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ABSTRACT
31

P magnetic resonance spectroscopy (31P MRS) has been used to measure muscle oxidative

metabolism and intramuscular magnesium concentrations. The purpose of this study was to
evaluate our ability to make these measurements in the quadriceps muscles of twelve males
before and after strenuous walking. In vivo phosphocreatine (PCr) recovery kinetics was
measured after 30-39 second bouts of isometric exercise. PCr recovery averaged 39 seconds and
had an ICC of 0.819. The mean end exercise PCr was 47.6% and the mean end exercise pH was
6.97. Intramuscular magnesium concentrations averaged 0.388 and had a COV% between days
of 7.91. Strenuous walking did not produce significant alterations in either PCr recovery kinetics
or intracellular magnesium levels. In conclusion, despite excellent signal to noise values, PCr
recovery after exercise has relatively low reproducibility and prior exercise is unlikely to alter
measurements of resting metabolites or muscle metabolism.
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CHAPTER ONE
Introduction
Phosphocreatine recovery is a means to quantify muscle metabolism. Oxidative, or
muscle metabolism is essentially the rate of adenosine triphosphate (ATP) production needed to
meet the demands of a prescribed workload. It is composed of four processes, β-oxidation, citric
acid cycle, electron transfer chain and oxidative phosphorylation, which occurs in the
mitochondria. Chance et al. illustrated a metabolic model whereby metabolic by products such
as ADP, Pi, NADH, and oxygen regulate the production of ATP (15).
During exercise, cytoplasmic adenosine diphosphate (ADP) increases as adenosine
triphosphate (ATP) decreases. To replenish the supply of cytoplasmic ATP, the phosphate from
phosphocreatine (PCr) is used to renew the supply. The resulting creatine diffuses to the
mitochondria and is phosphorylated into phosphocreatine by mitochondrial ATP. This process,
coupled with the enzymatic activity of creatine kinase (CK) occurs at such a rapid rate that ATP
concentrations essential remain steady. Due to the fact that this reaction occurs instantaneously,
the production of phosphocreatine can be related to the production of mitochondrial ATP, and
therefore related to oxidative metabolism. In the past, muscle biopsies were used to quantify
these changes (11), but due to their invasive and painful nature subject recruitment and
measurements per subject were limited. Advances in magnetic resonance spectroscopy has now
allowed for a noninvasive means to measure oxidative metabolism.

1

There are two ways to evaluate muscle metabolism during exercise: Pi/PCr ratios to
quantify ADP levels during exercise at different intensities (65, 73, 110), or measuring PCr
recovery kinetics after exercise(6, 33, 39, 45, 65, 73, 74, 77, 110, 114, 121). While both ways
are effective, PCr recovery does not require precise measurements of work intensity or muscle
mass; it requires good time resolution and adequate depletion of PCr to generate an exponential
recovery curve.
PCr depletion is dependent on exercise intensity. The more intense the exercise, the
greater the change in pH. If pH drops below 6.9 a biphasic recovery curve will be seen with an
initial slower component. If pH remains at rest, approximately 7.0-7.1 in the muscle, a
nonoexpotential recovery curve is seen. Changes in pH have been related to the chemical shift
of the inorganic phosphate peak on the MRS spectra. PCr’s ionization constant, pKa, at rest
greatly differs from the pH at rest, therefore, it is unaffected. As exercise intensity increases, pH
more closely resembles the pKa of PCr. Since the Pi peak position is pH dependent, a decrease in
pH will result in the Pi peak shifting closer to PCr on the MRS spectra. The high H+
concentration seen with a decrease in pH affects PCr by reducing the rate of resynthesis.
Roussell et al. (94) and Walter et al. (115) both found that the initial phase of recovery is
independent of pH changes and the secondary phase of recovery is what is effected. This
discovery allows the slope of the initial stage to be used to calculate a recovery time constant that
is independent of pH changes (115).
Mitochondrial function can be measured through phosphocreatine recovery kinetics due
to the relationship between PCr resynthesis and ATP production. The creatine kinase reaction is
fast enough such that PCr levels can be considered to be in equilibrium with ADP levels. Thus

2

mitochondrial production of ATP from ADP is in equilibrium with the synthesis of PCr from
creatine and phosphate. Following exercise, the rate of ATP production based on oxidative
metabolism should be initially fast, and should decrease exponentially as ADP levels fall to
resting levels. Based upon this, rate constant of PCr recovery should represent the maximal rate
of oxygen consumption (62, 79). The time constant of PCr recovery (inverse of the rate
constant) should reflect mitochondrial capacity (14). McCully et al found a significant
correlation between in vivo and in vitro measurements of oxidative metabolism (72).
While MRS has proven to be an effective tool to measure PCr recovery, the majority of
the studies include measurement from the calf and employ the use of an in magnet ergometer.
Few studies have examined PCr in the quadriceps (91). The use of an in magnet ergometer is a
limiting step in performing PCr recovery tests due to the size and magnetic limitations. It would
be advantageous to have a procedure that would adequately deplete PCr without the use of this
tool.
Despite the use of PCr resynthesis as a measure of muscle metabolism since ~1990, very
few studies have examined the reproducibility of these measurements. With the advent of new
magnet spectroscopy systems and the use of different exercise modalities, there is a definite need
to characterize the reproducibility of these important measurements.
Magnesium may also play a key role in muscle metabolism due to the fact that it is an
essential cofactor in over 325 enzymatic reactions (83). Magnesium’s primary cellular role is a
cofactor in ATPase activity (96),(101). It serves to stabilize the structure of ATP in ATPdependent enzymatic reactions by acting as a ligand for the phosphate groups. In glycolysis
magnesium aids in the stability of the ATP by forming an active complex with the enzyme
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before the substrate binds (96). This is seen in the rephosphorylation of phosphocreatine by
mitochondrial ATPase activity. During exercise, the PCr supply depletes and the mean
cytoplasmic ATP concentration decreases because it is converted into ADP-AMP-IMP. It has
been shown that muscle magnesium levels significantly increase when exhaustion is reached
(53). Free cytoplasmic magnesium increases because the break down products of ATP have a
lower affinity, whereas resting ATP has a high affinity for magnesium. Since magnesium acts as
an activating ion for phosphorylation and dephorylation reactions, it is possible that shifts in
magnesium concentrations could lead to impaired muscle metabolism (95).
Numerous studies have examined the role of magnesium in the blood, sweat, and urine
(12, 26, 41, 51, 88, 93) during exercise. Intramuscular magnesium concentrations have been
studied to a lesser degree due to the invasive and complex nature of muscle biopsies. With the
advances in technology, MRS has allowed noninvasive, in vivo measurements to become more
readily available. Successful studies have suggested that MRS can be used to measure and track
intracellular magnesium changes, which have been linked to changes in energy metabolism (30,
36, 60, 63, 75, 108). Several previous studies have suggested that patients with enhanced fatigue
have altered intramuscular magnesium levels (75). Blood measurements of intracellular
magnesium have been shown to be sensitive to inflammation, although little is know about how
intramuscular magnesium might response to inflammation. It is plausible to speculate that
alterations in magnesium will affect the energy metabolism in the muscle. However,
intracellular magnesium measurements are rarely reported and it is not clear how reproducible
they are or whether such measurements are sensitive to prior exercise.
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Study aims

The aims of this study were to:
1.

Make repeated measurements and determine the reproducibility of phosphocreatine
recovery in the quadriceps muscles using isometric exercise in healthy human
subjects.

2.

Make repeated measurements and determine the reproducibility of intramuscular
measurements of magnesium concentrations form the quadriceps with 31P MRS.

3.

Determine effects of prior strenuous exercise on PCr recovery kinetics and
intramuscular magnesium concentrations in the quadriceps of health human subjects.

Hypotheses
It is hypothesized that:
1. We can obtain reproducible measures of the time constant of phosphocreatine recovery
using 31P MRS in healthy human quadriceps muscle.
2. We can obtain reproducible measures of intramuscular magnesium concentrations using
31

P MRS in healthy human quadriceps muscle.

3. Prior strenuous exercise will significantly change intramuscular magnesium and
phosphocreatine recovery kinetics thirty to sixty minutes post exercise.
4. Decreases in either intracellular Mg2+ or resting ATP will result in decrease muscle
metabolism measured as the time constant of PCr recovery.
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Significance of the study
This is the first study performed by our laboratory to measure muscle metabolism as
phosphocreatine recovery in the quadriceps muscle using the new 3 Tesla GE magnet located in
the Biomedical Imaging Research Center. Thus, this study will serve as a pilot study for future
studies such as those currently being conducted on the effects of quercitin on muscle
metabolism. Future studies will examine muscle metabolism in patient populations such as
people with spinal cord injuries. The determination of reproducibility of the phosphocreatine
recovery measurements will allow better planning of sample sizes in these studies. A finding of
low reproducibility may lead to changes in experimental methodology to improve the outcome of
future studies. While intramuscular magnesium is a potentially measurable variable that may be
linked to muscle fatigue and muscle inflammation, little is know about this measurement. This
study will be the first to carefully determine the reliability of intramuscular magnesium
measurements as well as to determine how stable these measurements are in response to prior
exercise. Successful measurements of intramuscular magnesium will lead to future studies to
examine magnesium in various patient populations.
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CHAPTER TWO
Review of Related Literature

