and without warning. Subjects per-
formed four repetitions of the exercise protocol in each of
the CON and HYPO conditions on separate days.

Materials

Inspired and expired airflow and volumes were measured
throughout the exercise protocol by a low dead space
(90 mL) bi-directional turbine (Alpha Technologies,
VMM-110, Laguna Hills, CA, USA). The volume turbine
was calibrated prior to each test using a syringe of known
volume (3.0 L; Hans Rudolph, Kansas City, MO, USA).
Respired gases were sampled continuously (1 mL/s) at the
mouth and analyzed for the fractional concentrations of O,,
CO, and N, by mass spectrometry (Innovision, AMIS
2000, Lindvedvej, Denmark) following calibration with
precision-analyzed gas mixtures. Inspired and expired
volumes were time-aligned with changes in gas concen-
trations by measuring the time delay for a bolus of gas to
travel through a capillary line from the turbine transducer
and to be detected by the mass spectrometer. The algo-
rithms of Beaver et al. (1981) were used to calculate
breath-by breath alveolar gas exchange.

An electrocardiogram (Life Pulse, HME Ltd., Hert-
fordshire, UK) was used to monitor beat-by-beat heart rate
(HR) by a three-lead arrangement. Data were recorded
and stored for further analysis on a separate computer
(PowerLab Chart v4.2).

Changes in local muscle oxy- (A[O,Hb]), deoxy-
(A[HHb]) and total (A[Hbtor]) hemoglobin/myoglobin
concentrations were measured continuously by near-infra-
red spectroscopy (NIRS; Hamamatsu Photonics KK, NIRO
300, Japan). Optodes were housed in an optically dense
rubber holder (optode separation, 5 cm) and placed on the
vastus lateralis muscle of the right leg, midway between
the lateral epicondyle and greater trochanter of the femur.
A black vinyl sheet was taped to the skin surface to cover
the optode assembly and to minimize the loss of near-
infrared transmitted light from the region of interrogation
and reduce the intrusion of extraneous light. To further
secure the position of the optodes during the exercise
protocol, an elastic bandage was wrapped around the leg to
prevent any movement of the optode assembly while still
permitting freedom of movement for leg cycling. The
NIRS-signals were monitored until steady-state baseline
levels were established at which time the signals were
“zeroed” such that further changes in the signals were
relative to this “zero” value (i.e., “delta”). Baseline NIRS-
signals were monitored for an additional 5 min while the
subjects breathed normally and this was followed by
20 min accommodation period (see above).

A detailed explanation of the principle and theory of this
NIRS device is described by Elwell (1995). Briefly, four
laser diodes produce different wavelengths (775, 810, 850,
and 910 nm) that are pulsed in rapid succession and
transmitted through fiber optic bundles to the tissue of
interest. The transmitted light returns through a separate
fiber optic bundle to a photomultiplier tube where the light
intensities are coupled with the relevant specific extinction
coefficient and optical path length to give rise to changes in
A[O,Hb], A[HHb] and A[Hbrqor] relative to resting, pre-
accommodation values. As the differential path length in
the quadriceps muscle at rest and in exercise is presently
unknown, the NIRS-derived measures are reported in
arbitrary units (a.u.). Changes in light intensities were
monitored and recorded continuously at 2 Hz and the raw
attenuation signals were transferred and stored on a com-
puter for later analysis.

Analysis of data

VOzp data for each individual trial were initially filtered to
remove any aberrant breaths that lay outside four standard
deviations of the local mean as they do not conform to a
Gaussian distribution as described by Lamarra et al.
(1987). Data were then interpolated into 1-s intervals and
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time-aligned to correspond to the onset of the MODI1
transition (time = 0). The four repetitions within a condi-
tion were ensemble-averaged and further time-averaged
into 10 s bins to yield a single response profile for each
subject in each condition. The on-transient response for
VOzp was modeled using nonlinear, least squares regres-
sion fitting techniques (Origin, OriginLab Corp., North-
ampton, MA, USA) with a mono-exponential function of
the form:

Y(f) = Y(BSL) + Amp(] —e —(t—TD)/z)) (1)

where Y, represents VOZp as a function of time (7)
throughout the exercise transient; Ygsy, is the baseline
VOZp during 20 W cycling prior to the step increase in
WR; Amp is the amplitude of the increase in VOZp
above the baseline value; 7 is the time constant (i.e.,
time taken to reach 63% of the steady-state response);
and TD is the time delay. The fit for both MODI1 and
MOD2 began at the phase 1-phase 2 transition (as
previously described by Rossiter et al. (1999) and Gurd
et al. (2005)), to the end of the exercise transition (i.e.,
360 s).

