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Oxidative metabolism in muscle
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SUMMARY

Oxidative metabolism is the dominant source of energy for skeletal muscle. Near-infrared spectroscopy
allows the non-invasive measurement of local oxygenation, blood flow and oxygen consumption.
Although several muscle studies have been made using various near-infrared optical techniques, it is still
difficult to interpret the local muscle metabolism properly. The main findings of near-infrared
spectroscopy muscle studies in human physiology and clinical medicine are summarized. The advantages
and problems of near-infrared spectroscopy measurements, in resting and exercising skeletal muscles
studies, are discussed through some representative examples.

1. INTRODUCTION

Oxidative metabolism is the dominant source of energy
for skeletal muscle. The major physiological variables
in O, utilization are expressed in the Fick equation:
oxygen utilization (VO,) = (arteriovenous (a—v) O,
difference) x (blood flow). The demand for O, is met
by an increase in the O, delivery (DO,) and by an
increase of O, extraction from oxyhaemoglobin
(HbO,). From rest to intense exercise, systemic a—v
O, difference increases from about 5 to about 15 mldl™*
and O, saturation of venous blood falls from 75 to
259%,. O, delivery by blood circulation is closely linked
to the cardiac output and to the rate of muscle O,
utilization during exercise (Wittenberg & Wittenberg
1989).

Although the use of optical methods, exploiting
visible light (400-650 nm) to investigate muscle oxi-
dative metabolism, dates back to 1937, when Millikan
(Millikan 1937) demonstrated muscle deoxygenation
on stimulation, its application is limited by the
poor penetration depth. Conversely, near-infrared
(650-1100 nm; NIR) spectroscopy (NIRS), a rela-
tively new non-invasive technique, allows the sim-
ultaneous measurement of changes in intravascular
(haemoglobin) and mitochondrial (cytochrome aa,)
oxygenation in 2-6 cm® of the limb muscles. Recent

findings raise new arguments about the possibility of

measuring muscle cytochrome aa; (Bradley 1996),
while changes in the concentration of oxyhaemoglobin
[HbO,], deoxyhaemoglobin [Hb] and total haemo-
globin ([Hbtot] = [HbO,] + [Hb]) can be easily
calculated by a modification of the Beer-Lambert law
(Cope & Delpy 1988). In addition, with some simple
physiological manoeuvres, it is possible to quantify
muscle VO, (Cheatle ef al. 1991; De Blasi et al. 1993),
flow (Edwards et al. 1993 ; De Blasi et al. 1994; Homma
et al. 1996a) and venous saturation (Yoxall &
Weindling 1996, 1997).

Various NIR optical techniques, differing in the
type of light source (lamps, lasers, light-emitting
diodes) and in the modality of the light sources
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(continuous wave, NIR ¢; continuous wave spatially
resolved, NIRS¢,«; pulsed, NIR ;.x4; phase modulation,
NIR,,;s) have been used for muscle studies. Although
these studies reported interesting pathophysiological
findings, it is still difficult to interpret the local
metabolism properly due to the impossibility of
distinguishing the origin of the signal. It is expected
that the main contributor to the NIR signal is the
venous haemoglobin. However, a recent study reported
that, in cycling exercise, muscle oxygenation measure-
ments by NIRS do not reflect the venous saturation
(Costes et al. 1996).

The aim of this paper is to review the main findings
of NIR muscle studies and to discuss, through some
representative examples, the advantages and problems
of NIRS measurement of resting and exercising human
skeletal muscle.

2. NIRS STUDIES OF HEALTHY MUSCLES

The first NIR absorption spectrum of the human
muscle was produced by Norris at the USA De-
partment of Agriculture Research Service (Smith
1977). The spectral features of the haemoglobin, water
and fat were identified and a chemometric algorithm
was developed to quantify body fat (Conway et al.
1984). Myoglobin has similar absorption spectra to
haemoglobin. However, the ratio of haemoglobin to
myoglobin in human skeletal muscle is approximately
ten (Seiyama et al. 1988).

In the Eighties several NIR ¢ prototypes were built
(Jobsis 1977 ; Giannini et al. 1982; Takada et al. 1987;
Cope & Delpy 1988 ; Chance et al. 19884, b; Hampson
& Piantadosi 1988); forearm occlusion and exercise
was used to test their instrumental capabilities. Most of
the NIR muscle studies have been made using a low-
cost continuous dual wavelength system (RUNMAN,
NIM Inc., Pennsylvania, USA), which has recently
been improved (Shiga et al. 1995). Although
RUNMAN gives only relative values, a strong linear
relationship was found between its values and forearm
deep vein O, saturation during exercise (Mancini et al.
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1994 a). The RUNMAN has been used during various
types of whole body upright exercise (e.g. treadmill,
rowing and bicycling). Skeletal quadriceps oxygen-
ation was investigated during constant and incremental
work rate bicycle exercise (Wilson et al. 1989; Chance
et al. 1992; Belardinelli et al. 1995a,b; Costes et al.
1996). It has been demonstrated that the rate of O,
resaturation after exercise is faster in the endurance-
trained athlete (rowers) than in sedentary controls
(Chance et al. 1992). The effect of hypoxia on muscle
oxygenation during arm exercise has been investigated
(Jensen-Urstad et al. 1995). An interesting study on the
effects of the increased sympathetic vasoconstrictor
drive on muscle oxygenation in rhythmically con-
tracting human forearm muscles was recently reported
by Hansen et al. (1996).