MRS and PCr recovery kinetics
31

P-NMR uses a surface coil that emits a radio pulse at a certain frequency that is

absorbed by the corresponding compounds within the muscle. These compounds resend the
radio frequency pulse back to the surface coil, which conveys a spectrum based on the metabolic
state of the muscle. NMR can only detect metabolites that are free in solution, not bound
compounds. It does not give absolute values, rather each value is representative relative to each
other. Because of this, some assumptions are made. Skeletal muscle ATP concentration is
8.2mmol/L of intracellular water, total creatine is 42.5mmol/L of intracellular water, PCr plus Pi
equals 42.2 mmol/L of intracellular water, these components are uniformly distributed, and there
is no change in total creatine during exercise (104). With the advent of improved quality and
time resolution of 31P MRS measurements, the ability to measure the kinetics of muscle
metabolism improved (79). Many studies have successfully used MRS to evaluate in vivo PCr
recovery kinetics (1, 65, 106, 107). Studies include isometric, eccentric, and concentric
movements in subjects who are physically conditioned (50, 57, 84, 103), have disease (46, 47,
120) or are sedentary (118). Recovery kinetics as a measure of muscle metabolism has several
advantages over steady state measurements.
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Exercise and PCr
At the onset of exercise, PCr is used to phosphorylate ATP and the rate of PCr
breakdown is dependent on the intensity of the muscular contraction. Strong relationship
between decreases in force and decreases in PCr during high intensity exercise has been found
(8, 9, 80). Sargeant and Dolan (100) studied effects of submaximal exercise induced fatigue on
short-term power output during isokinetic cycling. They reported the recovery of power had a
half-time of 32 seconds, which is similar to the half time to recovery reported by Cooke et al. and
others following exhaustive exercise (20). Initial studies of muscle metabolism using 31P MRS
measured metabolite levels during steady state exercise. This was due because of the low signal
to noise values obtained from low field strength magnets and required 1-5 minutes to obtain
adequate signals. These studies did show relationships between the metabolic responses to
exercise and disease status, training status, and age.

pH and PCr
A key confounding factor in the use of phosphorous metabolites to measure oxidative
metabolism is the influence of muscle pH and glycolysis. Because hydrogen ions are released
during the resynthesis of PCr, changes in muscle pH will shift the creatine kinase equilibrium.
This is illustrated in the equation: PCr + MgADP- + H+ Ù MgATP2- + creatine. The high H+
concentration seen with a decrease in pH affects PCr by shifting the equilibrium to the right (in
the equation above. This means that levels of PCr measured during exercise will be sensitive to
both the amount of mitochondria and the production of hydrogen ions due to glycolysis.
Research utilizing muscle biopsies were among the first to quantify the relationship between pH
and the CK reaction. Harris et al. (32) and Sahlin et al. (98, 99) both hypothesized that pH was
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the limiting factor in the CK equilibrium. Salhin et al. (99) found that there was a significant
correlation of r= 0.92 (p<0.01, n=34) between pH in the muscle and the creatine kinase
equilibrium. They further concluded that oxygen availability affects the initial phase of PCr
recovery and pH affects the later stages of recovery. Many more studies have quantified the
effects of pH on PCr recovery with the development of MRS. Shifts in pH are represented by
shifts in the Pi peak because its position is pH dependent. Pi is present is two forms, HPO4-1 and
H2PO4. During rest, the pKa is near 6.8 and the ratio of the two forms is approximately 60/40.
Changes in pH cause the ratio to shift toward one extreme due to the fact that the pH is
dependent on the concentration of the forms. Since the Pi peak position is pH dependent, a
decrease in pH will result in the Pi peak shifting closer to PCr on the MRS spectra. Arnold et al.
(1) was one of the first to examine this and found that PCr resynthesis was slower following
heavy exercise. Behdahan et al. (4) found that the extent of acidosis at the end of exercise
determined the rate of resynthesis. At the end of exercise glycolysis has stopped, yet pH
continues to fall due to the release of protons during the resynthesis of PCr. Numerous studies
have found that pH is a factor in the biphasic recovery of PCr due to the influence of the CK
equilibrium (1, 32, 98, 99, 104, 105).

Fiber Types and MRS
Studies have shown that PCr is resynthesised faster in slow twitch or type 1 fibers versus
fast twitch of type 2 fibers (11, 40, 109). It has hypothesized that the faster recovery was due to
increased capillaries, increased mitochondrial density, and higher oxidative enzyme activity.
The vastus lateralis is similar to the calf in that the fast twitch fibers are closer to the surface,
while slow twitch fibers are deeper in the muscle.
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Calf muscles from elite sprinters and

endurance runners were examined using

31

P MRS (67). During high intensity exercise, fast

twitch glycolytic muscle fibers become acidotic after thirty seconds and reach pH values of 6.3
after one minute. Slow twitch oxidative muscles have pH values of 6.9 at the end of a minute of
exercise. The exchange of H+ between muscle fibers is relatively slow, the presence of different
types of muscle fibers within a single muscle during maximal exercise results in fibers having
different pH values and Pi peaks with different frequencies. Double or split Pi peaks can be seen
if data is collected from differing fiber types, slow vs. fast.

Subjects with mixed fiber

populations will have multiple Pi peaks and the relative area of the different peaks will give an
estimate to the proportion of fiber types. Bernus et al. (5) and Park et al. (86) have seen up to
three Pi peaks which they concluded as fast twitch glycolytic, fast twitch oxidative, and slow
twitch oxidative fibers.

Magnesium
It is well known that Mg is an essential cofactor in over 325 enzymatic reactions (83) and
because of this, changes in magnesium may show a great effect (10). Magnesium’s primary
cellular role is a cofactor in ATPase activity (101). It serves to stabilize the structure of ATP in
ATP-dependent enzymatic reactions by acting as a ligand for the phosphate groups.

In

glycolysis magnesium aids in the stability of the ATP complex or is required as part of the
metalloenzyme. Magnesium-ATP is needed to catalyze the steps involving hexokinase and
phosphofructokinase and Magnesium-ADP is needed for phosphoglycerate and pyruvate kinase.
Magnesium binds to these enzymes by carboxylate groups on the protein and form an active
complex with the enzyme before the substrate binds (96). Since magnesium acts as an activating
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ion for phosphorylation and dephorylation reactions, it is possible that shifts in magnesium or
ATP concentrations could lead to fatigue (95).
Muscle magnesium levels significantly increase when exhaustion is reached and it has
been suggested that fatigue during endurance exercise is due to the increased magnesium levels
inhibiting the release of calcium from the sarcoplasmic reticulum (53). Once fatigue is attained,
force production falls due to contractile properties and reduction of calcium release from the
sarcoplasmic reticulum. PCr supply depletes and the mean cytoplasmic ATP concentration
decreases because it is converted into ADP-AMP-IMP. Free cytoplasmic magnesium increases
because the break down products of ATP have a lower affinity, whereas resting ATP has a high
affinity for magnesium. The rise in free magnesium concentration seems to be a factor in
reducing calcium release, because an increase in free magnesium has been shown to cause a
block of depolarization-induced calcium release (53, 54).

Magnesium and exercise
Numerous studies, such as marathon running, long distance cross-country skiing, cycle
ergometry, swim training, and tennis have examined the effects of exercise on intracellular
blood, urine, sweat and muscle magnesium levels (12, 26, 41, 51, 88, 93). Overall, studies have
found that submaximal exercise leads to hypomagnesium: a transient decrease in plasma Mg
concentrations. Magnesium deficiencies reduce physical performance and the magnesium state
may have an effect on exercise capacity (18, 44, 52, 61, 87). Cellular levels of ATP and creatine
phosphate appear to become rapidly depleted with magnesium deficiency (87).
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Magnesium in blood
Erythrocyte magnesium studies have produced conflicting evidence, yet this is the most
common method of collection. Some studies indicate that a decrease in plasma magnesium
concentration is due to the shift of magnesium into the red blood cells (64, 85, 89, 102, 119)
while other studies have shown a decrease in cellular magnesium rather than an increase in
erythrocyte magnesium. Although the means to depletion is debated, numerous investigators
have verified a reduction in serum or plasma magnesium concentrations with exercise (12, 23,
26, 51).

Magnesium in sweat and urine
Strenuous exercise can also cause increased magnesium excretion through sweat and
urine. It is difficult to obtain accurate measurements through excretion due to the fact that these
processes are homeostatically regulated. Studies have found ssignificant decreases in urinary
excretion of Mg in prolonged submaximal exercise where the excretion increases during the
recovery period to reach levels higher than those measured before exercise (31, 58).

Magnesium and soft tissue
Approximately half of the total body magnesium is found in the soft tissue. Seven and
nine mmol of magnesium per kilogram of wet tissue is found in skeletal muscle and liver (112,
113) while free magnesium ranges from 0.3 and 3.0 mmol/L (21). Corkey et al. (21) found that
small changes in the total cell magnesium may affect larger changes in the free magnesium.
Decreases in magnesium during exercise have been linked to possible shifts of magnesium from
the extra cellular fluid to skeletal muscle. Exercising muscles appear to slowly increase in
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magnesium content, which is paralleled by a decline in plasma magnesium concentration. This
suggests that serum magnesium reduction could be explained by the redistribution into the
muscle during heightened metabolic need (23).

Magnesium and MRS
In previous years, needle biopsies were the most common method to examine muscle
metabolism, yet magnetic resonance spectroscopy is quickly becoming the preferred method due
to its non-invasive nature (24, 25). Numerous studies have suggested that MRS can be used to
measure and track intracellular magnesium changes, which have been linked to changes in
energy metabolism (30, 36, 60, 63, 75, 108).

According to previous research, the resting

magnesium concentration in healthy individuals is expected to be 0.36mM ± 0.5mM (75).
Resnick et al. (90) found a decrease in erythrocyte free magnesium in untreated subjects with
hypertension. Approximately ten percent of the environmental magnesium is in the form 25Mg
and can be determined with NMR (92).

Near-infrared spectroscopy (NIRS)
NIRS is a noninvasive method used to quantify changes in tissue oxygen levels. Difficult
to quantify NIRS, therefore, the units are expressed in arbitrary unit called optical density.
Various wavelengths of light are absorbed by the oxygenated and deoxygenated forms of the
heme groups. Due to the fact that NIR varies among individuals, it is commonly calibrated by
the range of muscle oxygenation caused by arterial occlusion after reactive hyperemia (13). It is
assumed that a minimum of 5 minutes of ischemia will flush out HbO2 and that reactive
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hyperemia will eliminate HHb. Numerous studies have evaluated skeletal muscle using this
approach (29, 43, 49, 81, 82, 34).

