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Abstract The mechanism that alters the pulmonary _V O2

response to heavy-intensity exercise following prior
heavy exercise has been frequently ascribed to an
improvement in pre-exercise blood flow (BF) or O2

delivery. Interventions to improve O2 delivery have
rarely resulted in a similar enhancement of _V O2: How-
ever, the actual limb blood flow and _V O2 dynamics in the
second bout of repeated exercise remain equivocal. Seven
healthy female subjects (21–32 years) performed con-
secutive 6-min (separated by 6 min of 10 W exercise)
bilateral knee extension (KE) exercise in a semisupine
position at a work rate halfway between the lactate
threshold (LT) and _V O2peak. Femoral artery blood flow
(FBF) was measured by Doppler ultrasound simulta-
neously with breath-by-breath _V O2; each protocol being
repeated at least four times for precise kinetic charac-
terization. The effective time-constant (s¢) of the _V O2

response was reduced following prior exercise (bout 1:
61.0 ±10.5 vs. bout 2: 51.6±9.0 s; mean ± SD; P<
0.05), which was a result of a reduced slow component
(bout 1: 16.0±8.0 vs. bout 2: 12.5±6.7 %; P<0.05) and
an unchanged ‘primary’ s. FBF was consistently faster
than _V O2: However, there was no bout-effect on s¢ FBF
(bout 1: 28.2±12.0 vs. bout 2: 34.2±8.5 s). The rela-
tionship between the exercise-associated _V O2 (i.e.,
D _V O2) and D FBF was similar between bouts, with a

tendency (N.S: P>0.05) for D _V O2=D FBF to be
increased during the transition to bout 2 rather than
decreased, as hypothesized. The return of _V O2 kinetics
toward first order, therefore, was associated with an
‘appropriate’, not enhanced, BF to the working muscles.
Whether a relative prior-hyperemia in bout 2 enables a
more homogeneous intramuscular distribution of BF
and/or metabolic response is unclear, however, these
data are consistent with events more proximal to the
exercise muscle in mediating the _V O2 response during
repeated heavy-intensity KE exercise.

Keywords Oxygen uptake adjustment Æ Heavy
exercise Æ Blood flow adjustment Æ Kinetics

Introduction

During heavy-intensity cycle ergometry (i.e., work rates
that result in prolonged increases in circulating blood
lactate, above the lactate threshold; LT) the determi-
nants of muscular O2 consumption (QO2) and pulmo-
nary O2 uptake _V O2

� �
are poorly understood. The

determinants of QO2 in this region have been attributed
to such mechanisms as: O2 delivery (Hughson et al.
2001; MacDonald et al. 1997, 2001; Perrey et al. 2001);
inertia of O2 utilization linked to intramuscular phos-
phate metabolism (Chance et al. 1986; Mahler 1985;
Rossiter et al. 1999); or a substrate delivery limitation
(in the form of reducing equivalents; Timmons et al.
1998). During cycle ergometry the dynamics of _V O2;
subsequent to ‘phase I’ (Whipp et al. 1982), have been
shown to closely reflect both QO2 (Grassi et al. 1996;
Poole et al. 1991) and intramuscular phosphocreatine
metabolism (Rossiter et al. 2001) and, therefore, the
determination of _V O2 kinetics allows insights into the
control of QO2.

During heavy-intensity exercise the expected first-
order response dynamics of _V O2 (expected from first
order intramuscular enzymatic processes; Mahler 1985)
are supplemented by an additional delayed component
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yielding a slowly developing rise in _V O2 (i.e., the _V O2

‘slow’ component) (Poole et al. 1994) that, if the exercise
is sustained, can lead to the attainment of _V O2max and
fatigue. Following the studies of Gerbino et al. (1996),
MacDonald et al. (2001) and Burnley et al. (2000), it
was further demonstrated that _V O2 kinetics will return
close to first-order, if the exercise is preceded by a
‘priming’ bout of sufficiently high intensity (Endo et al.
2004).

The functional ‘trimming-out’ of the slow component
following ‘priming’ exercise (Burnley et al. 2002; Ger-
bino et al. 1996; MacDonald et al. 2001; Rossiter et al.
2002; Tordi et al. 2003) is commonly ascribed to im-
proved muscle blood flow, and/or, O2 delivery (Gerbino
et al. 1996; Hughson et al. 2001; MacDonald et al.
2001) resulting from such mechanisms as vasodilatation
(from residual action of vasoactive substances conse-
quent to prior exercise) or the Bohr effect, although, this
is not consistently the case (Paterson et al. 2005; Walsh
et al. 2002). As such, the mechanism(s) of _V O2 kinetic
adaptation during such repeated heavy-intensity exercise
remain(s) equivocal.

Three studies of particular interest, where attempts
have been made to determine the kinetics of muscle
blood flow and the fundamental and slow components
of _V O2 during repeated heavy-intensity exercise, are
those of MacDonald et al. (2001), Fukuba et al. (2004)
and Paterson et al. (2005). All of these investigations
(using either handgrip or knee-extension (KE) exercise)
have shown an increased muscle blood flow (BF) prior
to the second exercise bout. However, they have shown a
range of responses during the second bout of repeated
exercise, with both Fukuba et al. (2004) and Paterson
et al. (2005) demonstrating a reduced phase II s _V O2;
only Fukuba et al. (2004) showing a reduction of the
_V O2 slow component, but neither of them modulating
BF response kinetics. It is to be noted, therefore, that
both these studies manifest a large post exercise hyper-
emia, which reflects a ‘blunting’ of the exercise BF re-
sponse, possibly due to high intramuscular forces during
contractions (see Hoelting et al. 2001; Shoemaker et al.
1994; Wilkerson et al. 2004). In the present study,
therefore, a relatively large muscle mass was utilized for
exercising, during ‘low-force’ but high-intensity dynamic
exercise (that was more akin to cycle ergometry than
‘weight-lifting’ style KE exercise; see details in methods)
that would allow a confident estimation of the kinetics
of _V O2 and exercising muscle BF. Furthermore, as dis-
cussed by Yoshida and Whipp (1995), adequate tissue
oxygenation is crucially dependent on tissue QO2/BF
ratio. Therefore, we also wished to make a non-invasive
estimate of QO2/BF (rather than their time constants (s)
alone) during bilateral KE exercise requiring coordi-
nated leg movement in a fashion similar to cycle erg-
ometry. We hypothesized that the facilitation of _V O2