Simultaneous application of *'P magnetic resonance
spectroscopy (MRS) with the RUNMAN provided a
unique opportunity to investigate muscle metabolism
and oxygenation (Kemp et al. 1994; Mancini el al.
1994a,c). The kinetics of reoxygenation paralleled
those for regeneration of the high-energy compound
phosphocreatine after submaximal exercise, and rap-
idly surpassed the metabolic processes after maximal
effort (McCully et al. 19945). Proton MRS and NIRS
experiments also demonstrated that haemoglobin
deoxygenation precedes myoglobin deoxygenation
(Wang et al. 1990; Mancini e/ al. 1994¢).

More quantitative muscle studies were performed
using a three-wavelength NIR ¢ instrument (OM-
100A, Shimadzu Co., Japan). This instrument was
used in several studies, i.e. to develop a forearm VO,
method (Homma et al. 19964), to investigate the
influence of adipose tissue thickness on the NIR
measurements (Homma et al. 1996¢), to investigate
skeletal quadriceps oxygenation during constant and
incremental work rate bicycle exercise (Homma et al.
1993) and to study changes in muscle oxygenation
during weight-lifting exercise (Tamaki et al. 1994).
Quantitation was further improved by combining four-
wavelength attenuation data, measured by the
NIRO500 (Hamamatsu Photonics, Japan), with the
optical path length that can be measured from separate
NIR s and NIR,, measurements during different
conditions (Delpy e/ al. 1988; Chance et al. 19886;
Duncan et al. 1995a). Path length changes were less
than 109, during arterial occlusion with maximal
voluntary contraction (Ferrari et al. 1992, 1993;
Duncan et al. 19955). The NIRO500 was used in
several studies, i.e. to develop forearm VO, and flow
methods (De Blasi et al. 1994), to investigate the effect
of the treadmill speed and slope on the quadriceps oxy-
genation (Quaresima e/ al. 19955, 1996a), and to study
forearm muscle exercising simultaneously with various
leg-cycling intensities (Bradley 1996).

3. NIRS MUSCLE STUDIES ON PATIENTS

The clinical significance of NIRS muscle findings in
different diseases has been explored by several groups
using different instrumentation. NIRS has been used
to investigate the diseases associated with impaired
tissue oxygenation, like heart failure and peripheral
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vascular disease (PVD). It has been shown that
patients with congestive heart failure desaturate their
muscle at lower work levels than normal subjects
indicating an insufficient blood flow to the exercising
muscles of these patients (Wilson et a/. 1989; Mancini
et al. 1994¢; Belardinelli et al. 1995¢; Matsui et al.
1995). The results indicate that NIRS can detect
different muscle oxygenation profiles in patients with
different levels of exercise intolerance.

Accessory respiratory muscle oxygenation during
exercise was assessed on patients with heart failure and
on heart transplant recipients (Mancini et al. 1991,
1994 5, 1995, 1996).

Many studies were made to investigate PVD.
Cheatle et al. (1991) found that at rest the V'O, of PVD
patients was half of that found in healthy controls. A
standardized treadmill exercise was used to investigate
the calf oxygenation of patients with claudicatio
intermittent (Komiyama et al. 1994; McCully et al.
1994a; Colier et al. 1995a). The patients with more
severe impairment (i.e. insufficient O, delivery)
presented an earlier decrease of muscle oxygenation. A
delayed oxygenation recovery time after forearm
occlusion was found in patients with chronic subclavian
artery occlusion (Kurosawa et al. 1996). Tissue
oxygenation was also investigated during electrically
stimulated muscle contraction on patients with spinal
cord injury (Monroe et al. 1995).

Muscle NIRS might also have a role in investigating
the therapeutic efficacy of vasoactive substances.
Recently, the effect of nifedipine (vasodilator) on the
established effects of bryostatin (antineoplastic agent)
was studied on the calf of patients with disseminated
melanoma by combining *'P MRS and NIR_
(Thompson et al. 1996). The assessment of the acute
therapeutic effect of dobutamine on skeletal muscle
oxygenation has been reported (Mancini et al. 1990).

