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ABSTRACT
Skeletal muscle is one of the largest organs in the human body and its metabolic
function is associated with both physical functioning and many pathologies. The
mitochondrion is the main energy producing organelle in skeletal muscle cells, thus
making its function vital for both health and disease. Purpose: The purpose of these
studies was to validate a novel, non-invasive optical approach for assessing skeletal
muscle (mitochondrial) oxidative capacity. Methods: Two experiments were
performed. The first experiment utilized the well-known effects of endurance exercise, to
induce a change in skeletal muscle oxidative capacity. Nine participants performed four
weeks of forearm endurance exercise training, followed by five weeks of detraining.
Skeletal muscle oxidative capacity was measured with near infrared spectroscopy (NIRS)
every 5-7 days during both training and detraining. The seconds experiment was a cross
validation between NIRS and the current gold standard in vivo approach, phosphorus
magnetic resonance spectroscopy (' P-MRS). Sixteen participants were tested with both
NIRS and *'P-MRS. Results: In the first study, the endurance exercise training resulted

in a linear increase in oxidative capacity (NIRS rate constant) with a group average of 64



+ 37% improvement after four weeks of exercise training (p < 0.05). Oxidative capacity
declined exponentially upon cessation of exercise training, with a mean half-time of ~7.7
days. In the second study, the average recovery time constant was 31.5 = 8.5 s for PCr
and 31.5 £ 8.9 s for mVO, for all participants (p = 0.709). *'P-MRS correlated well with
NIRS for both Channel 1 (Pearson’s » = 0.88, p < 0.0001) and Channel 2 (Pearson’s » =
0.95, p <0.0001). Furthermore, both *'P-MRS and NIRS exhibit good repeatability
between trials (CV = 8.1%, 6.9%, and 7.9% for NIRS Channel 1, NIRS Channel 2, and
*'P-MRS respectively). Conclusion: NIRS measurements of skeletal muscle oxidative
capacity increased with endurance exercise training, decreased with detraining, and
showed good agreement with *'P-MRS. These findings support the validity of NIRS
measurements of skeletal muscle oxidative capacity, and suggest that direct comparisons
of NIRS and *'P-MRS recovery rates can be made.

INDEX WORDS: NIRS, Mitochondrial Function, Oxidative Metabolism, Endurance
Exercise
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CHAPTER 1
INTRODUCTION

Skeletal muscle mitochondrial function is important for both health and sports
performance. Mitochondria are the main energy producing organelles for cellular
metabolism at rest, and during most exercise conditions. Impairments in mitochondrial
function can result in decreased exercise tolerance and reduced quality of life (96). For
example, skeletal muscle mitochondrial function is decreased in persons with multiple
sclerosis (98), spinal cord injury (122), peripheral arterial disease (92), Friedreich’s
Ataxia (112, 113, 144), and diabetes (129). Chronic exercise training has been shown to
enhance skeletal muscle mitochondrial function (6, 43, 50, 62, 117, 121, 151). John
Holloszy coined the term mitochondrial biogenesis to describe the mitochondria’s ability
to change in response to stimuli. One of Holloszy’s hallmark papers demonstrated the
biochemical adaptations to muscle induced by exercise in rats in 1967 (90). In this study,
rats performed 12 weeks of progressive treadmill exercise training. Mitochondrial
oxygen uptake of the exercise-trained rats was twice the sedentary control rats.
Similarly, succinate oxidase activity was approximately 50% greater in the exercising
rats. Exercising rats also showed greater mitochondrial density, as inferred from
concentrations of mitochondrial proteins.

Mitochondrial respiration can be directly measured using high-resolution
respirometry. This technique requires a small sample of muscle tissue, called a muscle

biopsy (19), and specialized equipment. Mitochondrial function and density have also



been inferred from concentrations of key enzymes such as citrate synthase (50) and
succinate dehydrogenase (37) from muscle biopsies. A major disadvantage of these
invasive techniques is that repeated measurements are too burdensome, especially for
human subjects. Furthermore, biochemical assays of tissue samples are often stored prior
to analysis, or even shipped off-site for analysis in a separate laboratory. These time
delays could influence to outcome measurements.

With the development of magnetic resonance spectroscopy, non-invasive
measurements of phosphate metabolites became possible. Kinetic changes in energy
substrates like adenosine triphosphate (ATP), phosphocreatine (PCr), and inorganic
phosphate (P1) could be measured during muscle contractions and the recovery after
muscle activity (4, 53, 124). Despite the advances in magnetic resonance technologies in
the past 30 years, phosphorus magnetic resonance spectroscopy is still rarely used. The
limited availability of multinuclear magnets and personnel with expertise in phosphorus
spectroscopy has hindered its transition from research to clinical settings.

Near infrared spectroscopy (NIRS) uses low intensity light with wavelengths from
600 — 900 nm. The absorption characteristics of light in this range can provide
information about the oxygenation status of heme (iron-containing) compounds. The
main compounds with regard to muscle physiology are intravascular hemoglobin and
intramyocellular myoglobin. Other compounds with similar molecular structures, such as
cytochrome ¢ and melanin, may also contribute to changes in the absorption/scattering
characteristics (58, 74, 120). NIRS has been used to study muscle oxygenation (100),
blood flow (131, 142), and muscle oxygen consumption (114, 142). Repeated

measurements of muscle oxygen consumption (mVO,) after exercise have been used to



measure the recovery of mVO, (130, 136). The rate of recovery of mVO; is directly
proportional to the oxidative capacity of the muscle mitochondria. This technique was
first proposed by Motobe and colleagues (130) and used to measure mitochondrial
function in the forearm muscles of healthy young men. Changes in heme concentrations
under the sampling area can influence NIRS signals (65), which are also visible in the
data from Motobe et al. (130). Our lab has developed algorithms to correct NIRS signals
for small changes heme concentration due to the passive redistribution of heme in the
sampling tissue (136). With this technique, we have found good reproducibility between
testing days (CV ~ 10%) in healthy young subjects. The NIRS rate of recovery of mVO,
has been shown to be lower in patients with spinal cord injuries (54) compared with able-
bodied controls. Similarly, the rate of recovery of mVO, from elite-level cyclists was
nearly twice that of sedentary controls (22). The magnitude of difference in
mitochondrial capacity measured in these two cross-sectional studies is similar to other
techniques such as muscle biopsies (37, 43, 115) and magnetic resonance spectroscopy
(117,122, 123). Measuring the kinetic changes of mVO, with NIRS has significant
advantages. Recovery rate calculations come directly from the exponential fits and are
independent of the type and intensity of exercise or work performed. The rapid arterial
occlusions necessary for these measurements require a continuous source of pressured
air, but moderately large industrial compressors are inexpensive (~$500). Finally, NIRS
devices themselves are inexpensive, widely available and do not require clearance for

metal implants or claustrophobia.



Purposes

Considering the importance of mitochondrial function on health and disease, the
goal of this research was to develop and validate a novel approach for measuring
mitochondrial oxidative capacity using optical spectroscopy. Two experiments were
performed. The purpose of the first study is to provide validation for NIRS
measurements of mitochondrial capacity by measuring activity-induced changes in
response to endurance exercise and detraining. Thirty days of endurance exercise
training for the forearm flexors of the non-dominant arm will be performed thirty minutes
per day, five days per week. NIRS measurements of mitochondrial capacity were
performed bilaterally every 5-7 days during the training and for 30 days after the training.
The purpose of the second study was to cross-validate the NIRS approach with the
already well-established *'P-MRS measure of phosphocreatine resynthesis. In the second
study, direct comparisons were made between NIRS and *'P-MRS recovery rates of
mVO, and PCr respectively.
Hypotheses
The hypotheses for Study 1 are:

H;)  Endurance training of the forearm muscles will results in statistically

significant increases in mitochondrial capacity measured with NIRS.

H,)  NIRS measured changes in mitochondrial capacity will be similar in

magnitude to previous studies using other methods for measurement.

H;)  The time course of NIRS measured changes in mitochondrial capacity

with training and detraining will be similar to literature values.

The hypotheses for study 2 are:



Hi) NIRS measurements of mitochondrial capacity will be significantly
related (correlated) to MRS measurements of mitochondrial capacity.

H,)  The level of agreement between NIRS and MRS measurements will be
strong (Pearson’s » > 0.5).

H;)  Both NIRS and MRS measurements will be reproducible, consistent with

literature values (Coefficient of variation of 10 — 20%).

Significance of the Study

Noninvasive methods for assessing skeletal muscle function can provide
important insights to health and disease, as well as sports performance. NIRS devices are
relatively inexpensive, and require little expertise for data collection. While the
interpretation of NIRS data is more complicated, these devices hold promise for larger,
multi-center clinical trials. Presently, the gold standard for noninvasive assessments of
muscle metabolism rely on the use of multinuclear magnetic resonance facilities. These
studies will provide essential information demonstrating the NIRS has the sensitivity to
measure changes of mitochondrial capacity over time as well as a direct comparison of
NIRS to the non-invasive gold standard, >'P-MRS. The findings from these studies will
help cement the validity of NIRS measurements of mitochondrial capacity, thus allowing

for expansion of this technique to other researchers, physicians, and healthcare providers.