Beat-by-beat heart rate data were edited and averaged in
a fashion similar to that described above for the VO,, data.
Using the exponential model in Eq. 1, TD was constrained
to “zero” and the on-transient HR response was fit from
the onset of the exercise transition through to the end of
each exercise response.

The NIRS-derived A[O,Hb], A[HHb] and A[Hbror]
data were time-aligned to the onset of MODI1 (time = 0)
and ensemble-averaged into 5 s bins to yield a single
response for each subject for both CON and HYPO. The
time delay for the A[HHb] response (i.e., TDA[HHDb]) at
the onset of MOD1 and MOD2 was determined using
second-by-second data for each transition and defined as
the first increasing point that consistently remained above
the nadir of the signal. This was performed on every trial
for all subjects, and averaged to yield a single TDA[HHD]
for CON and HYPO for every subject. To determine the
time course for muscle deoxygenation, the A[HHb] data
were modeled using an exponential function as in Eq. 1
from the TDA[HHDb] to 90 s of the WR step. Visual
inspection of the NIRS-derived A[HHb] profile and min-
imal variation of residuals around the Y axis (¥ = 0)
suggests this fitting procedure provides a reasonable
estimate of the time course of muscle deoxygenation (i.e.,
tA[HHb]). The overall time course for muscle deoxy-
genation, which reflects the period of time corresponding
to the adjustments of both muscle O, utilization and
microvascular blood flow, was calculated as the mean
response time (MRT = TDA[HHb] + tA[HHb]). Analy-
sis of the A[O,Hb] and A[Hbror] signals were restricted
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to the steady-state baseline and end-exercise values
since these signals do not exhibit an exponential-like
response.

Statistical analysis

The parameter estimates for VOzP, HR, A[O,Hb], A[HHb],
and A[Hbyor] were analyzed using a two-way analysis of
variance (ANOVA) for repeated measures with the main
effects of condition and moderate level. A significant F
ratio was analyzed using Tukey’s post hoc analysis with
statistical significance accepted at P < 0.05. All values
were expressed as mean £ SD.

Results
Respiratory measures

The gas exchange profile for a representative subject is
shown in Fig. 1, with the mean values of several respira-
tory measures presented in Fig. 2. The hyperventilation
maneuver in HYPO resulted in higher (P < 0.05) CO,
output (VCO,) values but similar VO,, values throughout
the protocol compared to CON. Subjects were able to
maintain a lower (P < 0.05) PgrCO, of ~20 mmHg
throughout the entire HYPO protocol (as shown in Fig. 2)
with ventilation (Vi) during HYPO being approximately
twice as great (P < 0.05) than in CON. This was achieved
primarily through a 50-113% increase (P < 0.05) in the
frequency of breathing (Freq) during HYPO, as the higher
tidal volume (V;) in HYPO (by 6-34%) was not significant
between conditions.