Oxidative defects have been found in metabolic
myopathies by NIR s (Bank & Chance 1994; Chance
& Bank 1995). The cytochrome ¢ oxidase deficiency
did not provoke any deoxygenation during calf
exercise. This indicates an under-utilization of
delivered O,,.

Recently, the muscle absorption and the reduced
scattering coeflicients were mapped on muscular
dystrophy patients (Quaresima et al. 19964). Using the
same patients, the effect of the treadmill speed and
slope on the quadriceps oxygenation was investigated
(Quaresima et al. 19955, 1996a,c). The Duchenne
muscular dystrophy patients’ performances were not
O, limited.

Ageing might be associated with muscle blood flow
reduction. It was found that elderly subjects had a
longer rate of calf O, resaturation (McCully & Posner
1995).

4. ADVANTAGES AND LIMITATIONS IN
THE USE OF MUSCLE NIRS

Figure 1 reports a typical example of the oxygenation
changes in the resting muscle during ischaemia.
Measurements were performed on the forearm by a
four-continuous-wavelength instrument (NIRO500,
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Figure 1. Effects of the vascular occlusion and release
measured on the forearm by a NIR instrument
(NIRO500). Sampling time: I s.

CWS

Hamamatsu, Japan). Optodes were firmly positioned
on muscle by a special support (Quaresima el al.
19954). [Hb] and [HbO,] changes are expressed as
moles per litre of tissue. After 2 minutes of baseline an
abrupt vascular occlusion was achieved by inflating a
pneumatic cufl’ (240-260 mmHg). The occlusion was
maintained for about five minutes. No consistent
variations of [Hb] and [HbO,] occurred during
baseline, instead [HbO,] decreased from the beginning
of the occlusion. The [HbO,] decrease was mirrored by
[Hb] increase. No [Hbtot] variations occurred during
the first two minutes of ischaemia. Instead [Hbtot] rose
after cuff release. Hbdiff ([HbO,]|” [Hb]) is a good
index of tissue oxygenation when no [Hbtot] changes
occur. VO, can be calculated by measuring the rate of
change of [HbO,]| to [Hb] (Cheatle et al. 1991). VO,
can be calculated more precisely by the linear
regression of the desaturation rate occurring during the
first 60 s of ischaemia. The same method was applied
by De Blasi et al. (1993, 19964), Homma and Kagaya
(1994) and Colier et al. (19955) to measure VO, at rest
and during isometric exercise. The recovery time,
required from the cessation of vascular occlusion to
resaturate the haemoglobin to 50 9%,, can be calculated
as described by Chance et al. (1992). This VO, method
cannot be validated; however, another method using
venous occlusion (De Blasi et al. 1994) has recently
been validated by an invasive technique (Homma et al.
1996 a). Both VO, optical methods provide comparable
results. However, the venous occlusion method can be
more easily repeated and is clinically more acceptable.
This method also offers the advantage of measuring the
blood flow (De Blasi et al. 1994) and mean tissue
saturation (Sat) simultaneously (Yoxall & Weindling
1996, 1997). The blood flow method has been validated
by plethysmography. Blood flow can be also estimated
from changes in NIR signals from forearm muscle
in response to the fractional inspired O, concentration
(Edwards et al. 1993). All the methods using venous
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Figure 2. Effects of the vascular occlusion and release
measured on the quadriceps by a NIR,, instrument
(OMNIA). Sampling time: 4.8 s.

occlusion can be applied only at rest. These methods
have been used to investigate forearm flow/VO,
relationship on shock patients (De Blasi et al. 19965).

Figure 2 reports a typical example of a quadriceps
oxygenation measurement performed on the resting
muscle during thigh occlusion (450 mmHg) by a
NIR,,s instrument (OMNIA, ISS Inc. Urbana,
Ilinois, USA). This instrument has the advantage of
measuring the absorption and scattering coefficients at
two wavelengths and calculating the absolute values of
[Hb] and [HbO,] (De Blasi et al. 1995). From these it
is possible to calculate Sat and [Hbtot]. A plateau was
reached when Sat decreased by about 209,. This
indicates that O, stores are not depleted. A similar
finding was recently obtained using a portable NIR ;4
instrument (Liu et al. 1995; Hamaoka e al. 1996). Sat
can also be measured by NIR, instruments (Matcher
et al. 19956; Homma & Kagaya 19966). Although
Matcher found unexpected low Sat values at rest, Sat
decreased by the same order of magnitude (about
309%,) in ischaemia. The unexpected high saturation
values found during prolonged ischaemia might be
explained by several factors, such as (i) incomplete
occlusion; (i) absence of water and lipids contribution
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Figure 3. Effects of gravitational changes, at different angles
of the tilting bed, measured on the calf by a NIR 4
instrument (NIRO500). Sampling time: 2 s.

in the algorithm (Matcher et al. 19955); (ii1) wrong
assumptions (homogeneous medium); and (iv) differ-
ent diffusion of O, in the capillaries and veins.
Although the reproducibility of this NIR ., instrument
is satisfactory, the reliability of the data obtained from
these instruments is still controversial. The NIR,q,
NIR ;¢ and NIR ;¢ instruments offer such undoubted
potential advantages that they should replace NIR ¢
instrumentation in the near future.

