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Abstract We hypothesized that after maximal short-term
isometric exercise, when O2 demand is still high and O2

supply is not fully activated, higher oxidative capacity
muscle may exhibit slower muscle reoxygenation after
the exercise than low oxidative capacity muscle. Seven
healthy male subjects performed a maximal voluntary
isometric handgrip exercise for 10 s. The reoxygenation
rate after the exercise (Reoxy-rate) in the finger flexor
muscle was determined by near infrared continuous
wave spectroscopy (NIRcws) while phosphocreatine
(PCr) was measured simultaneously by 31P magnetic
resonance spectroscopy. Muscle oxygen consumption
(muscle _VV O2) and muscle oxidative capacity were eval-
uated using the rate of PCr resynthesis post-exercise.
The forearm blood flow (FBF) index at the end of ex-
ercise was measured using NIRcws. There was a signif-
icant positive correlation between the Reoxy-rate, which
ranged between 0.53% s)1 and 12.47% s)1, and the time
constant for PCr resynthesis, which ranged between
17.8 s and 38.3 s (r2=0.939, P<0.001). At the end of
the exercise, muscle _VV O2 exceeded the resting level by
approximately 25-fold, while the FBF index exceeded
the resting level by only 3-fold on average. The Reoxy-
rate closely correlated with muscle _VV O2 (r2=0.727,
P<0.05), but not with the FBF index. Also, the esti-
mated O2 balance (muscle _VV O2 index/FBF index) was
negatively correlated with the Reoxy-rate (r2=0.820,

P<0.001). These results support our hypothesis that
higher oxidative capacity muscle shows slower muscle
reoxygenation after maximal short-term isometric ex-
ercise because the Reoxy-rate after this type of exercise
may be influenced more by muscle _VV O2 than by O2

supply.

Keywords Reoxygenation rate Æ Muscle oxidative
capacity Æ Near infrared spectroscopy Æ Phosphorus
magnetic resonance spectroscopy Æ Isometric exercise

Introduction

One of the methods for assessing muscle oxidative ca-
pacity in vivo includes muscle biopsy (Harris et al. 1974;
Esbjornsson et al. 1993; Chilibeck et al. 1998; Mizuno
et al. 1999). Although muscle biopsy may be useful and
regarded as the gold standard, it is cumbersome and
inconvenient to apply in many physiological and clinical
conditions because of its invasive nature. During both
steady state and non-steady-state conditions, phospho-
rus magnetic resonance spectroscopy (31P-MRS) can
provide a non-invasive and repeated method of mea-
suring muscle energy metabolism. The MRS device,
however, is rather expensive and requires careful main-
tenance for precise measurements. Furthermore, this
methodology has its own limitations in practical use.

During the 1990s, near-infrared spectroscopy (NIRS)
was used in studying of exercising skeletal muscle in
humans (Chance et al. 1992). Over the past several years,
many more groups have applied this technique (McCully
et al. 1994; Hamaoka et al. 1998; Higuchi et al. 2002).
The near-infrared continuous wave spectroscopy (NIR-
cws) methodology is a useful tool because it is both non-
invasive and inexpensive. The parameters commonly
measured by NIRcws are oxygenated hemoglobin and/
or myoglobin (Oxy-Hb/Mb), deoxygenated hemoglobin
and/or myoglobin (Deoxy-Hb/Mb), and total hemo-
globin (Hbtot). The NIRcws technique, however, has its

Eur J Appl Physiol (2003) 89: 34–41
DOI 10.1007/s00421-002-0757-3

Ryotaro Kime Æ Takafumi Hamaoka Æ Takayuki Sako
Motohide Murakami Æ Toshiyuki Homma

Toshihito Katsumura Æ Britton Chance

R. Kime (&) Æ B. Chance
Department of Biochemistry and Biophysics,
250 Anatomy–Chemistry Building,
University of Pennsylvania,
37th and Hamilton Walk,
Philadelphia, PA 19104-6059, USA
E-mail: ZXC06104@nifty.com
Tel.: +1-215-8984342
Fax: +1-215-8981806

R. Kime Æ T. Hamaoka Æ T. Sako Æ M. Murakami Æ T. Homma Æ
T. Katsumura
Department of Preventive Medicine and Public Health,
Tokyo Medical University,
6-1-1 Shinjuku-ku,
Tokyo, 160-8402, Japan

