
Current considerations of the on- and off-transient

(i.e. phase II) responses of pulmonary oxygen uptake (◊J)

to moderate-intensity exercise (i.e. below the lactate

threshold, uL) in humans suggest that the response

manifests both mono-exponentiality and ‘on-off’ symmetry

(Linnarsson, 1974; Paterson & Whipp, 1991; Özyener et al.
2001); i.e. consistent with a system manifesting linear

control dynamics (e.g. Milsum, 1966; Lamarra et al. 1983).

Above uL, however, the ◊J response is more complex

(Whipp & Wasserman, 1972; Linnarsson, 1974; Hughson

& Morrisey, 1982; Barstow & Molé, 1991; Paterson &

Whipp, 1991) with the on-transient supra-uL ◊J response

consisting of two main components: (1) a ‘fundamental’

phase (phase II) well described by an exponential, and (2) a

subsequent delayed phase yielding a slowly developing

supplemental rise in ◊J (e.g. Barstow & Molé, 1991;

Paterson & Whipp, 1991), which has been termed ‘excess’◊J or the ◊J slow component (◊J,sc) (Whipp, 1987). That

is, neither mono-exponentiality nor ‘on-off’ symmetry

characterise the ◊J response (Linnarsson, 1974; Cerretelli

et al. 1977; Paterson & Whipp, 1991; Gerbino et al. 1996;

MacDonald et al. 1997; Bohnert et al. 1998; Langsetmo &

Poole, 1999; Özyener et al. 2001).
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The on- and off-transient (i.e. phase II) responses of pulmonary oxygen uptake (◊J) to moderate-

intensity exercise (i.e. below the lactate threshold, uL) in humans has been shown to conform to both

mono-exponentiality and ‘on-off’ symmetry, consistent with a system manifesting linear control

dynamics. However above uL the ◊J kinetics have been shown to be more complex: during high-

intensity exercise neither mono-exponentiality nor ‘on-off’ symmetry have been shown to

appropriately characterise the ◊J response. Muscle [phosphocreatine] ([PCr]) responses to exercise,

however, have been proposed to be dynamically linear with respect to work rate, and to demonstrate

‘on-off’ symmetry at all work intenisties. We were therefore interested in examining the kinetic

characteristics of the ◊J and [PCr] responses to moderate- and high-intensity knee-extensor

exercise in order to improve our understanding of the factors involved in the putative phosphate-

linked control of muscle oxygen consumption. We estimated the dynamics of intramuscular [PCr]

simultaneously with those of ◊J in nine healthy males who performed repeated bouts of both

moderate- and high-intensity square-wave, knee-extension exercise for 6 min, inside a whole-body

magnetic resonance spectroscopy (MRS) system. A transmit–receive surface coil placed under the

right quadriceps muscle allowed estimation of intramuscular [PCr]; ◊J was measured breath-by-

breath using a custom-designed turbine and a mass spectrometer system. For moderate exercise,

the kinetics were well described by a simple mono-exponential function (following a short

cardiodynamic phase for ◊J), with time constants (t) averaging: t◊J,on 35 ± 14 s (± S.D.), t[PCr]on

33 ± 12 s, t◊J,off 50 ± 13 s and t[PCr]off 51 ± 13 s. The kinetics for both ◊J and [PCr] were more

complex for high-intensity exercise. The fundamental phase expressing average t values of t◊J,on

39 ± 4 s, t[PCr]on 38 ± 11 s, t◊J,off 51 ± 6 s and t[PCr]off 47 ± 11 s. An associated slow component

was expressed in the on-transient only for both ◊J and [PCr], and averaged 15.3 ± 5.4 and

13.9 ± 9.1 % of the fundamental amplitudes for ◊J and [PCr], respectively. In conclusion, the t
values of the fundamental component of [PCr] and ◊J dynamics cohere to within 10 %, during both

the on- and off-transients to a constant-load work rate of both moderate- and high-intensity

exercise. On average, ~90 % of the magnitude of the ◊J slow component during high-intensity

exercise is reflected within the exercising muscle by its [PCr] response.
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However, the dynamics of putative phosphate-linked

controllers of muscle oxygen consumption (Q̇J), such

as intramuscular [phosphocreatine] ([PCr]) (e.g. Meyer,

1988), have received far less attention. Consequently, it is

not known whether the asymmetries in the ◊J responses to

different exercise intensites are also evident in these

intramuscular responses, or whether the dynamic ‘on-off’◊J asymmetry (i.e. with the slow component being evident

at the on- but not, or much less prominent at, the off-

transient; Paterson & Whipp, 1991; Özyener et al. 2001) is

a consequence of similar features in intramuscular [PCr]

profiles.

Although standard biopsy techniques have allowed [PCr]

and levels of related high-energy phosphate metabolites to

be determined at discrete points during the transient and

steady-states of exercise (e.g. Piiper et al. 1968; Piiper &

Spiller, 1970; Holloszy et al. 1971; Crow & Kushmerick,

1982; Bangsbo, 1996), the high temporal resolution

provided by 31P magnetic resonance spectroscopy (31P-

MRS) has allowed robust kinetic characterisations of the

intramuscular responses for both the on- and off-transients

(e.g. Meyer, 1988; Kushmerick et al. 1992; Conley et al.
2001; Jubrais et al. 2001). Muscle [PCr] responses to

exercise have been reported to be dynamically linear with

respect to work rate (Meyer, 1988; Barstow et al. 1994),

including ‘on-off’ symmetry (Meyer, 1988). However, the

[PCr] and ◊J responses to exercise of different intensities

have not been determined in concert nor with sufficient

sensitivity to discriminate possible small, but real differences

between their kinetics. We were therefore interested in

examining: (1) the degree to which the different kinetic

characteristics of the ◊J responses to moderate- and high-

intensity square-wave exercise reflected those of the

simultaneously measured [PCr] responses, and (2) the

relationship between the on- and off-transient kinetic

responses of ◊J and [PCr]. We elected to make repeated

measurements of the variables in order to provide high-

confidence estimation of the kinetic parameters (Lamarra

et al. 1987; Rossiter et al. 2000).