Figure 3 reports an example of the calf [Hb] and
[HbO,]| changes during whole body passive postural
variations ( 10° up to 75°, 15° increments). The subject
was fixed on the bed to avoid any supplementary effort
when the position was changed. Measurements were
performed by a NIRO500. Negligible [HbO,] changes
occurred during the protocol; instead [Hb] consistently
and gradually increased with the bed angle increments.
[Hb] rapidly recovered to baseline values when the
bed was repositioned at —10°. [Hbtot] gradually
increased as well, and it reflected only the [Hb]
changes. Considering that no VO, changes are
expected at rest, [Hbtot] rise (about 20 uM) is
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Figure 4. Effects of a series of square wave exercises on the

quadriceps of an untrained cycling subject. Measurements
performed with a NIR ¢ (NIRO500). Sampling time: 2 s.

attributable to blood volume increases in the capacity
of the venous vessels. This result suggests that postural
changes should be taken into account in the in-
terpretation of NIR findings and could be used to
investigate the vascular compliance in healthy subjects
and patients.

Figure 4 reports an example of increasing workloads.
Measurements were performed on the quadriceps by a
NIRO500. A series of square wave exercises performed
on a cycloergometer were alternated with freewheel.
The first exercise (70 W) provoked a rapid and gradual
increase of [Hbtot]. The first four minutes were due to
[Hb] rise, while the last minute was due to [HbO,]
rise. During the second exercise (110 W), [HbO,] rise
contributed more than [Hb] to the [Hbtot] increase.
During the third exercise, the contribution to [Hbtot]
rise was mainly due to [Hb] rise. In the following
exercise steps [Hbtot] remained constant. During each
freewheel recovery phase, [Hb] promptly returned to
baseline values, while [HbO,] reached different levels
(each one higher than the previous one) up to 150 W.
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Then [HbO,] reached almost constant values. There-
fore, the [Hbtot] tracing reflects mainly [HbO,]
variations, in particular after 190 W exercise when the
reached the maximal O, delivery. The
15 minute recovery time was not sufficient to recover
[HbO,] and [Hbtot] to baseline values. Assessment of
muscle metabolism in these experimental conditions
would require the calculation of blood flow and VO,.
Unfortunately, non-invasive NIR optical methods are
not applicable and invasive methods are expensive and
uncomfortable. This represents a serious limit to the
application of NIR in dynamic exercise.

A recent study (Costes et al. 1996) compared
quadriceps oxygenation with the femoral venous O,
saturation during steady-state cycling exercise at 80 9,
of maximal O, uptake in normoxia and hypoxia (FiO,
0.10). It was found that muscle oxygenation paralleled
venous saturation in hypoxia, while it did not follow
venous saturation in normoxia. Blood volume was not
measured in this study. However, these data raise new
questions about muscle oxygenation during steady-
state exercise.

muscle

5. CONCLUSIONS

It has been shown that muscle NIRS can play a
significant role in: (1) understanding healthy muscle
oxidative metabolism; (2) understanding the effects
of disease on muscle metabolism and function;
(3) evaluating the efficacy of therapeutic intervention;
and (4) confirmation of disease diagnoses.

Future muscle NIR studies should be combined with
MRS techniques to probe the mechanisms further
under various conditions. Unfortunately, this com-
parison is limited by the fact that MRS techniques are
more restrictive with regard to the performance of
repetitive motions within the bore of the magnet and
currently require a confined horizontal position. The
use of NIRS has become more widespread as cost and
availability have improved.

This research was supported in part by CNR N.95.00838.04/
96.00094.04; EU Contract BMH4-CT96.1658; the Swiss
National Foundation (32-47075.96/1). We thank ISS Inc.,
Champaign, Illinois, USA, who provided the OMNIA.

REFERENCES

Bank, W. & Chance, B. 1994 An oxidative defect in
metabolic myopathies: diagnosis by noninvasive tissue
oximetry. Ann. Neurol. 36, 830-837.

Belardinelli, R., Barstow, T. J., Porszasz, J. & Wasserman,
K. 1995a Skeletal muscle oxygenation during constant
work rate exercise. Med. Sci. Sports Exerc. 27, 512-519.

