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Muscle energetics and pulmonary oxygen uptake kinetics 
during moderate exercise 

THOMAS J. BARSTOW, 
AND DAN M. COOPER 
Division of Respiratory and 
Pediatrics and of Radiology, 
Torrance, California 90509 

STEVEN BUCHTHAL, STEPHANIA ZANCONATO, 

Critical Care Physiology and Medicine, Departments of Medicine and 
Harbor-University of California at Los Angeles Medical Center, 

Barstow, Thomas J., Steven Buchthal, Stephania Zan- 
conato, and Dan M. Cooper. Muscle energetics and pulmo- 
nary oxygen uptake kinetics during moderate exercise. J. Appl. 
Physiol. 77(4): 1742-1749, 1994.-The present study tested 
whether, during moderate exercise, 1) the dynamic responses 
of ADP and changes in free energy of ATP hydrolysis (AGATP) 
were similar to those of phosphocreatine [PCr; as would be 
expected for a simple controller of muscle respiration @o,)] 
and 2) the rise in pulmonary 0, uptake (VoJ during cycle exer- 
cise would reflect the rise in muscle $02 indicated by the calf 
PCr kinetics. The responses of PCr, Pi, ADP, and AGATP were 
measured from the calf in five subjects during supine treadle 
exercise using 31P-magnetic resonance spectroscopy and com- 
pared with those for VO,, measured breath by breath during 
upright cycle exercise. The time constants for AGATP [24.2 & 
14.2 (SE) s] were not significantly different from those for PCr 
(26.3 t 17.3 S) and Pi (30.7 t 22.5 S) (P > 0.05). The time 
constants for phase 2 00, (29.9 t 16.8 s) were also similar to 
those of PCr. In contrast, the dynamics of ADP were distorted 
from those of PCr due to dynamic changes in pH. These results 
are consistent with mechanisms of respiratory control that fea- 
ture substrate control by PCr or thermodynamic control 
through changes in AGATP. However, these results are not con- 
sistent with substrate control by ADP in a simple fashion. Fur- 
thermore, the similarity of time constants for phase 2 vo2 and 
muscle PCr suggests that phase 2 VO, kinetics reflect those of 
muscle &o, in healthy subjects during moderate exercise. 

aerobic metabolism; respiratory control 

WHEN MYOSIN adenosinetriphosphatase turnover in- 
creases with exercise, the need for aerobic ATP resyn- 
thesis [ oxidative phosphorylation ( Qo,)] rises concomi- 
tantly. It remains unclear, however, how this need for 
ATP resynthesis is quantitatively communicated to the 
mitochondria. Several alternative mechanisms or models 
have been proposed to describe the control of mitochon- 
drial respiration, including substrate control by 1) phos- 
phocreatine [PCr; as creatine (Cr)] in a linear fashion (9, 
14, ZZ), 2) ADP in a hyperbolic (Michaelis-Menten) fash- 
ion (11, 24), or 3) thermodynamic control through 
changes either in the adenylate charge (ATP/ADP; Ref. 
39) or in the cytosolic free energy of ATP hydrolysis 
(AG Arp; Refs. 23, 31). Generally, distinction between 
these mechanisms has been attempted from comparisons 
under steady-state conditions of the relationships be- 
tween work rate and/or muscle Qo, and each of the puta- 
tive controllers. However, with this approach, the results 
were equivocal: experimental data were reported that ei- 
ther support or rule out each of the mechanisms (14,18, 
32, 33). One criticism of the work in isolated muscles, 
however, is that the cellular and tissue conditions under 

which these experiments were conducted may or may not 
realistically reflect the in vivo state. One purpose of this 
study, therefore, was to evaluate these models of respira- 
tory control in human skeletal muscle using 31P-nuclear 
magnetic resonance spectroscopy (31P-MRS). 

It was recently suggested that distinction among these 
mechanisms as to which is the most likely controller of 
Qo, should be made under conditions in which pH is 
changed (13) and/or during the transition from one meta- 
bolic rate to another, i.e., during unsteady states of exer- 
cise (18, 24). pH varies most dramatically during heavy 
exercise, with its associated lactic acid production and 
accumulation in the muscle (14, 28). However, even for 
moderate exercise in which there is little or no sustained 
lactic acidosis, pH may not be constant during the dy- 
namic adjustment to a new steady state (12). In the pres- 
ent study, we examined whether dynamic changes in pH 
after the onset of moderate exercise significantly altered 
the kinetics of adjustment of ADP and ACArp relative to 
those of PCr. The fundamental assumption in this ap- 
proach, as made by Meyer (31), is that the associated 
muscle Qo2 would rise in an exponential fashion; this has 
been well documented in other studies (27,34). Further- 
more, weeassumed that the kinetics of PCr would reflect 
those of Qo, (27) irrespective of whether PCr was acting 
as a primary controller (9) or simply as a capacitance to 
buffer ATP levels (30). Recently, Kushmerick et al. (24) 
reported first-order kinetics for PCr breakdown and re- 
synthesis in cat biceps muscle, whereas breakdown, but 
not resynthesis, was first order as well for soleus muscle. 
However, because of the relatively long response kinetics 
of their isolated muscle preparations (equivalent time 
constants of -6-14 min), it is unclear whether these 
conclusions would be applicable to in vivo exercising hu- 
man muscle, inwhich the time constants for adjustment 
of 0, uptake (VO,) and/or PCr are usually much faster 
(20-30 s in normal subjects) (5, 20). In this study, we 
compared the dynamic responses of PCr, ADP, and 
AGATP after the onset of moderate exercise in human calf 
muscle using rapid acquisition of 31P-MRS data (every 
12 s). 

