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Abstract Previous studies have reported significant region-dependent differences

in the fiber-type composition of human skeletal muscle. It is therefore hypothesized

that there is a difference between the deep and superficial parts of muscle energy

metabolism during exercise. We hypothesized that the inorganic phosphate (Pi)/

phosphocreatine (PCr) ratio of the superficial parts would be higher, compared with

the deep parts, as the work rate increases, because the muscle fiber-type composi-

tion of the fast-type may be greater in the superficial parts compared with the deep

parts. This study used two-dimensional 31Phosphorus Chemical Shift Imaging

(31P-CSI) to detect differences between the deep and superficial parts of the

human leg muscles during dynamic knee extension exercise. Six healthy men

participated in this study (age 27� 1 year, height 169.4� 4.1 cm, weight

65.9� 8.4 kg). The experiments were carried out with a 1.5-T superconducting

magnet with a 5-in. diameter circular surface coil. The subjects performed dynamic

one-legged knee extension exercise in the prone position, with the transmit-receive

coil placed under the right quadriceps muscles in the magnet. The subjects pulled

down an elastic rubber band attached to the ankle at a frequency of 0.25, 0.5 and

1 Hz for 320 s each. The intracellular pH (pHi) was calculated from the median

chemical shift of the Pi peak relative to PCr. No significant difference in Pi/PCr was
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observed between the deep and the superficial parts of the quadriceps muscles at

rest. The Pi/PCr of the superficial parts was not significantly increased with

increasing work rate. Compared with the superficial areas, the Pi/PCr of the deep

parts was significantly higher (p< 0.05) at 1 Hz. The pHi showed no significant

difference between the two parts. These results suggest that muscle oxidative

metabolism is different between deep and superficial parts of quadriceps muscles

during dynamic exercise.

Keywords Oxidative metabolism • Magnetic resonance spectroscopy • Dynamic

exercise • Quadriceps • pH

1 Introduction

Previous study has reported that there are significant region-dependent differences

in the fiber-type composition of human skeletal muscle [1, 2]. It is therefore

hypothesized that there is a difference between the deep and superficial parts of

muscle energy metabolism during exercise. Chance et al. [3] have reported that

high oxidative capacity muscle demonstrated lower inorganic phosphate (Pi)/

phosphocreatine (PCr) at the same relative work rate compared with low oxidative

capacity muscle. Recently, creating a localized metabolic map during exercise has

been possible using 31Phosphorus Chemical Shift Imaging (31P-CSI) [4–6]. There-

fore, the purpose of this study was to detect metabolic disturbances between the

deep and superficial parts of the human leg muscles during dynamic knee extension

exercise using two-dimensional 31P-CSI. We hypothesized that the Pi/PCr of the

superficial parts would be higher, compared with the deep parts, as the work rate

increases, because the muscle fiber-type composition of the fast-type may be higher

in the superficial parts compared with the deep parts.

2 Methods

2.1 Subjects

Six healthy men (age: 28� 1 year, height: 170.4� 4.1 cm, weight: 66.8� 7.4 kg)

participated in this study. All subjects were briefed about the experimental protocol,

and written informed consent was obtained before the experiment. The institutional

review board of the Tokyo Medical University approved the research protocol.
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2.2 Experimental Design

After receiving written informed consent from the subjects, the experiments were

carried out with a 1.5-T superconducting magnet (GE Healthcare, Milwaukee, WI,

USA) with a circular surface coil (GE Healthcare, Milwaukee, WI, USA) double-

tuned to 1H at 63.5 MHz and 31P at 25.8 MHz. The subjects lay prone in the bore to

obtain T2-weighted
1H images. After completion, regional differences in phospho-

rus signals were obtained by 31P-CSI. Before the 31P-CSI acquisitions, the magnetic

field homogeneity was optimized using the localized water signal from a quadriceps

muscles.

2.3 Measurements

A one-pulse 31P-MRS acquisition was carried out with a 5-in. transmit/receive

surface coil placed under the knee extensors [rectus femoris (RF), vastus medialis

(VM), vastus intermedius (VI), and vastus lateralis (VL)] of the right leg. Spatially

resolved acquisition relied on 31P-CSI with 3-cm slice thickness, and a 24-cm2 field

of view. The volume of each voxel was 3� 3� 3 cm, or 27 cm3. A TR of 1000 ms

was used, and a two-dimensional 31P metabolite map was generated every 388 s.

This acquisition time was determined from pilot measurements to ensure good

spectral data from the quadriceps and represents an optimal compromise between

signal-to-noise, temporal resolution, and spatial resolution.
31P-CSI post processing was done using Mnova software (Mestrelab Research,

Spain). Baseline correction was performed semi-automatically by setting the peak

ranges of Pi and PCr as references, and phase correction was applied semi-

automatically using Pi and PCr as reference peaks. Supplementary manual phase

or baseline correction was performed, if necessary. The peak areas and peak

positions of PCr and Pi were fitted in the frequency domain. The intracellular pH

(pHi) was calculated from the median chemical shift of the Pi peak relative to

PCr [7].

