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Abstract

The metabolic cost of force production, and therefore the demand for oxygen, increases with intensity
and frequency of contraction. This study investigated the interaction between fatigue and
oxygenation, reflected by deoxymyoglobin (dMb), during slow and rapid rhythmic isometric
contractions having the same duty cycles and relative force-time integrals (FT1). We used 1H
magnetic resonance spectroscopy and measures of dorsiflexor muscle force to compare dMb and
fatigue (fall of maximal voluntary force, MVVC) in 11 healthy adults (29+7 years, mean+SD) during
16 min of slow (4s contract/6s relax) and rapid (1.2s/1.8s) incremental (10-80% MV C) contractions.
We tested the hypotheses that 1) the rate of Mb desaturation would be faster in rapid compared to
slow contractions, and 2) fatigue, Mb desaturation and the fall in FT1 would be greater, and PO,
(oxygen tension) lower, at the end of rapid compared to slow contractions. Although dMb increased
more quickly during rapid contractions (p=0.05), it reached a plateau at a similar level in both
protocols (~42% max, p=0.49), likely due to an inability to further increase force production and
thus metabolic demand. Despite the similar dMb at the end of both protocols, fatigue was greater in
rapid (56.6+2.7 % baseline) compared to slow (69.5+4.0%, p=0.01) contractions. These results
indicate that human skeletal muscle fatigue during incremental isometric contractions is in part a
function of contraction frequency, possibly due to metabolic inhibition of the contractile process.
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Introduction

Skeletal muscle fatigue, defined as a drop in force-generating capacity in response to
contractions, will occur as a result of changes in the biochemical milieu within the cell (Fitts
1994; Kent-Braun et al. 2002; Nosek et al. 1987). For example, intracellular acidosis and the
accumulation of diprotonated inorganic phosphate, H,PO,4", have been implicated in force
inhibition, both in vitro (Nosek et al. 1987; Debold et al. 2004; Knuth et al. 2006) and in vivo
(Kent-Braun 1999; Degroot et al. 1993; Kent-Braun et al. 2002; Wilson et al. 1988). During
incremental contractions, the intramuscular metabolic response has been shown to shift from
primarily oxidative metabolism during the early, steady-state portion of exercise to a greater
reliance on glycolytic energy production, with accompanying metabolite accumulation and
fatigue, at higher intensities (Kent-Braun et al. 1993).

As contraction intensity increases, so will the metabolic demand. During muscular work,
oxygen delivery increases to meet the increased need for oxygen by the mitochondria
(Andersen and Saltin 1985; Radegran and Saltin 1998). With intense muscle contractions, the
rate of oxygen consumption by the mitochondria may exceed the delivery of oxygen to the
myocyte, resulting in a transient decline in intracellular oxygenation level. This gradient in
oxygen concentration between the vascular bed and the mitochondria serves an important
purpose by facilitating additional oxygen delivery (Wittenberg and Wittenberg 2003).
However, it is unclear whether the decline in intracellular oxygenation during incremental
isometric contractions also reflects an oxygen limitation that may trigger the development of
muscle fatigue, possibly by causing an increase in the by-products of glycolytic metabolism.

In addition to contraction intensity, the frequency of contraction is an important determinant
of the metabolic cost of muscular work. In human and animal muscle that more ATP is required
to generate force than to maintain it (Russ et al. 2002; Hogan et al. 1998). Even when the force-
time integral (FTI) is held constant, the metabolic demand will be higher during rapid
contractions because the total number of contractions, and thus the overall requirement for
force generation, is greater (Bergstrom and Hultman 1988; Hogan et al. 1998). Whether the
higher metabolic demand of rapid contractions results in a greater decrease in intracellular
oxygenation, and how this may relate to muscle fatigue, has not been studied.

A drop in intracellular oxygenation will be reflected by a decrease in myoglobin (Mb)
saturation, as Mb unloads oxygen in an attempt to meet the oxygen demands of the
mitochondria. With certain assumptions, Mb desaturation can be used to calculate intracellular
oxygen partial pressure (PO,) (Richardson et al. 1995; Wang et al. 1990), which largely
determines the oxygen gradient from capillary to mitochondria and therefore governs oxygen
diffusion into the cell. Because the deoxygenated form of Mb (deoxymyoglobin, dMb) is
visible with proton magnetic resonance spectroscopy (*H MRS) (Wang et al. 1990), Mb
desaturation can be quantified continuously and non-invasively during muscle contractions,
thereby providing a measure of intracellular oxygenation in vivo.