kinetics (e.g., a reduction in s and/or the _V O2 slow
component) seen during exercise following a priming
bout would be reflected in the faster adaptation of BF to
the working muscles (as suggested by Gerbino et al.

1996; MacDonald et al. 2001), and that this would result
in a better maintenance of QO2/BF during the transient.

Methods

Subjects

Seven healthy Japanese female subjects volunteered for
the study (mean ± SD; age: 24±4 years, height:
160±3 cm, weight: 52±3 kg) and gave written in-
formed consent approved by the ethics committees of
the institutions involved (in accordance with the Dec-
laration of Helsinki).

Exercise protocols

All exercise was performed using (bilateral KE exercise)
on a specially designed ergometer. For this, each foot
was placed in an Achilles-bracing heel-cup attached, by
a long steel-rod, to the pedal arm of an electromagnet-
ically braked cycle ergometer (232c-XL, Combi) posi-
tioned behind the seated subject. One complete turn of
the pedal arm required the knee to extend from 90� to
�135�. The alternate movement of both legs required
smoothly coordinated and continuous movement in a
very similar manner to that of standard cycle ergometer
exercise. The exercise model in this study was, therefore,
different from the usual lateral knee-kicking exercise
using a Krogh-type resistance-load cycle ergometer (e.g.
Andersen et al. 1985) or bilateral knee-kicking exercise
in which a weight is lifted by each leg independently
(e.g., Fukuba et al. 2004). The exercise frequency was
kept at 60 times per min per leg alternatively (directed by
an audible signal 120 times per min). The ergometer had
an adjustable seated-backrest allowing the subjects to be
positioned semisupine i.e., with a hip angle of 150�.

The subjects initially performed a ramp-incremental
exercise test (4 W.min�1) to the limit of tolerance using
bilateral KE exercise. Ventilatory and gas exchange
parameters were measured breath-by-breath allowing
estimation of the LT and _V O2peak: Capillary blood was
sampled every 2 min for enzymatic determination of
blood lactate (HEK-30L, Toyobo, Japan). The LT was
estimated using the V-slope method (Beaver et al. 1986)
and gas exchange criteria using corroboration from the
point at which there was a systematic increase in the
ventilatory equivalent for _V O2

_V E= _V O2

� �
and end-tidal

PO2, with no concomitant increase in the ventilatory
equivalent for CO2 output ( _V E/ _V CO2) or decrease in
end-tidal PCO2 (Whipp 1994); these were corroborated
in the profile of blood lactate in every case.

Following this, each subject completed repeated
bouts (randomized throughout the subjects’ menstrual
cycle) of high-intensity square-wave exercise on the KE
apparatus with the seat and bicycle in the same position
for each subject as the previous incremental test. The
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exercise intensity for the repeated bout was set at D 50%
(based on the linear extrapolation of the _V O2–work rate
relationship below LT to _V O2peak while accounting for
the delay time between the work rate and _V O2 response
observed during ramp-incremental exercise test (Whipp
1982); D is the work rate difference between the LT and
_V O2peak). This resulted in an average work rate of
52±7 W. The protocol consisted of a 4-min baseline KE
exercise at 10 W followed by two consecutive 6-min
work bouts at D 50% separated by 6 min of baseline KE
exercise at 10 W. The subjects performed a total of 4–12
repetitions of the repeated bout exercise. The number of
repetitions required for each subject was governed by
signal-to-noise characteristics of averaged _V O2 and
femoral artery blood flow (FBF) responses, allowing
appropriate convergence of the confidence limits for the
subsequent parameter estimation procedures. The re-
peated bout exercise was performed at the same time on
separate days.

Measurements

Ventilatory and gas exchange responses were determined
breath-by-breath by a computerized metabolic measur-
ing system (RM-300, Minato Medical Co.,Japan) as
previously described (Endo et al. 2003, 2004; Fukuba
et al. 2004). Briefly, prior to each exercise test, a hot-wire
flow-sensor and gas analyzers were calibrated using a
known volume of air at several mean flow rates, and gas
mixtures of known concentration, respectively. The
heart rate (HR) was monitored continuously via a three-
lead electrocardiotachogram (ECG) (BP-306, Colin). A
second-by-second time course was calculated for each
gas exchange variable by interpolation of the breath-by-
breath data. Data were stored on disk for further anal-
ysis. Mean arterial pressure (MAP) was measured by
using a photoplethysmograph finger blood pressure cuff
(Omeda 2300, Finapres) on the middle finger at the level
of femoral artery. The photoplethysmograph was cali-
brated by mercury manometer measurement with an
arm cuff on the left arm before onset of exercise.