CHAPTER 2

REVIEW OF LITERATURE

Skeletal muscle is considered one of the largest organs in the human body and has
the remarkable ability to rapidly alter its metabolism based on the imposed energy
demand. Skeletal muscle metabolism consists of numerous enzymatic reactions and
pathways, which may or may not rely on the availability of oxygen. Since skeletal
muscle is the main contributor to energy expenditure, changes in skeletal muscle
metabolism have been implicated in the pathogenesis of several diseases including aging,
neurodegeneration, and diabetes (40, 92, 122, 141). Furthermore, skeletal muscle is
considered a highly plastic tissue and retains the ability to change throughout the lifetime
(90). This review of literature will describe the bioenergetic processes in skeletal muscle,
and mechanisms for assessing skeletal muscle energetics including: in vitro high-
resolution respirometry of isolated mitochondria, histochemical approaches with muscle
biopsies, and non-invasive methods of phosphorus magnetic resonance spectroscopy and
near-infrared spectroscopy. A discussion of the role of skeletal muscle metabolism in
human health and disease as well as the effects of exercise interventions on changing

muscle metabolism will also be presented.

Organization of Skeletal Muscle Energetics
Cells contain an enormous number of metabolic pathways that gives rise to the

astounding complexity of bioenergetics. The study of skeletal muscle energetics is not a



new field. The earliest studies of muscle energetics involved the measurement of heat
production during muscle contractions. Much of this work was pioneered by English
physiologist, A.V. Hill (2, 55, 76, 83, 85-89); although Hill cites the earlier studies
performed by Hermann von Helmholtz in 1848 on the mechanical foundations of muscle
thermodynamics (99).

Adenosine triphosphate (ATP) is considered the major unit of currency for
cellular energetics. The chemical breakdown of ATP provides the free energy necessary
for normal cellular maintenance as well as the extreme energetic demands of skeletal
muscle contraction (23, 24, 44). Humans produce ATP through the biochemical
breakdown of macronutrients such as carbohydrates, fats, and proteins. In spite of the
profound complexity of cellular energetics, below is a simplified description of the main
energy systems involved in the production of ATP in skeletal muscle cells.

ATP-consuming reactions during skeletal muscle contractile activity can be
largely attributed to two factors: myosin and sarco-endoplasmic reticulum ATPase’s
(SERCA), and the contraction type (i.e. concentric, eccentric, isometric). From an
ATPase standpoint, the myosin ATPase is responsible for approximately 60% of the ATP
consumption during skeletal muscle contraction, while the SERCA accounts for ~30%
(139). Furthermore, the different isoforms of these enzymes influence the ATP cost of
contractile activity (134). For example, Harkema et al. (75) estimated the ATP cost of
brief tetanic contractions, from direct measures of PCr change, to be threefold higher in
the biceps brachii (fast-twitch) compared with soleus (slow-twitch) cat muscles. Crow
and Kushmerick (41) reported similar results for slow (soleus) and fast (extensor

digitorum longus) murine muscles nearly fifteen years early.



The mechanical nature and force of the muscle contraction also plays and
important role in determining the ATP cost of contraction. Contractile ATP use increases
linearly with the time tension integral (i.e. force x time-under-tension) (125). Moreover,
the ATP cost is dependent on the type of contraction. The earliest reports suggesting
differential energy cost for contraction types came from American physiologist, Wallace
Fenn in 1923 (56, 57). In these experiments, Fenn found that shortening contractions of
isolated frog sartorius muscle ‘liberated more energy’ compared to isometric
contractions. More recently, He et al. (79) reported that ATP consumption rates increased
in proportion to shortening velocity using in vitro permeabilized human muscle fibers.
Similarly, in vivo measurements of PCr consumption (as a direct indicator of ATP cost)
were greater in concentric muscle contractions compared with isometric and eccentric
(137).

ATP-phosphocreatine energy system represents an immediate supply of energy
stored within muscle cells (23, 24). Skeletal muscle cells contain relatively low
concentrations of ATP (~5.5 mM/kg wet weight or ~8.2 mM). This stored ATP serves as
an immediate source of energy for cellular activity (Equation 2.1). Phosphocreatine
(PCr) is stored in muscle cells at nearly five times the concentration of ATP
(approximately 30 mM). PCr is analogous to a chemical pH buffer in that it serves as a
source to directly rephosphorylate ADP. The reaction is catalyzed by the enzyme

creatine kinase (CK) and the overall reaction can be seen below:

MgATP?~ e MgADP~ + P, + H* (Equation 2.1)

CK .
MgADP~ + PCr?~ + Ht & MgATP?™ + Cr (Equation 2.2)



This reaction serves to buffer changes in the phosphorylation potential (i.e.
[ATP]/[ADP]). The ATP/ADP ratio remains relatively high, even during intense
exercise. Thus, large changes in the PCr/Cr ratio buffer small changes in ATP/ADP. To
better understand this CK system, two concepts must be explained: (1) the CK enzyme is
extremely active, and thus considered to be at equilibrium in most conditions; (2) the
many isoforms of CK (i.e. cytosolic and mitochondrial) give rise to a transport system
known as the “phosphocreatine shuttle” (20, 126). This transport system serves to
continuously supply PCr to the myofibrils (or cytosol) through rephosphorylation of Cr in

the mitochondria, thus ensuring muscle contractile activity can continue (Figure 2.1).

|Mitochondria |

ATP Cr Cr TP
CK CK

PCr PCr

/

Figure 2.1. Graphical representation of the phosphocreatine shuttle.

ADP ADP

While the above reactions are those studied in human muscle energetics, other reactions
that may be of importance under certain circumstances include the adenylate kinase
reaction, which catalyzes the production of ATP and AMP from two ADP molecules.
Furthermore, AMP accumulation is rarely found in physiological conditions due to its

rapid deamination to inosine monophosphate.



The Glycolytic energy system has a greater capacity for generating ATP compared
with the ATP-PCr system due to greater concentrations of stored glycogen. However,
glycolysis alone, without oxidative phosphorylation, only has the capacity to support
skeletal muscle contractions for less than one minute. The glycolytic pathway was
originally described by German biochemist Otto Meyerhof (127). This glycolytic
pathway consists of nine or ten enzyme-catalyzed reactions, depending on the starting
substrate (glucose versus glycogen). The general glycolytic reactions for the breakdown
of glucose and glycogen are below in Equations 2.3 and 2.4.

Glucose + 2ADP + 2P; + 2NAD* (Equation 2.3)
- 2Pyruvate + 2ATP + 2NADH + 2H*
Glycogen, + 3ADP + 3P; + 2NAD* (Equation 2.4)

- Glycogen,_, + 2Pyruvate + 3ATP + 2NADH + H*

Glycogen metabolism produces an additional ATP due to its entry into glycolysis, which
skips the energy consuming reaction catalyzed by the enzyme hexokinase. From the
above two reactions, one can conclude that glycolytic metabolism has two main
functions: (1) the productions of ATP for cellular energy, and (2) production of pyruvate
and the reduction of NAD to NADH" both of which can be further metabolized in the
mitochondria. Under hypoxic conditions, pyruvate can be further broken down into
lactate by the enzyme lactate dehydrogenase, in order to continue supplying the NAD
required for glycolytic ATP production. The anaerobic production of lactate is
metabolically inefficient as most of the molecular energy remains in this three-carbon
sugar. In contrast, when oxygen is present, the pyruvate can be further metabolized in the

mitochondria to produce additional ATP via oxidative phosphorylation.
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Oxidative phosphorylation is a term that collectively describes the net oxidation
of nutrients to produce ATP in the mitochondria. Two main pathways that make up
oxidative phosphorylation include the Krebs cycle (or Citric acid cycle, or tricarboxylic
acid cycle) and the electron transport system (ETS). The Krebs cycle (101-106) is a
metabolic pathway that takes place in the matrix of the mitochondria, which involves the
transfer of electrons from acetyl groups to nicotinamide adenine dinucleotide (NAD) and
flavin adenine dinucleotide (FAD). These two reduced electron carriers can then be
transferred to the ETS for oxidation. The ETS consists of several multi-polypeptide
protein complexes embedded in the inner mitochondrial membrane that receive electrons
for the soluble matrix dehydrogenases (NAD and FAD). These electrons are transferred
through a series of electron carriers in the respiratory chain ordered in such a way that
their redox potentials progressively decrease from NADH (Complex I) to O, (terminal
electron acceptor). In three of the ETS protein complexes (I, III, and IV), the fall in
redox potential across the oxidation-reduction reactions within each complex is sufficient
to drive the translocation of protons from the matrix to the inner membrane space. This
creates a proton gradient across the inner membrane that is composed of both the
concentration difference (ApH) and the electrical potential (Afig'), which together are
commonly referred to as the membrane potential (AW). This membrane potential is the
essence of Peter Mitchell’s chemiosmotic theory (which he was awarded the Nobel Prize
in Chemistry in 1978) whereby the accumulation of AW is sufficient to the drive the
synthesis of ATP as protons flow back through the ATP synthase complex (F,Fy

Complex) into the matrix (128). The net reactions for oxidative phosphorylation of

11



pyruvate and a sixteen-carbon fatty acid are found below in Equations 2.5 and 2.6
respectively.
2C3Hg05 + 60, + 2NADH + 33ADP + 33P; (Equation 2.5)
- 6(C0, + 6H,0 + 2NAD + 33 ATP

C16H3205 + 230, + 129 ADP + 129P; - 16C0, + 16H,0 + 129 ATP  (Equation 2.6)

Clearly, the mitochondrial oxidative phosphorylation is the only metabolic source with
the capacity to generate ATP for sustained muscle contractile activity.

