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Muscle [phosphocreatine] dynamics following the onset
of exercise in humans: the influence of baseline work-rate

Andrew M. Jones, Daryl P. Wilkerson and Jonathan Fulford

School of Sport and Health Sciences, St Luke’s Campus, University of Exeter, Heavitree Road, Exeter EX1 2LU, UK

The kinetics of pulmonary O2 uptake is known to be substantially slower when exercise is initiated

from a baseline of lower-intensity exercise rather than from rest. However, it is not known

whether putative intracellular regulators of mitochondrial respiration (and in particular the

phosphocreatine concentration, [PCr]) show similar non-linearities in their response dynamics.

The purpose of this study was therefore to investigate the influence of baseline metabolic rate

on muscle [PCr] kinetics (as assessed using 31P-magnetic resonance spectroscopy) following

the onset of exercise. Seven male subjects completed ‘step’ tests to heavy-intensity exercise

(80% of peak work-rate) from a resting baseline and also from a baseline of moderate-intensity

exercise (40% of peak work-rate) using a single-leg knee-extensor ergometer situated inside

the bore of a 1.5 T super-conducting magnet. The time constant describing the kinetics of

the initial exponential-like fall in [PCr] was significantly different between rest-to-moderate

(25 ± 14 s), rest-to-heavy (48 ± 11 s) and moderate-to-heavy exercise (95 ± 40 s) (P < 0.05 for

all comparisons). A delayed-onset ‘slow component’ in the [PCr] response was observed in

all subjects during rest-to-heavy exercise, but was attenuated in the moderate-to-heavy exercise

condition. These data indicate that muscle [PCr] kinetics does not conform to ‘linear, first-order’

behaviour during dynamic exercise, and thus have implications for understanding the regulation

of muscle oxidative metabolism.
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It has been proposed that mitochondrial respiration is
intimately linked to the rate of muscle ATP hydrolysis,
with one or more of the reactants of this process
(e.g. [ADP], [Pi], the phosphorylation potential, and/or
[PCr] and [Cr]) activating oxidative phosphorylation
through feedback control (Chance et al. 1985; Mahler,
1985; Meyer, 1988). Consistent with this, Rossiter
et al. (1999, 2002b) have demonstrated close agreement
between muscle [PCr] kinetics (as estimated using
31P-magnetic resonance spectroscopy (MRS) techniques)
and pulmonary V̇O2

(pV̇O2
) kinetics during both moderate

(i.e. below the lactate threshold (LT)) and heavy (> LT)
intensity exercise. Moreover, Kindig et al. (2005) reported
that acute inhibition of creatine kinase (CK) in isolated
Xenopus myocytes led to significantly faster intracellular
PO2

kinetics (equivalent to faster V̇O2
kinetics in this

model). These data have been interpreted to suggest
that the CK reaction buffers changes in [ADP] across a
metabolic transient, thus attenuating one of the principal
signals responsible for an acceleration of oxidative
phosphorylation.

Whether or not the kinetics of muscle [PCr]
(and, by implication, V̇O2

) shows ‘linear, first-order’

behaviour (Fujihara et al. 1973a,b) following the onset
of exercise of different intensities is controversial.
During constant-work-rate exercise of moderate intensity,
both muscle [PCr] and the phase II pV̇O2

kinetics
(which closely reflect the kinetics of O2 consumption
in the contracting skeletal muscles; Grassi et al. 1996)
change with an apparently exponential time course to
reach a steady-state within 2–3 min (Whipp & Wasserman,
1972; Poole et al. 1991; Binzoni et al. 1992; Barstow et al.
1994; McCreary et al. 1996; Rossiter et al. 1999, 2002b).
During heavy exercise, however, both muscle [PCr] and
pV̇O2

kinetics show a ‘slow’ continued change with
time beyond approximately 3 min (Whipp & Wasserman,
1972; Roston et al. 1987; Barstow & Molé, 1991; Poole
et al. 1991; Rossiter et al. 2002a,b; Haseler et al. 2004).
The limited available evidence indicates that the time
constant (τ ) describing the decline in muscle [PCr] in
the fundamental phase of the response is similar between
moderate and heavy intensity exercise (Rossiter et al.
2002b) but whether the phase II pV̇O2