The FBF in the right femoral artery was obtained
using simultaneous pulsed and echo Doppler ultrasound
to measure mean blood velocity (MBV) and femoral
artery diameter at a site �2–3 cm distal to the inguinal
ligament. The FBF was obtained on a beat-by-beat basis
with the pulsed Doppler system (Logiq 400, GE-Yo-
kogawa Medical Systems, Japan) using a linear-array 4-
MHz probe with the angle of insonation of 50–60�.
During the practice sessions both the experimenter and
the subjects determined the optimal positions of the
sample volume location, which was recorded on video-
tape for future reference (i.e., �2–3 cm above the com-
mon femoral artery superficial and profundus branch
bifurcation and �2 cm depth from the skin surface). The
subject then held the probe and practiced with the
experimenter to learn the pattern of arterial movement
during the repeated bout exercise. The procedure with

the subject holding the probe with continuous monitor-
ing by the experimenter contrasted previous KE studies
where the experimenter held the probe (e.g., MacDonald
et al. 1998, 2001). However, after several practice ses-
sions, the subjects were accustomed to obtaining reliable
images and blood velocity profiles of the femoral artery
by using both auditory and visual feedback of the
Doppler signals, and we found this to be a more reliable
method (the subject was better able to consistently track
the vessel movement) than the method previously em-
ployed. To avoid failure in Doppler insonation (i.e.,
improper alignment of the ultrasound beam with the
artery) due to blood vessel movement during KE exer-
cise, a sample volume was occasionally repositioned at
the optimal location in the femoral artery by moving a
trackball, guided by the longitudinal image and rotatable
flow-directional axis. The audio-range signals for ante-
grade and retrograde flow reflected from the moving
blood cells, and the ECG signal were digitally sampled
online at 20 kHz, and then analyzed offline by our
Doppler signal processing software [Fast Fourier trans-
fer analysis (FFT) by 256 point Hamming window (i.e.,
each 12.8 ms)], to yield instantaneous MBV. The calcu-
lated velocity signals were recorded at every 10 ms on a
computer together with the B-mode echo images of the
right femoral artery, which were obtained with a trans-
mission frequency of 6.6-MHz using the same linear-ar-
ray probe as the pulsed Doppler system. The cross-
sectional area of the artery vessel was recorded on SVHS
videotape and analyzed for artery diameter with on-
screen calipers. Femoral artery diameter was measured at
rest and during exercise; that is, five times at rest, each
10 s during the first 2 min of exercise, and then at 1-min
intervals till the end of exercise, similar to the methods
previously utilized (e.g., MacDonald et al. 1998, 2001).
As the vessel diameters at rest and during exercise did not
show any systematic changes, we used the vessel diameter
at rest to calculate FBF. Room air was kept at 25±1�C
by a thermal feedback device.

Analyses

The kinetics of _V O2; FBF, HR and O2-pulse (calculated
from _V O2=HR) during the repeated bout exercise were
time-interpolated second by second, and averaged across
each transition for each subject. Response parameters
were obtained from the following range of analyses.
Initially, the mean response time of _V O2 and O2-pulse
kinetics was estimated by the ‘‘effective’’ time constant
(s¢) using a monoexponential fit to the entire response
(but excluding the first 20 s after the onset of exercise:
phase I; e.g., Endo et al. 2004; Fukuba et al. 2004;
Whipp et al. 1982). For HR and FBF the entire response
was considered (although for HR, to avoid negative time
delays (Td), the Td was fixed at exercise onset; 0 s). The
monoexponential model was used to broadly describe
the response kinetics and was fitted to the responses
expressed as:
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(Eq. 1) f(t) ¼ BL + A � 1� e�ðt�TdÞ=s
0

h i
ð1Þ

where f (t) represents variable value at time t ; BL is
the baseline value of each variable at 10 W averaged
from the last min prior to exercise, and A, Td, and s¢
are the amplitude, time delay and effective time con-
stant parameters of the exponential response, respec-
tively. However, there is known to be a bias in the _V O2

residual using mono exponential modeling when a de-
layed slow component of _V O2 is expressed during su-
pra-LT exercise (e.g., Barstow and Molé 1991;
Casaburi et al. 1989), therefore, where eqn 1 did not
adequately describe the response kinetics, the _V O2;
FBF and O2-pulse responses were also fitted to an
exponential model (Eq. 1) that was limited to the pri-
mary phase (e.g., Rossiter et al. 2002) and beginning
after at least 20 s, excluding the phase I duration (e.g.,
f (t) ¼ BLþAp � 1� e�ðt�TdpÞ=sp

� �
; where the subscript

‘p’ denotes parameters of the primary component).
Here, the fitting window was iteratively reduced (from
end exercise toward the onset) until the residuals failed
to demonstrate a consistent bias. The fitting was per-
formed using a nonlinear regression technique (i.e.,
Marquardt-Levenberg Algorithm in Sigma Plot 2000,
Jandel Scientific). The amplitude of slow component
was calculated by the difference between the extrapo-
lated Ap and the actual end-exercise amplitude (D
EE)—the latter being calculated from the difference
between BL and the average of the last 30s of each
exercise bout. The primary component (Ap) was ex-
pressed as the relative gain (Ap/D W). The ratio of the
slow component to the primary amplitude [(D
EE�Ap)/Ap*100] was defined as the index of slow
component. Femoral vascular conductance (FVC) was
calculated from FBF/MAP throughout the repeated
exercise bouts.

Statistical treatments

Values are expressed as mean ± SD. Since the esti-
mated parameters and variables were found to be of
normal distribution, the differences between first and
second bouts were examined by the Student’s paired-
comparison t test. Pearson product–moment correlation
coefficients were used to evaluate relationships between
two variables or parameters. The time-serial change of
variables (every 20-s average) was tested with respect to
the differences between first and second bout by repeated
measures ANOVA with time (SPSS for Windows, SPSS
Inc). When a significant difference was detected, this was
further examined by Tukey’s post-hoc test. Statistical
significance was accepted at P<0.05.