The purpose of this study was to compare Mb desaturation and fatigue during two incremental
isometric contraction protocols, one with a slow contraction/relaxation cycle (“slow rhythmic™)
and one with a rapid contraction/relaxation cycle (“rapid rhythmic”). We hypothesized that 1)
the rate of Mb desaturation would be greater in rapid compared to slow contractions, and 2)
fatigue, Mb desaturation and the fall in the force-time integral (FT1) would be greater (and
PO, lower) at the end of rapid compared to slow contractions, due to the greater metabolic
demand of the rapid task.
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Materials and methods

Subjects

Habituation

Eleven healthy, non-smoking volunteers (6M, 5W) between the ages of 21 and 35 were studied.
Subjects were free from disease and not taking any medications that might impact muscle
function or blood flow. All were relatively sedentary, as determined by telephone interview.
Prior to their enrollment, all subjects signed an informed consent document, approved by the
University of Massachusetts Human Subjects Review Committee and the Human Investigation
Committee at Yale University, and in accordance with the Declaration of Helsinki. Two visits
were required, the first at the University of Massachusetts for habituation and the second at
Yale University for the fatigue and MRS studies.

Subjects reported to the laboratory following a minimum 4-hour fast. Subjects were also asked
to refrain from caffeine consumption for a minimum of 4 hours, and from exercise for a
minimum of 12 hours prior to all testing. After written informed consent and a health history
were completed, height and mass were measured. Resting supine ankle and brachial blood
pressures were measured (Wigmore et al. 2004; Wigmore et al. 2006), to ensure that the ankle/
brachial systolic pressure ratio was >1.0, indicating healthy peripheral vasculature (McDermott
et al. 2001). Subjects were positioned supine with a blood pressure cuff around the thigh and
connected to a rapid cuff inflator and air source (D.E. Hokanson, Bellevue WA). Subjects
underwent 10 min of cuff-induced ischemia (220 mmHg) to familiarize them with the ischemic
procedure to be used during the fatigue studies.

Ten minutes following the bout of ischemia, subjects were positioned with the right foot in a
custom-built exercise apparatus designed for isometric ankle dorsiflexion. Straps were used
across the foot and leg to minimize movement. The apparatus included a force transducer
(model SSM-AJ-250, Interface, Scottsdale, AZ) and computer interface, used to digitize and
store the force signal (Labview Software, version 5.1, National Instruments, Austin, TX).
Subjects then performed 2 isometric maximal voluntary contractions (MVC, 3-4 s each) of the
ankle dorsiflexors, each separated by 2 min of rest. To ensure that all subjects could fully
activate the dorsiflexor muscles, a central activation measurement was performed during a
third MV C. Briefly, a supramaximal stimulus (0.1 ms pulse, 50 Hz, 250 ms train duration) was
applied via percutaneous stimulation of the peroneal nerve during the MVC. The central
activation ratio (CAR) was calculated as the ratio of MVC force (prior to the stimulus train)
to the total force produced during stimulation. A CAR value of 1.0 represents complete
voluntary muscle activation (Kent-Braun and Le Blanc 1996). Next, subjects practiced the first
3 min of the slow rhythmic contraction protocol. The subjects then were repositioned with the
left foot in the exercise apparatus, and the MVCs, muscle activation measures and practice of
the rapid rhythmic protocol were performed.

Fatigue Studies

Two to 14 days following the habituation visit, subjects were transported to the Magnetic
Resonance Research Center at Yale University for the fatigue and dMb studies. The foot was
positioned in the non-magnetic exercise apparatus, and a circular surface coil (6.5 cm diameter)
tuned to the 1H frequency (170.41 MHz) was secured over the tibialis anterior muscle before
positioning this muscle in the isocenter of a 4T whole-body superconducting magnet (Bruker
Instruments, Billerica, MA). Gradient-echo scout images were acquired to ensure correct
positioning of the tibialis anterior in the magnet and to select a region for localized shimming
(FASTMAP technique, (Shen et al. 1997)). Proton spectra were acquired using a 500 ps,
frequency-selective Gaussian pulse centered on the dMb resonance frequency. To minimize
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baseline artifacts due to partial excitation of the water signal, CHESS water suppression was
applied (500 ps Gaussian pulse, centered on water, 5 ms crusher gradient).