Belardinelli, R., Barstow, T. J., Porszasz, J. & Wasserman,
K. 199546 Changes in skeletal muscle oxygenation during
incremental exercise measured with near infrared spec-
troscopy. Eur. J. Appl. Physiol. 70, 487-492.

Belardinelli, R., Georgi, D. & Barstow, T.J. 1995¢ Near
infrared spectroscopy and changes in skeletal muscle
oxygenation during incremental exercise in chronic heart
failure: a comparison with healthy subjects. G. Ital. Cardiol.
25, 715-724.

Bradley, J. 1996 The redox state of forearm muscle

Phil. Trans. R. Soc. Lond. B (1997)

Oxidative metabolism in muscle

M. Ferrari and others 681

exercising simultaneously with various leg cycling inten-
sities. I. Annual Congress on Frontiers in Sport Science,
Nice, France, pp. 744-745.

Chance, B. & Bank, W. 19956 Genetic disease of mito-
chondrial function evaluated by NMR and NIR spec-
troscopy of skeletal tissue. Biochem. Biophys. Acta 1271, 7-14.

Chance, B., Borer, E., Evans, A., Holtom, G., Kent, J.,
Maris, M., McCully, K., Northrop, J. & Shinkwin, M.
19884 Optical and nuclear magnetic resonance studies of
hypoxia in human tissue and tumors. Ann. N.Y. Acad. Sci.
551, 1-16.

Chance, B., Dait, M. T., Zhang, C., Hamaoka, T. &
Hagerman, F. 1992 Recovery from exercise-induced
desaturation in the quadriceps muscles of elite competitive
rowers. Am. J. Physiol. 262, C766-C775.

Chance, B., Nioka, S., Kent, J., McCully, K., Fountain, M.,
Greenfeld, R. & Holtom, G. 19885 Time-resolved
spectroscopy of hemoglobin and myoglobin in resting and
ischemic muscle. Analyt. Biochem. 174, 698-707.

Cheatle, T.R., Potter, L. A, Cope, M., Delpy, D. T,
Coleridge Smith P. D. & Scurr, J. H. 1991 Near-infrared
spectroscopy in peripheral vascular disease. Br. J. Surg. 78,
405-408.

Colier, W. N. J. M., Kooijman, H. M., Hopman, M. T. E.,
Hormes, R., van Vliet, D. & van Asten, W.N. J. C.
19954 The use of near infrared spectroscopy in peripheral
arterial disease. American College of Sports Medicine,
Basic Science Specialty Conference, Indiana, Indianapolis,
abstract 15.

Colier, W. N. J. M., Meeuwsen, 1., Degens, H. & Oeseburg,
B. 199556 Determination of oxygen consumption in muscle
during exercise using near infrared spectroscopy. Acta
Anaesthesiol. Scand. 39, 151-155.

Conway, J. M., Norris, K. H. & Bodwell, C. E. 1984 A new
approach for the estimation of body composition: infrared
interactance. Am. J. Clin. Nutr. 40, 1123-1130.

Cope, M. & Delpy, D. T. 1988 A system for long term
measurement of cerebral blood and tissue oxygenation in
newborn infants by near infrared transillumination. Med.
Biol. Eng. Comp. 26, 289-294.

Costes, I., Barthelemy, J.C., Feasson, L., Busso, T.,
Geyssant, A. & Denis, C. 1996 Comparison of muscle
near-infrared spectroscopy and femoral blood gases during
steady state exercise in humans. J. Appl. Physwol. 80,
1345-1350.

De Blasi, R. A., Cope, M., Elwell, C., Safoue, F. & Ferrari,
M. 1993 Non invasive measurement of human forearm
oxygen consumption by near infrared spectroscopy. Fur. J.
Appl. Physiol. 67, 20-25.

De Blasi, R. A., Fantini, S., Franceschini, M. A., Ferrari, M.
& Gratton, E. 1995 Cerebral and muscle oxygen
saturation measurement by a novel frequency-domain
near-infrared spectrometer. Med. Biol. Eng. Comp. 33,
228-230.

De Blasi, R. A., Ferrari, M., Antonelli, M., Conti, G.,
Almenrdder, N. & Gasparetto, A. 19966 O, consump-
tion—O, delivery relationship and arteriolar resistance in
the forearm of critically ill patients measured by near
infrared spectroscopy. Circ. Shock. 6, 319-325.

De Blasi, R. A., Ferrari, M., Natali, A., Conti, G., Mega, A.
& Gasparetto, A. 1994 Non-invasive measurement of
forearm blood flow and oxygen consumption by near
infrared spectroscopy. J. Appl. Physiol. 76, 1388-1393.