Verwendete Distiller 5.0.x Joboptions
Dieser Report wurde automatisch mit Hilfe der Adobe Acrobat Distiller Erweiterung "Distiller Secrets v1.0.5" der IMPRESSED GmbH erstellt.Sie koennen diese Startup-Datei für die Distiller Versionen 4.0.5 und 5.0.x kostenlos unter http://www.impressed.de herunterladen.ALLGEMEIN ----------------------------------------Dateioptionen:     Kompatibilität: PDF 1.2     Für schnelle Web-Anzeige optimieren: Ja     Piktogramme einbetten: Ja     Seiten automatisch drehen: Nein     Seiten von: 1     Seiten bis: Alle Seiten     Bund: Links     Auflösung: [ 600 600 ] dpi     Papierformat: [ 595.276 785.197 ] PunktKOMPRIMIERUNG ----------------------------------------Farbbilder:     Downsampling: Ja     Berechnungsmethode: Bikubische Neuberechnung     Downsample-Auflösung: 150 dpi     Downsampling für Bilder über: 225 dpi     Komprimieren: Ja     Automatische Bestimmung der Komprimierungsart: Ja     JPEG-Qualität: Mittel     Bitanzahl pro Pixel: Wie Original BitGraustufenbilder:     Downsampling: Ja     Berechnungsmethode: Bikubische Neuberechnung     Downsample-Auflösung: 150 dpi     Downsampling für Bilder über: 225 dpi     Komprimieren: Ja     Automatische Bestimmung der Komprimierungsart: Ja     JPEG-Qualität: Mittel     Bitanzahl pro Pixel: Wie Original BitSchwarzweiß-Bilder:     Downsampling: Ja     Berechnungsmethode: Bikubische Neuberechnung     Downsample-Auflösung: 600 dpi     Downsampling für Bilder über: 900 dpi     Komprimieren: Ja     Komprimierungsart: CCITT     CCITT-Gruppe: 4     Graustufen glätten: Nein     Text und Vektorgrafiken komprimieren: JaSCHRIFTEN ----------------------------------------     Alle Schriften einbetten: Ja     Untergruppen aller eingebetteten Schriften: Nein     Wenn Einbetten fehlschlägt: Warnen und weiterEinbetten:     Immer einbetten: [ ]     Nie einbetten: [ ]FARBE(N) ----------------------------------------Farbmanagement:     Farbumrechnungsmethode: Alles für Farbverwaltung kennzeichnen (keine Konvertierung)     Methode: StandardArbeitsbereiche:     Graustufen ICC-Profil: Dot Gain 10%     RGB ICC-Profil: sRGB IEC61966-2.1     CMYK ICC-Profil: R705-Noco-gl-01-220499-ICCGeräteabhängige Daten:     Einstellungen für Überdrucken beibehalten: Ja     Unterfarbreduktion und Schwarzaufbau beibehalten: Ja     Transferfunktionen: Anwenden     Rastereinstellungen beibehalten: JaERWEITERT ----------------------------------------Optionen:     Prolog/Epilog verwenden: Nein     PostScript-Datei darf Einstellungen überschreiben: Ja     Level 2 copypage-Semantik beibehalten: Ja     Portable Job Ticket in PDF-Datei speichern: Nein     Illustrator-Überdruckmodus: Ja     Farbverläufe zu weichen Nuancen konvertieren: Nein     ASCII-Format: NeinDocument Structuring Conventions (DSC):     DSC-Kommentare verarbeiten: NeinANDERE ----------------------------------------     Distiller-Kern Version: 5000     ZIP-Komprimierung verwenden: Ja     Optimierungen deaktivieren: Nein     Bildspeicher: 524288 Byte     Farbbilder glätten: Nein     Graustufenbilder glätten: Nein     Bilder (< 257 Farben) in indizierten Farbraum konvertieren: Ja     sRGB ICC-Profil: sRGB IEC61966-2.1ENDE DES REPORTS ----------------------------------------IMPRESSED GmbHBahrenfelder Chaussee 4922761 Hamburg, GermanyTel. +49 40 897189-0Fax +49 40 897189-71Email: info@impressed.deWeb: www.impressed.de