τ is similar or
longer during exercise performed above compared to
below the LT is more controversial (Poole & Jones,
2005).
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It has been repeatedly demonstrated that the phase II
pV̇O2

kinetics is markedly slower when exercise is initiated
from an elevated baseline metabolic rate, for example,
when a step to a higher work-rate is initiated from a
pre-existing lower work-rate (Hughson & Morrissey, 1982,
1983; Brittain et al. 2001; MacPhee et al. 2005; Wilkerson
& Jones, 2006; Wilkerson & Jones, 2007). There is also
evidence that the Gain (that is, the increase in pV̇O2

per
unit increase in work-rate) of the fundamental response
to moderate (Brittain et al. 2001; MacPhee et al. 2005)
and heavy (Wilkerson & Jones, 2006; Wilkerson & Jones,
2007) exercise can be altered during such transitions.
These results suggest that oxidative phosphorylation is
not exclusively under linear first-order control but that
other control mediators or constraints are operative when
higher-intensity exercise is initiated from a lower-intensity
exercise baseline (Hughson & Morrissey, 1982; Brittain
et al. 2001; MacPhee et al. 2005; Wilkerson & Jones, 2007).

To our knowledge, no previous studies have investigated
the muscle metabolic responses (including the dynamics
of [PCr]) to exercise when the baseline work-rate has been
manipulated. Initiating a certain work-rate from a higher
compared to a lower baseline work-rate would be expected
to facilitate the expression of the energetic features of the
higher-threshold muscle fibres (such as more total creatine
and fewer mitochondria) which would be recruited to meet
the augmented force requirement (Henneman et al. 1965).
In turn, this might be predicted to be associated with slower
[PCr] splitting kinetics (Meyer, 1988, 1989; Paganini et al.
1997).

The purpose of the present investigation was therefore
to examine the influence of baseline work-rate on muscle
[PCr] dynamics following the onset of heavy-intensity
single-leg knee-extension exercise. Subjects completed
step transitions to heavy-intensity exercise both from a
resting baseline and from a baseline of moderate-intensity
exercise while inside the bore of a 1.5 T super-conducting
magnet. We hypothesized that muscle [PCr] dynamics
would be slower and that [PCr] would fall proportionally
more per unit change in work-rate when heavy-intensity
exercise was initiated from a baseline of moderate-intensity
exercise compared to rest.

Methods

Subjects

Seven healthy male subjects (mean ± s.d.: age
26 ± 5 years; stature 1.82 ± 0.03 m; mass 80.7 ± 7.3 kg)
volunteered and gave written informed consent to
participate in the study which had been approved by the
local Research Ethics Committee and which conformed
with the Declaration of Helsinki. None of the subjects had
participated in structured exercise activities for at least
6 months prior to their involvement in the study and could

therefore be considered to be untrained. The subjects
were instructed to arrive at the laboratory for each of their
tests in a well-hydrated state, and having consumed no
food, caffeine or alcohol during the previous 3 h.

Experimental protocol

The single-legged knee-extension exercise tests were
conducted in the prone position with the subjects
positioned inside a whole body MRI system. A 6 cm
31P transmit/receive surface coil was placed within the
subject bed and the subject asked to lie upon it such that
the coil was centred over the quadriceps muscle of the
right leg. Subjects were then secured to the ergometer bed
with Velcro straps at the thigh, buttocks and lower back to
minimize extraneous movement during the protocol.
The right foot was connected to a pulley system which
permitted a non-magnetic weight to be lifted and lowered.
Exercise was performed at a rate of 40 repetitions per
minute with the subjects lifting and lowering the mass
over a distance of ∼0.22 m in accordance with a visual
cue projected onto the front wall of the scanner room.
The contraction phase of the knee extensors and the inter-
rogation of the quadriceps by 31P-MRS were synchronized.

Initially, each subject completed an incremental exercise
test to volitional exhaustion. Following a 2 min period
of rest, the subjects commenced knee-extension exercise
against an initial basket load of 0.5 kg. Thereafter, the
basket load was increased by 0.5 kg at the end of each
minute until the subjects were no longer able to maintain
the required frequency of 40 repetitions per minute. The
subjects received strong verbal encouragement to continue
for as long as possible.