De Blasi, R. A., Sfareni, R., Pietranico, B., Mega, A. M. &
Ferrari, M. 19964 Non invasive measurement of brachio-
radial muscle VO,-blood flow relationship during graded
isometric exercise. Adv. Exp. Med. Biol. 388, 293—298.

Delpy, D. T., Cope, M., vander Zee, P., Arridge, S. R., Wray,
S. & Wyatt, J. S. 1988 Estimation of optical pathlength


http://rstb.royalsocietypublishing.org/

THE ROYAL
SOCIETY

PHILOSOPHICAL
TRANSACTIONS
OF

THE ROYAL
SOCIETY

PHILOSOPHICAL
TRANSACTIONS
OF

Downloaded from rstb.royalsocietypublishing.org

682 M. Ferrari and others

through tissue from direct time of flight measurement.
Physics Med. Biol. 33, 1433-1442.

Duncan, A., Meek, J. H., Clemence, M., Elwell, C. E.,
Tyszczuk, L., Cope, M. & Delpy, D. T. 19954 Optical
pathlength measurements on adult head, calf and forearm
and the head of the newborn infant using phase resolved
optical spectroscopy. Physics Med. Biol. 40, 295-304.

Duncan, A., Whitdock, T. L., Cope, M. & Delpy, D.T.
19956 Measurement of changes in optical pathlength
through human muscle during cuft occlusion on the arm.
Optics Laser Technol. 27, 269-274.

Edwards, A. D., Richardson, C., Van Der Zee, P., Elwell, C.,
Wyatt, J.S., Cope, M., Delpy, D.T. & Reynolds,
E. O.R. 1993 Measurement of hemoglobin flow and
blood flow by near-infrared spectroscopy. J. Appl. Physiol.
75, 1884-1889.

Ferrari, M., Wei, Q., Carraresi, L., De Blasi, R. A. &
Zaccanti, G. 1992 Time-resolved spectroscopy of human
forearm. J. Photochem. Photobiol. B 16, 141-153.

Ferrari, M., Wei, Q., De Blasi, R. A., Quaresima, V. &
Zaccanti, G. 1993 Variability of human brain and muscle
optical pathlength in different experimental conditions.
SPIE 1888, 466-472.

Giannini, 1., Ferrari, M., Carpi, A. & Fasella, P. 1982 Rat
brain monitoring by near infrared spectroscopy: an
assessment of possible clinical significance. Physiol. Chem.
Phys. 14, 295-305.

Hamaoka, T., Iwane, H., Katsumura, T., Shimomitsu, T.,
Murase, N., Nishio, S., Osada, T., Sako, T., Higuchi, H.,
Kurosawa, Y. & Chance, B. 1996 Non-invasive quanti-
fication of oxygenation and energy metabolism in working
muscle. I. Annual Congress Frontiers in Sport Science,
Nice, France, pp. 280-281.

Hampson, N. B. & Piantadosi, C. A. 1988 Near infrared
monitoring of human skeletal muscle oxygenation during
forearm ischemia. J. Appl. Physiol. 64, 2449-2457.

Hansen, J., Thomas, G. D., Harris, S. A., Parsons, W. J. &
Victor, R.G. 1996 Differential sympathetic neural
control of oxygenation in resting and exercising human
skeletal muscle. J. Clin. Invest. 98, 584—-596.

Homma, S., Eda, H., Ogasawara, S. & Kagaya, A. 19964«
Near-infrared optical estimation of O, supply and O,
consumption in forearm muscles working at varying
intensity. J. Appl. Physiol. 80, 1279-1284.

Homma, S., Fujii, N., Sone, R., Yamazaki, F., Eda, H. &
Ikegami, H. 1993 Muscle circulation and metabolic
activity during exhaustive cycle exercise studied by near-
infrared spectroscopy. J. Exerc. Sci. 3, 49-56.

Homma, S., Fukunaga, T. & Kagaya, A. 1996¢ Influence
of adipose tissue thickness on near-infrared spectroscopic
signal in the measurement of human muscle. J. Biomed.
Optics. 1, 418-424.

Homma, S. & Kagaya, A. 1994 Simultaneous estimation
of oxygen supply and consumption in skeletal muscle
by near-infrared spectroscopy under venous occlusion.
J. Exerc. Sci. 4, 19-28.

Homma, S. & Kagaya, A. 19964 Detection of oxygen
consumption in different forearm muscles during handgrip
exercise by spatially resolved NIR spectroscopy. Int. Soc.
Oxygen Transport to Tissue, XXIV Annual Meeting,
abstract P8.7.

Jensen-Urstad, M., Hallback, I. & Sahlin, K. 1995 Effect of
hypoxia on muscle oxygenation and metabolism during
arm exercise in humans. Clin. Physiol. 15, 27-37.