Adobe Acrobat Distiller 5.0.x Joboption Datei
<<     /ColorSettingsFile ()     /AntiAliasMonoImages false     /CannotEmbedFontPolicy /Warning     /ParseDSCComments false     /DoThumbnails true     /CompressPages true     /CalRGBProfile (sRGB IEC61966-2.1)     /MaxSubsetPct 100     /EncodeColorImages true     /GrayImageFilter /DCTEncode     /Optimize true     /ParseDSCCommentsForDocInfo false     /EmitDSCWarnings false     /CalGrayProfile (Dot Gain 10%)     /NeverEmbed [ ]     /GrayImageDownsampleThreshold 1.5     /UsePrologue false     /GrayImageDict << /QFactor 0.9 /Blend 1 /HSamples [ 2 1 1 2 ] /VSamples [ 2 1 1 2 ] >>     /AutoFilterColorImages true     /sRGBProfile (sRGB IEC61966-2.1)     /ColorImageDepth -1     /PreserveOverprintSettings true     /AutoRotatePages /None     /UCRandBGInfo /Preserve     /EmbedAllFonts true     /CompatibilityLevel 1.2     /StartPage 1     /AntiAliasColorImages false     /CreateJobTicket false     /ConvertImagesToIndexed true     /ColorImageDownsampleType /Bicubic     /ColorImageDownsampleThreshold 1.5     /MonoImageDownsampleType /Bicubic     /DetectBlends false     /GrayImageDownsampleType /Bicubic     /PreserveEPSInfo false     /GrayACSImageDict << /VSamples [ 2 1 1 2 ] /QFactor 0.76 /Blend 1 /HSamples [ 2 1 1 2 ] /ColorTransform 1 >>     /ColorACSImageDict << /VSamples [ 2 1 1 2 ] /QFactor 0.76 /Blend 1 /HSamples [ 2 1 1 2 ] /ColorTransform 1 >>     /PreserveCopyPage true     /EncodeMonoImages true     /ColorConversionStrategy /UseDeviceIndependentColor     /PreserveOPIComments false     /AntiAliasGrayImages false     /GrayImageDepth -1     /ColorImageResolution 150     /EndPage -1     /AutoPositionEPSFiles false     /MonoImageDepth -1     /TransferFunctionInfo /Apply     /EncodeGrayImages true     /DownsampleGrayImages true     /DownsampleMonoImages true     /DownsampleColorImages true     /MonoImageDownsampleThreshold 1.5     /MonoImageDict << /K -1 >>     /Binding /Left     /CalCMYKProfile (R705-Noco-gl-01-220499-ICC)     /MonoImageResolution 600     /AutoFilterGrayImages true     /AlwaysEmbed [ ]     /ImageMemory 524288     /SubsetFonts false     /DefaultRenderingIntent /Default     /OPM 1     /MonoImageFilter /CCITTFaxEncode     /GrayImageResolution 150     /ColorImageFilter /DCTEncode     /PreserveHalftoneInfo true     /ColorImageDict << /QFactor 0.9 /Blend 1 /HSamples [ 2 1 1 2 ] /VSamples [ 2 1 1 2 ] >>     /ASCII85EncodePages false     /LockDistillerParams false>> setdistillerparams<<     /PageSize [ 595.276 841.890 ]     /HWResolution [ 600 600 ]>> setpagedevice



own difficulties in measuring energy metabolism during
exercise. This is because absolute concentration changes
of Hb/Mb cannot be determined due to unquantifiable
biophysical quantities (i.e., the optical path length).
More recently, some studies have reported that dif-
ferent NIRS technologies (time-resolved spectroscopy,
NIRTRS; spatially resolved spectroscopy, NIRSRS) can
monitor absolute tissue saturation. However, it is diffi-
cult to apply NIRTRS during exercise because of its low
time resolution (Patterson et al. 1989; Hamaoka et al.
2000a). On the other hand, NIRSRS cannot accurately
calculate absolute saturation because it uses optical
signals of different but close measurement areas
(Quaresima et al. 2001).

Although NIRcws has a higher time resolution (up to
50 Hz) than NIRTRS, NIRcws can only measure the
relative changes of Oxy-Hb/Mb and Deoxy-Hb/Mb as
the balance between muscle oxygen consumption (mus-
cle _VV O2) and O2 supply. Because of this limitation,
several studies have investigated the relationship be-
tween the post-exercise recovery rate of Oxy-Hb/Mb,
and muscle oxidative capacity (Chance et al. 1992;
McCully et al. 1994; Hamaoka et al. 1998; Mizuno et al.
1999). The results, however, are not consistent. Some
investigators reported that the muscle reoxygenation
rate after isometric plantar flexion exercise does not
correlate with muscle oxidative capacity (Hamaoka et al.
1998; Mizuno et al. 1999). In contrast, however, other
studies have shown fast Hb/Mb recovery in high oxi-
dative capacity muscle (HOCmuscle) (Chance et al.
1992; McCully et al. 1994). In particular, McCully et al.
(1994) reported that phosphocreatine (PCr) recovery
and Oxy-Hb/Mb showed similar behavior after dynamic
plantar flexion exercise with muscle pH being 7.0. These
divergent results, which appear to be due to slight dif-
ferences in the exercise paradigm, suggest that post-ex-
ercise Oxy-Hb/Mb may be influenced more by O2 supply
during dynamic exercise than during isometric exercise.

Again, because the Hb/Mb reoxygenation rate (Re-
oxy-rate) reflects the balance between muscle _VV O2 and
O2 supply in localized muscle, the Reoxy-rate deter-
mined by NIRcws can be interpreted in various ways.
When the O2 supply is limited, post-exercise Reoxy-rate
may be more influenced by muscle _VV O2. Blood flow after
static muscular exercise is lower than after dynamic
exercise (Huonker et al. 1996). Also, blood flow is the
lowest at the beginning of exercise and increases expo-
nentially during exercise (Hughson et al. 1996; Saltin
et al. 1998). We hypothesized that during post-maximal
short-term handgrip isometric exercise, when O2

demand is high and O2 supply is not sufficient, HOC-
muscle would show a greater increase in muscle _VV O2

than low oxidative capacity muscle (LOCmuscle) during
the recovery phase. In contrast, the O2 supply would not
increase as much as muscle _VV O2 after the exercise.
Therefore, it is expected that after a short duration,
maximal isometric exercise, HOCmuscle would exhibit
slower muscle oxygenation recovery. The primary goal
of this study was to test the hypothesis that higher

oxidative capacity muscle exhibits a slower muscle ox-
ygenation recovery after short-term maximal isometric
exercise. We further evaluated muscle _VV O2 and O2

supply separately to validate the O2 balance determined
by NIRcws (Reoxy-rate) after this type of exercise.