An important concept that is commonly misconstrued in basic exercise
physiology texts is that the control of these pathways is depicted as a hierarchy. For
example, at the onset of exercise, the initial ATP is supplied by the ATP-PCr energy
system. If exercise continues, the short-term or glycolytic energy system is turned on the
produce ATP for exercises with a longer duration (~2 minutes). If exercise if prolonged,
the aerobic energy system, or mitochondrial oxidative phosphorylation, is turned on to
produce the energy required. In actuality, these pathways respond immediately and
simultaneously in response to the breakdown of ATP and release of calcium. In fact, the
activation of mitochondrial oxidative phosphorylation has been reported to be on the
order of seconds (31), with ADP being the primary stimulant.

Assessment of Skeletal Muscle Energetics

Numerous techniques have been used in the study of muscle energetics. Early
work from A.V. Hill and colleagues measured heat production from isolated frog muscles
during muscle contractions as an indication of muscle energetics (1, 2, 55, 76, 81-86, 88,

89). With the advancement of technology, it became possible to make accurate

12



biochemical assessments using respirometry, optical spectroscopy, histochemistry, and
magnetic resonance spectroscopy.

In vitro respirometry has a storied history that began with the works of British
physiologists, John Haldane (67-73) and Joseph Barcroft (7-16, 18). Haldane’s first
apparatus pumped out oxygen released from blood into a gas buret for measurement (69).
However, Haldane’s first device made measurements tedious, so later Barcroft and
Haldane built blood-gas analyzers that exploited the arterial-venous oxygen difference as
an indication of tissue respiration (12). Barcroft’s apparatus was later improved by the
addition of an oil solution, which improved calculations of blood oxygenation (17).
Unfortunately for Barcroft, his apparatus later became known as the Warburg apparatus,
after German physiologist Otto Warburg. Warburg used Barcroft’s apparatus to assess
tumor cell respiration among other things (146-149). This same device is the basis for
many of the modern respirometers, which remains largely unchanged.

Modern-day respirometry equipment is typically used in cellular and molecular
biology labs, mostly by basic scientists interested in studying mitochondrial
bioenergetics. These techniques require isolation of mitochondria from mammalian
muscle samples, with a relatively large amount of mitochondrial tissue required for
respiration measurements (50-70 mg) (63, 64). The isolated mitochondria are placed into
a medium-filled chamber that allows for the addition of substrates (ADP, glutamate,
malate) and oxygen. This technique has significantly advanced over the past ~15 years,
by using a modified approach with permeabilized myofibers. Using a plant-based
detergent, saponin, which extracts cholesterol from the sarcolemma and thus perforates

the membrane, allowing substrates to freely exchange with the preparation medium.
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Intracellular membrane-bound organelles such as mitochondria contain very low
concentrations of cholesterol, thus the structural integrity of the mitochondrial reticulum
is retained. This approach also allows for respirometric measurements with very small
sampled of muscle tissue (~0.1 mg). The major advantage of respirometry is that precise
measures of oxygen consumption and ATP production can be made with these devices,
using standardized titration protocols that maintain appropriate oxygen concentrations
while controlling the addition of energetic substrates. For example, in 2011, Larsen et al.
(108) demonstrated and improved mitochondrial P/O ratio (and indication of efficiency)
in isolated human skeletal muscle mitochondria following nitrate supplementation. In
vitro respirometry has the ability assess respiratory capacity at multiple levels of the
respiratory chain. Anderson and colleagues (3) recently demonstrated that obese males
exhibited decreased State 3 respiration (maximal ADP-stimulated oxygen consumption
by mitochondria) and increased production of H,O, (a byproduct of reactive oxygen
species) compared with lean men. Similarly, Mogensen et al. also used high-resolution
respirometry to show that Type II diabetics had lower State 3 respiration compared with
non-diabetic controls (129).

Britton Chance’s development of the dual wavelength spectrophotometer (25) led
to a pivotal group of papers that outline mitochondrial respiration (27, 31-34, 36). Using
this optical spectrometer, Chance and colleagues reported the kinetics of mitochondrial

respiration and showed that ADP is the major stimulus for increasing respiration (35).
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Below in Table 2.1 is a summary of Chance’s mitochondrial respiratory states.

Table 2.1. Mitochondrial respiratory states.

State [O;] ADP Substrate Respiration Rate-limiting Description

level level rate substance

1 >0 Low Low Slow ADP Mitochondria alone

2 >0 High ~0 Slow Substrate Substrate added, low
ADP

3 >0 High High Fast Respiratory Limited amount of

chain ADP added

4 >0 Low High Slow ADP All ADP converted to
ATP

5 <0 High High 0 Oxygen Anoxia

Histochemical approaches have also been used make inferences about
mitochondrial function. Using the muscle biopsy technique (19), a sample of muscle
tissue is obtained for histochemical assays. Increases in protein content of vital
mitochondrial enzymes such as citrate synthase (CS) and succinate dehydrogenase (SDH)
have been commonly used as markers of both mitochondrial function and density (6, 52).
While mitochondrial density is more accurately determined using electron microscopy,
protein content changes have been shown to parallel those found with electron
microscopy (135).

In 1967, John Holloszy found that rats subjected to treadmill running had two-
fold increase in the mitochondrial respiratory capacity was accompanied by 60% increase
in mitochondrial protein content (90). In further support of oxidative enzyme levels
being related to mitochondrial function, Chi et al. (37) showed that levels of CS and SDH
decreased after 12 weeks of detraining. Recent advances in molecular biology, has

allowed researchers to measure intracellular signaling molecules linked with
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mitochondrial adaptation as well as levels of messenger RNA associated with
mitochondrial biogenesis.

Phosphorus magnetic resonance spectroscopy (' P-MRS) exploits the biophysical
characteristics of nuclear spins exposed to strong magnetic fields. Several well-known
scientists can be credited with the development and implementation of *'P-MRS for
studying skeletal muscle including Britton Chance, George Radda, Rex Richards, Jack
Leigh, and others. Some of the earliest >'P-MRS studies on muscle tissue were published
in the late 1970’s by Joan Dawson (45, 46). Since its inception, 3'P_MRS has been
extensively used to study skeletal muscle energetics and is becoming increasingly
popular as the number of multi-nuclear magnetic resonance imagers grows.

In order to explain the *'P-MRS, a brief review of the basic principles is
necessary. Nuclear magnetic resonance (NMR) is based on the concept of nuclear spin.
Atoms with an odd number of protons and/or neutrons possess a nuclear spin angular
momentum, and therefore are useful to NMR. Examples of these nuclei with biological
importance include hydrogen (‘H), phosphorus (*'P), carbon (°C), sodium (**Na), and
fluorine ("’F). In the presence of a strong, external magnetic field, the magnetic moments
of these nuclei tend to align with the external magnetic field. These nuclei also precess at
given frequency (called the Larmor Frequency) that is a function of the nuclei’s chemical
environment, as well as the strength of the external magnetic field. To obtain an NMR
signal, a radiofrequency pulse tuned to the resonant frequency is applied in the transverse
plane to excite the nuclear spins out of equilibrium. The excited, rotating nuclei induce
an electromotive force in the MR coil, which decays over time as the nuclei give off

energy to the surround environment.
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*'P-MRS has been used to measure changes in phosphorus metabolites of skeletal
muscle including: phosphocreatine (PCr), inorganic phosphate (Pi), and adenosine
triphosphate (ATP). Other metabolites such ADP, sugar phosphate (glycerol-6-
phophate), NADPH can be seen in extreme conditions, but in most physiological
circumstances the concentrations are too low for detection with *'P-MRS. Early studies
in skeletal muscle energetics examined changes in metabolite concentration to various
steady-state exercise levels, using the data to extrapolate a maximal mitochondrial
oxidative capacity using a Michaelis-Menton enzyme kinetics approach (29, 30). As
NMR technologies continued to advance, the quality of equipment and data resulted in
the ability to collect quality phosphorus spectra at higher time resolution (using less
signal averaging). The allowed the study of kinetic changes in metabolites during
exercise and the recovery from exercise (124). The kinetics for the resynthesis of PCr
after exercise has been largely considered the gold standard for in vivo measurement of
mitochondrial oxidative capacity and have been utilized extensively in the past ~25 years
(21, 28, 39, 60, 61, 77, 78, 91, 92, 96, 97, 109, 110, 116, 118, 119, 121, 123, 124, 132,
145). Figure 2.2 shows a typical *'P-MRS measurement of the recovery of

phosphocreatine after short duration plantar flexion exercise.
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Figure 2.2. A typical >'P-MRS measurement of mitochondrial function. Each triangle
represents a single measurement of the concentration of phosphocreatine (PCr). Short
duration exercise is used to deplete PCr, and the subsequent recovery post-exercise. The
time constant (Tc) is inversely related to mitochondrial function; while the rate constant
(k = 1/Tc) is directly proportional to mitochondrial function.

Near-infrared spectroscopy is a non-invasive, optical technique that uses near
infrared light to estimate brain, blood, and tissue oxygenation. Light in the near infrared
region [wavelength (1) = 600 — 900 nm] can easily penetrate biological tissues (93).
Several chromophores in skeletal muscle have the ability to absorb NIR light, but the two
main chromophores are hemoglobin (Hb) and myoglobin (Mb). Furthermore, the
absorption and scattering characteristics of Hb and Mb are dependent on whether they are
bound to oxygen. Therefore NIRS can be used to measure skeletal muscle oxygenation
(26), blood flow (49, 59), and oxygen consumption (47, 138, 142, 143). Recently,
Motobe and colleagues suggested that repeated measurements of muscle oxygen
consumption during the recovery from exercise could provide an index of mitochondrial

capacity (130). Our lab has modified this approach to improve the accuracy and

reliability of NIRS data by correcting NIRS signals for changes in blood volume (136).
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Figure 2.3 shows a typical NIRS protocol where arterial occlusions were made at rest to

measure resting oxygen consumption, followed by two exercise/recovery trials.
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Figure 2.3. A typical NIRS protocol showing measurements of resting oxygen
consumption, mitochondrial function, and an ischemic calibration procedure.