A second purpose of this study was to test the predic- 
tion from computer simulations of Barstow and co- 
workers (3,5) that during moderate upright cycle ergome- 
ter exercise [i.e., below the lactic acidosis threshold 
(LAT)] the rise in pulmonary Vo2 during phase 2 (i.e., 
starting -15-20 s after the onset of exercise) would re- 
flect closely the rise in contracting muscle Qo,. To test 
this hypothesis, albeit indirectly, we compared the time 
constant for the rise in iTo during phase 2 of moderate 
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cycle ergometer exercise with the time constant for 
changes in PCr obtained above for the calf exercise in the 
same subjects. This assumed that PCr kinetics could be 
used to indicate Qo, kinetics under these conditions (i.e., 
moderate exercise with adequate 0, supply). 

METHODS 

Subjects 

Five healthy volunteers (4 males, 1 female) aged 34 t 9 yr 
consented to participate after information regarding the proj- 
ect was explained to them. All subjects were healthy and free of 
known diseases, but one (subject 5 in Table 1) was a current 
smoker. This subject refrained from smoking for 21 h before 
each exercise bout. The project was approved by the Human 
Subjects Committee at Harbor-University of California at Los 
Angeles (UCLA) Medical Center. 

Exercise Protocols 

Each subject performed similar exercise tests (incremental 
and constant work rate) both on an electrically braked cycle 
ergometer (Lanooy) and on a specially built treadle ergometer 
similar to that of Quistorff (35), which could be used in the 
whole body imaging scanner. For the incremental test on the 
cycle ergometer, the work rate was increased in a continuous 
fashion (ramp) from loadless pedaling until volitional fatigue. 
Pulmonary gas exchange [vo2, CO, production (ho,)], minute 
ventilation, and heart rate were determined on a breath-by- 
breath basis throughout the initial rest, exercise, and recovery 
periods, as described below. From these responses, the peak 
00, and LAT were determined, the latter noninvasively from 
the V-slope method, where LAT is defined as the nonlinear 
breakpoint in ho, relative to the rise in vo2 (8). From these 
responses, a work rate was chosen for the cycle ergometer test 
that represented moderate exercise (80% of LAT). 

For the incremental exercise treadle test in the scanner, 
plantar flexion was performed with the right foot at a fre- 
quency of l/s. Work rate was incremented every 64 s (or 2 
spectra, see below) by increasing the pressure within a pneu- 
matic piston that applied resistance to the treadle pedal. Exer- 
cise was continued with increasing work rate until either the 
frequency of l/s or the full range of motion could no longer be 
sustained. 31P-MRS spectra were obtained continuously at rest, 
during exercise, and for l-3 min in recovery, as described be- 
low. A work rate on the treadle ergometer was then selected 
that could be easily tolerated for 6 min, which represented 
-60% on average of the peak work rate obtained during the 
incremental test. The results of the incremental test for the calf 
exercise have been reported elsewhere (2). 

After >l h of rest after the incremental tests, or on another 
day, each subject performed transitions from unloaded cycling 
(cycle ergometer) or rest (treadle ergometer) to the preselected 
work rate. During the cycle tests, pulmonary gas exchange and 
heart rate were followed breath by breath, whereas 31P-MRS 
spectra were obtained every 12 s during the treadle exercise in 
the scanner. Three to four replicate transitions were performed 
by each subject on the cycle ergometer and then averaged (see 
below). The spectrum-to-spectrum noise in the 31P-MRS data 
was less than that for the gas-exchange data, and the response 
kinetics of PCr, Pi, ADP, and AGATP were determined from a 
single transition. 

Measurement of Breath-by-Breath Gas Exchange 

Pulmonary gas exchange (VO, and ko,), minute ventila- 
tion, and heart rate were measured for each breath using a 
computer-based system. Expired volume was measured using 

an Alpha Technologies VMM-2 turbine, corrected for inertial 
characteristics, whereas gas fractions of O2 and COz were deter- 
mined by a Perkin-Elmer MGA 1100 mass spectrometer from 
gas drawn continuously from the mouthpiece. vo2 and ho2 
were calculated as previously described, with correction for the 
transport delay from mouthpiece to sensor (7). 

31P-MRS 

31P spectra were obtained from a lo-cm receive-only surface 
coil placed over the belly of the right gastrocnemius. The leg 
was then placed through a linear head coil that was used for 
radio-frequency excitation and tuned to 31P, and the patient 
was inserted into the magnet and positioned such that the sur- 
face coil was located in the center of the magnet. The position 
of the surface coil was confirmed from ‘H scout images in both 
the axial and sagittal orientations. Homogeneity of the mag- 
netic field was optimized by shimming on the proton signal of 
the tissue water. After switching to 31P, continuous sequential 
spectra were obtained every 12 s during l-3 min of rest, during 
the exercise test, and in recovery. The flip angle was 90”, the 
spectral width was 2,000 Hz, repetition time was 1 s, and the 
number of free induction decays summed per spectrum was 12 
for the constant work rate test (thus, each spectrum repre- 
sented the average over 12 s). 