Methods

Subjects

Seven healthy male volunteers [five moderately active, one well-
trained triathlete, and one former Japanese national windsurfing
champion, mean age (SD): 29 (3) years] participated in this study.
All subjects were briefed about the experimental protocol, and in-
formed consent was obtained before the test.

Experimental design

The muscle oxygenation level was measured by NIRcws while the
PCr concentration was measured simultaneously by 31P-MRS
(Sako et al. 2001). The rate of Oxy-Hb/Mb recovery immediately
after exercise up until 6 s after exercise was defined as the Reoxy-
rate. Subjects performed the same experiment twice to examine the
Reoxy-rate, the time constant for PCr recovery (PCrTc) and muscle
_VV O2 at the end of exercise (muscle _VV O2EX) (experiment 1) and the
forearm blood flow (FBF) index (experiment 2). These were mea-
sured once using 31P-MRS and NIRcws (experiment 1) and once
using NIRcws only (experiment 2) (Fig. 1). This dual measurement
was performed because the FBF index from the NIR signal re-
quired venous occlusion at the end of exercise. To ensure famil-
iarity with the exercise modality, each subject engaged in two to
three bouts of isometric handgrip practice before the start of the
exercise protocol.

Experimental protocol

Each subject sat on an adjusted chair that allowed the arm to
extend to the level of the heart. The forearm was secured to a
platform that contained a 3.0 cm diameter circular surface coil for
31P-MRS as well as a light source and optical detector with a dis-
tance of 3.0 cm for NIRcws (Sako et al. 2001). The 31P-MRS
spectra measurement area was defined by the coil circumference
and penetrated to a depth equal to the radius of the coil (McCully
et al. 1989; Richardson et al. 1995). The mean penetration depth of
near infrared light into the tissue was equal to approximately half
the distance between the input and output fibers (Chance et al.
1992). Therefore, both devices could simultaneously take mea-
surements at nearly identical sites. The measurement site was the
right finger flexor muscle, the most active site in handgrip con-
traction. The subjects performed a maximal isometric handgrip
exercise for 10 s and the arm was completely relaxed immediately
after exercise.

Near-infrared continuous wave spectroscopy

During and after exercise, the oxygenation level in the finger flexor
muscles was measured within the magnetic fields using NIRcws
(OM100A, Shimadzu, Kyoto, Japan). The basic operation of this
NIRcws device has been extensively explained in previously pub-
lished papers (Chance et al. 1992; Hamaoka et al. 1996; Homma
et al. 1996a).

It is well known that the level of oxygenation of Hb/Mb alters
the absorption of the light in muscle tissue. For example, as Hb/Mb
is oxygenated, the absorbance at 780 nm decreases and the
absorbance at 830 nm increases, providing a different signal.
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Accordingly, the detectable light intensities of the detector change
due to the level of Hb/Mb deoxygenation. Both Hb/Mb absorb
light equally at the wavelength employed. However, it is reported
that Mb concentration is no greater than 25% (Chance et al. 1992)
or 20% (Mancini et al. 1994). Therefore, we can conclude that the
signals are derived mainly from Hb.

In this study, three-wavelength optical fibers, with wavelengths
of 780 nm, 805 nm and 830 nm, were used as the light source.
Changes in Oxy-Hb/Mb and Hbtot were calculated with the least-
squares method using data from the changes in light absorbance at
different wavelength (Homma et al. 1996a). The reliability of this
algorithm was previously confirmed in vivo (Homma et al. 1996a;
Sako et al. 2001). However, there are some disadvantages in using
the NIRcws technique to evaluate muscle energy metabolism dur-
ing exercise. Most notably, measurement sensitivity is impaired by
the influence of adipose tissue (Homma et al. 1996b). The thickness
of subcutaneous adipose tissue varies greatly in humans and the
optical densities of Oxy-Hb/Mb and Hbtot cannot be compared
between individuals (Quaresima and Ferrari 2002). Therefore, to
evaluate differences in muscle oxygenation between each subject,

arterial occlusion was used (Hamaoka et al. 1996; Sako et al. 2001);
this technique involves interrupting arterial blood flow by placing a
pneumatic tourniquet on the upper arm at a pressure of
280 mmHg. The pre-occluded resting level of Oxy-Hb/Mb was
defined as 100% and the minimum value during ischemia as 0%.
The muscle oxygenation level during and after exercise was ex-
pressed using the overall change from the resting pre-occluded to
the minimum oxygenation level during arterial occlusion.