Vozp kinetics

The moderate-intensity exercise bout in the present study
was performed at 79% @)L (£5%) (VOzpeak: 56 £+ 3%).
The mean normalized VOzp response profiles for all sub-
jects with model fit and associated residuals during the
transition to MOD1 and MOD2 in CON and HYPO are
presented in Fig. 3. The parameter estimates for the VOzp
response and the individual phase 2 time constants
(tVO,,) for each condition are presented in Table 1
and Fig. 4, respectively. Baseline VOzp for MOD1 was
not different between HYPO (0.96 + 0.08 L/min) and
CON (0.97 + 0.06 L/min), however, VOZp was elevated
(P < 0.05) prior to MOD2 in both conditions and was
higher (P < 0.05) in HYPO (1.15 £ 0.04 L/min) than CON
(1.10 £ 0.06 L/min). A higher (P < 0.05) end-exercise
VOZp was observed in MOD2 compared to MODI, with
no differences between conditions (Table 1). The VOZp
amplitude was similar in CON and HYPO between
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Fig. 1 The mean respiratory 5.0
response of a representative
subject during the CON (open
circles) and HYPO (closed
circles) exercise protocol.
Dashed lines indicate an event
intervention (i.e., start of
hyperventilation) or an exercise
transition
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conditions, although lower (P < 0.05) in MOD2 than
MODI1. During MODI1 the ‘EVOzp was greater (P < 0.05)
in HYPO (45 4 23 s) than CON (28 & 17 s), and was
reduced (P < 0.05) in MOD2 during HYPO (24 £ 7 s).
Of note, all seven subjects presented with slower Vng
kinetics during HYPO and all showed faster kinetics after
HVY (Fig. 4b) with no overlap in the 95% confidence
interval (Cys) (Table 1). While rVOzp tended to be lower
in MOD2 of CON (20 &+ 8 s), the difference was not
significant from CON in MODI, even though a lower
‘EVOQP was observed in all seven subjects during MOD?2.
However, given this observation, if only data in CON are
considered (using a paired 7 test) the ‘cVOzp was lower
(P = 0.02) in MOD2 than in MODI.

1080 1440 1800

Near-infrared spectroscopy (NIRS)

The averaged profile with mean values and parameter
estimates for A[HHb], A[O,Hb] and A[Hbrgr] are shown
in Fig. 5 and Table 2, respectively. No difference was
observed in the steady-state A[Hbrot] or A{HHb] between
conditions at any time during the protocol (Fig. 5). Base-
line and end-exercise A[Hbygr] were higher (P < 0.05)
in MOD2 and the A[Hbror] amplitude was smaller
(P < 0.05) compared to MODI1 (Table 2). Baseline and
end-exercise A[O,Hb] also were higher in MOD?2 than in
MODI1, but both were lower (P < 0.05) in HYPO than in
CON throughout the exercise protocol (Fig.5); the
decrease in A[O,Hb] during exercise (i.e., A[O,Hb]
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amplitude) was greater (P < 0.05) in MOD2 than in
MODI1 (Table 2) in both conditions.

Parameter estimates for A[HHb] and the averaged
A[HHD] response profile for all subjects are presented in
Table 2 and Fig. 6, respectively. No difference in any of
the parameter estimates were observed when the fitting
window was extended to 360 s compared to 90 s, therefore
the values reported here are based on a 90 s fitting window
which provides a “tighter” fit at the on-transient of MOD.
Baseline and the end of 90 s fit for A{lHHb] were not dif-
ferent between HYPO and CON throughout the protocol,
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however, at the end of 90 s A{[HHb] was higher (P < 0.05)
in MOD2 than MOD1 (Table 2). The A[HHb] amplitude in
MODI1 was greater (P < 0.05) in HYPO (9.2 £ 4.7 a.u.)
compared to CON (7.6 £ 4.4 a.u.); after HVY, the
A[HHDb] amplitude was similar in HYPO (10.8 &+ 4.6 a.u.)
and CON (10.3 + 4.4 a.u.). The TDA[HHb] was shorter
(P < 0.05) after HVY, but remained similar between
HYPO and CON (Table 2). There were no differences in
tA[HHb] or A[HHb] mean response time (i.e., MRT =
TDA[HHb] + tA[HHb]) between conditions or between
MOD steps (Table 2).
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Fig. 3 The mean normalized
VOZp response profile of all
subjects with model fit and 80
associated residuals for CON T
(open circles, solid gray line) =
and HYPO (closed circles, solid ON
black line). Dashed lines >
indicate an exercise transition to B
MODI (a) and MOD2 (b) =
g 20-
S
=

o
1

O CON
@® HYPO

$
)

240 360 1440 1560 1680
Time (s)

Table 1 Parameter estimates for VOzp and HR in control (CON) and hyperventilation (HYPO) during MOD1 and MOD2