METHODS 
The experimental methods are summarised here, having been
previously described by Whipp et al. (1999) and Rossiter et al.
(1999).

Subjects
Nine healthy male volunteers with average age of 26 years (range
20–58 years) provided informed consent to participate in the
study (as approved by the Local Research Ethics Committee for
Human Experimentation in accordance with the Declaration of
Helsinki). The subjects’ characteristics are given in Table 1.

Exercise protocols
During comprehensive habituation tests in the Laboratory
of Human Physiology: (a) subjects were familiarised, and
(b) moderate- and high-intensity work rates were identified,
i.e. demarcation of ◊J responses either conforming to mono-

exponential characteristics (moderate) or associated with a slow
phase of ◊J kinetics typically leading to fatigue after ~10 min
(high).

Simultaneous determination of pulmonary ◊J and intramuscular
[PCr] was made from 70 experiments (an average of eight visits by
each subject) with the subjects lying prone inside the bore of
the 1.5 Tesla super-conducting magnet (Signa Advantage, GE,
Milwaukee, USA) with their feet suspended in the rubber stirrups
of a custom-designed ergometer (Whipp et al. 1999). The rubber
stirrups were tailored to each subject to permit either moderate-
or high-intensity square-wave exercise by means of rhythmic
alternate-leg knee-extensions (32 pulses min_1 for each leg). The
required work rates for each subject were estimated (~Ẇ) by the
methods of Whipp et al. (1999) (Table 2). The contraction phase
of the knee extensors of the non-dominant leg occurred in unison
with the 31P-MRS acquisition of the quadriceps of the relaxed
dominant leg. The subject was ‘strapped down’ to the scanner
table by means of a broad non-distensible strap placed over the
hips throughout, to minimise extraneous movements.

Subjects performed between three and five repetitions (each on a
different day) of both moderate- and high-intensity exercise in a
square-wave exercise protocol consisting of 4 min at rest, 6 min of
exercise at the pre-determined level, and then 6 min rest (recovery).
The number of repeats required for each subject was governed by
the extent to which increasing test repeats improved the overall
signal-to-noise characteristics of the averaged ◊J and [PCr]
responses, therefore allowing appropriate convergence and
confidence limits (Rossiter et al. 2000) for the subsequent
parameter estimation procedures.

31P-MRS sequence
A one-pulse 31P-MRS acquisition was employed using a surface
coil tuned to a frequency of 25.85 MHz for phosphorus, placed
under the quadriceps muscle of the dominant leg (in all cases the
right leg). The coil was securely fastened to the table. Prior to the
31P data acquisition, a series of axial gradient-recalled echo images
of the thigh were acquired. Shimming was performed with an
automated shimming package to the proton signal of muscle
water (GE, Milwaukee, USA). The 31P-radio frequency excitation
pulse was set at a level to give maximum [PCr] signals at a 5 s
repetition rate from a 80 mm thick axial ‘slice’ of muscle.
Throughout the entire test protocol (rest–exercise–recovery), free
induction decays (FIDs) for 31P spectra were collected every
1875 ms with a spectral width of 2500 Hz and 512 data points.
31P-MRS data were averaged over eight acquisitions to estimate
every 15 s the relative signal intensities of the three ATP peaks (a,b and g), PCr and Pi.

Signal intensities of each resonance were calculated (as a batch job)
by means of the time-domain variable-projection fitting program,
VARPRO (van der Veen et al. 1988), using the appropriate prior
knowledge of the ATP multiplets (Stubbs et al. 1996). The T1

saturation factor was assumed to remain constant for each
resonance throughout the experiment. Intramuscular pH was
estimated from the relative chemical shift of the Pi peak towards
the PCr peak:

pH = 6.75 + log ((d _ 3.27)/(5.69 _ d)), (1)

where d is the relative chemical shift of [Pi] to [PCr] (Moon et al.
1973).

Pulmonary gas exchange measurement◊J responses were determined breath-by-breath (Clinical and
Scientific Equipment, CaSE, Gillingham, Kent, UK) (Beaver et al.
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1973; Whipp et al. 1999). Inspired and expired volume were
measured by a bi-directional turbine (VMM, Interface Associates,
Laguna Niguel, CA, USA), calibrated with a 3 l syringe over a
range of flows (Hans Rudolph, Kansas City, MO, USA). The
concentrations of respired gases (O2, CO2 and N2) were measured
every 20 ms using a quadrupole mass spectrometer (QP9000, CaSE,
Gillingham, Kent, UK), which was calibrated against precision-
analysed gas mixtures. Respired gas was drawn continuously from
the mouthpiece along the extended 45 ft capillary sampling line to
the mass spectrometer, yielding a transit delay of 1.9 s and a
5–95 % rise time of < 80 ms (e.g. Whipp et al. 1999).