For each exercise/recovery trial, short duration exercise is performed to increase skeletal
muscle oxygen consumption. After cessation of exercise, a series of short, repeated
arterial occlusions are performed, each providing a measurement of oxygen consumption.
The protocol ends with an ischemic calibration procedure, which consists ofa 3 — 6
minute arterial occlusion (to deplete all oxygen levels, providing a “zero” oxygen level)

followed by a hyperemic response upon release of the cuff (indicating 100% oxygen).

19



100 7 .
"~ QP -0--0---9
S 90 Lo~
© -1 K4
5 | af
5 g 2| #
8 / Tc=25s
X \; 3 I’h
= 9 !
g T ¢ k = 2.4 min-' (1/Tc)
.c,_) [I
wn 5
D_f <———| Repeated Arterial Occlusions |—> ?
Z 6+ . . - r r . . ,
40 i i ! ! J i i 0 30 60 90 120 150 180 210 240
20 0 30 60 90 120 150 180 Time (s)

Time (s)
Figure 2.4. Post-exercise recovery of muscle oxygen consumption (mVO;) measured
with NIRS. The slope of the NIRS signal during each arterial occlusion provides a
measure of mVO,. The recovery kinetics of mVO; following exercise are well
characterized by a mono-exponential function.
Figure 2.4 shows post-exercise measurements of oxygen consumption, and the recovery
kinetics of muscle oxygen consumption after exercise.

Some advantages of NIRS devices include the relatively low cost, ease of data
collection, and the availability and portability of these devices. NIRS also has several
limitations. For example, NIRS measurements of mitochondrial capacity are limited only
to peripheral limb muscles. Accurate quantification of NIRS signals is also a major
limitation. To quantify NIRS signals, information about the absorption and scattering
characteristics and the concentrations of Hb and Mb (and their relative contributions to
the overall NIRS signal) is required. Currently, NIRS the most commonly used NIRS
devices (continuous-wave NIR light) cannot provide this information, and thus measure
relative changes in the level of oxygenation.

Mitochondria in Health and Disease

The modern day mitochondrion is an evolved form of protobacterium which

symbiosed a eukaryotic cell nearly 1.5 billion years ago (5, 66). Mitochondria have
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several functions including cellular signaling, differentiation, growth, and death; but are
most known for their role as key regulators of metabolism within the cell by converting
energy from the oxidation of macronutrients to adenosine triphosphate (ATP). Since
skeletal muscle is the main contributor to energy expenditure, changes skeletal muscle
mitochondrial function have been implicated in the pathogenesis of several diseases such
as aging, neurodegeneration, and Type 2 diabetes (40, 92, 122, 141). Skeletal muscle
mitochondria have a remarkable ability to alter the genotype and phenotype in response
to changes in demand, which has been commonly termed mitochondrial plasticity. The
first convincing demonstration of mitochondrial plasticity was provided by John Holloszy
(90), who showed that both the mitochondrial enzyme content and isolated mitochondrial
oxygen uptake increased with endurance exercise in rat muscle. In the time since
Holloszy’s experiments, more than 3000 articles have been published, enhancing our
understanding of mitochondrial adaptations to exercise as well as disease or disuse. The
general term used to describe these molecular mechanisms is mitochondrial biogenesis.
In contrast, a lack of physical activity and/or disease lead to a chronic state of low energy
demand which results in a loss of mitochondrial volume and decreased respiratory
capacity (94).

Control of mitochondrial biogenesis involves the coordinated response of
signaling pathways and factors from both nuclear and mitochondrial genomes.
Mitochondrial biogenesis can be induced by numerous physiological, environmental, and
pharmacological stimuli and results in the transcription and translation of nuclear and
mitochondrial genes. Skeletal muscle contractile activity induces adaptations that are

dependent upon the type of exercise (i.e. resistance vs. endurance), as well as the training
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characteristics such as intensity, frequency and duration (51). Contractile activity
initiates signaling pathways through activated transcription factors: AMP kinase
(AMPK), Ca*"-calmodulin-activated protein kinase (CaMK), nuclear respiratory factors
(NRF-1 and NRF-2), and peroxisome proliferator-activated proteins (PPAR-o and PPAR-
v); which are activated through calcium and AMP signal transduction pathways.
Moreover, NRF-1 and NRF-2 are responsible for the link between mitochondrial and
nuclear genomes, through their activation of mitochondrial transcription factor A
(TFAM). However, the binding of transcription factors to gene promotors alone is not
sufficient to activate genes transcription. This often requires the enzymatic activity of
coactivator proteins, such as peroxisome proliferator coactivator (PGC-1a) to stimulate
the expression of both nuclear and mitochondrial genes. Activation of PGC-1a occurs
through phosphorylating reactions by two protein kinases: p38 mitogen activated protein
kinase (p38 MAPK) and AMPK. Endurance exercise initiates mitochondrial biogenesis
through PGC-1a in both acute and chronic conditions. Acute and chronic bouts of
endurance exercise result in an increase in phosphorylated PGC-1a and the translocation
of PGC-1a from the cytosol to the nucleus (133, 150), which initiates the above
intracellular signaling cascade ultimately resulting in mitochondrial proliferation and
increased function of existing mitochondria.

In contrast, several mitochondrial changes are also associated with physical
inactivity, aging, and chronic disease. For example, aging is associated with a reduction
in mitochondrial content and oxidative capacity (80, 107). A chronic lack of physical
activity also results in a significant decrease in the mitochondrial function. Paralysis,

secondary to a traumatic spinal cord injury, represents one of the most dramatic models
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of inactivity available in human studies. Mitochondrial oxidative capacity in paralyzed
musculature is approximately one-half to one-third that of a sedentary, non-paralyzed
muscle (111, 115, 122, 140). Reduced mitochondrial function has also been reported in
other neuromuscular conditions such as Friedreich’s Ataxia (144) and multiple sclerosis
(98). Mitochondrial dysregulation has also been implicated in the pathogenesis of
metabolic diseases such as diabetes and insulin resistance (95). A reduced mitochondrial
oxidative capacity has been reported in diabetic muscle in some studies (42, 141) but not
others (48). The underlying discrepancy between these studies is a lack of control in the
physical activity levels of the participants. Regular exercise might protect the
mitochondria from a decrease in oxidative capacity. Thus reduced mitochondrial
capacity may well be a consequence of diabetes rather than a cause. Skeletal muscle
mitochondrial energetics have also been linked to functional capacity. Coen et al.
reported that mitochondrial oxidative capacity was associated with maximal whole-body
aerobic capacity and walking speed in older adults (38).
Summary

Mitochondria are commonly referred to as the “powerhouse” of the cell, because
of their role in producing the cellular energy currency ATP. Properly functioning
mitochondrial are, therefore, vital in maintain cellular homeostasis, especially in the
demands of increased ATP breakdown cause by muscular contraction. Thus, alterations
in mitochondrial capacity will have tremendous impact on the functional capacity of the
organism. Measurements of mitochondrial oxidative capacity have been made for more
than 100 years. Traditionally, in vitro techniques have been used, but these require

isolation of skeletal muscle tissue. The development of non-invasive methodologies for
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study mitochondrial capacity will greatly enhance the ability of researchers and clinicians
to make measurements on human participants, especially those with chronic diseases.
Information gained from studying mitochondrial capacity in various populations will help
guide therapeutic and pharmacological interventions aimed to improve the overall health

and functional capacity of humans.
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Abstract

Purpose: Previous studies have used near-infrared spectroscopy (NIRS) to
measure skeletal muscle mitochondrial capacity. This study tested the hypothesis that
NIRS measured mitochondrial capacity would improve with endurance exercise training
and decline with detraining. Methods: Nine, young, participants performed four weeks of
progressively increasing endurance exercise training of the wrist flexor muscles followed
by approximately five weeks of inactivity. The rate of recovery of muscle oxygen
consumption (mVO,) was measured with NIRS every 3-7 days, indicating mitochondrial
oxidative capacity. Results: A linear increase in mitochondrial capacity (NIRS rate
constant) was found with a group average of 64 + 37% improvement after four weeks of
exercise training (p < 0.05). Mitochondrial capacity declined exponentially upon
cessation of exercise training, with a mean half-time of ~7.7 days. Conclusion: Both the
magnitude and time course of mitochondrial adaptations to exercise training and
detraining measured with NIRS was consistent with previous studies using both in vitro
and in vivo techniques. These findings show that NIRS based measurements can detect

meaningful changes in mitochondrial capacity.

Keywords:

NIRS, mitochondrial capacity, oxidative metabolism, endurance training, detraining
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Introduction

The effects of exercise training on skeletal muscle mitochondrial oxidative
capacity have been well-known for a number of years (21). Skeletal muscle contractile
activity initiates several cellular signals that results in increased nuclear and
mitochondrial gene transcription, followed by translation into mitochondrial proteins
(24). Over time, repeated bouts of exercise results in increased mitochondrial enzyme
concentrations and activities (14, 19, 23), which have been termed mitochondrial
biogenesis. In contrast, a lack of physical activity, aging, and several pathological
conditions are associated with reduced mitochondrial function (28, 29, 31).