While in the magnet, subjects performed 2 practice MVCs, separated by 2 min of rest. A third
MVC was performed if the first two were more than 10% apart. The highest MVVC was used
to calibrate a panel of light-emitting diodes, which provided subjects with real-time force
feedback. Subjects then performed the first of the two protocols. Approximately 5 min after
the end of contractions, ischemia was induced in the leg for 10 min.

Proton spectra were acquired before, during and after each 16-min contraction protocol, and
during the subsequent 10-min ischemic period (repetition time = 25 ms, sweep width = 30,000
Hz, number of acquisitions = 80, temporal resolution = 2 s), with 660 spectra for the contraction
series (1 min rest, 16 min intermittent contractions and 5 min recovery) and 480 for the ischemic
series (1 min rest, 10 min ischemia and 5 min recovery). The ischemic period was used to fully
deoxygenate the muscle and provide an index of 100% dMb. We chose 10 min of ischemia,
as our pilot work and the work of others (Tran et al. 1999; Wang et al. 1990) have shown that
this time period is sufficient to achieve a plateau in dMb. Following recovery from ischemia,
subjects were removed from the magnet and allowed ~1.5 hour to rest before performing the
second contraction protocol with the opposite leg. The order of leg and protocol (i.e., slow or
rapid rhythmic) was randomized and blocked.

Contraction Protocols

Both protocols consisted of eight 2-min stages of intermittent contractions, starting at 10%
MVC, and increasing by 10% every 2 min (up to a target of 80% MVC). To assess muscle
fatigue, an MVC was performed at the start of each stage and after the final contraction of the
last stage. To minimize the effect of the MVC on changes in dMb, a brief rest period (16 s)
followed each MVC, and the force and dMb data from the first 30s of each stage were excluded
from further analyses. The only difference between the two fatigue protocols was the cadence
of contractions. The contraction/relaxation cycle was 4 s/6 s for the slow and 1.2 s/1.8 s for the
rapid rhythmic protocols, respectively. The slow protocol was selected because it transitions
from a low-intensity, oxidative portion to a more metabolically-demanding, fatiguing portion
(Kent-Braun et al. 1993). Further, it was anticipated that the 4 s contraction could induce some
degree of occlusion at the higher contraction intensities, thereby emphasizing the need to
adequately reperfuse the muscle during the 6 s recovery period. The rapid protocol was included
because it is more energetically-demanding than slow contractions and would require a stronger
vasoreactive response to maintain adequate oxygen delivery. Thus, the rapid protocol was
expected to produce more dMb and fatigue than the slow protocol. The duty cycle (40%), and
therefore total contraction time, was the same in both protocols. Subjects were cued to contract
and relax by a tone on an audio recording.

Data Analysis

Muscle Force—Force values were converted to Newtons based on linear calibration of the
force transducer, and peak MVC force and the FTI during each contraction were calculated.

These values were then scaled to each subject’s peak force and FTI from the baseline MVC,
respectively, and averaged to give 30 s time resolution.

Deoxymyoglobin (dMb)—Using NUTS software (Acorn, Livermore, CA), dMb data were
summed to yield 30-s time resolution (i.e., 15 free-induction decays). Data were zero-filled,
and multiplied by a mixed Lorentzian/Gaussian function (-300 Hz, 0.1) prior to Fourier
transformation. Spectra were phased (0 and 15t order) and baseline-corrected before an
automated curve-fitting procedure was applied to estimate the dMb peak area for each
spectrum. Accurate phasing and curve-fitting were verified. For each ischemic trial, the highest
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dMb peak area was identified and a 3-point average including that point was calculated and
termed 100% dMb. For each leg, all other dMb peak areas obtained during contractions and
ischemia were scaled to this value. Oxygen partial pressure was then calculated throughout
each protocol, as follows:

P, =Psy" [(1 — dMb) |dMDb]

0,

where P5q is PO, at 50% oxygen saturation, which was set to 2.5 Torr (Wittenberg and
Wittenberg 2003; Wang et al. 1990).

The rate of increase in dMb between minutes 4 and 12 of contractions was investigated for
both protocols in each individual using linear regression analysis. This time range was chosen
because 1) dMb did not rise appreciably until after min 4, and 2) beyond minute 12, FT1 was
no longer matched in the two protocols. Thus, this time range represented a phase of similar,
incrementing contraction intensities in the slow and rapid protocols during which changes in
dMb were readily detectable.

