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Jones AM, Wilkerson DP, DiMenna F, Fulford J, Poole DC. Muscle metabolic responses to exercise above and below the “critical power” assessed using 31P-MRS. Am J Physiol Reg Integr Comp Physiol 294:R585-R593, 2007.
Introduction
Graphing time to fatigue vs. exercise intensity (Watts for cycling) produces a non-linear relationship, where time to fatigue becomes progressively longer for reductions in exercise intensity (Figure 1A).  Converting time data to reciprocal values makes this relationship linear (Figure 1B), where the exercise intensity of the y-intercept is known as the “critical power” (CP); the exercise intensity that represents the delineation between steady state (< CP) and non-steady state (> CP) exercise intensities.

Based on the theoretical constructs behind the CP concept, one can hypothesize that exercise intensities < CP should result in stable concentrations of muscle creatine phosphate ([CrP]), inorganic phosphate ([Pi]) and pH.  Conversely, exercise intensities > CP should result in a continual decline in muscle [CrP], continual increase in [Pi], and a steady decrease in pH.
The purpose of the study was to use 31P MRS as a method to quantify muscle high energy phosphates and pH during single leg knee extension exercise at ~10% below and 10% above the predetermined CP.
Methods

Six recreationally active males volunteered to participate as subjects.  Subjects first performed repeated conditions of single leg knee extensions to establish individual exercise intensity vs. time to fatigue relationships.  The CP was estimated from this relationship for each subject.
Subjects were then scheduled to perform single leg knee extension exercise in a prone position inside the bore of a 1.5 Tesla superconducting magnet for quantification of muscle phosphate molecules using 31P MRS.  Subjects completed two trials at ~10% below and 10% above their CP.  Knee extension exercise consisted of a non-magnetic pulley system where a rope connected to the subject’s foot was relayed over a mounted pulley connected to calibrated weights.  A shaft encoder was used to quantify rotational distance during each contraction, and force was measured from a load placed in series to the rope.
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Fig. 4. Muscle pH responses to <CP (8) and >CP (0) knee-extension
exercise. A: muscle pH responses of subject 1 during <CP and >CP exercise.
B: muscle pH responses (means = SE) for the whole group. Muscle pH was
significantly lower for >CP exercise at 25%, 50%, 75%. and 100% of the time
to end exercise (*P < 0.05). For <CP exercise, pH was not significantly
different between 0% and 100% of the time to end exercise, except for a
significant increase in pH between 50% and 100% of the time to end exercise
(P < 0.05). For >CP exercise, pH fell significantly from 0% to 25% of the
time to end exercise (P < 0.01) but did not change significantly with time
thereafter.

metabolic responses to <CP and >CP exercise is underlined

when the change in the metabolic variables from rest to end

exercise is expressed relative to the change in work rate, that is,
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neous, with the heterogeneity appearing to be related to muscle
fiber type (32, 52, 53). These studies indicate that a reduction
in the ability to generate muscle power during exercise might
ultimately be attributed to fatigue and reduced force production
in a relatively small population of muscle fibers (32, 53).
Therefore, it is possible that [PCr] (and, perhaps, ATP concen-
tration) fell to levels sufficiently low in at least some of the
recruited muscle fibers during >CP exercise that the required
muscle force could not be maintained. It should also be
considered that, during >CP exercise, “higher-order” muscle
fibers are progressively recruited to maintain muscle power
output as the initially recruited fibers become fatigued until,
eventually, the maximal voluntary contraction force falls be-
low the force required for the work rate (5, 59).

The limited exercise tolerance above the CP might also be
attributed to the extent, or the rate, of accumulation of metab-
olites that have been associated with the fatigue process, such
as P; and H*. Historically, a reduction in muscle pH has been
linked to the fatigue process through H™ competition with
Ca®* for binding to troponin, interference with Ca®>* release
from the sarcoplasmic reticulum, and inhibition of phospho-
fructokinase (11, 12, 57). More recently, the role of acidosis in
muscle fatigue has been questioned, while the possible role of
P, accumulation (specifically, in its diprotonated form) has
received increasing attention (1, 10, 41, 48, 61, 62, 66). In the
present study, muscle [P;] and pH changed precipitously after
the onset of >CP exercise to values that might potentially have
limited muscle contractile function. However, [P;] did not
increase significantly between 3 min and the end of exercise,
and pH did not fall significantly between 6 min and the end of
exercise. The depletion of muscle [PCr] would therefore ap-
pear to have a stronger temporal relationship with muscle
fatigue development during >CP exercise. It cannot be ruled
out, however, that [P;] and H concentration continued to
increase with time to the point of exhaustion in individual
muscle fibers and that this was “masked” by interfiber, inter-
subject, and measurement variability, and it remains possible
that metabolite accumulation was responsible for, or at least
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Results

Subjects’ CP varied from 17 to 21 Watts, with a mean+SD of 20+2 Watts. The ~10% below and
10% above the CP intensities were 18+2 and 23+2 Watts, respectively. Muscle metabolic data
supported the purpose for the study, where data for creatine phosphate and pH for ~10% below
and 10% above the CP intensities were significantly different at all exercise time points, and
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Figure 2, Data for a subject (A) and mean data (8)
forall subjects for creatine phosphate (PCr).

inorganic phosphate data reached significance at the end of exercise (Figures 2-4).