Kinetic analysis
The kinetic features of both the ◊J and [PCr] responses to
moderate- and high-intensity exercise were estimated in a similar
fashion. There were, however, a few key differences. The [PCr]
data were initially converted to relative changes established from
the resting baseline (%D), the value of the resting control phase
being taken as 100 %. Both the ◊J and [PCr] responses have been
shown to conform to the structure of a ‘pure’ underlying response
superimposed with an uncorrelated ‘noise’ function that is
Gaussian and independent of metabolic rate (Lamarra et al. 1987;
Rossiter et al. 2000). This not only allows our editing procedure
(Lamarra et al. 1987; Rossiter et al. 2000) to eliminate those data
lying outside 4 standard deviations of the local mean (arising
from coughs, sighs or swallows in the case of ◊J or associated
to the inherently poor signal-to-noise characteristics of [PCr]
measurement by 31P MRS), but also provides the justification for
averaging the responses of like-exercise transitions for each
subject to reduce the influence of the ‘noise’ on the subsequent
parameter estimation. Thus the like-exercise ◊Jand [PCr] responses
were time-aligned to the onset of exercise (corresponding to time
zero), interpolated on a second-by-second basis, and then
superimposed and averaged for each subject; the ◊J responses
were averaged every 10 s, and the [PCr] responses every 15 s
(i.e. at their MRS sample frequency).

The resulting ◊J and [PCr] responses were modelled with non-
linear least-squares fitting procedures (Microcal, Origin) to an
exponential response, with the duration, time window and delay
characteristics of the fitting being dependent on both the variable
and the exercise intensity.

The on-transients of both variable responses to moderate-intensity
exercise were modelled as a mono-exponential: for [PCr], beginning
at time zero and falling to a new steady state; for ◊J, beginning

after the ‘cardiodynamic’ (or phase I) duration and increasing to a
new steady state (Whipp et al. 1982):

◊J (t) = ◊J,0 + D◊J,ss (1 _ e_(t _ d)/t), (2)

and DPCr(t) = PCr0 _ DPCrss(1 _ e_t/t), (3)

where ◊J,0 and PCr0 are the values of ◊J and [PCr] at t = 0, D◊J,ss

and DPCrss are the asymptotic values to which ◊J and [PCr]
project, t is the time constant of the responses and d is a delay term
similar to (but not equal to), the phase I – phase II transition time
(Whipp et al. 1982; Whipp & Özyener, 1998). (N.B. the phase I,
or ‘cardiodynamic’ region of the ◊J response has been shown
to arise from increased lung perfusion (Whipp et al. 1982;
cf. Krogh & Lindhard, 1913) and is thought not to be related to
muscle O2 consumption; the subsequent phase II region has
been demonstrated to be related to the arrival at the lung of the
venous effluent from the exercising muscle (Casaburi et al.
1979; Grassi et al. 1996) and is therefore considered the
relevant region for comparison with the intramuscular [PCr]
dynamics.) As the corresponding d term for [PCr] has been
shown not to differ significantly from zero, it was not included in
the modelling process (Rossiter et al. 1999). Similar models for the
off-transient were used:

◊J (t) = ◊J,0 _ D◊J,ss (1 _ e_(t _ d)/t), (4)

and DPCr(t) = PCr0 + DPCrss(1 _ e_t/t). (5)

The confidence limits for the parameter estimation (Rossiter et al.
2000) and the x2 value were also obtained; confidence was set at
95 % and tolerance at 5 % (i.e. P ≤ 0.05).

In the case of high-intensity exercise, the fitting strategy was
designed to identify, a posteriori, the onset of a putative delayed
‘slow component’ in the ◊J and [PCr] responses. The entire 6 min
were therefore not automatically included in the data field for the
fit. Rather, the fitting window extended from exercise onset
(i.e. t = 0 s for [PCr]; t = time at the end of phase I for ◊J) initially
only 60 s into the exercise. The window was lengthened iteratively,
until the exponential model fit demonstrated a discernible and
consistent departure from the measured response profiles. However,
as the goodness-of-fit cannot be extracted using the approach of
Lamarra et al. (1987), two alternative indices were used: (1) the
maintenance of the flat profile of the residual plot (i.e. signifying a
good fit to the measured data), as judged by visual inspection, and
(2) the demonstration of a local ‘threshold’ for increase in the x2

value. Once the exponential model fit diverged from the measured
data, the fitting field was moved back in time by one datum to
isolate the fundamental component of the response and the best-
fit exponential was then established (see above). This gave
extrapolated steady-state values for [PCr] and ◊J that were above
and below (respectively) the final value actually attained. The
magnitude of the ◊J and [PCr] slow components (◊J,sc and
[PCr]sc) were taken as the difference between the amplitude of the
final measured value (relative to the pre-exercise resting baseline,
averaged for the last 30 s) (D◊J,end, D[PCr]end) and the estimated
steady-state amplitude of the fundamental (D◊J,ss and D[PCr]ss).
The percentage contribution of the slow component to the total
response of variable y thus equals: ((Dyend _ Dyss)/Dyss) w 100,
where y is ◊Jor [PCr].