Results

The mean value of _V O2peak during incremental exercise
to the limit of tolerance was 1097±239 ml.min�1 and

the LT was estimated at 657±98 ml.min�1 or 61±7%
of _V O2peak:

During heavy-intensity bilateral KE exercise the _V O2

response was found to be better characterized by limit-
ing the fit to the primary phase (phase II) than by a
monoexponential fit to the entire response (Fig. 1a, 2a).
However, this approach did not improve the ‘goodness
of fit’ for the FBF response of all subjects. Subsequently,
the FBF was fitted to the same region of time (less the
approximate limb-to-lung transit delay) as the phase II
_V O2: In this way we were able to discern a FBF ‘slow
component’, however, its magnitude was consistently
less than that for _V O2 (Table 1).

Temporal profile and kinetics of _V O2 and FBF re-
sponses

An example of the _V O2 and FBF response profiles to
the repeated heavy intensity square-wave protocol in a
representative subject is shown in Fig. 1a and 1b. The
effective _V O2s0 was significantly reduced by prior
heavy KE exercise (bout 1: 61.0±10.5 vs. bout 2:
51.6±9.0 s; Table 1). In contrast, while the FBF
manifest a lower s¢ (P<0.05) compared to _V O2 in
both bouts, the FBF s¢ was the same between bouts;
indeed, FBF s¢ did not show a decrease during bout 2,
as hypothesized (bout 1: 28.2±12.0 vs. bout 2:
34.2±8.5 s; P>0.05; Table 1). The primary _V O2sp
was not significantly different between bouts ( _V O2:
bout 1: 38.2±11.7, bout 2: 36.4±8.0 S; Table 1).
Moreover, the FBF spwas similar between bouts (FBF:
bout 1: 19.8±8.1, bout 2: 23.8±5.1 s; Table 1) and
was consistently lower than _V O2sp (the same as for s¢).
Figure 2 shows the group mean _V O2 and FBF re-
sponses superposed for bouts 1 and 2. The only dif-
ference in FBF between bouts was a relative
hyperemia prior to bout 2 [FBF being increased �17%
(from 1578±308 to 1844±306 mlÆmin�1), during the
10W-baseline], the absolute FBF remaining identical
during the transient of both bouts. Consistent with
this, femoral vascular conductance (FVC) prior to
bout 2 was also increased. However, again similar to
FBF, during exercise there were no statistical differ-
ences in FVC between the repeated bouts (the group
means are shown in Fig. 3).

The relative pre-exercise hyperemia in bout 2
(compared to bout 1) was not associated with an
alteration in the primary _V O2sp; which was not
significantly different between bouts (Table 1); the
predominant reduction in effective s¢ being a result of a
significantly (P<0.05) reduced slow component (bout
1: 16.0±8.0, bout 2: 12.5±6.7 %; Table 1). The FBF
slow component, however, was unchanged between
bouts (bout 1: 6.7±5.7, bout 2: 7.4±6.3 %; Table 1).
Furthermore, the magnitude of the FBF slow compo-
nent was significantly smaller than _V O2 in every case
(P<0.05). The _V O2 response was manifest from a
small (�4.5%) but significantly increased pre-exercise
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baseline (305±23 vs. 319±25 ml.min�1 ; Table 1): The
interplay between the baseline and kinetic phases of
_V O2 resulted in a similar end-exercise value in both
bouts (Table 1).

Temporal profile and kinetics of HR and O2-pulse

Notably unlike FBF, HR kinetics (s¢) tended to be slo-
wed by prior exercise (bout 1: 56.3±8.9, bout 2:

Fig. 1 The time course of
pulmonary oxygen uptake (a),
femoral arterial blood flow (b)
and O2-pulse (c) responses
during repeated bout heavy
knee extensor exercise in a
representative subject. The
right-hand panels show the
superimposition of the average
of multiple repetitions of each
variable. Solid curves (left-hand
panels) indicate the model
estimation for _V O2 and FBF
(primary parameters with
extrapolation to end exercise)
or O2 pulse (monoexponential).
The residuals between the
model and response are shown
at the bottom of each panel. For
(a and b) the residuals (solid
circles) indicate the residuals to
the phase II fit, whereas the
open circles are residuals to
the extrapolated exponential.
They demonstrate a systematic
bias in bout 1 that is reduced in
bout 2
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73.3±17.6 s; Table 2), although this did not reach sta-
tistical significance (P=0.06). And, while both the
baseline and end-exercise HR values were significantly
higher for bout 2, the amplitude of the HR response was
unaltered (Table 2). Despite the increased HR s¢, prior
heavy KE exercise significantly speeded the O2-pulse
response. A typical example of the O2-pulse profile
during repeated heavy intensity exercise is shown in

Fig. 1C and group mean HR and O2-pulse responses for
bout 1 and 2 are superimposed in Fig. 4a, 4b. Both
estimates of the kinetics of O2-pulse (s¢ and sp) were
significantly lower during the second bout compared
with the first (bout 1: 38.0±11.6 and 31.7±14.0 s, bout
2: 30.6±10.8 and 29.6±14.7 s for s¢ and sp, respectively;
Table 2), with a small (0.1 ml.min�1 .beat�1, on aver-
age) but statistically significant increase in amplitude
(Table 2).

Kinetic association of _V O2 and FBF

Figure 5 shows the association of _V O2 arising from the
exercising musculature (D _V O2; after correction for the
phase II delay time between variables) and the limb
blood flow (D FBF; expressed here as the group mean of
twice the ‘one-leg’ FBF). The dynamic profiles of _V O2

and FBF manifest relative differences depending on the
bout number, whereas the D _V O2=DFBF between the
two exercise bouts were not significantly different, de-
spite a tendency for D _V O2=DFBF to be higher in the
primary phase of bout 2.