Electromyography (EMG)
Measures the muscles electrical activity by detecting small electrical potentials from the
muscle. Surface EMG is noninvasive and gives information on overall muscle function. Many
studies have examined exercise and EMG activity (80, 111).
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CHAPTER THREE

THE EFFECTS OF STRENOUS EXERCISE ON INTRAMUSCULAR MAGNESIUM
CONCENTRATIONS AND MUSCLE METABOLISM

T N Turner, Q. Zhao, and K K McCully, to be submitted to NMR in Biomedicine
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Abstract
31

P magnetic resonance spectroscopy (31P MRS) has been used to measure phosphorous

containing compounds in skeletal muscle. Perhaps the most established use has been to measure
muscle oxidative metabolism using the rate of recovery of phosphocreatine after exercise,
although intramuscular magnesium concentrations have been measured using the frequency shift
of the beta-ATP peak. The purpose of this study was to evaluate our ability to measure muscle
metabolism and intramuscular magnesium in the quadriceps muscles twice before and twice after
two hours of moderate intensity walking. Twelve normal, healthy male volunteers were tested in
a 3 Tesla magnet. In vivo phosphocreatine (PCr) recovery kinetics was measured after 30-39
second bouts of isometric exercise. Out of 12 subjects, the data from one subject was not used.
The mean end exercise PCr was 47.6% and the mean end exercise pH was 6.97. PCr recovery
averaged 39 seconds (p = 0.892) and had an interclass correlation coefficient between days (ICC)
of 0.819. Intramuscular magnesium concentrations averaged 0.388 mM and had a COV%
between days of 7.91%. Prior strenuous exercise did not produce significant alterations in either
PCr recovery kinetics or intracellular magnesium levels (p = 0.440). In conclusion, despite
excellent signal to noise values, PCr recovery after exercise has modest reproducibility. In
addition, prior exercise is unlikely to alter measurements of resting metabolites or muscle
metabolism.
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Introduction
Phosphocreatine recovery kinetics have been measured using 31P magnetic resonance
spectroscopy (MRS) in various magnet strengths, subject populations, and muscle types with
differing exercise intensities (6, 33, 39, 45, 65, 73, 74, 77, 110, 114, 121). While PCr has been
studied extensively, the reproducibility of these measurements inbetween or within days has only
been statistically quantified in a few papers. With the advent of new magnet spectroscopy
systems and the use of different exercise modalities, there is a definite need to characterize the
reproducibility of these important measurements. Also, the majority of these studies examine
recovery kinetics in the calf muscles and use an in magnet ergometer to deplete phosphocreatine
(PCr). While in magnet ergometers are a sufficient means to aid in the depletion of PCr, they
can be a major limiting step in performed PCr recovery tests. Restrictions of the magnet place
certain size and magnetic limitations on the ergometers, which often require that each ergometer
be custom built. The ability to perform PCr recovery tests without the use of an ergometer
would be a definite advantage.
It is not clear what factors may effect mitochondrial function. Studies have examined
age, varying work intensities, and patient populations (69, 72, 76, 114). While the effects of
training have been examined (68), it is unclear what effects vigorous activity will have on muscle
oxidative capacity in a healthy population
Resting metabolism has been measured using MRS and it is hypothesized that changes in
intramuscular magnesium concentrations may be a potential marker for abnormal mitochondria
function (75). Magnesium is a cofactor in ATP dependent reactions and provides stability to
ATP by binding and aiding in the transfer of phosphate groups. Due to this characteristic, shifts
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in either magnesium or ATP concentrations may lead to impaired energy metabolism. Several
previous studies have suggested that patients with enhanced fatigue have altered intramuscular
magnesium levels (70). Blood measurements of intracellular magnesium have been shown to be
sensitive to inflammation, although little is know about how intramuscular magnesium might
response to inflammation. It is plausible to speculate that alterations in magnesium will affect
the energy metabolism in the muscle. However, intracellular magnesium measurements are
rarely reported and it is not clear how reproducible they are or whether such measurements are
sensitive to prior physical activity.
The purpose of this study was to: 1) determine the reproducibility of measurements of the
time constant of PCr recovery and intramuscular magnesium concentrations, and 2) to evaluate
how muscle magnesium and mitochondrial function through PCr kinetics are affected by prior
long duration exercise. It was hypothesized that reliability of the measurements would be within
commonly accepted standards and that prior exercise would alter intracellular magnesium and
the time constant of PCr recovery.

Methods
Subjects
A total of 12 healthy, college aged males (mean age= 22 ± 1.9 yrs) were recruited
because of their athletic ability and low subcutaneous fat. The physical characteristics of the
subjects are shown in Table 3.1. All subjects participated in physical activity at least twice a
week and were capable of performing multiple isometric contractions of the quadriceps muscle
for forty seconds each. The study was conducted with the approval of the Institutional Review
Board at the University of Georgia and all subjects provided written informed consent.
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Experimental design
A one group with repeated measures design was used in this study. Each subject had a
total of five test days which included one familiarization testing session followed by 4 test
sessions separated by 1-30 days. Initially, a familiarization trial was preformed in the lab where
maximal voluntary isometric contractions and oxygen saturation in the muscle were measured.
The next four testing sessions were preformed in the 3 Tesla large bore magnet at the Biomedical
Imaging Research Center in the Coverdale building where MRS was preformed to collect
intramuscular magnesium, ATP concentrations and PCr recovery kinetics. Testing session three
involved a strenuous exercise protocol where the subjects preformed vigorous incline treadmill
walking for two hours in the lab. During this exercise, heart rate, perceived exertion and EMG
activity of the quadriceps were collected. Thirty to sixty minutes post exercise, MRS was used
to evaluate intramuscular magnesium, ATP concentrations and PCr recovery kinetics. Testing
session four was preformed one to three days post exercise and was identical to testing sessions
one and two. Each subject reported no physical activity twenty-four hours prior to testing other
than the exercise performed in this study.

Maximal voluntary isometric contraction (MVIC)
Muscle EMG measurements were made to acclimatize the subjects to the isometric
exercise protocol. MVIC was quantified using EMG activity of the right quadriceps during
various durations. Two electrodes were placed approximately three and five inches above the
knee along the vastus lateralis. A grounding electrode was placed on the knee cap. Signals were
sent into a data acquisition system (Biopac) set to collect at 2000 samples per second. The
subject lay supine and was instructed to maximally contract the quadriceps muscle with and
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without visual feedback of the EMG activation. Between each subsequent MVIC exercise the
subject was allowed to rest for approximately five minutes. The subject would perform two 20
second warm up contraction and one 40 second contraction without visual EMG feedback. One
40 second contraction while watching the EMG activity of the vastus lateralis was then collected,
which was followed by two 40 second contractions without visual feedback. The root mean
squared signal during each contraction was calculated and analyzed.

Muscle oxygen saturation
Muscle oxygen saturation was measured during isometric exercise to estimate muscle
activation prior to making MRS measurements. Muscle oxygen saturation was quantified using
continuous wavelength near infrared spectroscopy (NIM, Inc Philadelphia PA). Eight channels
with a separation distance of 3 cm were collected at 3 Hz. The subject remained in the supine
position while a sensor was placed on the vastus lateralis of the right quadriceps and wrapped
with an athletic bandage. A blood pressure cuff was placed as proximal on the upper leg as
possible, see Figure 3.1. The subject performed a 40 second MVIC with vocal encouragement
and after two minutes of recovery the muscle was made ischemic for 10 minutes using a blood
pressure cuff inflated to 220mmHg. Recovery data was collected for three to five minutes after
the cuff was released. Oxygen saturation signals during exercise were normalized to the
minimum value during ischemia and the maximum value during reactive hyperemia.

Intramuscular magnesium and ATP concentrations
Resting measurements of magnesium and ATP were taken using MRS in a 3 Tesla whole
body magnet (GE Medical). A pair of coils (1H and 31P) were placed on the vastus lateralis of
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the subject’s right quadriceps. Resting spectra were acquired every 3 seconds until 120 scans
were taken. The resulting spectra were phased and averaged in a custom analysis program
(Winspa, Ronald Meyer, Michigan State University). The area under the curve for each peak
(Pi, PDE, PCr, α ATP, β ATP, and Γ ATP) was determined using integration. Magnesium and
pH were calculated using the following equations:
pMg=4.24-log((18.58-βATPshift)^0.42/(-15.74+βAPTshift)^0.84
Mg=10^(-PMg)*100
pH=6.77+log((Pishift-3.27)/(5.68-Pishift))

Phosphocreatine recovery kinetics
Once resting measurements of magnesium and ATP were taken, the subject performed a
30-39 second duration MVIC to deplete PCr. The subject was then instructed to remain as still
as possible while recovery data was collected for approximately four minutes. This procedure
was repeated two or three times. Phosphocreatine peaks were determined from peak heights
from individual spectra using a MatLab routine. PCr peak heights during recovery after exercise
were fit to an exponential curve:
PCr=End-Delta*Exp(-Time/Tc)
Exercise protocol
Incline treadmill walking was performed for two hours where the subjects reached a
target level that was between forty and sixty percent of their heart rate reserve. During this time,
speed/grade variations, EMG activity, heart rate and perceived exertion were collected. The
subject remained seated for approximately thirty minutes to establish a resting heart rate. During
this time, two EMG electrodes were placed on the vastus lateralis of the right quadriceps
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approximately three and five inches above the knee and one electrode on the knee cap. All
outputted into Biopac hardware in conjunction with Acknowledge Software set to collect at 2000
samples per second. The area was shaved and or sprayed with adhesive prior to electrode
placement. Athletic tape and bandages were then wrapped around the knee and quadriceps. To
measure EMG activity, the subject was instructed to remain seated with the right leg elevated
perpendicular to the torso and perform two 3 second MVICs. The subject immediately got on
the treadmill where 120 seconds on EMG walking activity was collected. This procedure was
repeated every 30 minutes. A percentage of activation of the vastus lateralis was calculated using
the 120 seconds of walking compared to the maximal EMG activity calculated for the three
second MVICs. Polar heart rate monitors were used to ensure the heart rate reserve remained
between forty and sixty percent and Borg scale measurements were used to quantify perceived
exertion. Both measurements were collected every 10 minutes and speed/grade was adjusted
between 3-5mph and 5-8% respectively to ensure the testing remained submaximal. To ensure
exercise intensity remained consistent between subjects, heart rate reserve was calculated using
the Karvonen Formula:
220 - Age = Maximum Heart Rate
Max Heart Rate - Rest. Heart Rate x Intensity + Rest. Heart Rate = Heart rate reserve
Subjects were allowed to drink 32 ounces of water or a sports beverage.

Statistical analysis
All values are reported as means ± standard deviation. Repeated measures ANOVA and
Reliability measures (SPSS) were conducted to evaluate the variation between and within days.
Independent sample t-test (SPSS) was conducted to compare mean EMG differences pre and
post visual feedback. A linear regression was used to evaluate whether oxygen saturation as a
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percentage of exercise could predict a person’s end exercise PCr. Analysis were conducted with
statistical significance accepted at α = 0.05.