Off-line spectral data were processed with 3 Hz of exponen- 
tial line broadening before Fourier transformation. Nonlinear 
least-squares regression techniques (Picker) were used to cal- 
culate baseline and areas under the spectral peaks. Peaks were 
assumed to have a combination of Lorentzian and Gaussian 
characteristics. The areas under Pi, PCr, and /3-ATP peaks 
were corrected for possible spin-lattice relaxation time satura- 
tion effects using the correction factors derived from Arnold et 
al. (1). Cellular pH was determined from changes in the chemi- 
cal shift between the Pi and PCr peaks (38). 

Data Analysis 

Calculation of ADP and AG,, To convert peak areas to con- 
centrations, the ,&ATP peak was assumed to represent ATP 
and was set at 8.2 mM (21). Concentrations of Pi and PCr could 
then be estimated as the product of the ratio of the areas to 
ATP (as Pi/P-ATP and PCrIP-ATP) and 8.2 mM. Total Cr 
(TCr) was assumed to be constant throughout the experiment 
and equal to 4.5 X P-ATP or 36.9 mM (16, 21). Cr was then 
obtained as the difference between TCr and PCr. ADP was 
calculated assuming equilibrium of the Cr kinase (CK) reaction 
as 

[ADP] = 
(0.74)[ATP]([TCr] - [PCr]) 
(1.66 X 10g)(lO-pHo~)[PCr] (1) 

where the constant 0.74 is the estimated monovalent ion activ- 
ity coefficient (24) that corrects for the fact that observed pH 
(pHobs) is an activity, the terms in brackets are concentrations, 
and 1.66 X 10’ is the equilibrium constant for CK. Free magne- 
sium was assumed to be 1 mM and unchanging throughout 
each experiment (25); this was verified for each subject from a 
lack of change in the chemical shift of the P-ATP peak relative 
to that of PCr (17). AGATP was calculated as 

A%TP =AG,+RTln lIADPl ipi 
[AW 

+ RT In [10--(PHoh-7)] (2) 

where R is gas constant, 7’ is absolute temperature, standard 
free-energy change (AG,) is assumed to be -32 kJ/mol at pH 
7.0 (24), and the value of RT at 37°C is 2.58. 

Determination of response kinetics. The breath-by-breath 
Voz responses were interpolated to create evenly spaced data 
once per second, time aligned to the start of exercise, and aver- 
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FIG. 1. Stacked plot of spectra for 1 
subject, obtained every 12 s during tran- 
sition from rest to moderate exercise. 
PCr, phosphocreatine. 

Rest 

PCr y 
\ 

a 

ATP 

aged across the transitions for each subject. Because the spec- RESULTS 
troscopy data were inherently evenly spaced, no initial process- 
ing was necessary. Data analysis involved fitting each variable An example of the sequential spectra obtained for sub- 
of interest (VO,, PCr, Pi, ADP, and AGATP) to a monoexponen- ject 2 for constant work rate exercise on the calf ergome- 
tial function using nonlinear regression ter is shown in Fig. 1. Figure 2 shows the mean responses 

P(t) = P, + A, [ 1 - e-(t-Td”‘l] (3) 
of PCr, Pi, pH, estimated ADP, and AGATP, along with 
the best monoexponential fit (Eq. 3) to each mean re- 

where P(t) is variable at time t, P, is baseline (resting) value, A, sponse (except for pH) shown for illustration purposes. 
is asymptotic or steady-state exercise value, q is time constant, PCr fell and Pi and AGATP rose in curvilinear fashion 
and Td is time delay. For the fit of VO, only, the 1st 15-20 s, toward the exercise steady-state levels, which were well 
representing the circulatory transport-delay from muscle to 
lungs (phase 1; Ref. 3), were eliminated for this analysis. 

described by exponential functions. Table 1 gives the in- 
dividual time constants t SE for the best fit to Eq. 3. The 
means t SD for the time constants for PCr (26.3 t 17.3 

Statistical Analysis s), Pi (30.7 t 22.5 s), and AGATP (24.2 t 4.2 s) were similar 

One-way analysis of variance for repeated measures was 
(P > 0.05). pH showed a biphasic response, with an initial 

used to compare the similarity between time constants derived alkalinization beginning immediately after exercise on- 

from Eq. 1 for all of the variables, followed for significant set, followed 24-48 s later by a mild acidification, which 
results by Newman-Keuls multiple-range test to determine returned tissue pH to resting levels in three subjects and 
which variables were significantly different. Significance was produced mild acidosis relative to rest in the other two 
declared at P < 0.05. subjects (pH = 6.85 and 6.92). In these two latter sub- 

35 A 
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FIG. 2. Responses of PCr, Pi, pH, ADP, and 
changes in free energy of ATP hydrolysis 
( AGATP) during constant work rate calf ergome- 
ter exercise. Data are means f. SE. Best fit 

7.2 3 -48 
L 

from Eq. 1 for - - each mean response, except for 

E pH, also shown. 
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TABLE 1. Comparison of time constants for pulmonary vo2 and calf muscle phosphagens 