Subsequently, the subjects completed a series of ‘step’
exercise tests to work-rates corresponding to 40% and 80%
of the highest work-rate attained in the initial incremental
exercise test. The tests consisted of 2 min rest followed by
a step increase to either: (1) a ‘heavy’ work-rate (80% of
the peak value attained in the incremental test) which was
maintained for 6 min; or (2) a ‘moderate’ work-rate (40%
of the peak value attained in the incremental test) which
was maintained for 6 min and which was then immediately
increased to 80% of the incremental test peak value for a
further 6 min. ‘Heavy’ exercise was therefore performed
from both a resting baseline and from a pre-existing
lower-intensity exercise baseline. In total, the subjects
completed each of the protocols four times in order to
enhance the signal-to-noise ratio (Lamarra et al. 1987;
Rossiter et al. 2000). The tests were completed in random
order and on separate days within a period of 21 days.

MRS measurements

MRS was performed in the Peninsula Magnetic Resonance
Research Centre, Exeter, using a 1.5 T superconducting
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MR scanner (Intera, Philips, the Netherlands). Initially,
fast field echo images were acquired in order to determine
that the muscle was positioned correctly relative to the
coil. This was aided by placing cod liver oil capsules, which
yield high intensity signal points within the image, adjacent
to the coil allowing its orientation relative to the muscle
volume under examination to be assessed. A number of
pre-acquisition steps were carried out in order to optimize
the signal from the muscle under investigation. An auto-
matic shimming protocol was then undertaken within a
volume that defined the quadriceps muscle and matching
and tuning of the coil was then performed. To ensure that
the examined muscle was consistently at the same point
relative to the coil during exercise, the subject was visually
queued via a display consisting of two vertical bars, one
which moved at a constant rate with a frequency of 0.67 Hz
and one which monitored their foot movement via a sensor
present within the pulley to which they were connected.
Thus, the subject endeavoured to match the movements of
these two bars. The work done by the subject was recorded
via a non-magnetic strain gauge present within the pulley
mechanism, enabling work-rate to be calculated.

Prior to and during exercise, data were acquired
every 1.5 s, with a spectral width of 1500 Hz, and 1000
data points. Phase cycling with four phase cycles was
employed, leading to a spectra being acquired every 6 s.
The subsequent spectra were quantified via peak fitting,
assuming prior knowledge, using the jMRUI (version 2)
software package employing the AMARES fitting
algorithm (Vanhamme et al. 1997). Spectra were fitted
assuming the presence of the following peaks: inorganic
phosphate (Pi), phosphodiester, phosphocreatine (PCr),
α-ATP (2 peaks, amplitude ratio 1 : 1), γ -ATP (2 peaks,
amplitude ratio 1 : 1) and β-ATP (3 peaks, amplitude ratio
1 : 2 : 1). In all cases, relative amplitudes were corrected
for partial saturation due to the repetition time relative
to longitudinal relaxation time (T1). Intracellular pH was
calculated using the chemical shift of the Pi spectral peak
relative to the PCr peak (Taylor et al. 1983). Resting and
end-exercise values of PCr, Pi and pH were calculated over
the last 60 s of the rest period and the last 30 s of exercise
period.

Modelling procedures

For analysis of the [PCr] kinetics during step exercise, the
[PCr] data were first expressed as the percentage change
relative to the resting baseline which was assumed to
represent 100%. For each subject, the four like-transitions
were time-aligned and averaged together to increase the
signal-to-noise ratio and to improve confidence in the
parameter estimates derived from the subsequent model
fits (Lamarra et al. 1987; Rossiter et al. 2000). The
[PCr] responses were then modelled using non-linear
least-squares regression techniques similar to those

described by Rossiter et al. (2001; Model 1) and Barstow
et al. (1996; Model 2):

Model 1: �[PCr](t)= [PCr]0 − �[PCr]ss(1 − e−t/τ )
(1)

Model 2: �[PCr](t) = [PCr]0

− �[PCr]A1

(
1 − e−(t−TD1)/τ1)

)
− �[PCr]A2

(
1 − e−(t−TD2)/τ2)

)
(2)

where [PCr]0 is the value of [PCr] at time zero (onset
of exercise), �[PCr]ss is the projected asymptotic value,
and τ is the time constant of the response (Model 1),
and where [PCr]0 is the value of [PCr] at time zero,
�[PCr]A1 and �[PCr]A2 are the asymptotic values to
which [PCr] projects for the faster and slower components
of the [PCr] response, respectively, TD1 and TD2 are
the time delays and τ1 and τ2 are the time constants
associated with those processes (Model 2). For Model 1, the
magnitude of any possible [PCr] slow component (which
might be expected at 80% but not 40% of peak work-rate)
was calculated as the difference between the asymptotic
amplitude of the fundamental [PCr] response and the
average [PCr] measured over the last 30 s of exercise at that
work-rate. The ‘Gain’ of the [PCr] response, calculated as
the percentage change in [PCr] divided by the work-rate
(%/W), was determined for the fundamental phase and,
where appropriate, for the entire response (i.e. with the
inclusion of any slow component phase of the response).