Due to the fact that the NIRcws machine’s time resolution
(time resolution=1.5 s), which was simultaneously measured with
31P-MRS, does not accurately estimate the FBF index during ve-
nous occlusion, another NIRcws device (HEO-210, OMRON,
Kyoto, Japan; time resolution=0.1 s) was used out of the magnetic
field. Two-wavelength light-emitting diodes, with wavelengths of
760 nm and 840 nm, were used as the light source. The reliability of
this method of calculating signals was previously confirmed with
in vitro (Shiga et al. 1997) and in vivo experiments (Hamaoka et al.
1996; Shiga et al. 1997; Hamaoka et al. 1998). The FBF index as
determined by venous occlusion is fully described in a previously
published paper (Homma et al. 1996a; Van Beekvelt et al. 2001).
The resting FBF index was estimated by measuring the peak rate of
increase in Hbtot during venous occlusion for 15 s. This procedure
was repeated five times every 1 min before the principal exercise;
then the mean value was used as the resting FBF index. The FBF
index at the end of exercise was measured by venous occlusion
immediately after exercise. Before the experiment, the optimal cuff
pressure was determined for each subject to obtain the greatest
increase in the Hbtot rate during venous occlusion. On average, the
cuff pressure used was 70.0 (0.35) [mean (SD)] mmHg.

31Phosphorus magnetic resonance spectroscopy

Phosphorus metabolites during rest, exercise, and recovery were
monitored by 31P-MRS (Otsuka Electronics Inc.) with a 2.0-T su-
perconducting 26-cm-bore magnet. A 3.0 cm diameter circular
double-turn surface coil was attached to a cradle located at the
mid-forearm, centered mainly over the flexor digitorium superfi-
cialis muscle; it was tuned to both the 31P and 1H frequencies
(34.6 MHz and 85.4 MHz, respectively). The homogeneity of the
magnetic field was adjusted to <0.28 parts per million on the
proton signal from water. 31P spectra were obtained using a 60-ls
pulse width to optimize signal intensity. The pulse repetition time
was 2 s. Five pulses were averaged during to obtain a free induction
decay (FID), so each spectrum was obtained every 10 s.

The FIDs were obtained and Fourier transformed into spectra;
the peak areas were fitted by a non-linear, curve-fitting method to
calculate the areas under the b-ATP, PCr, and Pi peaks in the
frequency domain that minimizes the sum of squares between the
spectral resonances. To acquire the saturation factors for each
phosphate compound, a ratio was calculated between each area
obtained at 20-s repetition time (fully relaxed spectra) and those
obtained at 2-s pulse intervals. Then, PCr and Pi peak areas were
quantified fom the ratio of PCr and Pi areas to b-ATP area, with
corrections made for the saturation factor. Because there were no
data available for a direct chemical analysis of the forearm muscles,
the ATP concentration reported from the muscle biopsies of the
human vastus lateralis ([ATP]=8.2 mM) was used for PCr and Pi

quantification (Harris et al. 1974). The intracellular pH was cal-
culated from the median chemical shift between the Pi and PCr
peaks (Kushmerick and Meyer 1985).

Data analysis

The area of the PCr peaks during recovery was integrated and fitted
to a single-exponential curve, and the time constant for PCr re-
synthesis (PCrTc) was determined using the following equation:

PCr ¼ PCr0þDPCrð1� e�ktÞ

Fig. 1 A The Reoxy-rate, PCrTC, and muscle _VV O2EX values
(experiment 1). Muscle _VV O2EX was calculated by differentiating
the monoexponential curve. B The FBF index value after exercise
(experiment 2). Reoxy-rate Reoxygenation rate, PCrTC time
constant for phosphocreatine (PCr) resynthesis, muscle _VV O2EX
muscle oxygen consumption at the end of exercise, FBF forearm
blood flow, Ex maximal isometric handgrip exercise, Venous Occl
venous occlusion
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where PCr is the PCr concentration at time t during recovery, PCr0
is the PCr concentration at the end of exercise, DPCr is the dif-
ference between final and initial PCr, t is the time, k is the rate
constant of the monoexponential curve, and 1·k)1is the time
constant (Tc). In fact, the PCr resynthesis rate is independent of
exercise intensity, as long as muscle pH is close to 7.0 (Yoshida and
Watari 1993; Hamaoka et al. 2000c). Therefore, this PCrTc is used
as the indicator of muscle oxidative capacity (Arnold et al. 1984;
McCully et al. 1993; McCully et al. 1994).

The post-exercise PCr resynthesis rate measured by 31P-MRS
has been recognized as one of the most reliable parameters for
quantifying the rate of oxidative ATP production (Chance et al.
1985; Mahler 1985; Kemp et al. 1993; McCully et al. 1993) because
PCr cannot be resynthesized without mitochondrial oxidative
phosphorylation (Quistorff et al. 1992). The muscle _VV O2 at the end
of exercise (muscle _VV O2EX) was calculated using the equation de-
scribed below:

muscle _VV O2EX¼k�DPCr

While the FBF index was only evaluated as relative to the resting
value, resting muscle _VV O2 (muscle _VV O2REST) could be obtained
from the PCr breakdown rate during 15 min arterial occlusion (Blei
et al. 1993; Hamaoka et al. 1996; Sako et al. 2001). Hence, the ratio
of muscle _VV O2EX/muscle _VV O2REST can be determined for each
subject as a muscle _VV O2 index. Both muscle _VV O2EX and muscle
_VV O2REST were expressed as millimoles ATP per second. The ab-
solute values of muscle _VV O2 (in lM O2 s

)1) were also calculated
using P-to-O2 ratio, which is 6 for in vivo skeletal muscle (Blei et al.
1993; Hamaoka et al. 1996; Sako et al. 2001).