The differences between parameter values were examined by
repeated-measures ANOVA, across intensity (moderate vs. high),
transition (on- vs. off-transition) and by variable (◊J vs. PCr).
Significance of all the fits to the responses were also estimated
using the x2 goodness-of-fit test (Huntsberger, 1961). Values are
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Table 1. Subject characteristics

Subject Age Height Weight
(years) (cm) (kg)

1 24 178 75
2 25 183 95
3 22 186 90
4 58 185 86
5 20 196 97
6 21 187 80
7 21 180 70
8 23 185 81
9 24 181 71

Mean 26 185 83
S.D. 11.9 5.2 9.9



given as means and standard deviations, or 95 % confidence
intervals (C95) where indicated; a threshold P value of less than
0.05 was used to establish significance.

RESULTS
Moderate-intensity exercise
A representative stack plot of the sequential MR spectra is

given in Fig. 1A. The relative concentrations of the three

phosphoryl residues of ATP (a, b and g) remained constant

throughout the on- and off-transients while [PCr] declined

to a new steady-state level after approximately 3 min of

exercise. The temporal response ◊J and [PCr] profiles (for

subject 4) for the moderate-intensity (and high-intensity)

on-transitions are shown in Fig. 2. An early cardiodynamic

region (phase I) was evident for the ◊J response but not

for [PCr] at both moderate- and high-intensity exercise.

Mono-exponential modelling of the fundamental response

(i.e. the entire 6 min response for [PCr], and following the

phase I region for ◊J) provided an adequate characterisation

of the responses (Fig. 2A) in every case. The individual

steady-state ◊J increments (D◊J,ss) were, as expected,

dependent on the work rate (Ẇ) performed, with those

subjects who were able to maintain the highest subthreshold

work rate also reaching the highest ◊J (Table 2). This,

however, was not always the case with the PCr response

(D[PCr]ss), possibly reflecting differences in the resting

absolute [PCr] concentrations within the region of interest

across subjects and/or differences in the underlying t for

oxidative metabolism. For the group as a whole, D◊J,ss

averaged 420 ± 200 ml min_1 and D[PCr]ss was 11.1 ± 2.3 %

(Fig. 2A; Table 2). The mean DPCrss (11.1 ± 2.6 %) andD◊J,ss (430 ± 200 ml min_1) at the off-transient, were, as

expected, not significantly different from those measured

at the on-transient; i.e. both [PCr] and ◊J recovered to, or

close to, 100 % of the pre-exercise baseline values within

6 min, in all cases.

The on-transient time constants for the individual

responses averaged 33 ± 12 and 35 ± 14 s for [PCr] and◊J, respectively, and their associated confidence intervals

(C95) were less than ± 3 s (Table 3). Similarly, the off-

transient kinetics were also well characterised by a mono-

exponential function (see below, Fig. 4); however, in all

but one case, the off-transient time constants were

significantly longer than the corresponding on-transientt, both for [PCr] and ◊J (P < 0.05). The off-transientt values averaged 51 ± 13 and 50 ± 13 s  for [PCr] and ◊J,

respectively (Table 3). Again, the narrow C95 bands

illustrated the high confidence of the parameter estimation

(C95 averaged ± 2.6 s). Despite the differences observed

between the on- and off-transient t values for ◊J and [PCr],

the on-transient t◊J and t[PCr] were not statistically

different; this was the also the case for the off-transient

(Table 3).

High-intensity exercise
An example of the ‘stack plot’ of the sequential spectra for

subject 2 is shown in Fig. 1B. As with moderate exercise,

[ATP] remained constant throughout the on- and off-

transients. However, unlike moderate exercise, the [PCr]

fall could be seen to continue throughout the exercise bout

and did not come to a steady state (Fig. 2B and C). The

response of the [Pi] peak was not consistent between

subjects; however, in the example shown (Fig. 1B), [Pi]

clearly ‘decomposed’ into two separate peaks during

exercise (cf. Yoshida & Watari, 1994). This phenomenon
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Figure 1. Example stack plots of the 31P spectra during moderate- (A) and high-intensity (B)
rest–exercise–rest transitions
The stack plots are presented here in a reversal of the conventional format in order to visualise the dynamics
of the [Pi] peak, which would otherwise be obscured by that of [PCr]. With this format and with the [PCr]
peak used as the reference (0 p.p.m.), the [ATP] peaks appear positive and the [Pi] negative (~ _5 p.p.m.).
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Table 2. On- and off-transient PCr and ◊O2 amplitudes during moderate and high-intensity
exercise

Moderate High
—————————————————————————————                                ——————————————————————————————

Subject Ẇ D◊O2,ss,on D◊O2,ss,off DPCrss,on DPCrss,off Ẇ D◊O2,ss,on D◊O2,ss,off DPCrss,on DPCrss,off

(W) (l min_1) (l min_1) (%D) (%D) (W) (l min_1) (l min_1) (%D) (%D)

1 80 0.82 0.84 13.3 13.7 120 1.07 1.07 25.4 27.6
2 30 0.32 0.34 12.3 10.5 120 1.21 1.20 33.2 31.4
3 30 0.33 0.32 8.8 9.2 50 0.46 0.50 17.3 15.4
4 30 0.26 0.27 12.0 10.0 50 0.57 0.63 20.9 24.2
5 60 0.65 0.68 11.1 13.4 100 0.95 1.07 22.0 19.2
6 60 0.69 0.69 12.3 12.9 120 1.14 1.06 14.3 14.5
7 30 0.23 0.23 9.5 9.5 80 0.86 1.02 44.6 49.0
8 30 0.17 0.18 6.7 6.3 80 0.74 0.91 27.9 37.4
9 30 0.33 0.33 14.0 14.2 120 1.10 1.13 20.3 21.6