CON HYPO
MODI MOD2 MODI MOD2

VO,
Bsl (L/min) 0.97 £ 0.06 1.10 & 0.06" 0.96 =+ 0.08 1.15 & 0.04*"
End exe (L/min) 1.69 £ 0.19 1.76 £+ 0.16 1.70 + 0.22 1.81 + 0.19"
Amp (L/min) 0.72 £+ 0.16 0.67 + 0.197 0.75 + 0.18 0.66 + 0.19"
TD (s) 11+9 14 +£3 4410 12 +4
VO, (5) 28 £ 17 20+ 8 45 £ 23% 24+ 77
Cos 342 442 442 442

HR
Bsl (b/min) 85 + 11 103 + 157 84+ 9 100 + 147
End exe (b/min) 111 £+ 13 119 + 16 106 £ 11%* 114 £ 15%F
Amp (b/min) 26+ 5 17 + 47 22 + 6% 14 £ 3+F
7HR (s) 33 4+ 23 31 + 13 34 4+ 25 32 4 24
Cos 442 442 442 543

Values are means + SD

Bsl, baseline (20 W); Amp, amplitude; end exe, end-exercise (360 s fit); TD, time delay; ‘L'VOZP7 VOzp, time constant; THR, heart rate time

constant; Cos, 95% confidence interval
* Significant difference (P < 0.05) from CON

i Significant difference (P < 0.05) from MOD1 of the same condition

Heart rate kinetics

A summary of the parameter estimates for HR is presented
in Table 1. Baseline and end-exercise HR were higher
(P < 0.05) in MOD?2 than in MODI1 in both conditions,
although end-exercise HR in HYPO was lower (P < 0.05)
compared to CON in both moderate steps. The tHR was
not affected by hyperventilation or prior HVY. The
amplitude of HR in MOD2 was lower (P < 0.05) than in
MODI1, and was lower (P < 0.05) in HYPO for both
MOD1 and MOD2.

Discussion

Hyperventilation-induced hypocapnic alkalosis (HYPO)
was shown to slow the adjustment of pulmonary
VO, (VOzp) kinetics (considered a proxy measure for
muscle O, utilization) during the transition to moderate-
intensity (MOD) exercise, such that the time to reach a new
steady-state was increased from ~ 120 s (CON) to ~190 s
(HYPO) (Chin et al. 2007). The present study examined
the effect of a “priming” bout of heavy-intensity exercise
(HVY) in relieving the constraint imposed on VOQp
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Fig. 4 The VO, time constant (tVO,) of each subject (open
circles) in MODI1 and MOD2, with mean values (closed squares) for
CON (a) and HYPO (b). Error bars are £SD. *Significant difference
(P < 0.05) from control, +signiﬁcant difference (P < 0.05) from
MODI1

kinetics during the HYPO maneuver. In agreement with
our previous findings (Chin et al. 2007), we observed that
during the transition to MOD in the “unprimed” state (i.e.,
MOD1) (1) ‘EVOZP was greater in HYPO than in CON,
reflecting slower V02p kinetics in this condition; (2)
the time course of muscle deoxygenation (tA[HHDb],
MRTA[HHb]) was not different between conditions, and
the A[HHb] amplitude (and A[HHDb] /AVOZp ratio) was
greater in HYPO, despite slower VOZp kinetics, reflecting a
greater reliance on fractional O, extraction, likely a con-
sequence of an attenuated microvascular blood flow
response (i.e., greater ratio of muscle O, utilization-to-
blood flow) in this condition. The novel findings in this
study were that during the transition to MOD after HVY
priming exercise (i.e., MOD2) (1) rVOzp was reduced both
in HYPO and in CON such that no difference was observed
between conditions after the HVY priming bout, which
reflected a speeding of VOZp kinetics in both conditions;
(2) A[HHD] kinetics and A[HHb] amplitude were not
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different from MODI despite faster Vng kinetics in
HYPO and CON, reflecting a greater muscle perfusion
after HVY and thus less reliance on microvascular O,
extraction. The elevated HR and NIRS-derived A[Hbrtort]
and A[O,Hb] prior to and throughout MOD2 also are
consistent with greater local muscle (microvascular) per-
fusion in MOD2 compared to MODI.