Statistics

Using a paired t-test, we conducted statistical analyses of the dif-
ferences between the muscle _VV O2 and FBF indexes. Comparisons
of PCrTc, muscle _VV O2EX, the FBF index, and the Reoxy-rate were
made using linear correlation. Values are presented as means (SD).
Results were considered statistically different at P<0.05.

Results

Reoxygenation rate after exercise

Figure 2A shows a typical example of changes in Oxy-
Hb/Mb and Hbtot during and after a maximal isometric
handgrip exercise. At the beginning of exercise, Hbtot
showed a biphasic response that decreased steeply and
remained stable thereafter. On the other hand, Oxy-Hb/
Mb dropped linearly until the termination of exercise.
After exercise, Oxy-Hb/Mb and Hbtot rose exponen-
tially. All the subjects but one showed similar kinetics as
shown in Fig. 2A. Figure 2B displays the changes in
Oxy-Hb/Mb and Hbtot of the highest oxidative capacity
muscle (subject A). Similar to the previous example,
Oxy-Hb/Mb dropped rapidly at the beginning of exer-
cise. However, immediately after exercise, although the
Hbtot rose rapidly back to the resting level, Oxy-Hb/Mb
continued to deoxygenate until approximately 15 s after
exercise and then proceeded to gradually rise. Therefore,
this subject’s Reoxy-rate indicates a negative value
(Table 1). The Reoxy-rate ranged from 0.53% s)1 to
12.47% s)1 [7.30(4.7)% s)1; Table 1]. The Reoxy-rate in
relation to the PCrTc is shown in Fig. 3. There was a
significant positive correlation between the Reoxy-rate
and PCrTc (r

2=0.939, P<0.001).

Measurement of O2 dynamics

The average values of muscle _VV O2REST, and muscle
_VV O2EX were 0.0098 mM ATP s)1 and 0.273 mM ATP
s)1, respectively (Table 1). These values were also
equivalent to 1.65 lM O2 s

)1 and 45.5 lM O2 s
)1,

respectively, which were calculated using P-to-O2 ratio
of 6. At the end of exercise, the muscle _VV O2 index
increased on average by 25-fold compared to the resting
value. On the other hand, the FBF index at the end of
exercise increased by 3-fold compared to the average
resting value. The muscle _VV O2 index was significantly
higher than the FBF index immediately after exercise
(P<0.001).

Muscle _VV O2EX and the FBF index in relation to the
Reoxy-rate are shown in Fig. 4. There was a significant
correlation between muscle _VV O2EX and the Reoxy-rate
(P<0.05). No correlation, however, was found between
the FBF index at the end of exercise and the Reoxy-rate.
The O2 balance, estimated from the separate measure-
ments of the muscle _VV O2 index and the FBF index
(muscle _VV O2 index/FBF index), for each subject are
shown in Table 1. The estimated O2 balance (muscle
_VV O2 index/FBF index) ranged from 5.62 to 16.08
[9.50 (3.63)]. The relationship between the estimated O2

balance and NIRcws O2 balance (Reoxy-rate) are shown

Fig. 2 Changes in Oxy-Hb/Mb and Hbtot during and after maximal
isometric handgrip exercise in subject G (A) and subject A (B)
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in Fig. 5. The estimated muscle O2 balance closely cor-
related with the Reoxy-rate (r2=0.820, P<0.001). A
significant correlation was also found between the
muscle _VV O2 index/FBF index and PCrTc (r2=0.799,
P<0.001).

Discussion

We found a significant relationship between the Reoxy-
rate and the PCrTc as shown in Fig. 3. Specifically, we
found that higher oxidative capacity muscle exhibited
slower reoxygenation after exercise. At the end of the
exercise, the muscle _VV O2 exceeded the resting level by
approximately 25-fold, while the FBF index exceeded
the resting level by only 3-fold on average. These results
support our hypothesis that after maximal short-term
isometric exercise, when O2 demand is high and O2

supply is not fully increased, higher oxidative capacity
muscle exhibits slower muscle reoxygenation. Some
studies have reported that higher oxidative capacity
muscle exhibits a faster reoxygenation rate after exercise
(Chance et al. 1992; McCully et al. 1994). This is the first

report indicating that higher oxidative capacity muscle
exhibits a slower reoxygenation rate after exercise.