Historically, skeletal muscle mitochondrial function has been measured using
muscle tissue samples that require surgical removal (21-23). The concentration and
activity levels of key mitochondrial enzymes such as citrate synthase or succinate
dehydrogenase are commonly used as a measure of mitochondrial function (14, 19, 23).
A major limitation of these assays is that mitochondrial function is inferred from a very
small amount of tissue and the evaluation of a single mitochondrial enzyme. High-
resolution respirometry can provide more information about the specific function of the
various complexes in the electron transport chain, but the isolated tissue used is subjected
to non-physiological conditions (i.e. higher oxygen concentrations). Non-invasive
assessments of mitochondrial function have advantages for testing human subjects. In
vivo techniques allow for repeated measurements with little, if any, discomfort while
circulatory and other regulatory systems remain intact. Phosphorus magnetic resonance
spectroscopy (*'P-MRS) is the most commonly used in vivo technique for assessing

mitochondrial function (6).
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Recent advances in optical spectroscopy have led to improved optical devices and
applications for studying muscle physiology (12). Near-infrared spectroscopy (NIRS)
has been used to measure various aspects of muscle physiology including: muscle blood
flow and perfusion (10), muscle oxygen consumption (9, 10, 33), and muscle
oxygenation (1, 15). The recovery of muscle oxygen consumption (mVO,) after
exercise, measured with NIRS, has been used as an index of skeletal muscle oxidative
capacity (5, 36). Recently, this method has been improved by correcting for the small
changes in observed heme concentrations that often occur during these measurements
(38). Recent studies have shown the approach to be reproducible, and that the increase in
muscle metabolic rate needed for the study can be produced either voluntary or electrical
stimulation (37). Furthermore, a recent study from our lab demonstrated that NIRS
measured skeletal muscle mitochondrial capacity of endurance-trained cyclists was
higher than sedentary control subjects, and that the relative magnitude of difference in
mitochondrial capacity was similar to more established techniques (4).

The purpose of this study was to use NIRS measurements of the recovery rate of
mVO; after exercise to measure changes in skeletal muscle mitochondrial capacity
induced by endurance exercise training and detraining. It was hypothesized that
mitochondrial capacity would increase with endurance exercise training, and would

return to baseline with detraining.
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Materials and Methods
Participants

Nine healthy college-aged men and women volunteered to participate in this study
(5M/4F; Age =23 + 2.3 yr; Height = 172.4 £ 9.8 cm; Weight = 63.4 + 12.5 kg).
Participants were included if they had not been diagnosed with any chronic disease
known to influence muscle metabolism, or were not taking medications that could alter
muscle mitochondrial function, or if they were not currently performing forearm exercise
training more than one day per week. The study was conducted with the approval of the
Institutional Review Board at the University of Georgia (Athens, GA), and was carried
out in accordance with the Declaration of Helsinki (2008). All participants gave written,

informed consent before testing.

Experimental Design

This was a longitudinal study design where participants performed four weeks of
unilateral wrist flexor exercise of the non-dominant arm. The wrist flexor muscles were
chosen because they are not involved in locomotion and should be reasonably untrained
in comparison to the musculature of the thigh or calf. The dominant arm was not trained
and served as the control arm. NIRS measurements of mitochondrial capacity were made
every 3-7 days throughout the entire length of the study. Maximal voluntary isometric
contractions (MVIC) were performed once per week to determine the appropriate weight
for exercise training and testing (~30% MVIC).

Wrist flexion exercise was performed 5 days per week for four weeks (20 total

sessions) of the non-dominant arm only. Each session consisted of continuous wrist
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flexion exercise for 30 minutes. Participants performed the exercise on a padded, flat
surface with the elbow at 90 degrees of flexion. Gloves were provided to prevent any
discomfort to the hands or skin. Participants trained with dumbbell weights adjusted to
~30% MVIC. Progressive increases in the contraction frequency occurred as tolerated,
with the goal of inducing the largest change in mitochondrial capacity. Participants
began training with a contraction frequency of 0.3 — 0.5 Hz (600 - 900 contractions per
session) and increases to 1.0 - 1.2 Hz (1800 - 2160 contractions per session). During the
final one minute of the each exercise training session, participants performed a high-
intensity “sprint”, which consisted of performing wrist flexions at a maximal rate. This
one-minute period was included in an attempt to maximize the stimulus for mitochondrial
biogenesis (11). Following the 20™ session of exercise, participants were instructed to

not perform any forearm exercise for the remaining duration of the study.

Experimental Procedures

NIRS testing was performed on both the experimental (training) and control arm
every 3-7 days throughout both the training and detraining portions of the study. Each
participant was placed supine, on a padded table with the tested arm extended (90 degrees
from the body). For each testing session, the NIRS protocol was performed on both the
control and experimental arm, which last approximately 45 minutes. The NIRS probe was
placed over the superficial wrist flexor muscles (flexor carpi radialis, palmaris longus,
and flexor carpi ulnaris) approximately 2-3 cm distal to the medial epicondyle of the
humerus. A blood pressure cuff (Hokanson SCS5, Bellevue, WA) was placed proximally

to the elbow joint, and was attached to rapid cuff-inflation system (Hokanson E20 cuff
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inflator, Bellevue, WA) powered by a 30-gallon commercial air compressor (Husky
VT6315, Kenosha, WI).

NIRS signals were obtained using a continuous wave NIRS device (Oxymon MK
III, Artinis Medical Systems, The Netherlands), which consisted of 2 channels (2
equivalent pulsed light sources, 2 avalanche photodiode detectors, shielding from
ambient light), uses intensity-modulated light at a frequency of 1 MHz and laser diodes at
3 wavelengths (905, 850, and 770 nm) corresponding to the absorption wavelengths of
oxyhemoglobin (O,Hb) and deoxyhemoglobin (HHb), with an autosensing power supply
(approximately 40 W at 110-240 V). The probe was set for one source-detector
separation distances after measurement of adipose tissue thickness. The source-detector
distance was set to the closest available distance (choices available were 25, 30, 35, 40,
45, and 50 mm) that was at least twice the adipose tissue thickness. Adipose tissue
thickness (ATT) was measured at the site of the NIRS probe using B-mode ultrasound
(LOGIQe; GE HealthCare, USA). NIRS data was collected at 10 Hz. NIRS signals that
represent oxygenated (O,Hb) and deoxygenated (HHb) hemoglobin/myoglobin were
corrected for blood volume changes as previously described (38). Once corrected, the
Hbuifference Signal was calculated from the difference of O,Hb and HHb, which effectively
increases the signal (i.e. change in NIRS signal during arterial occlusion) by a factor of

two.
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NIRS Measurements

The NIRS protocol used was based on a previous study (4). All NIRS
measurements were made using the calculated using the Hbuigference Signal (difference
between O,Hb and HHB, after correction for blood volume shifts). Resting muscle
oxygen consumption (mVO,) was measured as the decline in muscle oxygenation
(Hbyifference Signal) during inflation of a blood pressure cuff to 250 — 300 mmHg. Two
resting measurements were made using 30 seconds of arterial occlusion. Resting mVO,
was calculated using simple linear regression with the first 20 seconds of each occlusion
(200 data points). Following the resting measurements, mitochondrial capacity was
measured as the rate of recovery of mVO; after voluntary wrist flexion exercise. Short
duration (~10 seconds) wrist flexion exercise (30% MVIC) was used to increase mVO,.
A series of short duration arterial occlusions was performed immediately following the
exercise. The cuff protocol is as follows: cuffs 1-10 = 3 seconds on, 3 seconds off; cuffs
11-15 =7 seconds on, 7 seconds off; cuffs 16-20 = 10 seconds on, 10 seconds off; cuffs
21+ =10 seconds on, 20 seconds off. This cuffing protocol was designed to optimize our
ability to characterize the recovery of mVO, while minimizing any discomfort to the
participants. The exercise/cuff protocol was performed twice and the two tests were
averaged. An ischemia/hyperemia calibration was used to normalize NIRS signals as
previously described (37) . Briefly, 5-seconds of voluntary wrist flexion exercise was
performed, followed by inflation of the blood pressure cuff to 250 — 300 mmHg for 3-6
minutes (until the NIRS signals plateau). Upon release of the cuff, a 1-3 minutes period
of hyperemia occurs. This calibration was used to scale the NIRS signals to this

‘physiological’ range.
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Calculation of Muscle Oxygen Consumption

mVO; was calculated as the slope of change in Hbgifrerence Signal during the arterial
occlusion using simple linear regression. The post-exercise repeated measurements of
mVO; were fit to a mono-exponential curve according to the formula below:

y(t) = End - Delta* ™' (Equation 3.1)

For this equation, y represents relative mVO; during the arterial occlusion, End is the
mVO, immediately after the cessation of exercise, Delta is the change in mVO, from rest
to end exercise, ¢ is time, and £ is the fitting rate constant. The recovery rate constant (k)

of mVO, after exercise is proportional to the maximal oxidative capacity.