Mean 42 0.42 0.43 11.1 11.1 93 0.90 0.95 25.1 26.7
S.D. 19.2 0.2 0.2 2.3 2.6 29.6 0.3 0.2 9.2 11.2

Table 3. Moderate-intensity time constants (t) for on- and off-transient PCr and ◊O2

On                                                                                           Off
————————————                    ————————————

Subject tPCr C95 t ◊O2
C95 tPCr C95 t ◊O2

C95

1 35 3.1 30 2.5 39 2.2 35 3.0
2 27 2.1 29 1.8 43 2.2 43 2.6
3 64 4.6 68 4.6 42 2.7 43 4.0
4 33 5.1 28 3.1 60 5.6 56 3.3
5 31 6.3 39 3.0 61 5.6 53 3.9
6 30 3.5 36 3.4 46 5.3 45 4.1
7 20 3.5 20 4.7 72 8.5 72 4.8
8 31 4.6 35 4.1 32 4.8 36 4.6
9 30 7.4 32 7.7 60 9.4 65 9.0

Mean 33 4.5 35 3.9 51 5.1 50 4.4
S.D. 12.2 1.6 13.5 1.7 13.1 2.6 12.7 1.9

Figure 2. ◊O2 and [PCr] responses (for subject 2) with model fits and residuals
A, moderate-intensity exercise; B, high-intensity exercise with the entire response modelled with a mono-
exponential; C, high-intensity exercise with the mono-exponential fit limited to the fundamental phase,
i.e. accounting for the early ‘cardiodynamic phase’ – see Methods for further elaboration.



was apparent in four of the nine subjects during the high-

intensity exercise and was not observed during moderate-

intensity exercise in any subject.

As expected, the mono-exponential fit to the on-transient◊J responses for high-intensity exercise was not adequate

to characterise the response (Fig. 2B), and the fit was

therefore limited to the fundamental exponential region

(see Methods, Kinetic analysis). Interestingly, this was also

the case for the on-transient of the [PCr] response (Fig. 2B),

and thus the [PCr] responses were treated similarly to ◊J.

An example of resulting model fits to the fundamental

component are shown in Fig. 2C, and the associated

response amplitudes and time constants in Tables 2 and 4,

respectively. The amplitudes for [PCr] and ◊J were larger

than for the moderate-intensity exercise (Table 2): the

fundamental D[PCr]ss averaged was 25.1 ± 9.2 %, andD◊J,ss was 900 ± 300 ml min_1. The approximate doubling

of the fundamental amplitude of ◊J between moderate-

and high-intensity exercise was reflected in a similar ratio

of the fundamental [PCr] decrement. The off-transient

fundamental amplitudes averaged 26.7 ± 11.2 % and

950 ± 200 ml min_1 for D[PCr]ss and D◊J,ss, respectively.

Limiting the analysis to the fundamental region of the

responses produced average on-transient t values of 38 ± 11

and 39 ± 4 s for [PCr] and ◊J, respectively (Table 4), and

while the shorter fitted region (average 191 ± 37 and

159 ± 23 s for [PCr] and ◊J, respectively) in the high-

intensity exercise led to a larger confidence interval for

parameter estimation, the C95 limits still remained within

± 4 s on average. The off-transient responses of both [PCr]

and ◊J for high-intensity exercise were well characterised

by a mono-exponential function (again with a delay

arising from the early cardiodynamic region for ◊J) in

contrast to the corresponding on-transient responses at

this intensity. This finding is consistent with those of the
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Table 4. High-intensity ‘fundamental’ component time constants (t) for on- and off-
transient PCr and ◊O2

On                                                                                           Off
————————————                    ————————————

Subject tPCr C95 t ◊O2
C95 tPCr C95 t ◊O2

C95

1 38 5.9 41 9.0 36 3.8 58 3.6
2 38 8.0 43 9.8 46 3.4 45 1.5
3 63 11.2 44 9.5 49 6.4 44 5.3
4 38 8.5 38 6.8 41 3.5 62 6.5
5 30 5.7 35 8.6 70 8.7 53 5.8
6 23 8.5 31 3.0 36 9.3 47 4.2
7 39 3.3 36 5.3 55 5.5 55 3.8
8 39 2.5 39 3.3 43 2.6 46 2.1
9 32 7.1 42 7.0 46 8.3 51 7.3

Mean 38 6.7 39 6.9 47 5.7 51 4.5
S.D. 10.9 2.7 4.2 2.6 10.6 2.6 6.3 1.9

Figure 3. Intramuscular pH responses to moderate- and high-intensity constant load exercise
in a subject without Pi peak splitting (subject 1)



◊J responses to heavy-intensity exercise during cycle

ergometry reported by Özyener et al. (2001). The off-

transient fundamental t values averaged 47 ± 11 and

51 ± 6 s for [PCr] and ◊J respectively (Table 4). The

associated confidence intervals were further improved, as

essentially all of the entire 6 min transient was included in

the fitting field (C95 averaged less than ± 3 s).