Also in this study, the estimated O2 balance from the
separate measurement of muscle _VV O2 and O2 supply
closely correlated with the Reoxy-rate. This suggests
that the Reoxy-rate is determined by the balance be-
tween muscle _VV O2 and O2 supply. Furthermore, the
Reoxy-rate was not closely correlated with the FBF in-
dex, but instead with muscle _VV O2EX as shown in Fig. 4.
These results imply that the Reoxy-rate after this type of
exercise may be influenced more by muscle _VV O2 than by
O2 supply.

Table 1 Oxygen and nuclear magnetic resonance parameters after maximal isometric exercise in human forearm. PCr Phosphocreatine,
Tc time constant, Reoxy-rate reoxygenation rate, pHmin minimum intracellular pH, muscle _VV O2 muscle oxygen consumption, FBF
forearm blood flow

Subject PCrTc
(s)

Reoxy-
rate (% s)1)

DPCr
(mM)

pHmin Muscle _VV O2REST

(mM ATP< s)1)
Muscle _VV O2EX

(mM ATP< s)1)
Muscle _VV O2

index (resting time)
FBF index
(resting time)

Muscle _VV O2

index/FBF index

A 17.8 )0.53 6.48 6.87 0.0091 0.352 38.6 2.40 16.08
B 38.3 12.47 11.89 6.88 0.0096 0.221 18.0 3.19 5.64
C 28.2 7.00 7.43 6.82 0.0074 0.226 26.6 3.04 8.75
D 35.5 9.77 7.52 6.88 0.0117 0.276 23.6 4.20 5.62
E 37.1 12.47 7.43 6.85 0.0107 0.201 19.6 2.30 8.52
F 23.5 5.54 7.26 6.82 0.0096 0.279 29.1 2.66 10.94
G 21.1 4.42 8.64 6.85 0.0102 0.350 34.3 3.14 10.92
Mean 28.8 7.3 8.09 6.85 0.0098 0.273 25.4 2.99 9.50
SD 8.3 4.7 1.79 0.03 0.001 0.059 4.49 0.64 3.63

Fig. 3 Relationship between Reoxy-rate and PCrTc after maximal
isometric handgrip exercise

Fig. 4 Muscle _VV O2EX (A) and FBF index (B) in relation to the
Reoxy-rate
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Reliability of this study

In this study, the average value of muscle _VV O2REST was
0.0098 mM ATP s)1, which is similar to 0.008 mM
ATP s)1 (Blei et al. 1993), 0.0073 mM ATP s)1

(Hamaoka et al. 1996), and 0.0076 mM ATP s)1 (Sako
et al. 2001) as previously measured by 31P-MRS. The
muscle _VV O2REST (0.0098 mM ATP s)1) was also
equivalent to 1.6 lM O2 s

)1, This value is very close to
the value of 1.4 lM O2 s

)1 from Harris et al. (1975). The
average value of muscle _VV O2EX in this study was
0.273 mM ATP s)1. This result is similar to
0.28 mM ATP s)1 obtained from average muscle _VV O2

following fully excited muscle contraction (Blei et al.
1993). These results demonstrate that our study’s muscle
_VV O2 results support the validity of quantitative values.
These results also indicate that the finger flexor muscles,
that served as agonist muscles in this study, were max-
imally activated.

According to several studies, a severe decrease in
intracellular pH and a restriction of mitochondrial
oxidative phosphorylation causes a delay in the PCr
resynthesis rate (Arnold et al. 1984; Iotti et al. 1993;
Takahashi et al. 1995). Following a non-steady-state
exercise, a delayed pHmin response may be observed
(Vestergaard-Poulsen et al. 1995). This phenomenon is
also supported by the creatine kinase reaction with a
rapid PCr resynthesis. In this exercise protocol,
however, all of the pHmin values were above 6.82
(Table 1) and therefore did not restrict mitochondrial
oxidative phosphorylation (Takahashi et al. 1995).
Some studies have demonstrated a linear relationship
between the PCr resynthesis rate and mitochondrial
enzyme activities in human skeletal muscle (McCully
et al. 1993; Mizuno et al. 1999). Therefore, the time
constant for PCr recovery in the experiment should be
considered as an indicator of skeletal muscle oxidative
capacity.

O2 balance estimated from separate measurements
of muscle O2 consumption and O2 supply

A significant linear relationship between the estimated
O2 balance and NIRcws O2 balance (Reoxy-rate) was
found as shown in Fig. 5. This correlation demonstrates
that the estimated O2 balance from the separate mea-
sures of O2 supply and demand corresponds with the
NIR method of O2 balance. These separate measure-
ments can provide important insight into the factors
determining O2 balance in muscle, which the Reoxy-rate
alone cannot achieve.

As mentioned earlier, according to our hypothesis,
the O2 balance after maximal short-term isometric con-
traction is much more influenced by muscle _VV O2 than O2

supply. This study found that the ratio of muscle _VV O2

index/FBF index of all subjects was above 1.0 as shown
in Table 1. Van Beekvelt et al. (2001) also reported a
greater increase in muscle _VV O2 than O2 supply after
isometric handgrip contraction. Moreover, the Reoxy-
rate closely correlated with muscle _VV O2EX, but not with
the FBF index (Fig. 4). These results suggest that the
Reoxy-rate after this type of exercise may be influenced
more by muscle _VV O2 than by O2 supply. This is because
increased O2 demand promotes greater O2 extraction
from the capillaries.