Statistics

Differences in [PCr] kinetics between the three conditions
(moderate exercise, heavy exercise initiated from rest and
heavy exercise initiated from moderate exercise) were
tested using a one-way analysis of variance with repeated
measures and subsequently with a Newman–Keuls post hoc
test to locate differences. Significance was accepted when
P < 0.05. Unless otherwise indicated, values are expressed
as mean ± s.d.

Results

The peak work-rate attained in the incremental test was
28 ± 4 W. The work-rates applied during moderate and
heavy exercise were therefore 11 ± 2 W and 22 ± 4 W,
respectively, and the change in work-rate in the
moderate-to-heavy exercise condition was 11 ± 2 W. The
subjects were able to maintain the work-rate with minimal
variability throughout the exercise protocols (Fig. 1). The
principal results for the analysis of [PCr] kinetics are
reported in Table 1 (for Model 1) and Table 2 (for Model 2).
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Table 1. [PCr] kinetics during rest-to-moderate, rest-to-heavy and moderate-to-heavy exercise
transitions as established using Model 1

Rest-to-moderate Rest-to-heavy Moderate-to-heavy

[PCr] at baseline (%) 100 ± 0 100 ± 0 85 ± 3∗,†

Time constant (s) 25 ± 14 48 ± 11∗ 95 ± 40∗,†

Fundamental amplitude (%) 15 ± 3 50 ± 11∗ 45 ± 11∗

Fundamental Gain (% W−1) 1.4 ± 0.3 2.3 ± 0.7∗ 4.1 ± 0.8∗,†

Slow phase time delay (s) N/A 152 ± 51 142 ± 31
Slow phase amplitude (%) N/A 15 ± 8 6 ± 14
[PCr] at end-exercise (%) 85 ± 3 35 ± 9∗ 34 ± 10∗

Total Gain (% W−1) 1.4 ± 0.3 3.0 ± 0.6∗ 4.9 ± 1.0∗,†

∗Significantly different from rest-to-moderate exercise condition (P < 0.01); †Significantly
different from rest-to-heavy exercise condition (P < 0.01).

The [PCr] responses of a typical subject are illustrated in
Fig. 2.

Responses during the exercise bouts

The resting [PCr]/[ATP] ratio was 4.89 ± 0.38 and the
resting [Pi]/[ATP] ratio was 0.55 ± 0.08. These values are
similar to those reported in the literature (Kemp et al.
2007). For example, Praet et al. (2006) recently reported a
mean [PCr]/[ATP] ratio of ∼4.50 and a mean [Pi]/[ATP]
ratio of ∼0.57 in the quadriceps of young healthy
subjects. With the assumption that [ATP] is 8.2 mm at
rest (Taylor et al. 1986), the resting [PCr] and [Pi] in our
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Figure 1. Figure illustrating the relative constancy of the
measured work rate throughout exercise in a representative
subject
A, B and C show the responses to rest-to-moderate, rest-to-heavy and
rest-to-moderate-to-heavy exercise, respectively.

subjects can be estimated to be approximately 40 ± 3 mm

and 4.5 ± 0.7 mm, respectively.
During moderate exercise, the [PCr] response was well

fitted by a mono-exponential function using both models
(i.e. there was no evidence of a ‘slow component’ in the
response). [PCr] began to decline in a near-exponential
fashion with no discernible delay following the onset of
exercise to achieve a steady-state within approximately
120 s (Fig. 2). The metabolic perturbation at this intensity
was slight as evidenced by the small changes in [PCr]
(6.2 ± 1.3 mm fall; Table 1) and pH (baseline: 7.07 ± 0.02
versus end-exercise: 7.06 ± 0.02; P = 0.59).

When heavy exercise was initiated from a resting
baseline, the [PCr] response was clearly not well described
by a single exponential function; rather, following the
initial near-exponential phase, [PCr] continued to decline
with time such that ∼35% of muscle [PCr] was remaining
after 6 min of exercise (Table 1 and Fig. 2B). This
represented a total fall in [PCr] of 20.2 ± 6.2 mm. This
exercise intensity was also associated with a significant
reduction in muscle pH (baseline: 7.06 ± 0.03 versus
end-exercise: 6.90 ± 0.07; P < 0.01).