Subject No. VO, PCr pi ADP 

1 26.3t2.5 15.2t7.1 17.6k5.5 2.2t171.0 15.0k6.9 
2 21.0tl.l 22.0t4.0 27.4t3.5 2.3t73.1 22.0t3.9 
3 26.8kl.7 23.5t3.6 29.6t 10.3 3.924.6 18.7t3.1 
4 16.3~4.4 14.5t8.7 15.3t5.5 5.0t11.9 13.3k7.6 
5 58.9k4.4 56.5t10.5 70.0t17.8 30.2t13.6 48.5k5.6 

Mean 29.9t16.8 26.3k17.3 30.7k22.5 10.9t11.9* 24.2k14.2 

Values are estimates k SE; mean values are means & SD. T, Time constant; VO*, 0, uptake; PCr, phosphocreatine; AGATP, changes in free 
energy of ATP hydrolysis. * Significantly different from vo2, PCr, Pi, and AGATP time constants, P < 0.05. 

jects, the acidification was associated with a slight resting level. In both of these subjects, the dynamic re- 
broadening of the Pi peak, but none showed evidence of sponse of ADP was obviously not well described by a 
splitting of the Pi peak. monoexponential function (Eq. 3). 

ADP rose significantly more rapidly than PCr, Pi, or 
AG ATp when described by an exponential function (time 
constant of 10.9 t 11.9 s; P < 0.05). This discrepancy 
between ADP and PCr kinetics was due to dynamic 
changes in pH, as illustrated in Fig. 3. For the three sub- 
jects whose steady-state exercise pH was similar to rest 
(Fig. 3A), ADP rose to the steady-state level in a curvilin- 
ear manner that was well described by the exponential 
function. However, the kinetics were much faster than 
those predicted if pH were assumed constant at resting 
values (similar to the Pi/PCr ratio). In these three sub- 
jects, the speeding of ADP kinetics relative to those of 
PCr (and Pi) was the result of the early transient alkalin- 
ization, as might be intuited from Eq. 1. In the two sub- 
jects whose steady-state exercise pH was acidic relative 
to rest (Fig. 3B), the ADP response was biphasic, initially 
rising and then falling as pH fell below the resting level. 
In both of these subjects, the steady-state ADP level was 
less than the transient peak, with the actual level depen- 
dent on the degree of acidification: the more acidic, the 
lower the ADP. For the subject whose data are shown in 
Fig. 3B, the steady-state ADP was no different from the 

The mean response of all five subjects for the rise in 
VO, during the cycle ergometer exercise is shown in Fig. 
4, as well as a monoexponential fit (Eq. 3) to the mean 
data duringphase 2 for illustration. The time constants t 
SE for the fits to the individual data for each subject are 
given in Table 1 and ranged from 16.3 to 58.9 s [29.9 t 
16.8 s (SD)]. The time constants for vo2 were not signifi- 
cantly different from those for PCr (P > 0.05). 

The similarity of the time constants for VO, and PCr 
across moderate work rates is shown in Fig. 5 for one of 
the subjects who completed transitions to more than one 
work rate on the calf ergometer and had previously com- 
pleted transitions to several moderate work rates on the 
cycle ergometer for another study (10). Note both the 
remarkable constancy of the time constants independent 
of the work rate transitions for either ergometer and the 
similarity of the time constants for PCr and VO, during 
phase 2. 

DISCUSSION 

Two important conclusions can be drawn from the 
present data. First, the findings that PCr and AGATp 
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FIG. 3. Effects of changes in pH on ADP in 2 sub- 
jects. Bottom: ADP is corrected for changes in pH (0) 
and assumes pH to be constant at rest values similar 
to Pi/PCr ratio (0). A: subject in whom there was no 
steady-state exercise acidification. Early alkaliniza- 
tion resulted in ADP kinetics that were much faster 
than those of PCr and Pi (as suggested by V). B: re- 
sponses for another subject in whom there was slight 
steady-state acidification. This led to biphasic re- 
sponse of ADP, with steady-state exercise level simi- 
lar to that of rest period. 
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and soleus muscles was related both linearly to PCr and 
Pi and hyperbolically to ADP across different work rates 
and pH responses. Similarly, Nioka et al. (33) found that 
when pH was altered during exercise in isolated rabbit 
gastrocnemius/soleus muscle groups by varying PCO, the 
tension-time integral (used as a surrogate for Qo,) was 
related to ADP along the same hyperbolic relationship 
irrespective of pH. However, their data revealed that PCr 
varied both with work rate and with pH in a nonlinear 
fashion. We (2, 41) and others (28) have previously 
shown that, in human mixed muscle performing incre- 

I 
-60 0 

mental exercise, the onset of acidosis leads to nonlinear I I I I I J 
60 120 180 240 300 360 

Time (set) 

accelerated rates of breakdown of PCr and accumulation 
of Pi as work rate continues to increase. Although ADP in 

FIG. 4. Mean responses of 5 subjects for rise in O2 uptake (~oJ 
during constant work rate cycle ergometer exercise. Dashed line, best 
fit, using Eq. I, through mean data during phase 2 (i.e., after 1st 15- 
20 s). 