Collectively, these results suggest that the slowed
adjustment of VOzp during the transition to MODI
observed in HYPO (and possibly in CON) may be related,
in part, to a slow or inadequate distribution of blood flow to
muscle, especially in the microvascular units supplying the
recruited muscle fibers, as improved muscle perfusion after
heavy-intensity exercise (as assessed by NIRS-derived
A[Hbtot] and A[O,Hb]) was associated with faster VOZP
kinetics in MOD2. A slow microvascular blood flow
response relative to the instantaneous increase in muscle
ATP requirement that occurs at exercise onset would be
expected to increase the muscle O, utilization-to-micro-
vascular blood flow ratio, requiring a greater O, extraction
to support the provision of O, required by oxidative ATP
synthesis. A reliance on O, extraction relative to blood
flow adjustment would result in a greater lowering of the
microvascular PO,, which, according to Fick’s Law of
Diffusion, would reduce the pressure gradient between the
microvasculature and mitochondria, slow O, diffusive
delivery and constrain the rise in muscle O, utilization and
thus pulmonary O, uptake (VO,,). This fall in micro-
vascular PO, would be exacerbated when coupled to an
already lower PO, consequent to a leftward-shift of the
oxyhemoglobin dissociation curve. Also, although not
measured in this present study, HYPO is associated with a
slower activation of the mitochondrial PDH complex
which is rate-limiting for delivery of carbohydrate-derived
substrate into the mitochondrial TCA cycle and ETC for
use in oxidative phosphorylation (LeBlanc et al. 2002).
Although a role for PDH activation (or other oxidative rate-
limiting enzymes) in constraining the activation of muscle
O, utilization and adjustment of VOzp is equivocal (Poole
et al. 2008), the time course of enzyme activation most
likely assumes more importance in those conditions in
which PDH activity is attenuated (as in HYPO) as provi-
sion of other oxidative substrates (acetyl CoA; reduced
coenzymes) becomes inadequate to support the required
rate of oxidative phosphorylation. This stenosis is relieved
by prior HVY exercise and also can contribute to faster
muscle O, utilization and VOZp kinetics (Gurd et al. 2006).

HYPO without prior heavy-intensity exercise (MOD1)
The slower adjustment of VO,, to MODI in HYPO in the

present study is consistent with our previous finding (Chin
et al. 2007) and that of Hayashi et al. (1999), but not with
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Fig. 5 The averaged response
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that of Ward et al. (1983) where although the half-time
(t12) of the VOzp response tended to be greater with
hyperventilation (39 s compared to 31 s in control),
differences were not significant.

A factor contributing to the different findings in the
literature may be related to the duration of the hyperven-
tilation maneuver during the pre-exercise accommodation.
Removal of CO, from body stores at rest (Brandi and
Clode 1969) and systemic circulatory changes (Richardson
et al. 1972) with hyperventilation occur in a time-depen-
dent manner. In the present and in a previous study (Chin
et al. 2007) subjects hyperventilated for ~26 min prior to
the initial transition to MODI1, and continued to hyper-
ventilate for the remainder of the exercise protocol, thereby
maintaining PgrCO, at ~20 mmHg, and ensuring equili-
bration of CO, between the various CO, storage

-360 0 360 720 1080 1440 1800
Time (s)

compartments within the body. Indeed the lower arterial
plasma PCO, and [H"] (Chin et al. 2007) and intramus-
cular [H'] (Forbes et al. 2007) measured in previous
studies that used a similar sustained hyperventilation pro-
tocol (with PgpCO, maintained at ~20 mmHg), is evi-
dence in support of the effectiveness of the prolonged
hyperventilation maneuver in achieving equilibration of
CO, (and its effect on acid-base balance) among the tissue
compartments.