When heavy exercise was initiated from a baseline
of moderate exercise, [PCr] fell to a lesser extent
during both the fundamental and slow phases of the
response when compared to the rest-to-heavy exercise
condition (Fig. 2). However, the [PCr] at the end of
6 min of heavy exercise was not different between the
conditions despite the differences in baseline [PCr] ([PCr]
fell 15.3 ± 3.0 mm from a baseline of 34.0 ± 1.2 mm;
Table 1). Interestingly, there was some evidence of a
‘trimming out’ of the [PCr] slow component during
the moderate-to-heavy exercise condition with the [PCr]
slow component being eliminated in two subjects
(Fig. 2) and reduced in four of the remaining five sub-
jects. The intramuscular pH at the end of exercise in
this condition (6.89 ± 0.06) was similar to that measured
when heavy exercise was initiated from rest (6.90 ± 0.07).
However, the reduction in pH per unit increment
in work-rate was significantly greater when heavy
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Table 2. [PCr] kinetics during rest-to-moderate, rest-to-heavy and moderate-to-heavy exercise
transitions as established using Model 2

Rest-to-moderate Rest-to-heavy Moderate-to-heavy

[PCr] at baseline (%) 100 ± 0 100 ± 0 85 ± 3∗,†

Time constant (s) 25 ± 14 63 ± 21∗ 111 ± 57∗,†

Fundamental amplitude (%) 15 ± 3 56 ± 7 ∗ 50 ± 12∗

Slow phase time delay (s) N/A 167 ± 60 157 ± 20
Slow phase amplitude (%) N/A 11 ± 3 3 ± 9†

[PCr] at end-exercise (%) 85 ± 3 33 ± 7 ∗ 32 ± 10∗

∗Significantly different from rest-to-moderate exercise condition (P < 0.05); †significantly different
from rest-to-heavy exercise condition (P < 0.05).

exercise commenced from the moderate exercise baseline
(rest-to-heavy exercise: 0.01 ± 0.01 pH units W−1 versus
moderate-to-heavy exercise: 0.02 ± 0.01 pH units W−1;
P < 0.01).

Comparison between the exercise bouts

The τ for the fundamental phase of the [PCr] response was
significantly different between experimental conditions
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Figure 2. [PCr] responses of a typical subject in the
rest-to-heavy exercise condition (A) and the rest-to-moderate
exercise and moderate-to-heavy exercise condition (B)
The residuals for the model fits are shown at the foot of each plot.
Note the progressive slowing of the time constant (τ ) from
rest-to-moderate exercise (26 s), rest-to-heavy exercise (41 s), and
moderate-to-heavy exercise (66 s). Note also that, in this example, the
delayed-onset [PCr] slow component evident in the rest-to-heavy
exercise condition is absent in the moderate-to-heavy exercise
condition.

irrespective of the model used (see Tables 1 and
2, and Fig. 2 for the response of a representative
subject). Using Model 1, τ increased from 25 ± 14 s during
moderate exercise, to 48 ± 11 s during heavy exercise, and
to 95 ± 40 s during moderate-to-heavy exercise (Fig. 3A).
Similarly, using Model 2, τ increased from 25 ± 14 s
during moderate exercise, to 63 ± 21 s during heavy
exercise, and to 111 ± 57 s during moderate-to-heavy
exercise.
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Figure 3. Mean ± S.E.M time constant for fundamental
component [PCr] kinetics (A) and Gain (response
amplitude/work-rate) for fundamental component (B, open
columns) and slow component (B; filled sections) [PCr] kinetics,
as derived from Model 1
∗Significantly different from rest-to-moderate exercise condition and
†significantly different from rest-to-heavy exercise condition
(P < 0.05).