Statistical Analysis

Data are presented as means + SD. Statistical analyses were performed using SPSS
19.0 (IBM®, Armonk, NY). A two-way mixed model ANOVA with a within-subjects
factor (time) and between-subjects factor (control arm vs. training arm) was performed
on the NIRS rate constants. When a significant interaction effect was found, a post hoc
analysis was performed using pairwise comparisons of the main effect (time) with a
Bonferroni adjustment. An A4 Priori power calculation was performed using G*Power 3
(Heinrich Heine, Diisseldorf, Germany) and yielded a total sample size of 6 based on the
interaction term for repeated ANOVA with a 20% improvement in mitochondrial

capacity, a = 0.05, and power (1-) =0.8.
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Results

All participants completed the testing and exercise training without any adverse
events. The physical characteristics of the participants in this study are shown in Table
3.1. All participants increased the number of contractions performed throughout the
training portion of the study (Session 1 ~ 800 + 160 contractions, Session 20 ~ 1800 +
130 contractions; p < 0.001). Weekly training progression for the group is shown in
Table 3.2. Resting mVO; was not altered by training (p = 0.790) and was not different
between control and training arms (0.29 £ 0.03 vs. 0.31 + 0.02 %/s, p = 0.461). MVIC
did not change over time in either the control arm (p = 0.833) or the training arm (p =

0.537).

NIRS Mitochondrial Capacity

Representative NIRS raw data and the recovery kinetics of mVO; are shown in
Figure 3.1a and 3.1b for descriptive purposes. All participants showed improvements in
skeletal muscle oxidative capacity in the endurance trained wrist flexors, as indicated by
an increase in the rate constant (k) for the recovery of mVO; (p < 0.001) (Figure 3.2).
There was no change in the rate constant (k) in the control arm (p = 0.757) (Figure 3.2).
The mean coefficient of variation for the NIRS rate constant in the control arm was
10.4% (range = 6 — 16%). We also found that the initial (baseline) NIRS rate constant
was not different between the dominant and non-dominant arms (1.17 £ 0.23 vs. 1.15 +
0.21, p = 0.717). The normalized changes in mitochondrial capacity (percent change from
baseline) are shown in Figure 3. We found a wide range of improvement in

mitochondrial capacity in this study (31 — 151 %). Because of this wide range in
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responses to training protocol, we conducted a regression analysis to determine the
relationship between the improvement (percent change) and the initial mitochondrial
capacity (rate constant at baseline). This relationship was significant [F(1,8) =7.447,p =
0.029, »=-0.718]. The initial (end-exercise) mVO, also increased with exercise training.
The initial mVO, from the first testing session was 4.45 + 1.88 %/s and peaked at 6.67 +
1.34 %/s in testing session 5 (p = 0.09).

We also calculated rates of adaptation and de-adaptation in mitochondrial
oxidative capacity using the NIRS data. During the exercise training, the mean change in
mitochondrial capacity increase linearly over time reaching a peak improvement of
approximately 64 + 37% measured ~48-72 hours after the last training session.
Individual training and detraining responses are shown in Table 3.3. Pooled training and
detraining responses were characterized with linear regression and monoexponential
decay functions respectively (Figure 3.3). A rapid decline in mitochondrial capacity
occurred during the detraining portion of the study, which was well-characterized by a
monoexponential decay (Figure 3.3). The calculated half-time for the decay in the NIRS
rate constant was 7.7 days. There was no significant difference between the starting
mitochondrial capacity and mitochondrial capacity after five weeks of detraining (p =

1.000).

Discussion
This study found that mitochondrial capacity measured by NIRS improved with
exercise endurance training and returned to baseline values with detraining. We are not

aware of previous studies that have used the rate constant (k) for the recovery of mVO,
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measured with NIRS to assess training and detrained in skeletal muscle. The magnitude
and rate of adaptation in mitochondrial capacity found in this study are in agreement with
previous studies that used in vitro measurements from muscle biopsies (14, 16, 18, 19,
21, 39) and in vivo measurements of phosphocreatine resynthesis (13, 35). Moreover, the
time course of de-adaptation is also consistent with previous studies (2, 7, 20, 27, 30, 35).
The ability to detect training and detrained induced changes support the validity of NIRS
based measurements as a technique for assessing mitochondrial oxidative capacity.

In this study, we report a 64 + 37% increase in mitochondrial oxidative capacity
(indicated by the rate constant for the recovery of mVO,) in response to four weeks of
endurance exercise training of the wrist flexor muscles. It is difficult to compare the
relative magnitudes of increase in mitochondrial capacity to previous studies due to
methodological differences in both the measurement of mitochondrial function and the
exercise training protocols. However, the magnitude of change is within the expected
range from previous studies. For example, Gollnick et al. (14) reported a 95% increase in
succinate dehydrogenase (SDH) activity after 5 months of cycling exercise training in the
vastus lateralis muscle. After 2 months of unilateral cycling exercise training,
Henriksson et al. (19) reported a 27% increase in SDH activity in the vastus lateralis
muscle. Shorter duration exercise training also causes increased mitochondrial function.
Spina et al. (39) found that 7-10 days of endurance cycling exercise (~2 hours per day)
increased citrate synthase (CS) concentrations by approximately 30% in the vastus
lateralis muscle. A similar study by Green and colleagues (18) was published a few years
earlier. The authors of this study reported that 10-12 days of endurance exercise

increased SDH and CS activities by 14% and 23% respectively in the vastus lateralis
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muscle, although these changes were not considered statistically significant. Exercise
training-induced increases in mitochondrial capacity have also been reported using the in
vivo *'P-MRS (13, 34, 35).

Participants in the current study performed continuous wrist flexion exercise for
30 minutes per day, five days per week, for four weeks. Progressive increases in the
exercise intensity were made as tolerated by the participants (~2 %4 increase in contraction
number per training session by the end of the study). The short duration of training, in
combination with the increasing stimulus, resulted in a linear increase in mitochondrial
capacity during the training portion. This relationship is not unexpected as Green et al.
(17) found a linear increase in SDH activity through six weeks of cycling exercise
training. Previous studies have suggested that a fixed and unchanging training stimulus
might result in a first-order increase in oxidative capacity with a similar rates of
adaptation and de-adaptation, which would level off given the appropriate training
duration (2, 11, 40).

The participants in this study had a wide range of responses to the exercise
training (31% - 151% improvement). The heterogeneity in responses to exercise training
was consistent with previous studies suggesting genetic influences on training responses
(3). While our study was not designed to determine the mechanisms behind this wide
range, several factors could influence the magnitude of change in mitochondrial capacity.
We did find a statistically significant relationship between the baseline mitochondrial
capacity (NIRS rate constant) and the percent improvement, which accounted for ~50%
of the variance in the percent improvement. This suggests that greater improvements

were seen in the participants with the lowest rate constant at baseline. Another potential
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factor could be differences in the training intensity between participants (11). There were
small differences in the number of contractions performed between participants, but all
participants increased the number of contractions performed. We did not find a
statistically significant relationship between the magnitude of improvement and either the
number of contractions performed or the rate of increase in training intensity (i.e. rate of
increase in the number of contractions). It is possible that the difference in training
intensity between participants was not large enough to detect an effect on the magnitude
of adaptation. In addition, there are numerous wrist flexor muscles capable of
contributing to the exercise, thus the motor unit recruit patterns (of the superficial wrist
flexor muscles where the NIRS device was placed) during training are unknown. We also
found no gender differences in the magnitude of improvement in mitochondrial oxidative
capacity, consistent with previous reports (32).

Skeletal muscle mitochondrial capacity declined rapidly after the cessation of
exercise training. We characterized this decline by fitting the group data to a
monoexponential decay function, and calculated the half-time to be 7.7 days. All
participants roughly followed this time course, given the expected variation in NIRS rate
constants (~10-15%). Both the exponential pattern, and the rate of decline in
mitochondrial capacity are consistent with previous studies using in vitro techniques.
Booth and Holloszy (2) reported half-times for the turnover of cytochrome c in fast and
slow rat muscles were 7 and 8 days respectively. This rapid decline in mitochondrial
enzyme concentration/activity in human skeletal muscle has been shown to be

somewhere between 2 and 6 weeks (7, 20, 25-27, 30).
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In the current study, NIRS was used to measure the rate of recovery of muscle
oxygen consumption after exercise. The rate constant for the recovery is proportional to
mitochondrial oxidative capacity, such that higher rate constants are related to higher
maximal rates of oxygen consumption (i.e. State 3 respiration). The relative contributions
of myoglobin and hemoglobin to the NIRS signal remains controversial (8). The
quantification of NIRS signals, in combination with the approach used in this study
should allow for the calculation of a maximal oxidative capacity (in mM O,/s), similar to
calculations utilized with phosphorus magnetic resonance spectroscopy (Qmax = [PCr]rest *
kpcr; where the maximal rate of ATP production is calculated as the rate constant for
phosphocreatine recovery times the resting concentration of phosphocreatine).

In conclusion, this study reports changes in skeletal muscle mitochondrial
oxidative capacity in response to endurance exercise training and detraining measured in
the wrist flexor muscles with near-infrared spectroscopy (NIRS). Both the magnitude
and time course of changes in mitochondrial capacity were consistent with previous
studies using both in vitro and in vivo methods. NIRS based assessments of
mitochondrial capacity have previously been shown to be reproducible, independent of
the type or magnitude of exercise needed to perform the measurements, and to detect
differences in training status in cross-sectional studies. In addition, the NIRS
measurements are inexpensive, portable, and easy to perform. Future studies could
employ NIRS to examine mitochondrial capacity in both research and clinical settings,

especially when repeated-measures on human participants are of interest.
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Table 3.1. Physical characteristics of the participants.