Discussion

The salient features of the present study were that: (1)
the mean response time of the _V O2 response (reflecting
the overall rate of _V O2 adaptation) was reduced fol-
lowing prior heavy-intensity exercise; (2) this was due
to a significant reduction in the slow component
amplitude and not a result of a reduced _V O2sp; (3) pre-
exercise FBF was increased prior to bout 2, however,
the kinetics of the FBF response were identical during
both bouts of heavy-intensity dynamic KE exercise
(Table 1). These findings suggest that a residual
hyperemia, consequent to prior high-intensity exercise,
did not lead to either a faster adaptation of FBF or
_V O2 during subsequent heavy intensity-exercise. The
reduced _V O2 slow component during bout 2, which has
been suggested to result from reduced acidosis and/or
fatigue during bout 2 (Rossiter et al. 2001), however,
was not a result of improved bulk BF or O2-delivery to
the exercising muscles. If an improvement in FBF was
required to bring about an alteration in _V O2 kinetics
then the FBF response dynamics in bout 2 would be
expected to be altered to allow better maintenance of
D _V O2=D FBF—an event that was not observed in the
present study (Fig. 5).

Baseline FBF

It has previously been suggested (Gerbino et al. 1996;
MacDonald et al. 1998, 2001) that the speeded _V O2

dynamics during bout 2 of repeated heavy-intensity
exercise may be due to improved muscle blood flow
(and, therefore, O2 delivery) consequent to residual

Fig. 2 The superimposition of the pulmonary oxygen uptake (a)
and femoral arterial blood flow (b) responses to repeated bouts of
heavy-intensity exercise of the entire group (n=7). Values are
averaged every 20 s. Error bars are mean ± SD. bout 1; closed
circle, bout 2; open circle. +Significant difference between bout 1
and bout 2 (P<0.05)
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vasodilatory effects of the metabolic acidaemia. Mac-
Donald et al. (2001) demonstrated that the muscle
blood flow was elevated at exercise onset by a prior
heavy-intensity hand grip exercise, consistent with the
notion of improved O2-delivery during bout 2 and re-
moval of a putative bulk O2 limitation to the kinetic
_V O2 response. This was also the case in the present
study, with both the pre-exercise FBF baseline and
FVC being significantly raised prior to exercise onset.

However, while the baseline FBF following heavy-
intensity exercise was increased, this did not result in
an alteration of the FBF kinetics. The FBF in the
initial seconds after exercise onset was the same in both
exercise bouts. The raised baseline FBF, therefore, may
be beneficial (and necessary) in removing metabolic
waste products following exercise, but FBF was both:
(1) appropriate, considering the slightly raised _V O2

baseline, and (2) not augmented in the subsequent
exercise bout. It has previously been demonstrated that
prior severe-intensity KE exercise (i.e., a greater
intensity than that used in the present study; Bangsbo
et al. 2001; Krustrup et al. 2001) can lead to increases
in baseline FBF that are sustained during the sub-
sequent transient, and that this is associated with a
reduced QO2 s¢. The present data differ, however, in
that they suggest that increased blood flow prior to
exercise does not, by necessity, lead to improved exer-
cise blood flow.

The ‘phase II’ response

In the present study the phase II _V O2sp response (i.e.,
the portion of the _V O2 response which correlates well
with QO2 kinetics; Grassi et al. 1996) was, unexpectedly
unaltered by prior heavy-intensity exercise. Previous
studies using prior-exercise and the KE modality have
frequently led to a reduction in _V O2sp (Yoshida et al.
1995; Hughson et al. 2003; Fukuba et al. 2004; Rossiter
et al. 2001; Paterson et al. 2005), whereas typically
investigations using cycle ergoemetry find prior-exercise-
induced changes are limited to the slow component re-
gion (e.g., Burnley et al. 2000, 2002; Endo et al. 2003,
2004; Gerbino et al. 1996; Koppo and Bouckaert 2000;
Wilkerson et al. 2004). The distinction between KE and
cycle erogometry, therefore, may be of paramount

Table 1 Pulmonary _V O2 and femoral arterial blood flow response characteristics during repeated bout exercise

_V O2 FBF

1st 2nd 1st 2nd

BL (ml.min�1) 305±23 319±25* 1578±308 1844±306*
EE (ml.min�1) 893±158 902±154 3808±517 3931±659
‘‘Effective’’s¢ (s) 61.0±10.5 51.6±9.0* 28.2±12.0+ 34.2±8.5+

Td (s) 4.9±4.4 7.8±4.5 0.1±0.1 0.0±0.0
A (ml.min�1) 576±137 565±128 2206±334 2028±462

primary parameters
sp (s) 38.2±11.7 36.4±8.0 19.8±8.1+ 23.8±5.1+

Tdp (s) 13.0±3.5 13.5±3.1 0.3±0.6 0.0±0.0
Ap/D W (ml.min�1 .W�1) 12.0±1.6 12.3±1.5 48.1±6.0 44.1±8.9

slow component
(DEE�Ap)/Ap (%) 16.0±8.0 12.5±6.7* 6.7±5.7+ 7.4±6.3+

Values are mean ± SD for seven subjects. First and second exer-
cise bouts during the repeated bout exercise; BL baseline; EE end-
evercise values; DEE actual increment values during exercise;
‘‘effective’’s¢, Td, and A; time constant, time delay and amplitude of
the overall response estimated by monoexponential fit. Tdp, sp, and

Ap; time delay, time constant and amplitude of the primary com-
ponent response. *Significantly different from first and second bout
(P<0.05). +Significantly different between _V O2 and FBF
(P<0.05).