C© 2008 The Authors. Journal compilation C© 2008 The Physiological Society



894 A. M. Jones and others J Physiol 586.3

The functional ‘Gain’ of the [PCr] response (i.e.
the change in [PCr] per unit change in work-rate)
was also significantly different between the three
conditions. The Gain over the fundamental region of
the response was 0.56 ± 0.12 mm W−1 for moderate
exercise, 0.92 ± 0.28 mm W−1 for heavy exercise, and
1.39 ± 0.27 mm W−1 for moderate-to-heavy exercise
(P < 0.05 for all comparisons; Fig. 3B). When the
total Gain was considered (i.e. when the [PCr]
slow component response is included for the two
heavy exercise conditions), the differences were even
more pronounced: 0.56 ± 0.12 mm W−1 for moderate
exercise, 1.20 ± 0.24 mm W−1 for heavy exercise, and
1.67 ± 0.34 mm W−1 for moderate-to-heavy exercise
(P < 0.01 for all comparisons; Fig. 3B).

Discussion

The principal original finding of this investigation was
that the τ describing the initial ‘fundamental’ decline in
muscle [PCr] was significantly longer (i.e. the kinetics
were slower) when heavy exercise was initiated from a
baseline of moderate-intensity exercise compared to when
it was initiated from rest. Moreover, the ‘Gain’ of the
[PCr] response was significantly greater, that is, there was
a greater fall in [PCr] for a given increment in work-rate,
when heavy exercise commenced from an elevated
baseline metabolic rate. These results were consistent with
our hypotheses, are coherent with the responses reported
previously for pV̇O2

(Hughson & Morrissey, 1982; Brittain
et al. 2001; MacPhee et al. 2005; Wilkerson & Jones,
2007), and suggest that the muscle metabolic responses
related to oxidative phosphorylation do not consistently
show ‘linear, first-order’ behaviour throughout the range
of exercise intensities that might typically be studied in
humans.

To our knowledge, this is the first study to investigate
the effect of differences in baseline work-rate (and
hence metabolic rate) on the muscle metabolic responses
to exercise as assessed using 31P-MRS techniques.
Manipulations of the baseline work-rate are a useful test of
the Boltzmann principle of superposition (Fujihara et al.
1973a,b; Lamarra et al. 1983) since, in a system which
expresses dynamic linearity, no effect on the response τ

or Gain would be expected as a result of such an inter-
vention. The present data, which demonstrate a profound
slowing of the kinetics of the initial exponential [PCr]
response along with a significantly increased response
Gain, therefore indicate that the response dynamics
of muscle [PCr] to different work-rate inputs is not
dynamically linear. These results are important in that they
have implications for our understanding of the regulation
of muscle oxidative metabolism (see later discussion).

The ‘size principle’ of motor unit recruitment, as
originally demonstrated in cat hind limb muscle by

Henneman et al. (1965) and subsequently confirmed in
human muscle (e.g. Gollnick et al. 1974; Garnett et al.
1979), states that motor units are recruited in an orderly
fashion during voluntary exercise with the smallest motor
units (those containing the slow-twitch, fatigue-resistant,
type I muscle fibres) having the lowest threshold for
activation and being recruited first (Henneman et al.
1965). During low-to-moderate intensity exercise, such
as that performed at 40% of peak work-rate in the
present study, it would be expected that the majority
(if not all) of the required muscle power would be
produced by the type I muscle fibres, whereas during
higher-intensity exercise, such as that performed at 80%
of peak work-rate in the present study, there would be a
significant contribution to power production from type II
muscle fibres (Gollnick et al. 1974; Vøllestad & Blom, 1985;
Ivy et al. 1987; Sahlin et al. 1997; Krustrup et al. 2004).
There is evidence that type II muscle fibres have slower
V̇O2

kinetics (Crow & Kushmerick, 1982; Kushmerick et al.
1992; Kindig et al. 2003) and are less efficient (i.e. have
a greater ATP cost of force production and/or a higher
O2 cost of ATP resynthesis; Wendt & Gibbs, 1973; Crow
& Kushmerick, 1982; Willis & Jackman, 1994; Reggiani
et al. 1997) than type I fibres. Type II fibres also have
greater creatine content and a reduced oxidative capacity
(lower mitochondrial density and lower oxidative enzyme
activity) relative to type I fibres, factors which might
be expected to result in slower [PCr] kinetics (Meyer,
1988, 1989; Paganini et al. 1997). On this basis, we
believe that a likely explanation for the slower kinetics
and greater Gain of the [PCr] response when heavy
exercise commences from an elevated work-rate is that this
intervention ‘unveils’ the metabolic properties of the
type II fibres that will be predominantly recruited
across the transition from moderate to heavy intensity
exercise.