Height Weight Age ATT (mm)

(cm) (kg) (yr) Control Arm  Training Arm
Males (n =5) 178.8+7.3 723+53 240+£2.1 34+04 34+0.5
Females (n = 4) 1645+5.6 523+92 21.8+22 52+3.1 51+32
Total (n =9) 1724+9.8 63.4+12.5 23.0+23 42+2.1 42+22

Note: Data presented as means = SD. Statistical comparisons between genders were not
performed.
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Table 3.2: Weekly progression in training intensity.

Week 1 Week 2 Week 3 Week4

Number of Contractions | 4200+ 350 5300 +450 6500 =300 8400 + 600
(n=9)

Note: Data are presented as means + SD. The number of contractions performed per
week (5 sessions of exercise; each session 30 minutes) was increased throughout the
training by increasing the contraction frequency as tolerated.
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Table 3.3: Individual responses to exercise training and detraining

Training Response (% Change)

Detraining Response (% Change)

(linear regression) (exponential decay)
Participant | Slope Intercept Magnitude R® kdecay ~ Half-time R®
Number (m) (b) (%) (days)
1 8.8 -18.0 151 0.90 0.06 14.4 0.97
2 3.0 -1.1 100 0.86 0.21 6.2 0.99
3 1.8 6.7 53 0.80 0.09 9.9 0.86
4 2.5 -0.6 52 0.99 0.17 6.9 0.99
5 2.1 -3.8 57 0.98 0.11 9.2 0.98
6 2.8 7.3 63 0.82 0.16 7.2 0.77
7 1.6 3.4 31 0.94 0.16 7.2 0.80
8 2.1 -2.9 48 0.86 0.17 6.9 0.92
9 2.1 -1.5 40 0097 0.19 6.5 0.85
MEAN 2.9 -1.9 66 0.90 0.15 8.3 0.90
SD 2.2 7.3 37 0.07 0.05 2.6 0.09

Values presented are for each individual participant. Training responses (% change in
NIRS rate constant) were fit using simple linear regression. Detraining responses (%

change in NIRS rate constant) were fit using a mono-exponential decay. Half-times were
calculated from the decay rate constant (kqecay) and the time delay between the first
detraining measurement and the last exercise session (~2-3 days).
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Figure 3.1. A representative testing protocol showing the NIRS Hbgifrerence Signal showing
resting measurements of mVO,, an ischemic calibration, and two
exercise/recovery trials for the measurement of post-exercise kinetics for
mVO; is shown in panel A. Each arterial occlusion is fit to a mono-
exponential function and the rate constant (proportional to mitochondrial
oxidative capacity) is calculated (Panel B)
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Figure 3.2. NIRS rate constants (k) for the recovery of mVO, during exercise training

(closed circles) and detraining (open circles). The control arm (closed
triangles) did not perform exercise training. “Rate constants were statistically
different between the training and control arms (all points p < 0.05). *Rate
constants from the training arm were significantly different from the baseline
(time = 0 days) at testing sessions 3-6 (all points p < 0.05).
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Figure 3.3. Percentage change in NIRS rate constant (proportional to mitochondrial
capacity) from baseline (time = 0 days) of the training arm. Data from all participants
were averaged prior to the calculation of fitting parameters. Data from the training
portion were characterized using simple linear regression. Detraining data were fit to a
monoexponential decay function and half-times were calculated (t;»). Data are presented
as the mean =+ SD (error bars).
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CHAPTER 4
VALIDATION OF NEAR INFRARED SPECTROSCOPY MEASUREMENTS OF
SKELETAL MUSCLE OXIDATIVE CAPACITY WITH PHOSPHORUS

MAGNETIC RESONANCE SPECTROSCOPY?

2Ryan, T.E., Southern, W.M., Reynolds, M.A., McCully, K.K. To be submitted to the
American Journal of Physiology — Regulatory, Intergrative, and Comparative

Physiology.
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Abstract

Purpose: The purpose of this study was to validate measurements of skeletal muscle
oxidative capacity made with near infrared spectroscopy (NIRS) measurements to those
made with phosphorus magnetic resonance spectroscopy (*'P-MRS). Methods: Sixteen
young (age = 22.5 + 3.0 years) healthy individuals were testing with both *'P-MRS and
NIRS during a single testing visit. The recovery rate of phosphocreatine was measured
inside the bore of a 3 tesla MRI scanner, after short duration (10 seconds) plantarflexion
execise as an index of skeletal muscle oxidative capacity. Using NIRS, the recovery rate
of muscle oxygen consumption (mVO,) was also measured outside the MRI scanner,
after short duration (10 seconds) plantarflexion execise as an index of skeletal muscle
oxidative capacity. Results: The average recovery time constant was 31.5 + 8.5 s for
PCrand 31.5+ 8.9 s for mVO; (p = 0.709). *'P-MRS correlated well with NIRS for both
Channel 1 (Pearson’s » = 0.88, p < 0.0001) and Channel 2 (Pearson’s » = 0.95, p <
0.0001). Both *'P-MRS and NIRS exhibit good repeatability between trials (CV = 8.1%,
6.9%, and 7.9% for NIRS Channel 1, NIRS Channel 2, and *'P-MRS respectively).
Conclusion: The good agreement between NIRS and *'P-MRS indices of skeletal
muscle oxidative capacity suggest that NIRS is a valid method for assessing
mitochondrial function, and that direct comparisons between NIRS and *'P-MRS

measurements may be possible.

Keywords:

NIRS, mitochondrial capacity, MRS, oxidative metabolism, mitochondrial function
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Introduction

The mitochondrion is a dual-membrane organelle that is vital for maintaining
proper cell function. Mitochondria have several roles including cellular growth and
differentiation, apoptosis, and cellular signaling, but are most known for their metabolic
capability to generate chemical energy in the form of adenosine triphosphate (25). In
skeletal muscle, mitochondria generate most of the fuel required for contractile activity
and physical functioning, under normal conditions. Both the number of mitochondria and
the function of mitochondria are related to exercise performance (12-14). Reduced
mitochondrial function and/or density are also associated with several pathological
conditions including diabetes (16, 29), age-associated diseases (6, 22), neuromuscular
diseases (17, 20, 23, 38). Because of the importance of mitochondrial function for both
health and physical performance, the development of novel, cost-effective methodologies
to study mitochondrial health is critical.

Traditionally, mitochondrial function has been studied using methods that can be
classified into two categories: invasive (or in vitro) or non-invasive (or in vivo)
approaches. In vitro approaches involve a small biopsy of muscle tissue to measure
enzyme concentrations or activity levels (12, 13), or isolated mitochondrial preparations
(5), or permeabilized muscle fiber preparations (11). Until recently, in vivo approaches to
studying mitochondrial function have been limited to the use of magnetic resonance
spectroscopy (MRS) to study changes in phosphorus (*'P) metabolites during exercise
and the recovery post-exercise (4). The most widely used *'P-MRS assessment for
mitochondrial function is the recovery rate of phosphocreatine (PCr) following exercise.

Using the assumption of equilibrium for the creatine kinase reaction, the recovery rate of
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PCr after exercise is a function of mitochondrial ATP production, which has been
validated against in vitro measurements of enzyme activity (19, 21) and high resolution
respirometry (18).

Our lab has recently utilized a novel, in vivo approach to measuring skeletal
muscle mitochondrial function using near infrared spectroscopy (NIRS) (33). The
approach uses NIRS in combination with a rapid cuff inflation system (used to block
oxygen delivery and venous return) to measure kinetic changes in skeletal muscle oxygen
consumption (mVQOy) after submaximal exercise. Similar to PCr recovery, we believe the
recovery of mVO, after exercise is a function of mitochondrial ATP production, and
therefore can be used as a measure of skeletal muscle oxidative capacity (26). This NIRS
approach has been shown to be reproducible (33) and independent of exercise intensity
(32), detects the expected differences between untrained and trained individuals (2), as
well as paralyzed and non-paralyzed individuals (9), and to track changes in
mitochondrial function with exercise training and detraining (34). In the present study,
we validated NIRS measurements of skeletal muscle oxidative capacity with *'P-MRS
measurements of skeletal muscle oxidative capacity in a sample of young healthy adults.

We also assessed the repeatability of both NIRS and *'P-MRS measurements.

Materials and Methods
Participants

Sixteen healthy participants (10 male, 6 female), ages 19 — 30 years, were tested in
this study. The study was conducted with the approval of the Institutional Review Board

at the University of Georgia (Athens, GA), and all subjects gave written, informed
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consent before testing.
Study Design
This study aimed to compare NIRS measurements of skeletal muscle oxidative capacity
with *'P-MRS measurements of skeletal muscle oxidative capacity. NIRS and >'P-MRS
testing was performed on all participants (in random order) in a single visit to the
University of Georgia Biolmaging Research Center (Athens, GA). The NIRS and *'P-
MRS testing protocols took approximately 30 minutes each. Randomization of NIRS and
*'P-MRS was done by coin flip. Seven participants performed *'P-MRS testing first,
while the other nine participants performed NIRS testing first.
NIRS Experimental protocol

NIRS testing performed in this study is similar to that describe in previous studies
(32, 33). Each subject was placed on a padded table with both legs extended (0° of knee
flexion). The participant’s dominant foot was placed into a custom-built non-magnetic
pneumatic exercise device. The foot was strapped firmly to the exercise device using
non-elastic Velcro straps proximal to the base of the fifth digit, and the knee supported.
The NIRS optode was placed at the level of the largest circumference of the triceps surae,
specifically over the medial head of gastrocnemius muscle, and secured with Velcro
straps and biadhesive tape. A blood pressure cuff (Hokanson SC12D; Bellevue, WA)
was placed proximal to the NIRS optode above the knee joint. The blood pressure cuff
was connected to a rapid-inflation system (Hokanson E20, Bellevue, WA). Adipose
tissue thickness (ATT) was measured at the site of the NIRS optode using B-mode
ultrasound (LOGIQ e; GE HealthCare, USA). Participants were asked not to consume

caffeine or tobacco on the day of the test or to use alcohol or perform moderate or heavy
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physical activity for at least 24 hours before the test.