At rest, T2-weighted
1H images were obtained with the whole body imaging coil

with TR¼ 3200 ms and TE¼ 95 ms. Scan time for T2 image was 39 s.

2.4 Exercise Protocol

The subjects performed dynamic one-legged knee extension exercise in the prone

position. A broad nonelastic strap over the hips served to stabilize the subject during

exercise. A rubber band was attached to the ankle and the subjects exercised by

expanding the rubber band at 0.25, 0.5 and 1 Hz for 380 s each. As limited by the

scanner bore, a range of motion of knee extension exercise was 0–30�.
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2.5 Statistics

The changes in Pi/PCr and pHi during the experiments were analyzed by two-way

ANOVA for repeated measurements. The significance level was set to 0.05.

Statistics were completed using the Statistical Package for the Social Sciences

(SPSS) Statics (IBM, Chicago, IL).

3 Results

Typical examples of 31P-CSI spectra are shown in Fig. 6.1. To compare the

metabolic differences between superficial and deep parts, three voxels of superficial

parts and three of voxels of deep parts were selected, as all the data from the voxel

could be monitored by all subjects. No significant difference in Pi/ PCr was

observed between the deep and the superficial parts of the quadriceps muscles at

rest (superficial parts; 0.21� 0.04, deep parts; 0.18� 0.03). At the superficial parts,

the Pi/PCr were not significantly changed with increasing work rate. Compared

with the superficial parts, the Pi/PCr of the deep parts were significantly higher

(p< 0.05) at 1 Hz, and the highest peak of Pi/PCr was 0.85� 0.08 at D1. The

averaged resting pHi was 7.08� 0.02, and the spatial differences of the resting pHi

were not observed between every measurement part. Also, the pHi during exercise

showed no significant difference between the two parts at all exercise frequencies

(superficial parts; 7.02� 0.04, deep parts; 6.99� 0.03) (Fig. 6.2).

Fig. 6.1 Typical example

of 31P-CSI spectra and

two-dimensional 1H

magnetic resonance image

in thigh muscles. Each was

3� 3� 3 cm, or 27 cm3. To

compare the metabolic

differences between

superficial and deep parts,

three voxels of superficial

parts and three of voxels of

deep parts were selected, as

all the data from the voxel

could be monitored by all

subjects. The voxel was

numbered from the medial

to lateral parts at both

superficial and deep parts
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4 Discussion

The study demonstrated that the Pi/PCr of the superficial parts were not signifi-

cantly increased with increasing work rate. In comparison, the Pi/PCr of the deep

parts were significantly higher at 1 Hz. These results suggest that muscleoxidative

metabolism is different between deep and superficial parts of quadriceps muscles

during dynamic exercise. Pesta et al. [4] recently reported that PCr changes during

exercise were uniform across the quadriceps muscles within sprint-trained, endur-

ance-trained and untrained groups, and the results in the present study are different

from the reported data. The reason for the discrepancy is uncertain but may be due

to differences in both the type of exercise and exercise time. In almost all previous

studies, work rate was increased by altering workload while keeping the rate of

contraction steady. Therefore, more fast-twitch fibers may be recruited at higher

workloads, and the type of exercise can lead to physiological maximal effort. In

contrast, the work rate in the present study was increased by altering the rate of

contraction while keeping the workload steady. As this type of exercise reduces the

relaxation period of the duty cycle, muscle recruitment may be lower at increasing

rate of contraction protocol than increasing workload protocol. In addition, the

exercise time was long (388 s) for acquisition of spatially-resolved spectra in each

voxel examined, due to limitations in our technique. In the future, we need to

shorten the acquisition time by increasing slice thickness. Also, we need to localize

Fig. 6.2 The upper figures show the Pi/PCr of deep parts at rest and during dynamic exercise at

various work rates. The bottom figures show the Pi/PCr of superficial parts at rest and during

exercise at various work rates. Double asterisks denote significant differences compared with rest

below the 0.01 level. Double hash symbols denote significant differences compared with superfi-

cial parts below the 0.01 level
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the specific muscle signals of the thigh muscles such as rectus femoris and vastus

intermedius.

Although muscle recruitment patterns may affect Pi/PCr independently of fiber

type composition, we were unable to measure T2-weighted imaging using f-MRI

during exercise. Further investigations are needed to determine the regional differ-

ences in muscle energy metabolism and muscle recruitment patterns.

5 Conclusions

We determined the difference between the deep and superficial areas of muscle

energy metabolism during dynamic knee extension exercise using 31P- chemical

shift imaging. The study demonstrated that the Pi/PCr of the superficial parts were

not significantly increased with increasing work rate. In contrast, the Pi/PCr of the

deep parts were significantly higher at a higher work rate. These results could reflect

(a) regional differences in fiber composition, which was our original hypothesis, or

(b) different regional recruitment patterns for this particular form of exercise. These

two explanations cannot be discriminated from the present study.
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