Results
Reproducibility
Based on exclusion criteria for PCr recovery kinetics, eleven of the twelve subjects were
successful. At least a 20% depletion of PCr and an r2 value above 0.6 was set to evaluate the
success of each subject. Although adequate depletion was attained during post test 2, one subject
was rejected because adequate depletion was not attained during the initial pre tests. Three of
the remaining one hundred and thirty two tests were excluded because the r2 value was below 0.6
and two other tests were incomplete. A total of eleven subjects and one hundred and twenty
seven tests were analyzed. Based on exclusion criteria for Mg and ATP concentration, all twelve
subjects were analyzed. A signal to noise ratio of 7:1 was set as exclusion criteria. The mean
signal to noise ratio for all subjects was 47:1. Tables 3.2-3.4 show the reproducibility
measurements for PCr recovery kinetics, various compounds and [Mg+2]. PCrTc had a COV%
between days of 18.4% and a COV% within days of 8.43%. ICC between and within days for
PCr was calculated as 0.819 and 0.928 respectively. End exercise PCr had an ICC between days
of 0.87 and a COV% of 11.1%. Intramuscular magnesium had an ICC between days of 0.352
and a COV% between days of 7.91%.

NIRS and EMG
Figure 3.3 demonstrates a mean desaturation of 47% after exercise (sd=20.0, n=12) and a
mean of 83% during rest (sd=4.62, n=12) using NIRS. EMG showed a mean level activation of
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76mV (sd=43.8mV) during the pre forty second MVIC. The forty second MVIC in which visual
feedback of the EMG signal was given had a mean level of activation of 92mV (sd=48.5mV).
Two post visual forty second MVICs had a mean activation of 89mV and 90mV (sd=50.6 and
44.7) respectively.

Muscle metabolism measure as PCr recovery kinetics
Representative resting spectra are shown in figure 3.5. Signal to noise had a ratio of
approximately 1:47 . Figure 3.5 also demonstrates PCr values at the end of exercise. Mean
values for end exercise PCr were 46.0% for pretest 1, 52.0% for pre test 2, 48.9% thirty to sixty
minutes post exercise, and 43.5% one to three days post exercise. See Table 3.2. pH and Pi/PCr
at the end of exercise and rest are also show in Table 3.2. NIRS percent exercise was a poor
predictor of PCr end exercise. (F=0.132, p=0.724). See figure 3.6.
PCr recovery time constants were 39.9 seconds, 39.0 seconds and 38.7 seconds on
average for pre test one, pre test two, and one to three days post exercise (sd=12.7 seconds, 16.9
seconds, and 12.4 seconds). Mean recovery time constant thirty to sixty minutes post exercise
was 37.5 seconds (sd=14 seconds). Figure 3.7 represents the mean exponential recovery curve
for PCr. Mauchly’s W was not significant (0.567, p=0.424) so sphericity was not violated. It
was statistically significant that there was no change in the PCr recovery kinetics (F=0.206,
p=0.892, df=3) between the four test days. See Figure 3.8.

Intramuscular magnesium concentrations
Magnesium levels averaged 0.414 and 0.376 mmol (sd=0.151 and 0.034) over the initial
pretests. A significant difference thirty to sixty minutes post exercise (p = 0.386, sd=0.035) and
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one to three days post exercise (p = 0.375, sd=0.037) was not found. See table 3.3. Figure3.9
demonstrates that there was no difference in intracellular magnesium concentrations with
exercise. Mauchly’s W was significant (W=0.030, p <0.001); therefore, Greenhouse-Geisser
was used to show that there was no statistically significant evidence that the mean intramuscular
magnesium concentration differed between the four test days (p=0.440).

Discussion

This study was successful in measuring PCr recovery in the quadriceps of eleven of the
twelve subjects. We found Tc recovery values that were higher than the values reported by
others in the calf and quadriceps for a normal, healthy population. Haseler et al (33) reported a
recovery time of 25.0 ± 2.7 s in the calf of six healthy men and Walter et al (114) reported a
time constant of 32.1 ± 9 s for the calf. McCully et al (72) examined recovery kinetics in the
calf of young (28.3 ± 6.8 years) and old (66.0 ± 6.0 years) subjects. McCully et al (72) reported
that four young subjects had a recovery time of 31.0 ± 5.3 s and six older subjects had a recovery
time of 56.7 ± 21.6s. Values reported for the quadriceps were also different than our reported
values. Barker et al. (3) reported a time constant to recovery using the quadriceps of eight male
subjects of 23 ± 9 s. McKeough et al. (78) found a half time to recovery for the quadriceps in
five male subjects of 35 ± 3 s. In an abstract submitted to ACSM, Williams et al. (117) found a
time constant to recovery that was more closely related to our results. They found that the
quadriceps of seven male subjects had a recovery time constant of 38 ± 4 s, where our subjects
had a mean recovery time constant of 39.9 ± 12.7 s during pre test one. While our subjects had a
mean age of twenty two, they appear to have a recovery time constant of an older population (72)
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or a comprisomized population (110). It is unclear what factors may have led to this difference.
Our data had good signal to noise of approximately forty seven to one and a reasonable curve fit
that was greater than r2=0.6. Since the data does not appear to be a contributing factor to the
variation from other reported scores, it is possible that an analysis which is independent of pH
should be used. Toussaint et. al. (110) found that eight healthy males had a recovery time in the
calf of 31.8 ± 7.6 s before correction for changes in pH. After the pH corrections in three of the
eight subjects, recovery values decreased to 27.5 ± 8.0 s. Walter et. al (114) examined the
difference between using kmax (1/Tc) versus Vmax as a means to evaluate PCr recovery kinetics in
the calf. Vmax is independent of pH changes because it estimates a time constant from the slope
of the first initial points of the PCr recovery curve. There was not a mean pH change within our
subjects, yet differences within each test were noted. These slight changes may account for the
variation, therefore a Vmax calculation may be beneficial in determining an accurate time constant
to recovery.
Our successful measurement of PCr recovery differed from previous studies in that we
did not use an in magnet ergometer. We found that a MVIC of the quadriceps was sufficient to
deplete PCr and generate a nonoexpotential recovery curve. This agrees with the results found
by Karlsson et al. (42). They found a significant difference between resting phosphocreatine
values compared to end values at thirty, fifty, and eighty percent MVIC. The use of a MVIC is
advantageous because it excludes the size and magnetic limitations of inmagnet ergometers. It
serves to facilitate a pathway for more PCr recovery studies due to the ease and reduced cost of
measurement. Previous studies also were biased toward measurements in the calf, which can be
explained by the ease of contraction using an ergometer. Success using voluntary isometric
contractions will allow for a wider range of muscles to be examined. It is possible to speculate
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that the successful MVIC may be contributed to the EMG practice each subject preformed prior
to the initial pretest. It cannot be stated with certainty that this was the driving force behind the
success due to the fact that all subjects practiced the MVIC with EMG feedback. Future studies
are needed to compare subject performance and subsequent results with and without prior
practice.
The reproducibility of our PCr recovery data was also verified. We have been able to
find three studies which statistically document the validity of such measurements (55, 71, 114).
Similar to our PCr recovery data, the variability between and within days for our measurements
were higher than those previously reported. Walter et al (114) tested four people on two
different days and found a kpcr COV% of 8, 9 and 10% for varying workloads and durations in
the calf muscle. This is similar to a study by McCully et. al (71) who also examined the COV%
in the calf for varying work intensities within the same day. They found a within subject
variation for PCr recovery time of 13% between different work loads. Larson-Meyer et al (55)
found a COV% of 5.0 ± 2.9s after testing the calf of eight female subjects one month apart. Our
study tested eleven male subject’s quadriceps and found a COV% of 8.43% and 18.4% for
within and between days. While the reported data on reliability appears to disagree, we are
unsure as to the discrepancies in the large variation between our data and the reported. To our
knowledge, our study has quantified reproducibility with the largest sample size. It is possible
that the increased variation was due to the different testing/retesting times of each subject, which
was between 1-30 days. Yet, based on the reproducibility results of Larson-Meyer et al. (55), it
can be argued that one month test/retest resulted in extremely reproducible data. Also our
subjects stated that their physical activity did not change from the start to completion of the study

27

and it is unlikely that mitochondrial adaptations would occur in thirty days to account for such
variability. More testing is necessary to validate these measurements.
This study also found that we could make resting measurements of intramuscular
magnesium concentrations in the quadriceps. Magnesium has successfully been studied in the
brain and other tissues using
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P MRS (2, 16, 38, 59, 60, 66). Previous studies have used

AMARES to analyze each spectra, but we chose WinSpa due to the inability of AMARES to
precisely phase each spectra. During this study, we found that slight alterations in the phasing of
the β-ATP peak led to large changes in the reported magnesium concentrations. If the phase
diverged from the baseline, thereby altering the detectable area under the curve by 0.01 degrees,
the resulting magnesium concentration could vary between approximately seven and nineteen
percent. This large range highlights the sensitivity of these measurements to proper phasing;
therefore we chose to integrate the area under the curve using WinSpa. Although we chose
different methods of analysis that ensured the most accurate phase, our results were higher than
what we would have predicted based on the literature. In a study by Iotti et al. (37) the
magnesium concentration in the calf was found to be 0.32 mmol and Malucelli et al. (63) found a
similar concentration in the calf of 0.31mmol. We reported values that were higher in the
quadriceps during the two pre testing sessions; they averaged 0.41 and 0.38 respectively and
were more closely related to the values reported in the calf by Ryschon et al. (97). We are unsure
as to the discrepancy between the literature reported values and ours.
The reproducibility between days for intramuscular magnesium was higher than the
predicted literature values.