In the study of Hayashi et al. (1999), hyperventilation
was started only 2 min before the exercise transition and
Pe1CO, was allowed to increase during the exercise tran-
sition (by ~ 10 mmHg), whereas in the study of Ward et al.
(1983), hyperventilation began 9 min before and was
stopped ~20 s before the start of the exercise. As it
takes ~ 15 min for 90% of the body’s CO, stores to be
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Table 2 Parameter estimates for near-infrared spectroscopy (NIRS)
measures in Control (CON) and Hyperventilation (HYPO) during
MODI and MOD2

CON HYPO
MODI MOD2 MODI MOD2

A[Hbror]
Bsl (au) —6.1+26 60+517 —69+3.8 43+ 64"
End exe 10+53 89+66" —02+61 63+77"
(a.u.)
Amp 71+46 29+33"7 67+£36 20+£35"
(a.u.)

A[O,Hb]
Bsl (au.) 24+45 1404667 0.6+ 44% 109 + 6.2%7
Endexe 23 +50 694637 —2.1+54% 244+ 65%"
(a.u.)
Amp —01+23 —7.1+42" —27 +24*% —85+ 54"
(a.u.)

A[HHD]
Bsl (au) —84+47 —81+26 —-75+29 —66=+1.6
End of fit —08 £4.1 22+45" 19+32 43 +443"
(a.u.)
Amp 76+ 44 103 £447 92 +47% 108 £ 4.6
(a.u.)
TD (s) 1142 94+ 1f 10+ 2 9 + 2f
7 (8) 10£2 14+6 8+ 4 1449
MRT (s) 22 +3 2+6 19 £ 3 2349

Values are means £+ SD. A[Hbror], total hemoglobin; A[O,Hb], oxy-
hemoglobin; A[HHb], deoxy-hemoglobin. Bsl, baseline (20 W); end
exe, end-exercise; end of fit, end of 90 s fit; Amp, amplitude; TD,
time delay; 7, time constant; MRT, mean response time (t + TD)

* Significant difference (P < 0.05) from CON

+ Significant difference (P < 0.05) from MODI1 of the same
condition

removed (Brandi and Clode 1969) and at least 7 min for
increases in cardiac output and heart rate to return to
control levels (Richardson et al. 1972) after the start of the
hyperventilation maneuver, comparisons with these studies
should be made with caution.

Hayashi et al. (1999) attributed the slower VOzp kinetics
that was observed in HYPO to impaired O, off-loading
from hemoglobin, a consequence of a leftward-shift of the
oxy-hemoglobin dissociation curve. Indeed in this and in
a previous study (Chin et al. 2007), we observed that
immediately after the onset of hyperventilation, all sub-
jects demonstrated an increase in the oxy-hemoglobin
(A[O,HDb]) signal and decrease in the deoxy-hemoglobin
(A[HHDb]) signal (without a change in A[Hbror]) (Fig. 5),
consistent with an increase in hemoglobin affinity for O,
assuming little or no change in microvascular PO,. How-
ever, this response was only transient, lasting ~ 8 min,
such that for the remainder of the 20 min accommodation
period there was no difference in the A[O,Hb] and A[HHD]
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signals between HYPO and CON, suggesting that factors
in addition to an increased affinity of hemoglobin for O,
are responsible for slower VOzP kinetics in the HYPO
condition.

During baseline cycling (at 20 W) prior to MODI,
baseline A[O,Hb] was lower and A[HHD] tended to be
higher in HYPO than CON, a trend that continued
throughout MODI1. As VO,, was not different between
conditions at baseline or end-exercise, these data suggest
that local muscle perfusion (and O, delivery) were lower in
HYPO, thereby requiring a greater O, extraction to support
muscle mitochondrial O, utilization. Previous studies have
reported a lower skeletal muscle blood flow in animals at
rest during hypocapnic alkalosis (Brice and Welch 1985;
Gustafsson et al. 1993; Karlsson et al. 1994) which is
accompanied by unchanged perfusion pressure (Gustafsson
et al. 1993) and increased vascular resistance (Kontos et al.
1972). In humans at rest, Kontos et al. (1972) reported
decreased forearm blood flow and increased forearm vas-
cular resistance following 6 min voluntary hyperventila-
tion, while Straub and Biihlmann (1970) reported a
decrease in blood volume following 20 min of hyperven-
tilation. More recently, Chin et al. (2007) using NIRS,
reported a lower A[Hbrot] (and presumably muscle blood
volume) during moderate-intensity exercise in HYPO
compared to CON. This may reflect lower O, diffusive
conductance (DO,) and impaired O, flux between the red
blood cell (RBC) and muscle mitochondrial cytochrome c
oxidase in HYPO, as lower amounts of hemoglobin would
reflect increased RBC spacing in capillaries and decreased
functional capillary surface area for O, diffusion.