In earlier studies, Hughson and associates argued that
the slower pV̇O2

kinetics observed during transitions from
an elevated baseline metabolic rate was related to a slower
adjustment of cardiac output and hence muscle O2 delivery
(Hughson & Morrissey, 1982; Hughson & Morrissey,
1983). More recently, MacPhee et al. (2005) have reported
that the slower phase II pV̇O2

kinetics observed in the
upper region of the moderate-intensity exercise domain
was associated with a slowing of leg blood flow kinetics.
Although it might be argued that muscle perfusion is
unlikely to be limiting during exercise involving a small
muscle mass (less than ∼5 kg) such as that used in the
present study (Andersen & Saltin, 1985; see also Haseler
et al. 2004), our experimental procedures do not allow
us to exclude the possibility that changes in muscle O2

delivery modulated the muscle [PCr] (and V̇O2
) kinetics.

It remains possible that local differences in muscle blood
flow relative to metabolic rate (i.e. Q̇O2

/V̇O2
) could alter

intramyocyte PO2
sufficiently to impact upon [PCr]
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changes. Interestingly, such heterogeneities of muscle
perfusion relative to metabolic rate are particularly
apparent in type II muscle fibres (Behnke et al. 2003;
McDonough et al. 2005).

Irrespective of the precise mechanism by which muscle
[PCr] kinetics is altered by differences in baseline
work-rate, what is particularly striking about the
present data is that the profile of the [PCr] response is
functionally identical to what one might expect to find
in the profile of pV̇O2

(Wilkerson & Jones, 2007). It has
been suggested that the rate of mitochondrial respiration
is linked, either directly or indirectly, to the rate of
cytosolic high-energy phosphate splitting (di Prampero
& Margaria, 1968; Whipp & Mahler, 1980; Chance et al.
1985; Meyer, 1988; Grassi, 2000). Consistent with this,
Rossiter et al. (1999, 2002a,b) have shown that, when the
muscle-to-lung transit delay is accounted for, the pV̇O2

kinetics is essentially a mirror image of the muscle [PCr]
kinetics during both moderate and heavy exercise (where
a slow component is evident in the profiles of both pV̇O2

and muscle [PCr]), and also during subsequent recovery. It
is possible that this close correspondence between muscle
[PCr] and pV̇O2

is related to the role of PCr in buffering
[ADP] across a metabolic transient, thus blunting one of
the principal signals responsible for accelerating oxidative
phosphorylation (Chance et al. 1981; Kindig et al. 2005).

Although it was not the principal purpose of our
study, it is interesting to note that the fundamental
component [PCr] kinetics was significantly slower in the
rest-to-heavy exercise transition (τ = 48 ± 11 s) than in
the rest-to-moderate exercise transition (τ = 25 ± 14 s).
To our knowledge, only one previous study has
compared muscle [PCr] kinetics between ostensibly
moderate-intensity and heavy-intensity exercise (Rossiter
et al. 2002b). In that study, the authors reported mean τ

values of 33 s for moderate-intensity exercise (in which
the [PCr] kinetics were mono-exponential) and 38 s
for heavy-intensity exercise (in which a delayed-onset
[PCr] slow component was evident), with there being
no statistically significant difference between intensities.
The explanation for this difference between studies is
unclear but might be related to differences in the exercise
modality (one-legged concentric/eccentric exercise versus
two-legged concentric-only knee extension exercise) or, to
the relative exercise intensities at which the subjects were
tested. The intensity of the ‘moderate’ exercise condition
appears to have been similar between studies ([PCr] fell
by ∼11% from rest to the end of exercise in the study of
Rossiter et al. and by ∼15% in the present study) but the
intensity of the ‘heavy’ exercise condition was greater in
our study ([PCr] in the fundamental phase fell by ∼25%
in the study of Rossiter et al. and by ∼50% in the present
study). It is possible therefore that the exercise intensity
was below the so-called ‘critical power’ (CP; Poole et al.
1988) in Rossiter’s study, but above it in ours.