Ryschon et al. (97) looked at the COV% when the coil was

repositioned on the calf in five subjects between each of the five acquisitions. They found a
COV% that was less than 6.1% for each subject. Wray et al. (116) calculated the variability
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between days and found a variation of 4.1% when evaluating magnesium levels in the calf. We
found a significantly higher variability of 7.91% between days in the vastus lateralis. We are
unsure why our variability is higher due to the fact that we had good signal to noise. We
expected to find relatively reliable results between days due to the fact that our signal to noise
was forty seven percent better with two hertz line broadening and that we collected and averaged
a total of one hundred and twenty scans. The higher sample size aided our improved signal to
noise ration due to the fact that the ratio increases with the square root of the sample size. This
variation between days may not be entirely due the ability of our 3T magnet to make such
measurements, but may represent inconsistencies in the analysis, such as phasing.
We did not find any effect of exercise on oxidative metabolism or intramuscular
magnesium concentrations. It was hypothesized that since magnesium is involved in numerous
enzymatic reactions, changes in its concentration would alter metabolism. Numerous studies
have reported sweat, urinary, and blood magnesium changes with exercise. Bohl et al. (10)
stated that exercise is a stressor that may upset body magnesium homeostasis because it is
associated with increased magnesium excretion through sweat and urine. Consolazio et al. (19)
estimated that during endurance exercise, the sweat loss of magnesium was about one percent of
the total body content. Excretion of magnesium has also been evaluated from urinary losses.
Lijnen et al. (58) examined urinary magnesium losses in healthy males prior, immediately post,
and twelve hours after a marathon. They found a significant increase in urinary magnesium
excretion twelve hours post as compared to premarathon levels. Rose et al. (93) was the first to
report a serum magnesium decrease after a marathon. They studied eighty highly trained males
and found a significant mean decrease in serum magnesium levels post-marathon compared with
pre-marathon values. Since this study, researchers have hypothesized that decreases in serum or
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plasma magnesium levels may be due to shifts of magnesium into erythrocytes (12, 88), adipose
(26, 51), or shifts of magnesium from the extracellular fluid into skeletal muscle . It was
hypothesized by Costill et al. (22) that the reduction in serum magnesium is due to the
redistribution of magnesium into the skeletal muscles during exercise because of the increased
metabolic need. While changes in sweat, urinary, and blood have been extensively evaluated,
changes in muscle magnesium have been researched to a lesser degree. Lamb et al. (53) found
that muscle magnesium levels increase significantly during exhaustive exercise. They believe
that this increase in magnesium would inhibit the release of calcium from the sarcoplasmic
reticulum. Blasev and Lamb (7) examined the effect of increased free magnesium levels, low
ATP concentration, and increased AMP and IMP concentrations on calcium release in skinned
rat skeletal muscle fibers. They found that calcium release is controlled by concentrations of
ATP, AMP, IMP and magnesium. They hypothesized that the reduction in calcium may be due
to higher free magnesium levels and lower ATP concentrations near the calcium release
channels. The purpose of our study was to test the effect of long duration exercise on
intramuscular magnesium levels. We found that two hours of vigorous walking did not alter
magnesium concentrations in the muscle when measured pre/post exercise. This may be due to
the fact that the vigorous walking did not adequately activate the quadriceps muscles. EMG
showed that only two percent of the quadriceps were active during the exercise. Since the
quadriceps did not reach exhaustion, it is unlikely that magnesium changed significantly. Due to
the decreased activation, a very small effect size (0.06) was detected. The precision of our
measurements would allow us to detect a ten percent change, but the overall effect in our study
was too small. From this study, we can state that two hours of vigorous walking does not alter
magnesium in the quadriceps. We are not sure of the effect of prior vigorous exercise on the calf
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or the effects of a more strenuous prior exercise protocol that targets the quadriceps. Further
research with an exercise protocol that adequately fatigues the quadriceps in necessary to
reevaluate changes in exercise induced magnesium concentrations.
Numerous studies have examined the effects exercise using varying work intensities to
deplete phosphocreatine concentrations. Arnold et al. (1) found that the rate of PCr resynthesis
was slower following heavy exercise where subjects squeezed a rubber bulb of a
sphygmomanometer for 150 seconds at 500mmHg when compared to light exercise of a 270
second contraction at 100mmHg. McCann et al. (65) examined PCr recovery in the forearm of
four adult males during moderate and heavy exercise. PCr recovery time constants for moderate
work were found to be 35 ± 13.2s while heavy work showed an increased time constant to
recovery of 50 ± 22.9s. Other studies have evaluated the metabolic effects of training. In a
study by Kent-Braun et al. (48) seven subjects preformed wrist curls five days a week for eight
weeks and they concluded that the training led to an increased capacity of oxidative metabolism..
Other studies have shown increases in mitochondria, oxidative enzymes (28, 35) and capillary
density (56) as a result of training. Other studies have looked at the effects of prior exercise,
such as a warm-up, on PCr recovery kinetics. McCann et al. (65) found a difference between the
initial work bout and subsequent work bouts in the forearm of four male subjects. To correct for
these differences, each subject preformed a warm-up contraction that was approximately half the
length of a single moderate intensity contraction was preformed. Walter et al. (114) also
measured PCr recovery kinetics in the gastrocnemius of eight male subjects, measured as Vmax,
with and without a warm-up and did not find a significant difference in the times to recovery.
They concluded that unlike whole body oxygen consumption, which requires several minutes to
achieve maximal values, large muscle ATP synthesis rates can be achieved without prior warm-
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up. Our results agreed with Walter et al. (114) in that no difference between initial and
subsequent contraction were seen. It has been hypothesized that an intense warm-up will
enhance muscle oxygen delivery (17, 27), therefore, PCr recovery may be altered due to oxygen
availability (33). It is also possible that changes in magnesium concentration may effect the rate
of PCr recovery because decreases in bound magnesium may limit these phosphorylation
reactions. Since magnesium in a primary stabilizing cofactor in ATP dependent reactions (10,
101), changes in bound magnesium levels may alter the phosphorylation and dephosphorylation
of the mitochondrial ATP (95). The phosphate from the mitochondrial ATP is used to
rephosphorylate PCr; therefore, changes in this oxidative metabolism may be reflected through
magnesium concentrations and/or phosphocreatine recovery kinetics (95). Our prior exercise
differed from Walter et al. (114) and McCann et al. (65) in that vigorous incline walking was
preformed for two hours in place of a short duration exercise protocol. No difference in PCr
recovery kinetics were seen as a result of the long duration exercise. Since no changes in
magnesium were detected post exercise, PCr remained consistent and we concluded that
oxidative metabolism measurements in the quadriceps are not effected by prior vigorous activity.
These results have significant implications on future muscle metabolism studies. In the past,
subjects restrained from vigorous physical activity twenty-four hours prior to testing, but these
results have shown that the measurements are more robust. The potential limitations to this
conclusion is the intensity of the prior exercise and the target muscle to be studied. Since only
two percent of the vastus lateralis was activated during the long duration exercise protocol, it is
plausible that a change in either magnesium or phosphocreatine was not evident due to the
inactive muscle fibers. The effect of walking on the calf muscle were not evaluated; therefore
only the effects of exercise on muscle metabolism can be evaluated. To our knowledge, this is
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the first study to evaluate PCr recovery using 31P MRS after long duration exercise and further
tests are necessary to establish the reliability of these measures
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CHAPTER FOUR
Summary and Conclusions
While we were unable to identify changes in PCr recovery kinetics or magnesium
concentrations after two hours of vigorous exercise, this study did discover valuable information
that will benefit future research in this area.
The majority of studies that examine muscle metabolism through PCr recovery use in
magnet ergometers as a means to deplete PCr. The problem with this is that in magnet
ergometers are expensive and time consuming to create. To our knowledge this is one of the first
studies to examine PCr recovery using a maximal voluntary isometric contraction of the
quadriceps. This is valuable because it demonstrates that ergometers are not necessary to
successfully evaluate recovery kinetics in healthy humans. This study shows that if a subject is
capable of performing isometric contraction, adequate depletion of PCr will be achieved and the
mitochondrial function quantified.
Valuable information was also found concerning prior exercise and metabolism in the
quadriceps. In the past, subjects were required to not perform any vigorous physical activity
twenty four hours prior to testing. It is now known that these measurements are more robust.
This study shows that magnesium concentrations and muscle metabolism in the quadriceps are
not effected to a detectable difference after long duration submaximal exercise. This increases
the availability of potential subjects to be tested by extending the population to athletes who
normally perform daily physical activity part of their training regime. In the past, recruitment of
this type of population was more difficult because the subject was forced to deviate from their
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prescribed exercise training. This information also benefits the researcher because it is
now known that the results will not be altered if a subject jogs to the magnet. Magnet time is
expensive, and if the researcher expects that the results may be compromised, the test will be
canceled. This not only wastes the researcher and subject’s time, but slows the progression of
the study. It was shown that if a subject is late and rushes to the magnet, the researcher can be
confident that this slight change in physical activity will not alter metabolism results in the
quadriceps.
Parameters for muscle metabolism in healthy individuals have been established and can
now be compared to various compromised populations. This is beneficial because training
programs to improve muscle metabolism can now be related not only to pre/post improvements
within subjects, but also provide a baseline for comparison between healthy and compromised
individuals. One example is PCr recovery in SCI subjects. Impaired muscle metabolism is a
contributing factor to their deteriorating health. Current policy states that there is no physical
benefit of exercise for complete SCI patients and only provides temporary mental benefits. It is
now possible to evaluate whether exercise can improve muscle metabolism in complete SCI
patients. If the above is true, exercise protocols will now be assigned to all complete and
incomplete patients as a means to improve mental and physical health.
This study also had an impact on future studies on magnesium. It was learned that the
spectra phase is critical to achieve reliable results. Small shifts in the β-ATP correspond to large
magnesium concentration changes.

35

CHAPTER FIVE
References
1.
2.
3.
4.
5.
6.
7.
8.
9.
10.
11.
12.
13.