change in a simple and similar exponential fashion after 
the onset of exercise are consistent with one or both of 
these being primary controllers of skeletal muscle mito- 
chondrial respiration during moderate. exercise. Second, 
the similarity of the time constant for VO, duringphase 2 
with those of PCr and AG,,, is consistent with our pre- . 

our data rose in a hyperbolic (Michaelis-Menten) fashion 
through the early work intensities and above the onset of 
significant acidosis up to ~70% peak work rate, it failed 
to continue to rise hyperbolically at the highest work 
rates. Thus, neither PCr nor ADP maintained response 
characteristics consistent with substrate control by ei- 
ther in a simple fashion as the sole determinant of respi- 
ratory control. Only AGATp changed in a consistent (lin- 
ear) fashion throughout the range of aerobic work rates. 

vious modeling predictions that phase 2 VO, kinetics 
would reflect muscle Qo, kinetics (irrespective of the 
true controlling function). 

Our first conclusion is based on the reasonable as- 
sumption that Qo, under these conditions also exhibits 
first-order exponential behavior (18,27,34). Exponential 
behavior has previously been reported for PCr and 
AG ATp in isolated muscles (18, 27, 31, 34) but only for 
PCr in contracting human skeletal muscle in vivo (20, 
40). Furthermore, given the exponential responses of 
PCr and Pi, the observed dynamic changes in pH predict 
through the CK reaction (Eq. I) that ADP cannot also 
change with the same exponential time course as PCr 
(and presumably QoJ. Although this does not rule out 

It has been suggested that, in addition to varying pH, 
differentiation between potential mechanisms for respi- 

2100 

$800 
. 
2 
3 1500 

k 600 
0 
F4 

300 

I  I  I  I  I  I  I  0 

respiratory control by ADP, it does suggest that if ADP is 
the primary stimulator (controller) of mitochondrial res- 
piration in contracting muscles, it must be acting dynami- 
cally through a complex function that is not first order. 
This appears true even for moderate exercise, in which 
there may be little steady-state change in pH from rest- 
ing conditions. 

-60 0 60 120 180 240 300 360 

Until recently, models of respiratory control in intact 
contracting skeletal muscle have focused primarily on 1 .2 
substrate control. Differentiating between potential wfl 
mechanisms of substrate control of respiration driven by 1 .O 

PCr or ADP requires evaluation during conditions in 
.L$ 

which pH is altered (l4), because when pH is constant, 
linear changes in PCr in the physiological range predict 
Michaelis-Menten (hyperbolic) changes in ADP (13). If 
we assume the CK reaction is at equilibrium (Eq. I), the 0.4 I  I  I  I  I  I  1 

critical question addressed by this approach is whether -60 0 60 120 180 240 300 360 

ADP or Cr (from PCr) is the independent variable, with Time (set) 
the other changing in a predictable fashion dictated by 
changes in pH. Evaluation of this question using steady- 

FIG. 5. Responses of PCr and \io, for 1 subject wh? performed 

state data has shown variable results. Kushmerick et al. 
transitions to multiple work rates on calf (PCr) and cycle (VO,) ergome- 

(24) found that steady-state Qo, in contracting cat biceps 
ters. Note reproducible time constants both within and across exercise 
modalities for muscles of lower limbs performing moderate exercise. 
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ratory control in contracting muscles should be made 
from analysis of the kinetic changes in the putative con- 
trollers as metabolic rate is changed by changing work 
rate. Several early studies established both a theoretical 
and empirical connection between the kinetics of PCr 
and those of &o, (27, 31, 34). This led to the hypothesis 
that mitochondrial respiration was controlled by the rate 
and amount of Cr appearing at the mitochondrial CK (9, 
22). However, Meyer recently showed that in Cr-depleted 
muscle the time constant for PCr breakdown was lin- 
early related to TCr (29), as predicted if PCr acted simply 
as an energy buffer or capacitance (30), but the twitch 
force was not different from control muscles. This im- 
plied that diffusion of Cr to mitochondrial CK did not 
limit oxidative phosphorylation in normal muscle (32). 
In the study of Kushmerick et al. (24), analysis of the 
kinetics for PCr and Pi during recovery from stimulation 
revealed exponentiality for the biceps muscles but a 
transient overshoot in PCr and undershoot in Pi for the 
soleus. This led the authors to conclude that respiratory 
control in the biceps, but not in the soleus, could be ex- 
plained by modulation of ADP at the mitochondria. In 
contrast, using computer simulations of an integrated 
model of respiratory control, Funk et al. (18) found that 
linear models based on PCr, Pi, or the phosphorylation 
potential [as log(ATP/ADP X Pi), which is similar to 
AGATP] accurately predicted the time course of change in 
&o, of dog gracilis muscle. However, models that repre- 
sented substrate control via either ADP alone or with 
ADP and Pi did not predict the observed data. In these 
studies, pH changed biphasically from 7.0 at rest to 6.5 
during steady-state exercise. The data from the present 
study differ from those of Connett and co-workers (14, 
18) in that pH only changed on average from 7.04 at rest 
to 6.95 during the steady state of exercise. Furthermore, 
the discrepancy here between the time constant for PCr 
and that for ADP was similar across the five subjects 
irrespective of the steady-state pH. Thus, our conclu- 
sions are similar to those of Connett and co-workers re- 
garding the appropriateness of linear models of PCr and/ 
or AGATP and the inappropriateness of a Michaelis- 
Menten model for ADP. However, our conclusions, in 
contrast to those of Connett and co-workers (14,18), are 
based on much more subtle changes in pH that were 
observed during moderate exercise but that nonetheless 
led to measurable alterations in the dynamics of esti- 
mated ADP. 