Fig. 3 The superimposition of the femoral vascular conductance
responses to repeated bouts of heavy-intensity exercise of the entire
group (n=7). Values are averaged every 20 s. Error bars are mean
± SD. bout 1; closed circle, bout 2; open circle. +Significant
difference between bout 1 and bout 2 (P<0.05)
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importance in this regard, as suggested by Shoemaker
et al. (1994) and Hoelting et al. (2001) among others
(Wilkerson et al. 2004).

It is likely that high intramuscular forces required
during such a weight-lifting style KE exercise (or exer-
cise requiring high contraction frequencies) result in a
significant blood flow limitation during the exercise it-
self. Previous observations from our laboratory (Fukuba
et al. 2004) have shown a reduction in the _V O2sp using a
weight-lifting style model. However, this approach was
associated with both: (1) high kinetic parameters (
_V O2sp � 50 s; and functional gain
ðD _V O2=DWÞ � 20ml:min�1 :W�1Þ compared to those
typically seen during cycle ergometry in healthy subjects
(e.g., �25–35 s; �10±1 ml.min�1 .W�1), and (2) a
dramatic hyperemia on the cessation of exercise; FBF
increasing by almost twofold immediately on cessation
of muscle contractions (see Fig.1 in Fukuba et al. 2004),
which was not the case in the present study (Fig. 1b).
More recently, Paterson et al. (2005) have also investi-
gated FBF and _V O2 kinetics during single leg KE
exercise using a cycle ergometer to achieve the work rate,
although they found that prior exercise did indeed in-
duce a reduction in _V O2sp: In their study the exercise
was associated with a functional gain of �15 ml.min�1

.W�1 and a large post-exercise hyperemia, whereas in the
present study these values (sp �36 s and primary gain
�12 ml.min�1 .W�1) were more similar to those asso-
ciated with cycle ergometry, and the end-exercise
hyperemic response was only �5% greater (3825±526
vs. 4025±676 ml.min�1 ; average of 5 s preceding and
following exercise cessation in bout 1) than the end-
exercise value (see Figure 1). We believe that these
subtle, but potentially important, differences may partly
explain the divergence of the results found, and support
the notion that exercise resulting in lower intramuscular
forces than those seen during weight-lifting style KE
(and, therefore, closer to those seen in cycle ergometry;
see Hoelting et al. 2001; Radegran and Saltin 1998;

Shoemaker et al. 1994 for discussion), may allow blood
flow responses to be less-impeded by mechanical con-
straints, and the physiological determinants to pre-
dominate.

We hypothesized that prior heavy-intensity KE
exercise would lead to a reduction in _V O2sp; as is typi-
cally the case for KE exercise (Yoshida et al. 1995;
Rossiter et al. 2001; Hughson et al. 2003; Paterson et al.
2005), and that this reduction may be a result of ‘im-
proved’ FBF kinetics. However, as this ‘cycle-like’
exercise mode did not alter _V O2sp between bouts, we
cannot accept or reject the hypothesis that FBF limits O2

availability during the phase II response during heavy-
intensity KE exercise. The data do suggest, however,
that if a blood flow limitation were to manifest during
bout 1, it does not appear to be relieved by prior heavy-
intensity exercise, as was previously suggested Gerbino
et al. (1996), and is in agreement with the results of
Paterson et al. (2005). The absence of an alteration in
any phase of the FBF kinetics, however, does have
important implications for the _V O2 slow component.

The ‘slow’ component

Alleviation of the _V O2 slow component during bout 2 of
repeated heavy-intensity exercise was a characteristic of
the present study (similar to previous observations
during cycle ergometry e.g., Burnley et al. 2000; Gerbino
et al. 1996; Koppo and Bouckaert 2000; MacDonald
et al. 1998). However, contrary to our hypothesis, the
reduced slow component was not associated with an
alteration of the kinetics of FBF during KE exercise.
While FBF did show evidence of a ‘slow’ component
(Fig. 1b), it was consistently less than the magnitude of
the _V O2 slow component, by about 50%. This suggests
that FBF rises rapidly at exercise onset (compared to
_V O2) and attains a level that allows adequate bulk O2-
delivery—this being supplemented, on some occasions,

Table 2 O2-pulse and heart rate response characteristics during repeated bout exercise

O2-pulse Heart rate

1st 2nd 1st 2nd

BL (ml.beats�1) 3.81±0.44 3.69±0.54 (beats.min�1) 83±12 90±15*
EE (ml.beats�1) 7.09±1.13 6.95±1.14* (beats.min�1) 127±18 131±20*
‘‘Effective’’s¢(s) 38.0±11.6 30.6±10.8* 56.3±8.9 73.3±17.6
Td (s) 16.9±4.3 15.5±5.5 0 0
A (ml.min�1) 3.2±0.9 3.2±0.7 (beats.min�1) 41.9±9.6 40.6±9.0
Primary parameters

sp (s) 31.7±14.0 29.6±14.7*
Tdp (s) 19.0±2.5 16.1±6.0
Ap (ml.beats�1) 3.1±0.8 3.2±0.7*

Values are mean ± SD for seven subjects. First and second
exercise bouts during the repeated bout exercise; BL, baseline; EE,
end-evercise values; ‘‘effective’’ s¢, Td, and A; time constant, time
delay and amplitude of the overall response estimated by mono-

exponential fit. Tdp, sp, and Ap; time delay, time constant and
amplitude of the primary component response. *Significantly dif-
ferent from first and second bout (P<0.05).
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by a small FBF slow component. The bulk FBF is un-
likely to be limiting to _V O2 during this region, otherwise
the _V O2 slow component would not be expressed. The
studies of Bangsbo et al. (2001) and Krustrup et al.
(2001) clearly show that both FBF, (as well as O2-
extraction and QO2) can be increased by prior severe-
intensity exercise, however, the present data differ as
they show that increases in FBF are not obligatory to
reduce the _V O2 response magnitude during this phase.
Thus, the degree of reduction in the _V O2 slow compo-
nent by prior exercise may be intensity-dependent (a
greater ‘priming’ intensity leading to a greater reduction

in the _V O2 slow component; Bangsbo et al. 2001; Endo
et al. 2004; Krustrup et al. 2001) and it does not seem to
be exclusively mediated via a bulk blood flow-related
mechanism.