Arnold DL MP, Radda GK. Metabolic recovery after exercise and the assessment of
mitochondrial function in vivo in human skeletal muscle by means of 31P-NMR. Magn
Reson Med 307-315, 1984.
Barbiroli B, Iotti S, Cortelli P, Martinelli P, Lodi R, Carelli V, and Montagna P.
Low brain intracellular free magnesium in mitochondrial cytopathies. J Cereb Blood
Flow Metab 19: 528-532, 1999.
Barker AR, Welsman JR, Fulford J, Welford D, and Armstrong N. Muscle
phosphocreatine kinetics in children and adults at the onset and offset of moderate
intensity exercise. J Appl Physiol 2008.
Bendahan D, Confort-Gouny S, Kozak-Reiss G, and Cozzone PJ. Heterogeneity of
metabolic response to muscular exercise in humans. New criteria of invariance defined
by in vivo phosphorus-31 NMR spectroscopy. FEBS Lett 272: 155-158, 1990.
Bernus G, Gonzaliz-DeSuso JM, Alonso J, Martin PA, Prat JA, and Carles A. 31PMRS of quadriceps reveals quantitative differences between sprinters and long-distance
runners. Medicine and science in sports and exercise 25: 479-484, 1993.
Binzoni T, Ferretti G, Schenker K, and Cerretelli P. Phosphocreatine hydrolysis by
31P-NMR at the onset of constant-load exercise in humans. J Appl Physiol 73: 16441649, 1992.
Blasev R, and Lamb, G. D. Low [ATP] and elevated [Mg+2] reduce depolarizationinduced Ca+2 release in rat skinned skeletal muscle fibers. J Physiol 520: 203–215,
1999.
Bogdanis GC, Nevill ME, Boobis LH, and Lakomy HK. Contribution of
phosphocreatine and aerobic metabolism to energy supply during repeated sprint
exercise. J Appl Physiol 80: 876-884, 1996.
Bogdanis GC, Nevill ME, Boobis LH, Lakomy HK, and Nevill AM. Recovery of
power output and muscle metabolites following 30 s of maximal sprint cycling in man.
The Journal of physiology 482 ( Pt 2): 467-480, 1995.
Bohl CH, and Volpe SL. Magnesium and exercise. Critical reviews in food science and
nutrition 42: 533-563, 2002.
Casey A, Constantin-Teodosiu D, Howell S, Hultman E, and Greenhaff PL.
Metabolic response of type I and II muscle fibers during repeated bouts of maximal
exercise in humans. The American journal of physiology 271: E38-43, 1996.
Casoni I, Guglielmini C, Graziano L, Reali MG, Mazzotta D, and Abbasciano V.
Changes of magnesium concentrations in endurance athletes. International journal of
sports medicine 11: 234-237, 1990.
Chance B, Dait MT, Zhang C, Hamaoka T, and Hagerman F. Recovery from
exercise-induced desaturation in the quadriceps muscles of elite competitive rowers. The
American journal of physiology 262: C766-775, 1992.

36

14.

15.
16.

17.
18.
19.
20.
21.
22.
23.
24.
25.
26.
27.
28.
29.

Chance B, Leigh JS, Clark BJ, Maris J, Kent J, Nioka S, and Smith D. Control of
oxidative metabolism and oxygen delivery in human skeletal muscle: a steady-state
analysis of the work/energy cost transfer function. Proc Nat Acad Sci 82: 8384-8388,
1985.
Chance B, Leigh JS, Jr., Kent J, McCully K, Nioka S, Clark BJ, Maris JM, and
Graham T. Multiple controls of oxidative metabolism in living tissues as studied by
phosphorus magnetic resonance. Proc Natl Acad Sci U S A 83: 9458-9462, 1986.
Clark BJ, 3rd, Acker MA, McCully K, Subramanian HV, Hammond RL, Salmons
S, Chance B, and Stephenson LW. In vivo 31P-NMR spectroscopy of chronically
stimulated canine skeletal muscle. The American journal of physiology 254: C258-266,
1988.
Cochrane JE, and Hughson RL. Computer simulation of O2 transport and utilization
mechanisms at the onset of exercise. J Appl Physiol 73: 2382-2388, 1992.
Conn CA, Schemme, R. A., Smith, B. W., Ryder, E., Henser, W. W., and Ku, P. K.
Plasma and erythrocyte magnesium concentrations and correlations with maximum
oxygen capacity. Magnesium Res 7: 27–36, 1988.
Consolazio CF, Matoush LO, Nelson RA, Harding RS, and Canham JE. Excretion of
sodium, potassium, magnesium and iron in human sweat and the relation of each to
balance and requirements. The Journal of nutrition 79: 407-415, 1963.
Cooke SR, Petersen SR, and Quinney HA. The influence of maximal aerobic power on
recovery of skeletal muscle following anaerobic exercise. Eur J Appl Physiol Occup
Physiol 75: 512-519, 1997.
Corkey BE DJ, Rich TL, Matschinsky B, Williamson, and JR. Regulation of free and
bound magnesium in rat hepatocytes and isolated mitochondria. J Biol Chem 2567-2574,
1986.
Costill D, and Wilmore JH. Physiology of Sport and Exercise. Human Kinetics, 2004.
Costill DL. Sweating: its composition and effects on body fluids. Annals of the New
York Academy of Sciences 301: 160-174, 1977.
Dyckner T, and Wester PO. Skeletal muscle magnesium and potassium determinations:
correlation with lymphocyte contents of magnesium and potassium. Journal of the
American College of Nutrition 4: 619-625, 1985.
Elin RJ. Assessment of magnesium status. Clinical chemistry 33: 1965-1970, 1987.
Franz KB, Ruddel H, Todd GL, Dorheim TA, Buell JC, and Eliot RS. Physiologic
changes during a marathon, with special reference to magnesium. Journal of the
American College of Nutrition 4: 187-194, 1985.
Gerbino A, Ward SA, and Whipp BJ. Effects of prior exercise on pulmonary gasexchange kinetics during high-intensity exercise in humans. J Appl Physiol 80: 99-107,
1996.
Gollnick PD, Armstrong RB, Saltin B, Saubert CWt, Sembrowich WL, and
Shepherd RE. Effect of training on enzyme activity and fiber composition of human
skeletal muscle. J Appl Physiol 34: 107-111, 1973.
Grassi B, Marzorati M, Lanfranconi F, Ferri A, Longaretti M, Stucchi A, Vago P,
Marconi C, and Morandi L. Impaired oxygen extraction in metabolic myopathies:
detection and quantification by near-infrared spectroscopy. Muscle & nerve 35: 510-520,
2007.

37

30.
31.
32.
33.
34.

35.
36.
37.
38.
39.
40.
41.
42.
43.
44.

Hancock CR, Brault JJ, Wiseman RW, Terjung RL, and Meyer RA. 31P-NMR
observation of free ADP during fatiguing, repetitive contractions of murine skeletal
muscle lacking AK1. American journal of physiology 288: C1298-1304, 2005.
Haralambie G. Changes in electrolytes and trace elements during long-lasting exercise.
In: In Metabolic adaptation to prolonged physical exercise, edited by Poortmans
HHJR1975, p. 340-351.
Harris RC, Edwards RH, Hultman E, Nordesjo LO, Nylind B, and Sahlin K. The
time course of phosphorylcreatine resynthesis during recovery of the quadriceps muscle
in man. Pflugers Arch 367: 137-142, 1976.
Haseler LJ, Hogan MC, and Richardson RS. Skeletal muscle phosphocreatine
recovery in exercise-trained humans is dependent on O2 availability. J Appl Physiol 86:
2013-2018, 1999.
Hiroyuki H, Hamaoka T, Sako T, Nishio S, Kime R, Murakami M, and Katsumura
T. Oxygenation in vastus lateralis and lateral head of gastrocnemius during treadmill
walking and running in humans. European journal of applied physiology 87: 343-349,
2002.
Holloszy JO. Biochemical adaptations in muscle. Effects of exercise on mitochondrial
oxygen uptake and respiratory enzyme activity in skeletal muscle. J Biol Chem 242:
2278-2282, 1967.
Iotti S FC, Alderighi L, Sabatini A, Vacca A, and Barbiroli B. In vivo (31)P-MRS
assessment of cytosolic [Mg(2+)] in the human skeletal muscle in different metabolic
conditions. Magnetic Resonance Imaging 18: 607-614, 2000.
Iotti S, Frassineti C, Alderighi L, Sabatini A, Vacca A, and Barbiroli B. In vivo
(31)P-MRS assessment of cytosolic [Mg(2+)] in the human skeletal muscle in different
metabolic conditions. Magn Reson Imaging 18: 607-614, 2000.
Iotti S, Frassineti C, Alderighi L, Sabatini A, Vacca A, and Barbiroli B. In vivo
assessment of free magnesium concentration in human brain by 31P MRS. A new
calibration curve based on a mathematical algorithm. NMR Biomed 9: 24-32, 1996.
Iotti S, Gottardi G, Clementi V, and Barbiroli B. The mono-exponential pattern of
phosphocreatine recovery after muscle exercise is a particular case of a more complex
behaviour. Biochimica et biophysica acta 1608: 131-139, 2004.
Jansson E, Dudley GA, Norman B, and Tesch PA. Relationship of recovery from
intensive exercise to the oxidative potential of skeletal muscle. Acta Physiol Scand 139:
147-152, 1990.
Joborn H, Akerstrom G, and Ljunghall S. Effects of exogenous catecholamines and
exercise on plasma magnesium concentrations. Clinical endocrinology 23: 219-226,
1985.
Karlsson J, Funderburk CF, Essen B, and Lind AR. Constituents of human muscle in
isometric fatigue. J Appl Physiol 38: 208-211, 1975.
Katayama K, Amann M, Pegelow DF, Jacques AJ, and Dempsey JA. Effect of
arterial oxygenation on quadriceps fatigability during isolated muscle exercise. Am J
Physiol Regul Integr Comp Physiol 292: R1279-1286, 2007.
Keen CL, Lowney P, Gershwin ME, Hurley LS, and Stern JS. Dietary magnesium
intake influences exercise capacity and hematologic parameters in rats. Metabolism:
clinical and experimental 36: 788-793, 1987.

38

45.
46.

47.

48.
49.
50.

51.
52.
53.
54.
55.

56.
57.
58.
59.