Taken collectively, the mechanism of respiratory con- 
trol that seems most consistent with these previous ob- 
servations and our present data would be one that incor- 
porates thermodynamic control, expressed in our studies 
through changes in AGATP. As noted above, during incre- 
mental exercise in human gastrocnemius muscle, AGATP 
linearly rises from about -63 to -54 kJ/mol over the 
dynamic range of exercise (2). From the current data, 
AG ATp approaches a new steady state exponentially. 
Thus, for both of these exercise forcing functions (incre- 
mental and square wave), AGATp follows the presumed 
response of muscle &o, more closely than PCr or ADP. 
Clearly, however, these data do not rule out other factors 
that could also modulate muscle respiration. 

The similarity of PCr and Qo, kinetics in isolated mus- 
cle is well established, as noted above. However, the rela- 
tionship between Qo, for the contracting muscles, which 
is difficult or impossible to measure in humans, and pul- 
monary Vo2, which can be measured, is not clear. From 
previous computer simulations, we predicted that the ki- 
netics of Vo2 during phase 2 of moderate cycle exercise 
(i.e., after the first 15-20 s) would reflect the time course 
for the rise in muscle Qo, (3,5). In the present study, we 
showed that the time constant for VO, during phase 2 of 
cycle ergometer exercise is very similar to that for PCr 
breakdown (and rise in AGATP) during calf exercise in the 
same subjects. Although this similarity is consistent with 
the model predictions and suggests a linkage between 
muscle PCr (and ao,> and whole body Vo2 kinetics, we 
recognize that this is not an ideal test of the prediction, 
since the muscles used during the cycle ergometer exer- 
cise include, but are not restricted to, the muscles of the 
calf group. Unfortunately, the VO, signal from the con- 
tracting calf does not increase whole body VO, suffi- 
ciently to describe the kinetics accurately. 

Nonetheless, we believe that our conclusion is sup- 
ported for the following reasons. First, the intensity of 
exercise was moderate, with little or no sustained lactate 
production, and the duration was relatively short (6 min) 
for both calf muscle and cycle ergometer exercise. Under 
these conditions it is reasonable to assume that the same 
type of muscle fibers (type I and maybe type IIa) were 
recruited for both exercise protocols. Although there are 
significant differences between time constants for Qo, 

and PCr for different muscle fibers (especially I vs. IIb; 
Refs. 15, 24), a similarity in time constants exists across 
species for muscles containing predominantly oxidative 
fibers (types I and IIa; Refs. 15, 34). In addition, the ki- 
netics of Qo2 and/or PCr are very stable across differ- 
ent work rate transitions within the same isolated muscle 
(31, 34). This is also observed in vivo for exercising hu- 
man skeletal muscle, a.s seen in Fig. 5, where the time 
constants for PCr and VO, are relatively constant across 
different moderate work rates and are similar to each 
other. Other factors that might conceivably alter the ki- 
netics in the two protocols (i.e., differential sensitivity to 
circulatory 0, delivery) would also be minimal for moder- 
ate exercise. 

Another potential modulator of muscle Qo, kinetics is 
the level of conditioning (19). In our study, the compari- 
son of time constants in the present study was made for 
muscle groups not only in the same subjects but also in 
the same exercising limbs where the level of conditioning 
is likely to be similar. For these reasons, it seems reason- 
able to compare the kinetics of PCr in contracting calf 
muscle with the kinetics of pulmonary i'o, in the same 
subjects performing moderate cycle ergometer exercise. 

The early alkalinization observed in the present study 
has been noted in isolated muscles at the onset of con- 
tractions (36) and most recently in femoral venous blood 
in exercising humans (37). It is likely due to the con- 
sumption of H+ that accompanies the breakdown of PCr 
to Pi and Cr (26). This initial alkalinization would lead to 
bicarbonate retention in the muscle cell, which in turn 
would slow the release of CO, into the capillary and ve- 
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nous blood and subsequent appearance in the exhaled 
breath (4). 

In conclusion, PCr, Pi, and AG,, all exhibit exponen- 
tial behavior after the onset of constant work rate exer- 
cise. This response characteristic is consistent with 
cellular respiration being driven simply by adenosinetri- 
phosphatase activity, in which control is expressed ther- 
modynamically through changes in AGATP. Even for a 
moderate work rate transition, pH demonstrates a bi- 
phasic response. Early alkalinization, when measurable, 
led to kinetics for ADP that were much faster than the 
presumed rise in Qo, (estimated from those of PCr), 
whereas any steady-state acidification relative to rest re- 
sulted in reduced steady-state ADP levels that could ap- 
proach those of rest. These results are not consistent 
with a simple first-order model of respiratory control by 
ADP. Finally, the similarity between the time constants 
for PCr (and AGATP) and those of pulmonary VO, during 
phase 2 of moderate cycle ergometer exercise suggest 
that the phase 2 VO, kinetics are a good approximation of 
muscle Qo, kinetics in healthy subjects under nor- 
mal conditions. 