Jobsis, F.F. 1977 Non-invasive infrared monitoring of
cerebral and myocardial oxygen sufficiency and circu-
latory parameters. Science 198, 1264—-1267.

Kemp, G. J., Thompson, C. H., Barnes, P. R. J. & Radda,
G. K. 1994 Comparison of ATP turnover in human

Phil. Trans. R. Soc. Lond. B (1997)

Oxtidative metabolism in muscle

muscle during ischemic and aerobic exercise using *'P
magnetic resonance spectroscopy. Magn. Res. Med. 31,
248-258.

Komiyama, T., Shigematsu, H., Yasuhara, H. & Muto, T.
1994 An objective assessment of intermittent claudication
by near-infrared spectroscopy. FEur. J. Vasc. Surg. 8,
294-296.

Kurosawa, Y., Iwane, H., Hamaoka, T., Murase, N., Sako,
T. & Higuchi, H. 1996 The effects of peripheral vascular
disease on muscle oxygenation and energy metabolism.
Med. Sci. Sport Exer. 28, S62.

Liu, H., Hielscher, A. H., Dean Kurth, C., Jacques, C. D. &
Chance, B. 1995 Time resolved photon migration in a
heterogeneous tissue-vessel model. SPIE 2389, 150-156.

Mancini, D. M., Chance, B. & Wilson, J. R. 1990 Effects of
dobutamine on skeletal muscle oxygenation in patients
with heart failure assessed by near-infrared spectroscopy.
Heart Failure 6, 174-178.

Mancini, D. M., Ferraro, N., Nazzaro, D., Chance, B. &
Wilson, J. R. 1991 Respiratory muscle deoxygenation
during exercise in patients with heart failure demonstrated
with near infrared spectroscopy. J. Am. Coll. Cardiol. 18,
492-498.

Mancini, D. M., Bolinger, L., Liu, H., Kendrick, K., Chance,
B. & Wilson, J. R. 1994« Validation of near-infrared
spectroscopy in humans. J. Appl. Physiol. 77, 2740-2747.

Mancini, D. M., Henson, D., La Manca, J. & Levine, S.
19945 Evidence of reduced respiratory muscle endurance
in patients with heart failure. J. Am. Coll. Cardiol. 24,
972-981.

Mancini, D. M., La Manca, J., Donchez, L., Levine, S. &
Henson, D. 1995 Diminished respiratory muscle en-
durance persists after cardiac transplantation. Am. J.
Cardiol. 75, 418-421.

Mancini, D. M., La Manca, J., Donchez, L., Henson, D. &
Levine, S. 1996 The sensation of dyspnea during exercise
is not determined by the work of breathing in patients with
heart failure. J. Am. Coll. Cardiol. 28, 391-395.

Mancini, D. M., Wilson, J.R., Bolinger, L., Liu, H.,
Kendrick, K., Chance, B. & Leigh, J. S. 1994¢ In vivo
magnetic resonance spectroscopy measurement of deoxy-
myoglobin during exercise in patients with heart failure.
Demonstration of abnormal muscle metabolism despite
adequate oxygenation. Circulation 90, 500-508.

Matcher, S.]J., Elwell, C. E., Cooper, C. E., Cope, M. &
Delpy, D. T. 19954 Performance comparison of several
published tissue near-infrared spectroscopy algorithms.
Anal. Biochem. 227, 54—68.

Matcher, S. J., Kirkpatrick, P., Cope, M. & Delpy, D. T.
19956 Absolute quantification methods in tissue near
infrared spectroscopy. SP/E 2389, 486-495.

Matsui, S., Tamura, N., Hirakawa, T., Kobayashi, S.,
Takekoshi, N. & Murakami, E. 1995 Assessment of
working skeletal muscle oxygenation in patients with
chronic heart failure. Am. Heart. J. 129, 690-695.

McCully, K. K., Halber, C. & Posner, J. D. 19944 Exercise-
induced changes in oxygen saturation in the calf muscles
of elderly subjects with peripheral vascular disease.
J. Gerontol. Biol. Scien. 49, B128-B134.

McCully, K. K., Totti, S., Kendrick, K., Wang, Z., Posner,
J. D., Leigh, J. & Chance, B. 1994/ Simultaneous in vivo
measurements of HbO, saturation and PCr kinetics after
exercise in normal humans. J. Appl. Physiol. 77, 5-10.

McCully, K. K. & Posner, J. D. 1995 The application of
blood flow measurement to the study of aging muscle.
J. Gerontol. 50, 130-136.