Kemp G, Thompson C, Barnes P, and Radda G. Comparisons of ATP turnover in
human muscle during ischemic and aerobic exercise using 31P magnetic resonance
spectroscopy. Mag Res Med 31: 248-258, 1994.
Kemp GJ, Hands LJ, Ramaswami G, Taylor DJ, Nicolaides A, Amato A, and
Radda GK. Calf muscle mitochondrial and glycogenolytic ATP synthesis in patients
with claudication due to peripheral vascular disease analysed using 31P magnetic
resonance spectroscopy. Clin Sci (Lond) 89: 581-590, 1995.
Kemp GJ, Taylor DJ, Thompson CH, Hands LJ, Rajagopalan B, Styles P, and
Radda GK. Quantitative analysis by 31P magnetic resonance spectroscopy of abnormal
mitochondrial oxidation in skeletal muscle during recovery from exercise. NMR Biomed
6: 302-310, 1993.
Kent-Braun J, McCully K, and Chance B. Metabolic effects of training in humans: a
31
P-MRS study. Journal of Applied Physiology 69: 1165-1170, 1990.
Kooistra RD, Blaauboer ME, Born JR, de Ruiter CJ, and de Haan A. Knee extensor
muscle oxygen consumption in relation to muscle activation. European journal of
applied physiology 98: 535-545, 2006.
Kuno S, Takahashi H, Fujimoto K, Akima H, Miyamaru M, Nemoto I, Itai Y, and
Katsuta S. Muscle metabolism during exercise using phosphorus-31 nuclear magnetic
resonance spectroscopy in adolescents. Eur J Appl Physiol Occup Physiol 70: 301-304,
1995.
Laires MJ, and Alves F. Changes in plasma, erythrocyte, and urinary magnesium with
prolonged swimming exercise. Magnes Res 4: 119-122, 1991.
Laires MJ, Rayssiguier, Y., Guezennec, C. Y., Alves,, and F. aH, M. J. Effect of
magnesium deficiency on exercise capacity in rats. Magnesium Res 2: 136, 1989.
Lamb GD, and Stephenson DG. Effect of Mg2+ on the control of Ca2+ release in
skeletal muscle fibres of the toad. The Journal of physiology 434: 507-528, 1991.
Lamb GD, and Stephenson DG. Effects of intracellular pH and [Mg2+] on excitationcontraction coupling in skeletal muscle fibres of the rat. The Journal of physiology 478 (
Pt 2): 331-339, 1994.
Larson-Meyer DE, Newcomer BR, Hunter GR, Hetherington HP, and Weinsier RL.
31P MRS measurement of mitochondrial function in skeletal muscle: reliability, forcelevel sensitivity and relation to whole body maximal oxygen uptake. NMR Biomed 13:
14-27, 2000.
Laughlin MH, Korthuis RJ, Sexton WL, and Armstrong RB. Regional muscle blood
flow capacity and exercise hyperemia in high-intensity trained rats. Journal of Applied
Physiology 64: 2420-2427, 1988.
Laurent D, Reutenauer H, Payen JF, Favre-Juvin A, Eterradossi J, Lebas JF, and
Rossi A. Discrimination between cross-country and downhill skiers by pulmonary and
local 31PNMR evaluations. Medicine and science in sports and exercise 25: 29-36, 1993.
Lijnen P, Hespel, P., Fagard, R., Lysens, R., Van den Eynde, E. & Amery, A. .
Erythrocyte plasma and urinary magnesium in men before and after a marathon. Eur J
Appl Physiol 58: 252-256, 1988.
Lodi R, Iotti S, Cortelli P, Pierangeli G, Cevoli S, Clementi V, Soriani S, Montagna
P, and Barbiroli B. Deficient energy metabolism is associated with low free magnesium
in the brains of patients with migraine and cluster headache. Brain Res Bull 54: 437-441,
2001.

39

60.

61.
62.
63.

64.
65.
66.
67.
68.
69.
70.
71.
72.
73.
74.
75.

Lodi R, Montagna P, Soriani S, Iotti S, Arnaldi C, Cortelli P, Pierangeli G, Patuelli
A, Zaniol P, and Barbiroli B. Deficit of brain and skeletal muscle bioenergetics and low
brain magnesium in juvenile migraine: an in vivo 31P magnetic resonance spectroscopy
interictal study. Pediatric research 42: 866-871, 1997.
Lukaski HC, Bolonchuk, W. W., Klevay, L. M., Milne, D. B., and Sandstead, H. H.
Maximal oxygen consumption as related to magnesium, copper, and zinc nutriture. Am J
Clin Nutr 407–415, 1983.
Mahler M. First-order kinetics of muscle oxygen consumption, and an equivalent
proportionality between QO2 and phosphorylcreatine levels. J Gen Physiol 135-165,
1985.
Malucelli E, Lodi R, Martinuzzi A, Tonon C, Barbiroli B, and Iotti S. Free Mg2+
concentration in the calf muscle of glycogen phosphorylase and phosphofructokinase
deficiency patients assessed in different metabolic conditions by 31P MRS. Dyn Med 4:
7, 2005.
Manore MM, Wells, C.L. & Lehman, W.R. . Blood magnesium and red blood cell
hemolysis following exercise in female runners consuming adequate dietary magnesium.
Nutr Rep Int 39: 787-796, 1989.
McCann DJ MP, Caton JR. . Phosphocreatine kinetics in humans during exercise and
recovery. Medicine and science in sports and exercise 27: 378-387, 1995.
McCully JD, and Levitsky S. Mechanisms of in vitro cardioprotective action of
magnesium on the aging myocardium. Magnes Res 10: 157-168, 1997.
McCully K, Fielding R, Evans W, Leigh Jr J, and Posner J. Relationships between in
vivo and in vitro measurements in metabolism in young and old human calf muscles.
Journal of Applied Physiology 75: 813-819, 1993.
McCully K, Kahihira H, and Vandenborne K. Noninvasive measurements of activityinduced changes in muscle metabolism. Journal of Biochemistry 24:Suppl.: 153-162,
1991.
McCully K, M. Forcia, L. Hack, E. Donlon, R. Wheatly, C. Otis, T. Goldber, and B.
Chance. Muscle metabolism during exercise in elderly subjects using 31-P magnetic
resonance spectroscopy (MRS). Can J Physiol Pharmacol 576-580, 1991.
McCully K, Natelson B, Iotti S, Sisto S, and Leigh J. Reduced oxidative muscle
metabolism in chronic fatigue syndrome. Muscle and Nerve 19: 621-625, 1996.
McCully K, Strear, C., Prammer, M. and Leigh, J. . Post-exercise recovery of
phosphocreatine as an index of oxidative capacity (Abstract). FASEB J 4: A1212, 1990.
McCully KK, Fielding RA, Evans WJ, Leigh JS, Jr., and Posner JD. Relationships
between in vivo and in vitro measurements of metabolism in young and old human calf
muscles. J Appl Physiol 75: 813-819, 1993.
McCully KK, Iotti S, Kendrick K, Wang Z, Posner JD, Leigh J, Jr., and Chance B.
Simultaneous in vivo measurements of HbO2 saturation and PCr kinetics after exercise
in normal humans. J Appl Physiol 77: 5-10, 1994.
McCully KK, Kakihira H, Vandenborne K, and Kent-Braun J. Noninvasive
measurements of activity-induced changes in muscle metabolism. J Biomech 24 Suppl 1:
153-161, 1991.
McCully KK, Malucelli E, and Iotti S. Increase of free Mg2+ in the skeletal muscle of
chronic fatigue syndrome patients. Dyn Med 5: 1, 2006.

40

76.
77.
78.
79.
80.
81.

82.
83.
84.

85.
86.
87.
88.
89.
90.
91.

McCully KK, Natelson BH, Iotti S, Sisto S, and Leigh JS, Jr. Reduced oxidative
muscle metabolism in chronic fatigue syndrome. Muscle & nerve 19: 621-625, 1996.
McCully KK, Vandenborne, K., DeMeirleir, K., Posner, J., Leigh, J.S., Jr. Muscle
metabolism in track athletes, using 31P magnetic resonance spectroscopy. Can J Physiol
Pharmacol 1353-1359, 1992.
McKeough ZJ, Alison JA, Bye PT, Trenell MI, Sachinwalla T, Thompson CH, and
Kemp GJ. Exercise capacity and quadriceps muscle metabolism following training in
subjects with COPD. Respiratory medicine 100: 1817-1825, 2006.
Meyer RA. A linear model of muscle respiration explains monoexponential
phosphocreatine changes. American Journal Physiology 254: C548-553, 1988.
Miller RG, Giannini D, Milner-Brown HS, Layzer RB, Koretsky AP, Hooper D,
and Weiner MW. Effects of fatiguing exercise on high-energy phosphates, force, and
EMG: evidence for three phases of recovery. Muscle and Nerve 10: 810-821, 1987.
Moalla W, Dupont G, Costes F, Gauthier R, Maingourd Y, and Ahmaidi S.
Performance and muscle oxygenation during isometric exercise and recovery in children
with congenital heart diseases. International journal of sports medicine 27: 864-869,
2006.
Moalla W, Merzouk A, Costes F, Tabka Z, and Ahmaidi S. Muscle oxygenation and
EMG activity during isometric exercise in children. Journal of sports sciences 24: 11951201, 2006.
Newhouse IJ, and Finstad EW. The effects of magnesium supplementation on exercise
performance. Clin J Sport Med 10: 195-200, 2000.
Nishida M, Nishijima H, Yonezawa K, Sato I, Anzai T, Okita K, and Yasuda H.
Phosphorus-31 magnetic resonance spectroscopy of forearm flexor muscles in student
rowers using an exercise protocol adjusted for differences in cross-sectional muscle area.
Eur J Appl Physiol Occup Physiol 64: 528-533, 1992.
Nishimuta MK, S. (1988): Nishimuta, M. & Kobayashi, S. . Mineral requirement for
long distance runners. In: Sports Sciences Committee, JAAA Sports Science Report
1111988, p. 46-47.
Park JH, Brown RL, Park CR, McCully K, Cohn M, and Chance B. Functional
pools of oxidative and glycolytic fibers in human muscle during exercise. Proc Nat'l
Acad Sci USA 84: 8976-8980, 1987.
Rayssiguier Y, Guezennec, C. Y., and Durlach, J. New experimental and clinical data
on the relationship between magnesium and sport. Magnes Res 93– 02, 1990.
Refsum HE, Meen HD, and Stromme SB. Whole blood, serum and erythrocyte
magnesium concentrations after repeated heavy exercise of long duration. Scandinavian
journal of clinical and laboratory investigation 32: 123-127, 1973.
Refsum HE, Treit, B., Meen, H.D. & Stromme, S.B. Serum electrolyte, fluid and acidbase balance after prolonged heavy exercise at low environmental temperature. Scand J
Clin Lab Invest 32: 117-122, 1973.
Resnick LM GR, Laragh JH. . Intracellular free magnesium in erythrocytes of essential
hypertension: relation to blood pressure and serum divalent cations. . Proc Natl Acad Sci
USA 6511-6515, 1984.
Rodenburg J, DeBoer R, Jeneson J, VanEchteld C, and Bar P. 31P-MRS and
simultaneous quantification of dynamic human quadriceps exercise in a whole body MR
scanner. J Appl Physiol 77: 1021-1029, 1994.