Determinants of _V O2 kinetics during repeated heavy-
intensity exercise

The present findings, therefore, are consistent with the
notion that the reduction in the _V O2 slow component
during heavy-intensity exercise following prior heavy
exercise is due to factors more proximal to the exercising
muscle than those measured here. Reductions in both
the _V O2sp and the magnitude of the _V O2 slow compo-
nent are manifested during KE exercise (Fukuba et al.
2004; Rossiter et al. 2003; Paterson et al. 2005), whereas
cycle ergometry (Burnley et al. 2000; Gerbino et al.
1996; MacDonald et al. 1997) typically expresses a more
limited facilitation, and therefore, it was surprising that
_V O2sp was not reduced in the present study. The ratio of
BF to QO2 is thought to be higher in KE than cycling
(Radegran and Saltin 1998) and, therefore, KE exercise
might be expected to less likely result in any modulation
of the _V O2 response if a limiting BF was the cause of this
modulation (as long as the exercise mode or intensity did
in itself not limit BF). However, the opposite is more
typically the case, which suggests that a mechanism
other than BF is likely to be operating to reduce _V O2sp
or the _V O2 slow component, during KE exercise at least.
There is now a considerable amount of work suggesting
that experimental impositions to increase or limit muscle
blood flow (or O2 delivery) do not lead to alterations in
the _V O2 response kinetics (e.g., Grassi et al. 2000; Wil-
liamson et al. 1996; MacDonald et al. 1997; Endo et al.
2003; Koga et al. 1997). It would seem, therefore, that
alterations in _V O2 kinetics at this intensity may result
from alterations more proximal to skeletal muscle
metabolism (e.g., Rossiter et al. 2001; Rossiter et al.
2003; Howlett and Hogan 2003). While O2 delivery
clearly has the potential to limit _V O2 kinetics (Mac-
Donald et al. 1998; Perrey et al. 2001) it seems that this
is typically not the case, at least during moderate or
heavy-intensity exercise (present data; Paterson et al.
2005).

These data, as well as those of others, however,
cannot account for the heterogeneity of microvascular
QO2/BF matching. It is possible that, while bulk FBF is
adequate, local QO2/BF (determining intracellular PO2)
may be limiting in some areas of the exercising muscu-
lature. Recently, Krustrup et al. (2004) have shown that
the _V O2 slow component is associated with a widening
spread of glycogen utilization, suggesting an increasing
contribution to force production from ‘O2-inefficient’
fibers and anaerobic glycolysis during the slow compo-
nent region. This provides the potential for a progressive
reduction in QO2/BF at least in some spatially dispersed
muscle regions. It seems, therefore, that heterogeneous
bioenergetic contributions to power production might

Fig. 4 The superimposition of the heart rate (a) and O2-pulse (b)
responses to repeated bouts of heavy-intensity exercise of the entire
group (n=7). Values are averaged every 20 s. Error bars are mean
± SD. bout 1; closed circle, bout 2; open circle. +Significant
difference between bout 1 and bout 2 (P<0.05)
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indeed be the source of the _V O2 slow component, similar
to suggestions by Poole and colleagues (1994). However,
while the range of QO2/BF in the exercising muscle re-
mains poorly understood, Mizuno et al (2003) have
shown (using positron emission tomography) that re-
gional QO2/BF appears to be well matched. This is,
somewhat, contrary to measurements of deoxy-hemo-
globin and/or myoglobin (using near-infra-red spec-
troscopy; e.g., DeLorey et al. 2004; Gurd et al. 2005)
that suggest that QO2/BF may be better maintained
during the second bout of repeated exercise, despite the
suggestion that a greater portion of FBF is directed to
the skin (Nielsen et al. 1988) during repeated exercise
(which would be expected to further limit QO2/BF
matching in bout 2). Together, this suggests that the
distribution of BF may be a critical factor for under-
standing the determinants of the _V O2 slow component.
It may be the case, for example, that a re-distribution of
muscle blood flow in bout 2 compared to bout 1, could
better protect the muscle from fatigue, by allowing more
rapid clearance of fatigue inducing metabolites or better
maintenance of local QO2/BF. It is important to note,
therefore, that either intramuscular (such as muscle and
fiber-type recruitment patterns, e.g., Barstow et al. 1996;
Burnley et al. 2000; Pringle et al. 2003; Saunders et al.
2000) or BF-related events occurring during the primary
phase, may yet have important consequences for the
manifestation of the _V O2 slow component. These issues,
however, remain to be resolved.