The final amplitude of [PCr] during the ‘slow component’

region of high-intensity exercise was, on average, 13.9 ±

9.1 % of the fundamental amplitude. The corresponding

magnitude of the slow component of ◊J was 15.3 ± 5.4 %,

thus illustrating that approximately 91 % of the ◊J,sc

magnitude was evident in an intramuscular measure of

oxidative metabolism (Table 5). A Student’s paired t test

did not reveal any significant difference between the

magnitude of ◊J,sc and [PCr]sc. However, the wide standard

deviations illustrate that in some cases (e.g. subjects 1, 4, 8

and 9) almost the entire ◊J slow component was reflected

intramuscularly, whereas in other cases as little as 17 %

(subject 6) of the ◊J slow component magnitude was

manifest in the [PCr] profile.

Intramuscular pH
During moderate-intensity exercise intramuscular pH, as

determined by frequency of the [Pi] peak relative to the

[PCr] peak (eqn (1)), followed a similar characteristic time

course in all subjects. An example (for subject 1) is shown

in Fig. 3. Prior to exercise, the intramuscular pH averaged

7.06 ± 0.02 for the nine subjects. At the onset of exercise

there was typically a small rise in pH, peaking at

approximately 30 s after exercise onset and averaging

7.11 ± 0.03 (Fig. 3). The steady-state exercise pH value of

7.05 ± 0.05 was not significantly different from rest, either

pre- or post-exercise. pH fell immediately at exercise

offset, reaching a nadir of 6.98 ± 0.07 approximately 30 s

later (Fig. 3). This nadir of 0.07 pH units below the resting

value was similar in magnitude to the pH peak seen for the

exercise on-transient, the mean of which was 0.05 pH units

above resting.
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Table 5. Magnitude of the slow components of
[PCr] and ◊O2

Subject                       [PCr]sc ◊J,sc

(% phase II               (% phase II
amplitude)               amplitude)

1 8.2 5.8
2 5.7 16.4
3 8.3 10.9
4 13.9 9.1
5 12.4 17.2
6 2.9 16.8
7 17.9 19.6
8 28.7 20.4
9 27.1 21.2

Mean 13.9 15.3
SD 9.1 5.4

Calculation of [PCr]sc and ◊J,sc is described in Methods.

Figure 4. On-off asymmetry between the ◊O2 and [PCr] responses to moderate- (1, dashed
lines) and high-intensity (0, continuous lines) exercise
The responses have been normalised to the fundamental amplitudes to enable kinetic comparison of the
responses at the two different intensities.



However, for high-intensity exercise, estimation of the pH

was complicated by the non-consistent behaviour of the

[Pi] peak at this intensity. For the four subjects who

expressed a clearly discernible splitting of the [Pi] peak

during this exercise, two distinct regional pH values could

be estimated; these averaged 6.62 ± 0.13 and 7.05 ± 0.04 at

end-exercise, compared with the pre-exercise baseline of

7.06 ± 0.02 (Fig. 1B). Those subjects who did not clearly

express a consistent splitting of the [Pi] peak during the

exercise showed only a small degree of acidosis; i.e. an

average decrement of 0.1 ± 0.03 pH units at end-exercise

(Fig. 3). As previously described by Bendahan et al. (1990),

the off-transient pH dynamics in our study could not

typically be distinguished, as the characteristic reduction

of [Pi] to values below resting in this phase, and in some

cases apparently zero, precluded estimation of the chemical

shift.

Cross-variable and cross-intensity comparisons
It is salient to note that during the exercise on-transients,

the fundamental responses of both variables demonstrated

similar average time constants of 33 and 35 s during

moderate exercise, and of 38 and 39 s during high-intensity

exercise for [PCr] and ◊J, respectively. Although this close

kinetic coupling was maintained at the off-transient, the t
values were typically greater than those at the on-transient

(51 and 50 s during moderate exercise and 47 and 51 s

during high-intensity exercise for [PCr] and ◊J,

respectively). Repeated-measures ANOVA revealed that

there was no effect of either intensity (i.e. moderate or

high) or of variable (i.e. PCr or ◊J) on the values of the

fundamental t. However, a significant effect of transition

(i.e. on- or off-transient) was established (P < 0.01).

Also, the increment in the response amplitude above the

fundamental, which has been previously well described for◊J (i.e. the ◊J slow component), was shown to be evident

in the profile of [PCr] (e.g. Fig. 2C). However, the off-

transient responses did not express a discernible slow

component in either variable. This is illustrated in Fig. 4,

where the normalised and phase-aligned on- and off-

transient ◊J and [PCr] responses of subject 2 from

moderate- and high-intensity exercise may be compared.

The close temporal relationships between the fundamental

region of the on-transients of [PCr] and ◊J is clearly

demonstrated at both exercise intensities. Furthermore,

the slow components of both variables express a similar

relative magnitude and time of onset. The off-transient

responses, however, clearly did not differ between intensity:

neither variable expressed a discernible influence of

the on-transient slow component during high-intensity

exercise. This inter-intensity dynamic linearity between

the off-transients of ◊J and [PCr] responses was a typical

and striking feature of the off-transient kinetics, with the◊J and [PCr] kinetics from both intensities typically being

indistinguishable.