We thank Dr. E. Murdock, Picker International, for software devel- 
opment that allowed acquisition and processing of the sequential 31P- 
MRS data. 

This work was supported in part by National Heart, Lung, and 
Blood Institute Grant HL-11907 and very generously by the Depart- 
ment of Radiology at Harbor-UCLA Medical Center. 

Address for reprint requests: T. J. Barstow, Div. of Respiratory and 
Critical Care Physiology and Medicine, St. John’s Cardiovascular Re- 
search Center, Harbor-UCLA Medical Center, RB-2, PO Box 405, 
Torrance, CA 90509. 

Received 14 February 1994; accepted in final form 13 May 1994. 

1. 

2. 

3. 

4. 

5. 

6. 

7. 

8. 

9. 

Arnold, D. L., P. M. Matthews, and G. K. Radda. Metabolic 
recovery after exercise and the assessment of mitochondrial func- 
tion in vivo in human skeletal muscle by means of 31P NMR. Magn. 
Reson. Med. 1: 307-315, 1984. 
Barstow, T. J., S. D. Buchthal, S. Zanconato, and D. M. 
Cooper. Changes in potential controllers of human skeletal mus- 
cle respiration during incremental calf exercise. J. Appl. Physiol. In 
press. 
Barstow, T. J., N. Lamarra, and B. J. Whipp. Modulation of 
muscle and pulmonary oxygen uptakes by circulatory dynamics. J. 
Appl. Physiol. 68: 979-989, 1990. 
Barstow, T. J., E. M. Landaw, C. Springer, and D. M. 
Cooper. Increase in bicarbonate stores with exercise. Respir. Phys- 
id. 87: 231-242,1992. 
Barstow, T. J., and P. A. Mole. Simulation of pulmonary oxy- 
gen uptake during exercise in humans. J. Appl. Physiol. 63: 2253- 
2261,1987. 
Barstow, T. J., and P. A. Mole. Linear and nonlinear character- 
istics of oxygen uptake kinetics during heavy exercise. J. AppZ. 
Physiol. 71: 2099-2106,1991. 
Beaver, W. L., K. Wasserman, and B. J. Whipp. On-line com- 
puter analysis and breath-by-breath graphical display of exercise 
function tests. J. AppZ. Physiol. 34: 128-132, 1973. 
Beaver, W. L., K. Wasserman, and B. J. Whipp. A new method 
for detecting anaerobic threshold by gas exchange. J. AppZ. Physiol. 
60: 2020-2027,1986. 
Bessman, S. P., and P. J. Geiger. Transport of energy in mus- 
cle: the phosphorylcreatine shuttle. Science Wash. DC 211: 448- 
452, 1981. 

10. 

11. 

12. 

13. 

14. 

15. 

16. 

17. 

18. 

19. 

20. 

21. 

22. 

23. 

24. 

25. 

26. 

27. 

28. 

29. 

30. 

31. 

32. 