Indices of _V O2 to blood flow matching

Yoshida and Whipp (1995) have suggested that although
s0 _V O2=s0BF may be greater than 1.0 (as was consistently
the case in the present study), it is the absolute QO2/BF
ratio (and, subsequently, QO2/microvascular flow) that
determines adequate (or not) tissue oxygenation. For
whole body exercise, the muscle _V O2-to-blood-flow dy-
namic relationship can be used to estimate the arterio–
venous O2 content difference (Yoshida and Whipp
1995); in the present study we used D _V O2=D FBF to
estimate the (a–v)O2 manifest above the 10 W baseline
exercise. During the first 20 s of the repeated exercise
bouts the D _V O2=DFBF averaged �0.075 and �0.08, for
bout 1 and bout 2, respectively. Thus, the value of
D _V O2=D FBF in this first 20-s period in the present
study likely reflects only a small decrease or even
maintenance of CvO2 during the initial seconds of both
exercise bouts (consistent with previous studies; Bang-
sbo et al. 2000; Grassi et al. 1996). Similarly, Behnke
et al. (2002) demonstrated the maintenance of micro-
vascular PO2 (PO2m) early in the exercise transient of
stimulated rat spinostrapezious muscle, suggesting ade-
quate O2 availability during this period. Similar dem-
onstrations by Hogan (2001) in the intracellular PO2

profile of the single frog myocyte and of the muscle
oxygenation profile in humans (Grassi et al. 2003) also
support this notion. These are all consistent with the
present findings. In fact, in our study D _V O2=DFBF did
not surpass the 0.1 (a–v)O2 isopleth until �40 s after
exercise onset (Fig. 5), e.g., only a moderate reduction in
CVO2(Stringer et al. 1997).

The relatively slow kinetic response of HR during the
second exercise bout was associated with a significantly
faster increase in O2-pulse. At the whole-body level this
suggests that either (a–v)O2 difference or stroke volume
(or both) was ‘improved’ early during the second exer-
cise transient. Assuming a negligible alteration in stroke
volume during bout 2 in our semi-supine modality (De
Cort et al. 1991; Yoshida et al. 1993; Gledhill et al.
1994), then the O2-pulse profile would suggest that (a–
v)O2 difference increased more rapidly during bout 2.
While there was a tendency (P>0.05) for the dynamics
of D _V O2=DFBF to be more rapid during bout 2, this was
not a consistent finding. Therefore, the O2-pulse s¢ may
reflect a reduced mean circulation time and/or be
reflective of increased QO2 early in the second exercise
transient (e.g., reduced QO2 s). While this distinction
could not be achieved within the precision of the current
techniques (which are, by definition, estimates) the O2-
pulse profile is, at least, not inconsistent with an
improvement of O2-extraction during bout 2.

Limitations

The direct measurement of QO2 during exercise in
human subjects is technically challenging (Bangsbo et al.
2000; Whipp et al. 1995), especially in our subject

Fig. 5 Superimposed responses of D _V O2=D FBF during repeated
heavy-intensity exercise in seven subjects. D _V O2 is measured from
the increment of _V O2 above the baseline (10 W exercise) value.
D _V O2 is expressed relative to the increment in FBF (D FBF;
expressed here as twice the ‘one-leg’ FBF) after correction for the
phase II delay time. D _V O2=D FBF; therefore, is reflective of
exercising muscle (a–v) O2 difference (see discussion) . Values are
averaged every 20 s. Error bars are mean ± SD. bout 1; closed
circle, bout 2; open circle
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population of Japanese women where the overall
amplitude of FBF and QO2 responses is expected to be
small (with a maximal cardiac output of �14 l/min;
unpublished observations). We were, therefore, unable
to make direct QO2 measurements, but instead relied
upon the relevant phases of pulmonary _V O2 dynamics
(phases 2 and 3) to make inferences regarding the exer-
cising muscle. Under normal conditions in healthy sub-
jects primary _V O2 kinetics are likely to cohere to those
of QO2 by +/-10% (Barstow et al. 1991), and these have
been shown to be virtually indistinguishable during
moderate cycle ergometry (Grassi et al. 1996). Similarly,
Poole et al. (1991) demonstrated that �80–90 % of the
magnitude of the _V O2 slow component response is re-
flected within the leg QO2. While, we cannot be certain
that the _V O2 kinetics measured here adequately reflect
intramuscular events, it seems likely that they provide a
reasonable and reliable proxy from which to draw sali-
ent conclusions regarding the control and/or limitation
of skeletal muscle oxidative phosphorylation. The pres-
ent study is, therefore, in accordance with many previ-
ous suggestions that under normal conditions muscle
QO2 responses are likely to be controlled by factor(s)
within the exercising limbs rather than O2 delivery (e.g.,
Campbell-O’Sullivan et al. 2002; Chance et al. 1986;
Howlett and Hogan 2003; Jones et al. 2004; Mahler
1985; Timmons et al. 1998). However, under more ex-
treme conditions (such as hypoxia or possibly even
during severe exercise) O2 delivery has the potential to
be a limiting factor (Engelen et al. 1996; Grassi et al.
2000).

Conclusion

In summary, the unexpected finding that _V O2sp which
was not altered by prior heavy-intensity KE exercise did
not allow us to refute the suggestion that bulk O2-
delivery is limiting factor to the primary _V O2 kinetic
responses during repeated heavy-intensity exercise.
However, the reduction in the _V O2 slow component
following prior heavy-intensity exercise was not
accompanied by an alteration in FBF kinetics during the
transient, suggesting that although s0 _V O2=s0FBF re-
mained greater than 1.0 (Yoshida and Whipp 1995)
throughout both exercise bouts, increases in FBF (and
therefore O2-delivery) were not required to manifest a
reduced _V O2 slow component during bout 2; the con-
tour of D _V O2=DFBF was maintained between bouts.
Rather, these data implicate mechanisms that are more
proximally related to the intramuscular event(s) within
exercising muscles in mediating this phenomenon.
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