Figure 3, Data for a subject (A) and mean data (8)
forall subjects for inorganic phosphate (Pi).

Discussion
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Fig. 2. Muscle phosphocreatine concentration ([PCr]) responses to <CP (#)
and >CP (0) knee-extension exercise. A: muscle [PCr] responses of subject I
during <CP (18 W) and >CP (22 W) exercise (time to exhaustion = 11.5
min). B: muscle [PCr] responses (means  SE) for the whole group, with data
expressed as percentage of time to end exercise (20 min for <CP and
exhaustion for >CP). Muscle [PCr] was significantly lower for >CP exercis

at 25%, 50%, 75%, and 100% of the time to end exercise (*P < 0.01). For
<CP exercise, [PCr] fell significantly from 0% to 25% of the time to end
exercise (P < 0.01) but did not change significantly thereafter. For <CP
exercise, [PCr] fell significantly at each consecutive time point (P < 0.05),

Part II: 3'P-MRS Assessment of Muscle Metabolic Responses
to <CP and >CP Exercise

To our knowledge, the present study is the first to investigate
the muscle metabolic responses to constant-work-rate exercise
performed below and above the CP. During exercise performed
at a work rate that was ~10% below the CP (~2 W below CP
on average), it is clear that a steady state in muscle metabolites
is achieved relatively rapidly (i.e., within ~3 min) and that the
muscle metabolic perturbation is relatively slight (Figs. 2-4).
For example, at the end of exercise, muscle [PCr] had fallen,
on average, to 68% of the baseline value, and pH had fallen by
0.05 unit from the resting value. In all cases, the subjects were
able to complete 20 min of <CP exercise without significant
duress. These data support the suggestion that <CP exercise
can be sustained for an appreciable duration without significant
fatigue development (37, 38).

The muscle metabolic response to constant-work-rate exer-
cise performed ~10% (~2 W) above the CP was strikingly
different from the response observed below the CP (Figs. 2—4).
During >CP exercise, [PCr] fell progressively, reaching
~26% of the baseline value at the end of exercise (Fig. 2); this
continued fall in [PCr] is consistent with the predictions of the
CP concept (37, 38, 44). Moreover, pH fell abruptly (reaching
6.87 at exhaustion) and [P;] increased rapidly after the onset of
exercise (Figs. 3 and 4). The nonlinearity of the muscle
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31P MRS data was acquired every 1.5 s and averaged every 6 s (4 FID averages) continuously throughout all exercise bouts.  Muscle metabolic data were tested at the specific time points of baseline, 1, 3, 6, and 10 min, and end exercise.  Data were analyzed using two factor repeated measures ANOVA (Intensity vs. TIME).
Results

Subjects’ CP varied from 17 to 21 Watts, with a mean±SD of 20±2 Watts.  The ~10% below and 10% above the CP intensities were 18±2 and 23±2 Watts, respectively.  Muscle metabolic data supported the purpose for the study, where data for creatine phosphate and pH for ~10% below and 10% above the CP intensities were significantly different at all exercise time points (Figure 2,3), and inorganic phosphate data reached significance at the end of exercise.
Discussion

The results were as expected, revealing the muscle metabolic stress associated with exercise intensities above the CP.  While each of CrP, Pi and pH changes in both trials, the ~ 10 below CP trial revealed the ability of muscle to change to an altered consistency, with slightly lower CrP and pH, and higher Pi.  Despite the superficial advanced nature of the research, the question was rather basic, and results were as expected based on prior research using indirect calorimetry to monitor whole body energy metabolism.
Applications
This study has limited application.  Athletes already understand the concept and importance of steady state vs. non-steady state.  The benefit of the study lied in how a sophisticated method was used to monitor metabolic steady vs. non-steady state, and how this supported the CP concept.  However, as explained above, the results were predictable and nothing really new was added to the topics of critical power and muscle energy metabolism during exercise.
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Figure 1. Data from a representative subject for changes in time to fatigue for given exercise intensities for single leg knee extension exercise.
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Figure 3. Data for a subject (A) and mean data (B) for all subjects for intramuscular pH.
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Figure 2. Data for a subject (A) and mean data (B) for all subjects for creatine phosphate (PCr).
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