DISCUSSION
Influence of exercise intensity on the ◊J and [PCr]
kinetics for the fundamental component
As type II fibres in skeletal muscle have been demonstrated

to have up to two-thirds fewer mitochondria than type I

fibres (Meyer et al. 1985), and also to manifest both a low

oxidative efficiency and slow kinetics in response to square-

wave exercise, the fundamental ◊J dynamics for high-

intensity exercise might reasonably be expected to slow as

the force contribution from type II fibres increases (Crow

& Kushmerick, 1982; Barstow et al. 1996). Although there

was a tendency for the fundamental responses of ◊J or

[PCr] to be faster in moderate- compared with high-

intensity exercise, this difference was not statistically

significant. Our observations are consistent with the

findings of Barstow & Molé (1991), Burnley et al. (2001)

and of Özyener et al. (2001) for the fundamental ◊J
kinetics during cycle ergometry. Furthermore, they add

support to the suggestions of Barstow et al. (1990), Grassi

et al. (1996) and Rossiter et al. (1999) that Q̇J and ◊J are

not dissociated by more than 10 %, in contrast to the

suggestions of Cerretelli & di Prampero (1987), who

considered the mean response time of the entire response

rather than just the phase II component (for further

discussion, see Rossiter et al. 1999).

While the proportion of fibre types contributing to force

production during moderate- and high-intensity exercise

in these studies is not known, it is appears likely that the

control of the fundamental component is independent

of intensity over this range (consistent with previous

suggestions by Barstow & Molé, 1991; Burnley et al. 2001;

Özyener et al. 2001), and that the subsequent slow

component of both ◊J and [PCr] corresponds to a

supplemental influence exerted on the fundamental

kinetics. Furthermore, the equality between t◊J andt[PCr] that we have demonstrated for both intensities

supports the notion that the fundamental ◊J kinetics are

determined by an intramuscular mechanism(s) (Mahler,

1980; Hogan, 2001) rather than by muscle perfusion per se,

as suggested by Hughson & Morrisey (1982), at least over

the range of work rates investigated in this study. Our

previous findings did not demonstrate such a striking

identity between t◊J and tPCr in every subject (Rossiter et
al. 2001) during high-intensity exercise. It is possible that

subject variability and/or exercise intensity may contribute

to these differences.

Dynamic asymmetry between on- and off-transient
responses
In the present study, we have demonstrated a consistent

‘on-off’ asymmetry in the ◊J response kinetics for moderate-

intensity exercise, with the off-transient t being longer

than the on-transient (Table 3, Fig. 4). At first sight, this

appears at odds with earlier reports of on-off symmetry for

cycle ergometry (e.g. Linnarsson, 1974; Lamarra et al.
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1983, 1987; Griffiths et al. 1986; Paterson & Whipp, 1991;

Özyener et al. 2001). However, this may prove to be an

overly simplistic description. For example, small but

consistent deviations from dynamic linearity in the ◊J
response to moderate-intensity cycling have been reported

by Brittain et al. (2001) during square-wave transitions

in different regions of the moderate-intensity domain

(cf. Hughson & Morrisey, 1982); Fukuoka et al. (1997)

during sinusoidal exercise; and Miyamoto & Niizeki

(1992) for incremental and decremental ramps. Less is

known about the dynamic linearity of [PCr] kinetics in

this intensity domain: on-off [PCr] symmetry has been

reported during electrically evoked exercise in rat muscle

(Meyer, 1988); a small kinetic asymmetry was reported in

isolated perfused dog muscle (Piiper et al. 1968; Piiper &

Spiller, 1970).

Other potential influences on the symmetry of the on- and

off-transient ◊J and [PCr] repsonses must not be

discounted, however, for example: (1) an involvement of a

component of obligatory anaerobiosis arising from the

dynamics of cardiac output (Q̇) (Yoshida & Whipp, 1994);

(2) asymmetries of intramuscular pH similar to those

estimated here. However, these would be expected to be

more marked at high- compared with moderate-intensity

exercise; (3) the influence of a higher-order control system

(Jeneson et al. 1996), or ‘feedforward’ control of Q̇J
(Timmons et al. 1996); (4) influences of asymmetric

[Pi] kinetics (e.g. Bendahan et al. 1990) to respiratory

control mechanism(s) or (5) challenges to the underlying

assumption that the constant-load work rate leads to a

constant ATP requirement during the exercise period

(Boska, 1994; Bangsbo et al. 2001; Rossiter et al. 2001;

Giannesini et al. 2002). However, recently Kushmerick

(1998) has clearly demonstrated the potential for kinetic

asymmetry in the [PCr] response to exercise due to

alterations in the creatine kinase (CK) equilibrium

associated with changes in ATP utilisation that are close to

those reported in the present results during knee-extensor

exercise in humans (e.g. Table 3; Fig. 4). The mechanism(s)

underlying the measured asymmetry in the present study,

however, await(s) resolution.

Inferences from the ◊J and [PCr] slow components
The ◊J,sc has been shown to be a dynamic feature of ◊J that

is superimposed onto the fundamental response to a

square-wave work rate increase (Whipp & Mahler, 1980;

Barstow & Molé, 1991; Paterson & Whipp, 1991; Poole et
al. 1994; Özyener et al. 2001). This component of ◊J
appears to be intimately related to the fatigue process,

although its precise causes are poorly understood. By

measuring blood flow and arterio-venous O2 content

difference across an exercising limb, Poole et al. (1991)

showed that the ◊J slow component (i.e. from 3 min after

onset to the end of exercise) was significantly associated

with limb Q̇J. These authors thus suggested that ~86 % of

the slow component of  ◊J arose in the exercising muscle.