In the present study, A[Hbror] was not different
between conditions, although baseline, end-exercise and
amplitude (Table 2) tended to be lower in HYPO. Also, the
greater A[HHb] amplitude in HYPO and similar time
course for the A[HHb] increase (tA[HHb]; MRT A[HHDb])
between conditions, despite similar increase in VOQp
amplitude but slower VOzp kinetics in HYPO compared to
CON (reflecting the kinetics of muscle O, utilization),
suggests that microvascular blood flow was adapting at a
slower rate in HYPO requiring a faster and greater rate of
O, extraction to meet the muscle O, requirements.

HYPO with prior heavy-intensity exercise (MOD2)

A novel finding in the present study was that prior heavy-
intensity exercise (HVY) resulted in a speeding of the
slowed VOZp kinetics in HYPO (i.e., rVOzp reduced
by ~20s), and in CON (i.e., rVOzp reduced by ~8 s)
along with a greater A[HHb] amplitude relative to VOZp
amplitude (AHHb/AVO,,) following heavy-intensity
exercise, which likely is related to the lower VO,, ampli-
tude and higher end-exercise VOzp observed in MOD2
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Fig. 6 The mean A[HHb] 100+
response profile for all subjects
presented as normalized values
with model fit to 90 s for CON 80

(open circles, solid gray line) 9
and HYPO (closed circles, solid E 60
black line). Dashed lines T
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S
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S
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compared to MOD1. However, in several studies where
HVY priming exercise was used prior to the start of a bout
of MOD, a measurable speeding of VOzp kinetics was not
observed (Burnley et al. 2000; DeLorey et al. 2004;
Gerbino et al. 1996; Scheuermann et al. 2002). In these
studies the rVOzp reported in the unprimed, control state
was relatively short (e.g., 15-25 s; Burnley et al. 2000;
DeLorey et al. 2004; Scheuermann et al. 2002). However,
as demonstrated recently, the reduction in ‘cVOzp after prior
HVY priming exercise was related directly to how “slow”
the VOZp response was to the “unprimed” state (Gurd et al.
2005, 2006), and thus failure to observe a measurable
reduction in ‘cVOzp in these studies was not unexpected.
A prior bout of HVY was shown previously to increase
heart rate (DeLorey et al. 2004; Gurd et al. 2005;
Scheuermann et al. 2002) and cardiac output (Faisal et al.
2009); to increase muscle perfusion, as shown by elevated
bulk muscle blood flow (determined using Doppler ultra-
sonography) (DeLorey et al. 2007; Endo et al. 2005;
Fukuba et al. 2004; Hughson et al. 2003; MacDonald et al.
2001; Paterson et al. 2005) and elevated local muscle oxy-
and total hemoglobin concentrations (measured using
NIRS) (DeLorey et al. 2004, 2007; Gurd et al. 2006; Gurd
et al. 2005; Jones et al. 2006); and to increase mitochon-
drial PDH activity (Gurd et al. 2006). In the present study,
the speeding of VOzp kinetics in MOD2 in HYPO (and
CON), without a change in deoxygenation kinetics, along
with a greater A[Hbror] and A[O,Hb], suggest that greater
muscle perfusion and distribution prior to and during
MOD?2 resulted in a higher muscle blood flow-to-O, utili-
zation ratio during the exercise transition which would
maintain a higher microvascular PO, and greater diffusive
delivery of O, into the muscle. Also, the higher A[Hbror]
during MOD2 might reflect a higher microvascular
hematocrit and reduced red blood cell spacing which would
contribute to a greater functional capillary surface area,

240 360 1440 1560 1680
Time (s)

which contributes to an improved muscle O, diffusive
conductance and promotes greater O, diffusion into the
muscle (for a given APO,).