It is possible that the muscle _VV O2 index/FBF index is
equal to the relative change of the arteriovenous (a–v)
O2 difference. The muscle _VV O2 index/FBF index at the
end of exercise ranged between 5.6 and 16.1 compared to
the resting value. These values are higher than the re-
ported (a–v) O2 difference during maximal exercise (2.7-
to 8.8-fold of the resting value) (Hartling et al. 1989,
Saltin et al. 1998, Bangsbo et al. 2000). One possible
explanation for this is the different type of exercise used
in this study. Almost all of these studies that measured
(a–v) O2 difference used dynamic exercise for more than
a few minutes to fully activate blood flow. In this study,
short-term isometric exercise was used to prevent an
increase in blood flow after exercise. As a result, FBF
index increased by only 3-fold of the resting value after
exercise. Lower BF induces longer red blood cell transit
time. This may cause greater O2 extraction.

Another possible reason for the high muscle _VV O2

index/FBF index value is that the venous effluent at
the in vivo sampling sites was a mixture of blood from
exercising and non-exercising tissue. Compared to the
blood sampling method, 31P-MRS and NIRS can spe-
cifically measure only dominant active muscle informa-
tion.

Factors affecting the reoxygenation rate

O2 inflow to the exercising muscle may be completely
interrupted during isometric exercise by increased in-
tramuscular pressure (Saltin et al. 1998; Hamaoka et al.
2000b). Stable Hbtot during isometric exercise also
supports blood flow interruption during the exercise

Fig. 5 Relationship between NIRcws O2 balance (Reoxy-rate)
and estimated O2 balance by separate measurements (muscle _VV O2

index/FBF index) immediately after maximal isometric handgrip
exercise
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(Fig. 2). These reports suggest that the availability of O2,
but not of convective O2 transport, may limit muscle
_VV O2 during isometric exercise.

Several studies have reported that the difference in
(a–v) O2 content does not increase at the onset of exer-
cise (Hughson et al. 1996). However, Bangsbo et al.
(2000) found that O2 extraction increased after a few
seconds of exercise by obtaining blood transit time from
the capillaries to the collection point of the venous blood
sample. Recent studies have demonstrated that the
ability to detect human skeletal muscle Mb deoxygen-
ation using 1H-MRS makes it possible to estimate
intracellular PO2 (Richardson et al. 1995; Tran et al.
1999). Richardson et al. (1995) demonstrated that par-
tial Mb deoxygenation occurs even at 50% of maximum
O2 consumption within 20 s of exercise onset (the time
resolution of the MRS system). These findings suggest
that the intracellular PO2 may decrease within a few
seconds, which may induce a greater O2 extraction at the
onset of blood reperfusion.

A large number of studies have proposed that
HOCmuscle is characterized by high mitochondrial ox-
idative enzyme activity, high mitochondrial density, and
high capillary density (Esbjornsson et al. 1993; McCully
et al. 1993; Mizuno et al. 1999). Consequently, at the
onset of exercise HOCmuscle may produce a more rapid
adjustment in muscle _VV O2 (Phillips et al. 1995; Hama-
oka et al. 1998). In addition, considering the high O2

utilization at the end of exercise in HOCmuscle, intra-
cellular PO2 in HOCmuscle may be lower than that of
LOCmuscle. Therefore, the O2 gradient from capillary
blood to myocyte at the onset of blood reperfusion may
be higher in HOCmuscle than in LOCmuscle. The
combination of previous studies with our own present
findings suggests that the speed and magnitude of Mb
deoxygenation during exercise may be one of the most
important factors influencing the Reoxy-rate.

Summary

This study produced three important findings:

1. Significantly positive correlation between the Re-
oxy-rate and PCrTc suggests that HOCmuscle shows
slow reoxygenation after maximal isometric exer-
cise.

2. The Reoxy-rate was not closely correlated with the
FBF index, but instead with muscle _VV O2EX. This
result implies that the Reoxy-rate after 10 s of
maximal isometric exercise may be influenced
greater by muscle _VV O2 than by O2 supply.

3. The linear correlation between estimated O2 balance
(muscle _VV O2 index/FBF index) and NIRcws O2

balance (Reoxy-rate) suggests that the Reoxy-rate
determines the balance between muscle _VV O2 and O2

supply.

The present study’s results may depend heavily on the
exercise protocol. The inverse proportional relationship

between the Reoxy-rate and muscle oxidative capacity
should not be applied for other types of exercise pro-
tocol (i.e., dynamic or whole body exercise). Compared
to other exercises, short-term isometric contraction is
easily performed. Also, NIRcws is more portable and
inexpensive than the MRS device. Therefore, the Reoxy-
rate after short-term isometric exercise, as determined by
NIRcws, allows us to easily measure the muscle oxida-
tive capacity.
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