Others (Billat et al. 1998; Özenyer et al. 1999) have suggested

a more crucial role of increases in unmeasured work

done by the arms and other stabilising muscles during

heavy-intensity cycling exercise. Furthermore, many other

mechanisms have been suggested, such as increases in

respiratory muscle work (Hagberg et al. 1978; Wasserman

et al. 1995), increases in exercising muscle (or body)

temperature via the Q10 effect causing up to an ~8 %

increase in absolute ◊J with a 1 °C increase in muscle

temperature, assuming a Q10 of 2.2 (Wilkie, 1968; Poole et
al. 1988; Willis & Jackman, 1994; Koga et al. 1997),

increases in interstitial potassium levels (Barnes, 1988;

Medbo & Sejersted, 1990), and/or adrenaline and nor-

adrenaline (Gollnick, 1978) stimulating metabolism. The

slow component may also be due to alteration in CK

activity rates (Kushmerick, 1998), possibly modulated by

the ensuing acidosis associated with high-intensity exercise.

However, the underlying mechanistic link(s) to ◊J,sc of

such putative mediators have yet to be demonstrated. The

present investigation has demonstrated that a similar slow

component is evident in intramuscular [PCr] and the ◊J
only at high-intensity work rates, where moderate-

intensity exercise in the same subjects expresses first-order

mono-exponential on-kinetics.

This demonstration of [PCr]sc is consistent with the

suggestion by Conley et al. (2001) that [PCr] and pH

interact via the CK reaction to ‘set’ [ADP] in contracting

muscle. These authors have suggested that in order to stave

off the effects of ensuing fatigue the muscle should ‘keep

[PCr] low and/or keep pH high’. This would have the

effect of potentially maintaining [ADP], which, if it

were the predominant feedback controller for oxidative

phosphorylation, would avoid an inexorable rise in Q̇J. At

work rates that lead to a metabolic acidosis, where pH is

low or continually falling (as in high-intensity exercise in

these studies), a reduction in [PCr] would be necessary in

order to maintain ADP supply and therefore balance ATP

supply to demand. However, it is interesting that this view

is apparently not manifest during the fundamental phase

of both ◊J and [PCr], as during this component of the

responses the kinetics are manifest with an apparently

invariant time course, i.e. moderate- and high-intensity t
was the same in the on-transient fundamental phase,

despite a falling pH during high-intensity exercise.

Our data suggest that the fundamental ◊J component gain

is approximately constant for each individual (i.e. D◊J,ss/D ˙̇W
reflects the DQ̇J,ss/D ˙Ẇ) and does not differ at different

exercise intensities, consistent with the results of cycle

ergometer exercise (e.g. Barstow & Molé, 1991; Paterson &

Whipp, 1991; Özyener et al. 2001). However, the slow

component appears to be superimposed upon this

fundamental response, which causes a reduction in the

oxygen utilisation efficiency of the muscular work (or an
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increase in gain i.e. D◊J,ss/D ˙Ẇ or D[PCr]ss/D ˙Ẇ ). This

slow-onset supplementary component is observable in the

exercising muscle as an increase in the rate of [PCr]

utilisation, reflecting a high phosphate cost of force

production, rather than a high O2 cost of phosphate

production. These current findings are in broad agreement

with those of Poole et al. (1991) for ◊J. The data from

our investigations, however, also show good dynamic

association between the onset of the ◊J,sc and that of [PCr]

(to within ~30 s). Furthermore, as well as this close temporal

association, the magnitude of the [PCr]sc corresponds to

91 % on average of that for the ◊J,sc when normalised to

the amplitude of the fundamental phase (despite a large

standard deviation), the remainder of the response

presumably residing in other mechanisms, such as intra-

muscular inefficiency of oxidative phosphorylation (as

suggested by Meyer & Foley, 1996) or extra O2 cost from

other sites.

From their investigations of the ◊J slow component in

both running and cycling for groups of highly trained

athletes familiar with both modalities (triathletes), Billat et
al. (1998) have implicated additional unmeasured work

from auxiliary muscles (e.g. in the arms) as contributing to

the ‘excess’ ◊J during cycling, as the slow phase was

markedly less prominent during treadmill exercise.

However, the highly trained status of the subjects in the

study of Billat et al. (1998) may be of some importance,

as Williams et al. (2001) have recently measured a

considerable ◊J,sc during treadmill running in ‘less-elite’

athletes.

In conclusion, we have demonstrated, firstly, that the

time constants of the fundamental component for

simultaneously determined [PCr] and ◊J dynamics cohere

to within 10 %, during both the on- and off-transients to

square-wave exercise of both moderate and high intensity.

This is consistent with the notion that there is an apparent

‘fundamental’ phase of ◊J, the kinetics of which is

independent of the energy requirement (i.e. the work rate

imposed), as previously suggested (Barstow et al. 1996;

Burnley et al. 2001; Özyener et al. 2001). Furthermore, it is

possible that the dynamic asymmetry between the on- and

off-transient responses in both [PCr] and ◊J at both

intensities investigated could be a consequence of

alterations in the CK equilibrium during the transition

(cf. Kushmerick, 1998); however, why these asymmetries

are not consistently demonstrated during cycle ergometry

is, at present, unclear. Hence the dynamic responses of ◊J
and [PCr] could retain linear first-order control, but via a

transfer function that is dependent on CK equilibrium.

Finally, our results demonstrate that ~90 %, on average, of

the magnitude of the ◊J slow component during high-

intensity exercise is reflected within the exercising muscle

by its [PCr] response, consistent with previous suggestions

of the origin of the ◊J slow component (Poole et al. 1991),

and that the fundamental and slow component kinetics

of ◊J reflect an intramuscular signal for oxidative

metabolism.
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