Although the approximate doubling of ventilation dur-
ing HYPO would be expected to be associated with higher
VOZp [as demonstrated in our previous study (Chin et al.
2007)], there was no observable difference of end-exercise
VOzp between HYPO and CON in the present study.
Similarly, Hayashi et al. (1999) also showed no increase in
Vng when CON was compared to a hyperventilation-
induced hypocapnic alkalosis condition. Perhaps the lower
work rate within moderate-intensity exercise employed by
this study and Hayashi et al. (1999) (~80% 0y, vs. 90% 0y,
in the study by Chin et al. (2007)) was not enough to result
in significant increases in the cost of breathing and mea-
sured VOzp.

HYPO and metabolic activation

A focus of this present study was to extend the findings of
Chin et al. (2007) showing that slowed VOzp kinetics in
HYPO were attributed to a limitation imposed by micro-
vascular O, delivery. However, activation of the mito-
chondrial PDH enzyme complex has been discussed as a
limitation to the provision of acetyl CoA and reducing
equivalents to the TCA cycle and ETC, respectively, at
exercise onset (i.e., sometimes referred to as a “metabolic
inertia”), thereby delaying the full activation of mito-
chondrial oxidative phosphorylation (Grassi 2003; Spriet
and Heigenhauser 2002; Tschakovsky and Hughson 1999).
Of importance to the present study, LeBlanc et al. (2002)
observed that hyperventilation-induced respiratory alkalo-
sis was associated with a delayed activation of PDH during
the first minute of exercise at ~55% VOZ max. Given that
the hyperventilation protocol used by LeBlanc et al. (2002)
was similar to that used in the present study [and that of
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Chin et al. (2007)], a similar attenuated activation of PDH
would be expected in the present study, which could con-
tribute to the slowed MODI1 VOZp kinetics seen during
HYPO in this study.

Activation of PDH alone by dichloroacetate infusion has
not contributed to measurably faster muscle O, utilization
(Grassi et al. 2002) or pulmonary VO, kinetics (Koppo
et al. 2004) during MOD. However, Gurd et al. (2006)
suggested that elevated PDH activity (and/or other mito-
chondrial or cytosolic rate-limiting enzymes) combined
with greater muscle perfusion may contribute to the faster
VOzP kinetics through enhanced delivery of all substrates
needed in oxidative phosphorylation. This would assume
even greater importance when one or more substrates are
limiting (as might occur in MOD1 of HYPO). Hence, the
observed speeding of Vng kinetics during MOD?2 in the
present study also could be related to an enhanced provi-
sion of acetyl CoA, reducing equivalents (NADH,
FADH,), O,, ADP, and Pi to the mitochondria, through the
combined effects of increased muscle perfusion and ele-
vated or accelerated activation of PDH (and other mito-
chondrial rate-limiting enzymes) consequent to the prior
bout of HVY. Prior exercise also was shown to speed the
fall in intracellular PO, in isolated Xenopus single muscle
fibers (Hogan 2001) and in microvasculature PO, of female
rat spinotrapezius muscle (Behnke et al. 2002), both
responses consistent with a higher PDH activity and
speeding of muscle O, utilization subsequent to the
“priming” bout of exercise. Whether this mechanism
contributes to the faster adjustment of VOzp in MOD2 in
the present study in HYPO remains speculative.

Summary and conclusion

This study demonstrated that acute hypocapnic alkalosis
(HYPO) induced by voluntary hyperventilation slowed the
adjustment of VOQp during the transition to moderate-
intensity exercise, in part, as a consequence of an attenu-
ated muscle perfusion-to-muscle O, utilization ratio (with
subsequent greater O, extraction, thus lower microvascular
PO,). However, a priming bout of heavy-intensity exercise
which resulted in an elevated A[Hbror], A[O,Hb] and HR
prior to and throughout a subsequent bout of moderate-
intensity exercise (MOD2) was associated with a speeding
of the VOzp response, with no change in A[HHDb] kinetics,
despite continued HYPO. These findings suggest that the
slowed VOZp in HYPO may be related, in part, to an
attenuated muscle blood flow response and reduced local
muscle blood flow-to-O, utilization which was relieved by
prior heavy-intensity exercise. To date, however, the role
of HYPO on conduit artery or microvascular blood flow
kinetics has not been established.
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