Our results confirm the existence of a [PCr] ‘slow
component’ during heavy-intensity constant-work-rate
exercise (Rossiter et al. 2002a; Haseler et al. 2004; Jones
et al. 2007). The continued fall in [PCr] with time for
the same work-rate is indicative of a progressive loss of
muscle efficiency since it represents a greater phosphate
cost for the same muscle force generation (Rossiter et al.
2002a). The slow component, both of [PCr] and V̇O2

,
appears to be associated with the incurrence of a sustained
metabolic acidosis and has been suggested to be related
in some fashion to the recruitment of type II muscle
fibres (Poole et al. 1988, 1991; Whipp, 1994; Barstow
et al. 1996; Rossiter et al. 2002a; Krustrup et al. 2004;
Jones et al. 2005). An interesting feature of the present
study was that the overall [PCr] response in the
moderate-to-heavy exercise condition returned towards
being first-order (i.e. mono-exponential); the [PCr] slow
component was eliminated in 2 of the 7 subjects and was
attenuated in 4 of the remaining 5 subjects. One possible
interpretation of these data is that the transition from
moderate-to-heavy exercise mandates the recruitment of a
population of muscle fibres with characteristics (including
a long τ and large Gain) which are more homogeneous
than is the case during the transition from rest-to-heavy
exercise (in which both type I and type II fibres might
reasonably be expected to be recruited; Krustrup et al.
2004).

Intracellular pH was not significantly altered across
the transition from rest-to-moderate intensity exercise
(�pH, ∼0.01). This indicates that the energy equivalent
to the ‘oxygen deficit’ incurred prior to the establishment
of a steady-state in V̇O2

was met almost exclusively
by PCr hydrolysis at this work-rate. In contrast, pH
fell significantly across the transition from rest-to-heavy
intensity exercise (�pH, ∼0.16), indicating that this
work-rate obligated energy transfer from both ‘anaerobic’
glycolysis and PCr hydrolysis. Intracellular pH and [PCr]
were similar at the end of heavy exercise irrespective of
the baseline conditions. However, the fall in both pH
and [PCr] per unit increase in work-rate was appreciably
greater in the moderate-to-heavy exercise condition
than the rest-to-heavy exercise condition, suggesting
that substrate-level phosphorylation makes a relatively
greater contribution to energy turnover across the trans-
ition to heavy exercise when it is immediately preceded
by moderate-intensity exercise rather than rest. This is
presumably consequent, at least in part, to the appreciably
slower [PCr] and V̇O2

kinetics which are extant in the
former condition. However, it is pertinent to note that
our data are generally consistent with the suggestion
of Conley et al. (2001) that, according to the CK
reaction, [PCr] must decline more when intramuscular
pH is low in order to provide a sufficient [ADP]
stimulus to maintain the required rate of oxidative
phosphorylation.
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Considerations

In the present study, the measured [PCr] is taken to
represent the net balance between the rate of ATP
utilization and the rate of ATP resynthesis. Since the
work-rates were held constant during the exercise protocol
(see Fig. 1), we have assumed that the former was
essentially constant and that changes in [PCr] therefore
principally reflected changes in ATP resynthesis. However,
we were not able to directly measure either ATP utilization
or resynthesis rates with the experimental design we
employed in the present study. A further complication is
that the ATP resynthesis rate cannot be attributed entirely
to oxidative phosphorylation. In this respect, further
insight into the effects of initiating exercise from different
baseline metabolic rates on the control of oxidative
phosphorylation might be derived from the measurement
of [PCr] dynamics during the recovery from exercise. We
were unable to measure [PCr] off-kinetics during all of the
conditions in the present study because we were limited to
the measurement of 150 spectra and our focus was on
assessing the [PCr] responses during exercise with high
temporal resolution.

In conclusion, this investigation has demonstrated that
the muscle [PCr] response to exercise does not exhibit
dynamic linearity: that is, neither the τ nor the Gain
of the fundamental exponential-like decrease in [PCr] is
constant either when different work-rates are compared
(rest-to-moderate versus rest-to-heavy) or when exercise is
initiated from different baseline work-rates (rest-to heavy
versus moderate-to-heavy). Moreover, a slow component
in [PCr] is evident during heavy exercise, although
this is ablated when the exercise is initiated from a
baseline of moderate-intensity exercise rather than rest.
The strikingly longer τ and the greater fundamental
and total Gain terms in the [PCr] response to
moderate-to-heavy exercise compared to the rest-to-heavy
exercise condition parallels the responses in pV̇O2

kinetics
that have been reported previously (Hughson & Morrissey,
1982; Brittain et al. 2001; MacPhee et al. 2005; Wilkerson
& Jones, 2007). The lack of dynamic linearity in
the [PCr] response is indicative of greater complexity
in the control of oxidative phosphorylation at higher
work-rates.
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