Statistical Analyses—Baseline MVC (N) was compared across legs using paired t-tests.
The time of fatigue onset (i.e., decrease in MV C from baseline) in each protocol was determined
by repeated measures ANOVA. End-exercise values for FTI, dMb, PO, and fatigue (MVC, %
baseline) were compared across contraction protocols using paired t-tests, as were the slopes
from the individual linear fits of dMb and time. Mean, SD and precise p-values are given in
tables; the figure shows mean and SE. Significance was considered established when p <0.05.

Isometric strength (MVC, N) was greater in the right compared to left leg (p = 0.05, Table 1).
Mean CAR was > 0.98 in both legs, indicating the ability of the subjects to achieve essentially
full activation of the unfatigued dorsiflexor muscles.

Figure 1 shows the changes in FTI (top) and MVC (bottom) during 16 min of slow (solid) and
rapid (open) rhythmic contractions. The onset of fatigue occurred earlier during the rapid
compared to the slow protocol (min 4 vs. min 10, respectively, p = 0.05). At the end of the
protocols (min 16), FTI (p < 0.001) and MVC (p = 0.01) were lower in the rapid compared to
the slow protocol, indicating greater fatigue during rapid rhythmic contractions (Table 2).

The greater fatigue during rapid contractions was accompanied by a faster increase in dMb
(Figure 1, middle, shaded bar), reflected by the steeper slope of dMb versus time for rapid
(0.085 +0.024 %-min-1, mean = SD) compared with slow (0.066 % 0.020 %-min-1) contractions
(p = 0.05). This occurred despite the similar FTI in the two protocols between minutes 4 and
12 (Figure 1, top). By the end of contractions, dMb and PO, were similar between protocols
(Table 2).

Discussion

In the human ankle dorsiflexor muscles, we observed greater fatigue following rapid compared
to slow rhythmic isometric contractions of the same duty cycle. This difference in fatigue was
accompanied by a more rapid rise in Mb desaturation during the rapid rhythmic protocol, which
may reflect the higher oxygen transport required by the mitochondria to meet the greater

metabolic cost of higher-frequency contractions (Hogan et al. 1998). Despite the differences
in fatigue at the end of the protocols, dMb and PO, were similar and well above the purported
critical PO, of ~0.5 Torr. Thus, our first hypothesis was supported, but our second hypothesis
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was not. These results provide new insight about the interactions between oxygen state and
fatigue during incremental contractions of varying frequency in human skeletal muscle in vivo.

During the slow contraction protocol, subjects were able to attain target force through ~60%
MVC, which is consistent with the performance of this protocol in previous studies (Kent-
Braun et al. 2002; Wigmore et al. 2006). However, it is apparent that the rapid protocol was
more taxing, resulting in a decline in force production (FTI) and greater fatigue (fall of MVC)
during the latter stages of this protocol compared to the slow rhythmic protocol (Figure 1). The
greater fatigue during rapid contractions was accompanied by a steeper increase in dMb
compared to slow contractions. The fatigue and dMb data are both consistent with the concept
that muscle contractions at high frequencies are more metabolically costly (i.e., require more
ATP) than those at low frequencies (Ferguson et al. 2001). During isometric contractions, this
higher metabolic demand has been attributed to the greater metabolic cost of force generation
compared to that of force maintenance (Russ et al. 2002; Bergstrom and Hultman 1988).
Although the duty cycle, and therefore the total contraction time, was the same in both
protocols, more contractions were generated in the rapid rhythmic protocol compared to the
slow rhythmic protocol (20 contractions/min and 6 contractions/min, respectively). Thus, we
had expected that the greater energy demand of the rapid contraction protocol would be
accompanied by greater Mb desaturation, due to an increased rate of oxidative phosphorylation
and oxygen consumption by the mitochondria.