41

92.
93.
94.
95.
96.
97.
98.
99.
100.
101.
102.
103.
104.
105.
106.
107.
108.

109.
110.

Rose DM BM, Record MT Jr, Bryant RG. . mMg NMR in DNA solutions: dominance
of site binding effects. Proc Natl Aced Sci USA 6289-6292, 1980.
Rose LI, Bousser JE, and Cooper KH. Serum enzymes after marathon running. J Appl
Physiol 29: 355-357, 1970.
Roussell M, Bendahan, D., Mattei, J.P., et. al. . 31P Magnetic resonance spectroscopy
study of phosphocreatine recovery kinetics in skeletal muscle: the issue of inter-subject
variability. Biochimica et biophysica acta 1457: 18-26, 2000.
Rude RK. Magnesium. . Philadelphia: W.B. Saunders Company, 2000, p. 671-685.
Rude RK. Magnesium. In: Biochemical and Physiological Aspects of Human Nutrition.
Philadelphia: W.B. Saunders Company, 2000, p. 671– 685.
Ryschon TW, Rosenstein DL, Rubinow DR, Niemela JE, Elin RJ, and Balaban RS.
Relationship between skeletal muscle intracellular ionized magnesium and measurements
of blood magnesium. J Lab Clin Med 127: 207-213, 1996.
Sahlin K, Harris RC, and Hultman E. Creatine kinase equilibrium and lactate content
compared with muscle pH in tissue samples obtained after isometric exercise. The
Biochemical journal 152: 173-180, 1975.
Sahlin K, Harris RC, and Hultman E. Resynthesis of creatine phosphate in human
muscle after exercise in relation to intramuscular pH and availability of oxygen.
Scandinavian journal of clinical and laboratory investigation 39: 551-558, 1979.
Sargeant AJ, and Dolan P. Effect of prior exercise on maximal short-term power output
in humans. J Appl Physiol 63: 1475-1480, 1987.
Shils ME. Magnesium. Philadelphia: Lea and Febiger, 1994.
Stromme SB, Stenwold, i.e., Meen, H.D. & Refsum, H.E. Magnesium metabolism
during prolonged heavy exercise. In: In Metabolic adaptation to prolonged physical
exercise, edited by Poortmans HHJR1975, p. 361-366.
Takahashi H, Inaki M, Fujimoto K, Katsuta S, Anno I, Niitsu M, and Itai Y. Control
of the rate of phosphocreatine resynthesis after exercise in trained and untrained human
quadriceps muscles. Eur J Appl Physiol Occup Physiol 71: 396-404, 1995.
Taylor D, Styles P, Matthews P, and Radda G. Energetics of human muscle; exercise
induced ATP depletion. Magn Reson Med 3: 44-54, 1986.
Taylor DJ, Bore PJ, Styles P, Gadian DG, and Radda GK. Bioenergetics of intact
human muscle. A 31P nuclear magnetic resonance study. Mol Biol Med 1: 77-94, 1983.
Taylor DJ BP, Styles P, et al. . Bioenergetics of intact human muscle: a 31P nuclear
magnetic resonance study. Mol Biol Med 1: 77-94, 1983.
Taylor DJ, Styles P, Matthews PM, Arnold DA, Gadian DG, Bore P, and Radda
GK. Energetics of human muscle: exercise-induced ATP depletion. Magn Reson Med 3:
44-54, 1986.
Taylor JS VD, Murphy-Boesch J, Nelson SJ, Kessler HB, Coia L, Curran W, and
Brown TR. Free magnesium levels in normal human brain and brain tumors: 31P
chemical-shift imaging measurements at 1.5 T. Proceedings of the National Academy of
Sciences of the United States of America 88: 6810-6814, 1991.
Tesch PA, Thorsson A, and Fujitsuka N. Creatine phosphate in fiber types of skeletal
muscle before and after exhaustive exercise. J Appl Physiol 66: 1756-1759, 1989.
Toussaint JF, Kwong KK, M'Kparu F, Weisskoff RM, LaRaia PJ, and Kantor HL.
Interrelationship of oxidative metabolism and local perfusion demonstrated by NMR in
human skeletal muscle. J Appl Physiol 81: 2221-2228, 1996.

42

111.
112.
113.
114.
115.
116.

117.
118.
119.
120.

121.

Vestergaard-Poulsen P, Thomsen C, Sinkjaer T, and Henriksen O. Simultaneous
31
P-NMR spectroscopy and EMG in exercising and recovering human skeletal muscle: a
correlation study. Journal of APplied Physiology 79: 1469-1478, 1995.
Wacker W. Magnesium and man. Cambridge, MA: Harvard University Press, 1980.
Walser M. Magnesium metabolism. Rev Physiol Biochem Exp Pharmacol 185-341.,
1967.
Walter G, Vandenborne K, McCully K, and Leigh J. Noninvasive measurement of
phosphocreatine recovery kinetics in single human muscles. American journal of
physiology 272: C525-C534, 1997.
Walter G, Vandenborne K, McCully KK, and Leigh JS. Noninvasive measurement of
phosphocreatine recovery kinetics in single human muscles. The American journal of
physiology 272: C525-534, 1997.
Wary C, Brillault-Salvat C, Bloch G, Leroy-Willig A, Roumenov D, Grognet JM,
Leclerc JH, and Carlier PG. Effect of chronic magnesium supplementation on
magnesium distribution in healthy volunteers evaluated by 31P-NMRS and ion selective
electrodes. Br J Clin Pharmacol 48: 655-662, 1999.
Williams CA WR, Barker, AR, Fulford J, Welford D, Welsman JR, Armstrong N.
Recovery of muscle oxygenation and phosphocreatine in children and adults following
high-intensity quadriceps exercise. ACSM, 2008.
Wilson J, McCully K, Mancini D, Boden B, and Chance B. Relationship of muscular
fatigue to pH and diprotonated Pi in humans: a 31P-NMR study. Journal of Applied
Physiology 64: 2333-2339, 1988.
Wolfswinkel JM, Van der Walt, J.H. & Van der Linde, A. lntravascular shifts in Mg
during prolonged exercise. S Afr J Sci 79: 37-38, 1983.
Wong R, Lopaschuk G, Zhu G, Walker D, Catellier D, Burton D, Teo K, CollinsNakai R, and Montague T. Skeletal muscle metabolism in the chronic fatigue
syndrome. In vivo assessment by 31P nuclear magnetic resonance spectroscopy. Chest
102: 1716-1722, 1992.
Yoshida T, Watari, H. Noninvasive and continuous determination of energy
metabolism during muscular contraction and recovery. Med Sport Sci 37: 364-373, 1992.

43

Figure legend
Figure 3.1: NIRS and cuff placement.
Figure 3.2: Placement of NIRS probe on the quadriceps muscle for determination of oxygen
saturation during isometric exercise.
Figure 3.3: Representative results for oxygen saturation during rest and exercise. Oxygen
saturation from one channel representing the average response to exercise is shown.
Figure 3.4: EMG activity of the vastus lateralis. Root mean squared EMG values during the six
practice trials are show (means and SD). There was a significant enhancement of the
EMG signal after the subject was allowed to see their emg signals.
Figure 3.5: Representative resting and end exercise spectra from one subject.
Figure 3.6: Linear regression of NIRS depletion and PCr depletion.
Figure 3.7: Representative PCr recovery curve after isometric exercise.
Figure 3.8: PCr Tc to recovery pre/post exercise. Values are presented as means + SD.
Figure 3.9: Intramuscular [Mg+2] pre/post exercise. Values are presented as means + SD.
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Table 3.1 Subject characteristics

mean
sd

Subject characteristics
age
height
weight
yrs
cm
kg
22
179
82
1.9
3.7
33.1

Physical activity
min/week
light
moderate
heavy
131
76
30
78.5
42.3
31.8

n = 12
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Table 3.2: Changes in PCr Tc to recovery pre/post exercise

mean
sd
ICC b/t pre 1 & 2
COV% b/t pre 1 & 2
ICC within pre 1
COV% within pre 1

Pre 1

Pre 2

30-60 min
post ex

1-3d
post ex

39.9
12.7

39.1
16.9

37.5
14

38.7
12.4

0.819
18.4
0.928
8.43
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Table 3.3 Changes in muscle metabolites pre/post exercise
Rest

End ex

Pre 1

mean
sd

Pi/PCr
0.089
0.029

Pre 2

mean
sd

0.092
0.012

4.68
0.893

7.06
0.029

52
14.1

6.97
0.105

30-60min
post ex

mean
sd

0.080
0.017

5.14
0.981

7.06
0.022

48.9
14

6.98
0.103

1-3d
post ex

mean
sd

0.092
0.023

5.12
1.08

7.05
0.019

43.5
7.8

6.98
0.078

15.1
0.13

8.60
0.79

0.21
0.45

11.1
0.87

0.79
0.64

COV% between pre 1 and pre 2
ICC between pre 1 and pre 2

PCr/ATP
4.24
0.664

pH
7.07
0.031

PCr %
46.1
11.6

pH
6.94
0.07
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Table 3.4 [Mg+2] changes pre/post exercise

mean
sd
ICC b/t pre 1 & 2
COV% b/t pre 1 & 2

Pre 1

Pre 2

30-60 min
post ex

1-3d
post ex

0.414
0.151

0.376
0.034

0.386
0.035

0.375
0.037

0.352
7.91
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Figure 3.1 NIRS and Cuff placement
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Figure 3.2 Oxygen saturation measured with NIRS
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Figure 3.3 Oxygen saturation during rest and exercise
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Figure 3.4 EMG activation of the vastus lateralis
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Figure 3.5: Resting and end exercise spectra
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Figure 3.6: Linear regression of NIRS depletion and PCr depletion
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Figure 3.7: PCr recovery curve
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Figure 3.8: PCr Tc to recovery pre/post exercise
PCr recovery kinetics
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Figure 3.9: Intramuscular [Mg+2] pre/post exercise
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