Millikan, G. A. 1937 Experiments on muscle haemoglobin
n viwo; the instantaneous measurement of muscle metab-

olism. Proc. R. Soc. Lond. B 123, 218-241.


http://rstb.royalsocietypublishing.org/

B

THE ROYAL
SOCIETY

PHILOSOPHICAL
TRANSACTIONS
OF

B

THE ROYAL
SOCIETY

PHILOSOPHICAL
TRANSACTIONS
OF

Downloaded from rstb.royalsocietypublishing.or

Monroe, M. B., Hopman, M. T. E.,; Colier, W. & Skinner,
J.S. 1995 Assessment of tissue oxygenation during vol-
untary and electrically-stimulated muscle contraction
using near-infrared spectroscopy (NIRS). American Col-
lege of Sports Medicine. Basic Science Special Conference,
Indiana, Indianapolis, abstract 13.

Quaresima, V., De Blasi, R. A. & Ferrari, M. 19954 A
customized optrode holder for clinical near infrared
spectroscopy measurements. Med. Biol. Eng. Comp. 33,
627-628.

Quaresima, V., Pizzi, A., De Blasi, R. A.; Ferrari, A. &
Ferrari, M. 19956 Quadriceps oxygenation changes
during walking and running. SPIE 2387, 249-256.

Quaresima, V., Pizzi, A., De Blasi, R. A.; Ferrari, A. &
Ferrari, M. 19964 Influence of the treadmill speed/slope
on quadriceps oxygenation during dynamic exercise. Adv.
Exp. Med. Biol. 388, 231-236.

Quaresima, V., Pizzi, A., Sfareni, R., Ferrari, A. & Ferrari,
M. 19964 Tissue oxygenation in muscular dystrophy
patients by near infrared spectroscopy. Symposium on
Recent Advances in Diagnosis and Therapy of Neuro-
muscular Diseases, Prato, 21-24 March. In Newromuscular
disorders, abstract IP3, vol. 6, pp. S29.

Quaresima, V., Sfareni, R., Pizzi, A. & Ferrari, M. 1996¢
Measurement of the muscle optical properties on muscular
dystrophy patients by a frequency-domain photometer. In
OSA trends in optics and  photonics on  biomedical optical
spectroscopy and diagnostics, vol. 3 (ed. E. Sevick-Muraca &
D. Benaron), pp. 123-125. Washington, DC: Optical
Society of America.

Seiyama, A., Hazaki, O. & Tamura, M. 1988 Noninvasive
quantitative analysis of blood oxygenation in rat skeletal
muscle. J. Biochem. 103, 419-424.

Shiga, T., Tanabe, K., Nakase, Y., Shida, T. & Chance, B.

1995 Development of a portable tissue oximeter using

Phil. Trans. R. Soc. Lond. B (1997)

Oxidative metabolism in muscle

M. Ferrari and others 683

near infrared spectroscopy. Med. Biol. Eng. Comp. 33,
622-626.

Smith, K. C. 1977 New topics in photobiology. In The
Science of photobiology (ed. K. C. Smith), pp. 397-417.
New York: Plenum Press.

Takada, M., Tamura, T. & Tamura, M. 1987 Non invasive
near-infrared measurements of human arm tissues ‘in
vivo’. Adv. Exp. Med. Biol. 215, 310-304.

Tamaki, T., Uchiyama, S., Tamura, T. & Nakano, S. 1994
Changes in muscle oxygenation during weight-lifting
exercise. Fur. J. Appl. Physiol. 68, 465-469.

Thompson, C. H., Macaulay, V. M., Obryne, K. J., Kemp,
G.J., Wilner, S. M., Talbot, D. C., Harris, A. L. &
Radda, G. K. 1996 Modulation of bryostatin 1 muscle
toxicity by nifedipine—effects on muscle metabolism and
oxygen supply. Br. J. Cancer. 73, 1161-1165.

Wang, Z., Noyszewski, E. A. & Leigh, J. R. 1990 In vivo
MRS measurement of deoxymyoglobin in human
forearms. Magn. Res. Med. 14, 562-567.

Wilson, J. R.,; Mancini, D. M., McCully, K., Ferraro, N.,
Lanoce, V. & Chance, B. 1989 Noninvasive detection of
skeletal muscle underperfusion with near-infrared spec-
troscopy in patients with heart failure. Circulation 80,
1668-1675.

Wittenberg, B. A. & Wittenberg, J. B. 1989 Transport of
oxygen in muscle. A. Rev. Physiol. 51, 857-870.

Yoxall, C. W. & Weindling, A. M. 1996 The measurement
of peripheral venous oxyhemoglobin saturation in new-
born infants by near infrared spectroscopy with venous
occlusion. Pediatr. Res. 39, 1103-1106.

Yoxall, C. W. & Weindling, A. M. 1997 Measurement of
venous oxyhaemoglobin saturation in the adult human
forearm using near infrared spectroscopy with venous
occlusion. Med. Biol. Eng. Comput. (In the press.)


http://rstb.royalsocietypublishing.org/