Another factor that may have contributed to the varying dMb responses during rapid and slow
contractions is oxygen delivery. It is well established that blood flow increases with increasing
contraction intensity up to the point of full vascular occlusion (Wigmore et al. 2004; Barnes
1980; Barcroft and Millen 1939; Lind and Williams 1979). Although the contraction intensity
that induces full occlusion is unresolved and may depend on the muscle group involved, our
previous work using functional magnetic resonance imaging indicates that full occlusion occurs
at ~60% MVC in the ankle dorsiflexor muscles (Wigmore et al. 2004). While the contraction
intensities achieved during the latter stages of the contraction protocols used in the current
study would most likely be sufficient to induce some degree of occlusion, particularly in the
slow rhythmic protocol, the intermittent nature of the protocol provided an opportunity for
oxygen delivery between contractions. It is likely that the slow rhythmic contractions induced
more vascular occlusion, and hence lower oxygen delivery, than did the rapid contractions.
However, it is apparent that this did not have a large impact on net muscle oxygenation, as
dMb rose more quickly during rapid contractions. Further, any transient reduction in blood
flow during the 4 s contractions was unlikely to affect force production, as force production is
not limited by blood flow during the slow rhythmic contraction protocol (Wigmore et al.
2006).

In skeletal muscle, Mb is thought to act as a spatial buffer for oxygen, shuttling oxygen from
the cytosol to the mitochondria (Wittenberg and Wittenberg 2003). When mitochondrial
demand increases, Mb provides an immediate source of oxygen to the mitochondria, resulting
in an initial decline in Mb saturation and cellular PO,. Oxygen delivery then increases in
response to the O, gradient that develops between the vasculature and the mitochondria
(Wittenberg and Wittenberg 2003). As observed here and by others (Mole et al. 1999;
Richardson et al. 1995; Richardson et al. 2001), Mb desaturates progressively during
incremental contractions as metabolic demand increases, at least through 50-60% of maximal
exercise intensity. The increase in dMb, and therefore the drop in intracellular PO,, that
accompanies each increment in contraction intensity increases the oxygen gradient from blood
to cytosol, further facilitating oxygen diffusion into the cell.

During the incremental contractions used here, force production became limited before whole-
muscle critical PO, was reached. Although dMb rose more sharply in the rapid protocol, dMb
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at the end of the contractions was similar in both protocols. The most likely explanation for
the similar end-exercise dMb is that, during the latter stages of the protocols, FTI reached a
plateau (slow protocol) or declined (rapid protocol), thereby curtailing the metabolic demand
for oxygen and the need for further perturbations to the intracellular oxygen state. The
intracellular PO, at the end of the two protocols was well above the suggested values for critical
PO, (Connett et al. 1990; Gayeski et al. 1987), below which muscular performance becomes
impaired. This result is consistent with the relatively modest degree of fatigue developed during
these protocols.

Myoglobin desaturation reached a plateau in both contraction protocols, despite progressive
muscle fatigue and a shift from submaximal to essentially maximal contractions. The response
of dMb to contractions of increasing intensity has been the focus of several earlier studies.
Richardson and colleagues found Mb desaturation to peak at ~50% of maximal at ~50-60%
of maximal work rate, and this dMb level was maintained as exercise intensity was increased
to maximal (1995). Conversely, Mole et al. (1999) reported that dMb increased linearly with
whole body VO, ultimately reaching ~ 48% desaturation. In the current study, dMb increased
with contraction intensity to a plateau that was accompanied by a plateau (slow) or a decline
(rapid) in force production (Figure 1). While it is possible that Mb would have desaturated
further had the subjects been able to continue to increase the workload, we cannot address this
question without additional study. Likewise, it is possible that the PO, in some cells was very
low, and it was these cells that were failing to produce force. As our measure of desaturation
captures the average dMb in the tissue sample and not the desaturation level of individual cells,
we cannot make that determination in the current study.

An advantage of 1H MRS measures of dMb is that it provides information on intracellular
oxygen, rather than on a combination of dMb + deoxy-hemoglobin, such as obtained with near-
infrared spectroscopy (NIRS). Despite this difference, a number of comparisons are useful
here. Mizuno et al. (2004) recently observed that, during incremental isometric contractions
in the knee extensor muscles, an increase in the rate of oxygen desaturation was observed at
~30-40% of MV C, which agrees reasonably well with our data (Figure 1). In contrast, during
whole-body cycling exercise in highly-trained athletes, an increased rate of desaturation was
not observed until ~62% of peak oxygen consumption (Grassi et al. 1999). Finally, Hicks et
al. (1999) reported an ~10% fall in oxygenation within the first 15 s of an isometric forearm
contraction held at 30% MVC, while observing no significant change in oxygenation by NIRS
for a contraction at 10% MVC. At the same time, however, measures of venous oxygen
saturation did detect a decrease in oxygenation during the 10% contraction, prompting the
authors to urge some caution in interpreting NIRS data. Overall, however, the NIRS data are
consistent with the notion of an intensity-dependent fall in tissue oxygenation, as observed in
our study.