Casaburi, R., T. J. Barstow, T. Robinson, and K. Wasser- 
man. Influence of work rate on ventilatory and gas exchange ki- 
netics. J. AppZ. Physiol. 67: 547-555, 1989. 
Chance, B., J. S. Leigh, J. Kent, and K. McCully. Metabolic 
control principles and 31P NMR. Federation Proc. 45: 2915-2920, 
1986. 
Connett, R. J. Cytosolic pH during a rest-to-work transition in 
red muscle: application of enzyme equilibria. J. AppZ. Physiol. 63: 
2360-2365, 1987. 
Connett, R. J. Analysis of metabolic control: new insights using 
scaled creatine kinase model. Am. J. Physiol. 254 (Regulatory Inte- 
grative Comp. Physiol. 23): R949-R959, 1988. 
Connett, R. J., and C. R. Honig. Regulation of \jo2 in red mus- 
cle: do current biochemical hypotheses fit in vivo data? Am. J. 
Physiol. 256 (Regulatory Integrative Comp. Physiol. 25): R898- 
R906,1989. 
Crow, M. T., and M. J. Kushmerick. Chemical energetics of 
slow- and fast-twitch muscles of the mouse. J. Gen. Physiol. 79: 
147-166, 1982. 
Dudley, G. A., P. C. Tullson, and R. L. Terjung. Influence of 
mitochondrial content on the sensitivity of respiratory control. J. 
BioZ. Chem. 262: 9109-9114, 1987. 
Fretthold, D. W., and L. C. Garg. The effect of acid-base 
changes on skeletal muscle twitch tension. Can. J. Physiol. Phur- 
mocol. 56: 543-549, 1978. 
Funk, C. I., A. Clark, and R. J. Connett. A simple model of 
aerobic metabolism: applications to work transitions in muscle. 
Am. J. Physiol. 258 (CeZZ Physiol. 27): C995-C1005, 1990. 
Hagberg, J. M., R. C. Hickson, A. A. Ehsani, and J. 0. Hol- 
loszy. Faster adjustment to and recovery from submaximal exer- 
cise in the trained state. J. AppZ. Physiol. 48: 218-224, 1980. 
Harris, R. C., R. H. T. Edwards, E. Hultman, L.-O. Nordesjo, 
B. Nylind, and K. Sahlin. The time course of phosphorylcreatine 
resynthesis during recovery of the quadriceps muscle in man. 
Pfluegers Arch. 367: 137-142, 1976. 
Henriksson, J., A. Katz, and K. Sahlin. Redox state changes in 
human skeletal muscle after isometric contraction. J. Physiol. 
Lond. 380: 441-451,1986. 
Jacobus, W. E. Respiratory control and the integration of heart 
high-energy phosphate metabolism by mitochondrial creatine ki- 
nase. Annu. Rev. Physiol. 47: 707-725, 1985. 
Kushmerick, M. J. Energetics of muscle contraction. In: Hand- 
book of Physiology. SkeZetaZ Muscle. Bethesda, MD: Am. Physiol. 
Sot., 1983, sect. 10, chapt. 7, p. 189-236. 
Kushmerick, M. J., R. A. Meyer, and T. R. Brown. Regula- 
tion of oxygen consumption in fast- and slow-twitch muscle. Am. J. 
Physiol. 263 (CeZZ Physiol. 32): C598-C606, 1992. 
Lawson, J. W. R., and R. L. Veech. Effects of pH and free Mg+ 
on the Keq of the creatine kinase reaction and other phosphate 
hydrolyses and phosphate transfer reactions. J. BioZ. Chem. 254: 
6528-6537, 1979. 
Lipman, F., and 0. Meyerhof. Uber die Reaktionsanderung des 
tatigen Muskels. Biochem. 2. 227: 84-109, 1930. 
Mahler, M. First-order kinetics of muscle oxygen consumption, 
and an equivalent proportionality between QO, and phosphoryl- 
creatine level. Implications for the control of respiration. J. Gen. 
Physiol. 86: 135-165, 1985. 
Marsh, G. D., D. H. Paterson, R. T. Thompson, and A. A. 
Driedger. Coincident thresholds in intracellular phosphorylation 
potential and pH during progressive exercise. J. AppZ. Physiol. 71: 
1076-1081,199l. 
Meyer, R. Linear dependence of muscle phosphocreatine kinetics 
on total creatine content. Am. J. Physiol. 257 (CeZZ Physiol. 26): 
C1149-Cl157,1989. 
Meyer, R., II. L. Sweeney, and M. J. Kushmerick. A simple 
analysis of the “phosphocreatine shuttle.” Am. J. Physiol. 246 (Cell 
Physiol. 15): C365-C377, 1984. 
Meyer, R. A. A linear model of muscle respiration explains 
monoexponential phosphocreatine changes. Am. J. Physiol. 254 
(CeZZ Physiol. 23): C548X553, 1988. 
Meyer, R. A., and J. M. Foley. Testing models of respiratory 
control in skeletal muscle. Med. Sci. Sports Exercise 26: 52-57, 
1994. 



MUSCLE PHOSPHAGEN AND OXYGEN UPTAKE KINETICS 1749 

33. 

34. 

35. 

36. 

37. 

Nioka, S., 2. Argov, G. P. Dobson, R. E. Forster, H. V. Su- 
bramanian, R. L. Veech, and B. Chance. Substrate regulation 
of mitochondrial oxidative phosphorylation in hypercapnic rabbit 38. 
muscle. J. Appl. Physiol. 72: 521-528, 1992. 

Piiper, J., P. E. Di Prampero, and P. Cerretelli. Oxygen debt 
and high-energy phosphates in gastrocnemius muscle of the dog. 3g* 
Am. J. Physiol. 215: 523-531, 1968. 
Quistorff, B., S. Nielsen, C. Thomsen, K. E. Jensen, and 0. 
Henriksen. A simple calf muscle ergometer for use in a standard 

40 
l 

whole-body MR scanner. Magn. Reson. Med. 13: 444-449, IWO. 
Steinhagen, C., H. J. Hirche, H. W. Nestle, U. Bovenkamp, 
and I. Hosselmann. The interstitial pH of the working gastrocne- 
mius muscle of the dog. PfZuegers Arch. 367: 151-156, 1976. 

41 . 

Stringer, W. S., K. Wasserman, R. Casaburi, J. Porszasz, K. 
Maehara, and W. French. Lactic acidosis as a facilitator of oxy- 

hemoglobin dissociation during exercise. J. Appl. Physiol. 76: 1462- 
1467,1994. 
Taylor, D. J., P. J. Bore, P. Styles, D. G. Gadian, and G. K. 
Radda. Bioenergetics of intact human muscle: a “P nuclear mag- 
netic resonance study. Mol. Biol. 1Med. 1: 77-94, 1983. 
Wilson, D. F. Factors affecting the rate and energetics of mito- 
chondrial oxidative phosphorylation. Med. Sci. Sports Exercise 26: 
37-43,1994. 
Yoshida, T., and H. Watari. 31P-nuclear magnetic resonance 
spectroscopy study of the time course of energy metabolism during 
exercise and recovery. Eur. J. Appl. Physiol. Occup. Physiol. 66: 
494-499,1993. 
Zanconato, S., S. Buchthal, T. J. Barstow, and D. M. 
Cooper. 31P-magnetic resonance spectroscopy of leg muscle metab- 
olism during exercise in children and adults. J. Appl. Physiol. 74: 
2214-2218, 1993. 