In earlier work using the slow rhythmic protocol, both blood flow (measured by post-
contraction hyperemia) and H,PO,4~ (determined by 31phosphorus MRS) increased with
contraction intensity, and H,PO4, but not blood flow, was related to the development of muscle
fatigue (Kent-Braun et al. 2002; Wigmore et al. 2006). We found blood flow to be tightly
coupled to force production (i.e., FTI), such that they increased and plateaued in parallel. From
the pattern of Mb desaturation (Figure 1) and the calculated changes in PO, in the present
study, we observed that intracellular oxygenation also changes in parallel with FTI. In contrast
to the responses of blood flow and PO,, H,PO," increases throughout the contraction protocol,
despite the plateau in force. Further, changes in [HoPO4] were strongly associated with the
fall of MVC (Kent-Braun et al. 2002), suggesting a direct role for [H,PO,4] in the development
of fatigue. Thus, in the present study, it is reasonable to infer that the accumulation of force-
inhibiting metabolites, such as H,PO,4", may have played a role in the development of fatigue
in these protocols.
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A potential limitation of this study is the lack of data assessing the possibility of central fatigue
during the incremental contraction protocols. Based on earlier work in similar subjects (Kent-
Braun et al. 2002), little central activation failure (end-exercise CAR = 0.97-0.98; similar fall
of MVC and electrically-evoked force) would be expected in the slow rhythmic protocol. We
do not have data about central fatigue for the rapid protocol, as the brevity of these contractions
make it unsuitable for the CAR measure. Thus, we cannot eliminate the possibility that some
central fatigue may have occured in the rapid protocol. Were this the case, it could have
contributed to the lack of further change in dMb at the end of this protocol, as there may have
been some recovery of intracellular oxygenation in those fibers that were no longer active.

In summary, rapid contractions (20 per min) in the dorsiflexor muscles of healthy young adults
resulted in a more rapid increase in dMb and greater fatigue than slow contractions (6 per min)
performed with the same duty cycle and target forces. Fatigue at the end of the protocols appears
to be independent of end-exercise intracellular oxygen content, as reflected by dMb. Rather,
the disparity in fatigue may be related to differences in the metabolic demand and consequent
metabolite accumulation between the two protocols.
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Figure 1. Changes in FTI (top), dMb (middle) and MVC (bottom) for slow and rapid contractions
FTI (top) changed similarly during the early stages of both protocols. However, the onset of
fatigue (fall of MV C from baseline, bottom) occurred earlier in the rapid contraction protocol
(min 4) than in the slow protocol (min 10). Subjects fatigued more by the end of the rapid
protocol (min 16), as demonstrated by a greater fall in FTI1 and MV C at the end of rapid
compared with the slow contractions (p < 0.001 for FT1 and p = 0.01 for MVC). Although the
rate of increase in dMb (min 4-12, shaded bar) was greater during rapid compared to slow
contractions (p = 0.05), there was no difference in dMb between protocols at the end of the
contraction period. Data are mean + SE.
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Subject characteristics

Table 1

Age (years) 29 (7)

Height (cm) 165.1 (25.2)
Mass (kg) 75.2(33.2)
Right Leg MVC (N) | 361.2 (99.6)
Left Leg MVC (N) | 334.3 (106.2)
Right Leg CAR 1.00 (0.01)
Left Leg CAR 0.98 (0.03)

Note: Data are mean (SD). n = 11 except for CAR, where n = 10.
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Table 2
Force and oxygenation variables at the end of each protocol

FTI (% baseline) | MVC (% baseline) | dMb (% maximal) | PO, (Torr)
Slow Rhythmic Contractions 59.6 (11.7) 69.5 (13.4) 41.2 (8.6) 3.82(1.37)
n=9
Rapid Rhythmic Contractions 37.2(5.1) 56.6 (8.9) 425 (11.7) 3.84 (1.93)
n=9 n=10 n=10
p-value <0.001 0.01 0.49 0.89

Note: FTI (force-time integral), MVC (maximal voluntary contraction force), dMb (deoxymyoglobin) and PO2 (oxygen partial pressure) are provided

(mean (SD); p-values are for the difference between protocols at min 16; n = 11 except where indicated.
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