The test protocol consisted two measurements of resting muscle oxygen
consumption by way of inflation of a blood pressure cuff (250 - 300 mmHg) for 30
seconds. For the recovery measurements, 10 seconds of plantarflexion exercise was
performed at a given resistance (pneumatic resistance in the form of pounds per square
inch [PSI]) to increase mVO,. The resistance was set during a familiarization session
prior to testing to a level that would produce the optimal balance between force and speed
of contractions. For example, the participants were expected to perform plantarflexions
at the highest PSI (air resistance) that would allow for a minimum of 2 contractions per
second. Previous studies have shown short duration exercise produces similar initial
rates of phosphocreatine resynthesis (39). Following the plantarflexion exercise, a series
of 10 - 18 brief (5 - 10 seconds) arterial occlusions were applied to measure the rate of
recovery of mVO; back to resting levels. There was a small time delay between the end-
exercise and initial arterial occlusion (~2 seconds) due to movement of the exercise
ergometer as the pressure dissipated from the air cylinder. To maximize our ability to
measure the recovery of mVO; while minimizing the discomfort to participants, the
following cuff protocol was used: 5 seconds on /5 seconds off for cuffs 1-6, 7 seconds
on / 7 seconds off for cuffs 7-10, 10 seconds on / 10 seconds off for cuffs 11-14, and 10
seconds on / 20 seconds off for cuffs 15-18). The exercise and repeated cuffing procedure
was repeated a second time, with approximately 5-7 minutes in between the first and

second exercise/recovery bouts.
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An ischemic calibration procedure was performed prior to the recovery measurements as
previously described (32) and used to scale the NIRS O,Hb, HHb, and Hbgifrerence Signals

to the maximal physiological range.

NIRS device

NIRS signals were obtained using a continuous wave NIRS device (Oxymon
MKIII, Artinis Medical Systems, The Netherlands), which uses intensity-modulated light
at a frequency of 1 MHz and laser diodes at 3 wavelengths (905, 850, and 770 nm)
corresponding to the absorption wavelengths of oxyhemoglobin (O,Hb) and
deoxyhemoglobin (HHb). The probe was set to have two source-detector separation
distances (between 30 — 45 mm), with the smallest source-detector distance set to
approximately twice the adipose tissue thickness. The second source-detector distance
was always 1 cm greater than the first, thus allowing sampling of slightly deeper portion

of muscle. NIRS data were collected at 10 Hz.

Calculation of muscle oxygen consumption

mVO, was calculated as the slope of change in the Hbyigference Signal (Hbgifrerence =
O,Hb — HHb) during the arterial occlusion using simple linear regression. mVO, was
expressed as a percentage of the ischemic calibration per unit time. This measurement
was made at rest and repeated a number of times after exercise. The post-exercise
repeated measurements of mVO, were fit to a mono-exponential curve according to the

formula below:

y = End - Deltax e "™ Equation 4.1
q
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For this equation, y represents relative mVO; during the arterial occlusion, End is the
mVO, immediately after the cessation of exercise, Delta is the change in mVO, from rest

to end exercise, and 7c¢ is the fitting time constant.

Correction for blood volume
NIRS data were analyzed using custom-written routines for Matlab v. 7.13.0.564
(The Mathworks, Natick, MA). NIRS signals were corrected for changes in blood

volume using the following method as previously described (33).

Calculation of signal to noise ratio

The quality of NIRS data was determined by calculating a signal-to-noise ratio
(SNR). The SNR was calculated for each arterial occlusion on all data. The signal was
calculated as the change in the NIRS signal during the chosen measurement period of an
arterial occlusion, and is therefore a function of the duration of the occlusion and the rate
of oxygen consumption. The noise was calculated as the standard deviation of 600 data
points (60 seconds) taken prior to the first resting arterial occlusion.
3 P-MRS Experimental Protocol

Subjects were tested in a 3 Tesla whole body magnet (GE Healthcare, Waukesha,
WI). A 'H and *'P dual tuned radio-frequency (RF) surface coil (Clinical MR Solutions,
Brookfield, WI.) was placed over the triceps surae muscle of the subject's dominant leg.
The size of the 3'P coil was 13cm x 13cm, placed orthogonal to the *H coil (two
loops, side by side, 20 cm x 20 cm in size). Manual shimming on 'H was applied to

get a better signal-to-noise ratio (SNR) and less spectrum distortion, after an auto-
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shimming by a pre-scan sequence (all subjects 'H FWHM mean + SD; 0.60 + 0.14 ppm).
A free induction decay (FID) chemical shift imaging (CSI) pulse sequence was applied to
acquire the *'P spectrum with the following scan parameters: repetition time (TR) = 3
seconds, FOV = 8 cm, slice thickness = 8 cm, number of excitation (NEX) = 1, rfpulse =
hard. A resting phosphorus scan was performed after shimming, which consisted to 50
FIDs.

Exercise Protocol

Plantarflexion exercise in a custom-built non-magnetic pneumatic ergometer was
performed inside the bore of the MRI. Identical resistances (PSI) were used for *'P-MRS
and NIRS testing. The exercise protocol consisted of ~45 seconds of rest, followed by 10
seconds of rapid plantarflexion, and ~4 minutes for the measurement of the resynthesis of
phosphocreatine. *'P spectra were obtained using the same pulse sequence characteristics
described above.

Metabolic calculations

Resting spectra were acquired every 3 seconds until 50 scans are taken. The
resulting spectra were phased and summed in a custom analysis program (Winspa,
Ronald Meyer, Michigan State University). The summed spectra was apodized using 5
Hz exponential line broadening. The area under the curve for each peak (Pi, PDE, PCr, a
ATP, B ATP, and y ATP) was determined using integration. Absolute concentrations
were calculated using the assumed value of 8.2 mM for the gamma ATP peak. Saturation
effects were corrected for using fully relaxed spectra collected from four individuals
using the same pulse sequence above, except the repetition time was changed to 15

seconds. Muscle pH was calculated using the following equation:
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pH =6.77 + log((Pi,,,, -3.27)/(5.68 - Pi,,,, ) (Equation 4.2)
where Pi,, is the chemical shift of Pi relative to PCr in parts per million (ppm).

Phosphocreatine Recovery

Phosphocreatine concentrations were determined from the peak heights from
individual spectra (temporal resolution of 3 seconds) using custom written routines in
Matlab v. 7.13.0.564 (The Mathworks, Natick, MA). Individual spectra were apodized
using 2 Hz exponential line broadening, followed by zero filling to 8192 points. Peak
heights were determined using the magnitude of each spectra. FWHM of each PCr peak
was calculated to ensure no changes in magnetic field homogeneity occurred during the
recovery period. PCr peak heights during recovery after exercise were fit to an

exponential curve.

PCr = PCreni— APCrx ¢™"™ (Equation 4.3)

Where PCr.,q1s the percent PCr immediately after cessation of exercise, APCr is the
change in PCr from rest to end exercise, and 7c is the fitting time constant. Vmax was
calculated from the rate constant of the PCr recovery curve times the resting PCr
concentration.

Calculation of signal to noise ratio

The quality of phosphorus data collected was determined by calculating a signal-to-
noise ratio for each individual spectra. The signal was calculated as the peak height of
phosphocreatine for each spectra (TR = 3s). After apodization (SHz exponential
filtering), the resulting spectra were zero-filled (from 2048 to 8192 points) and Fourier
transformed. The noise was calculated as the standard deviation of the first 3000 data

points of the spectra.
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Statistical analysis
Data are presented as means + SD. Test-retest reliability was analyzed using

coefficient of variation (CV) and intraclass correlation coefficients (ICC). Relative
reliability is related to an individual maintaining his/her position within a sample for
repeated measurements. We assessed this type of reliability with the ICC(1,1), which
indicates error in measurements as a proportion of the total variance in scores. ICC(1,1)
analysis was performed on raw scores using a downloadable spreadsheet (15). The
absolute reliability can be described as the degree to which repeated measurements vary
for individuals. This was performed by calculating the CV for each subject, which is the
SD of measurements recorded during both tests divided by the mean of the two tests. CV
was expressed as a percentage. PCr time constants were compared to NIRS time
constants using a two-tailed Student’s #-test for paired samples. Statistical analyses were
performed using SPSS 19.0 (IBM®, Armonk, NY). Significance was accepted when p <
0.05.
Results

All participants completed testing without any adverse events. The physical
characteristics of the participants are shown in Table 1. We found no order effects for
either *'P-MRS or NIRS in all subsequent statistical analyses (all p > 0.30).

NIRS

The resting value for mVO, was 0.26 £+ 0.10 %/s for all participants. The average
time constant for the recovery of mVO, after exercise was 31.5 £+ 8.9 seconds. The group
average recovery of mVO; is shown in Figure 1, overlapped with the recovery of PCr.

The time constant was reproducible between trials for both channels of NIRS device (CV
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=8.1% and 6.1%, ICC = 0.93 and 0.95; for Channel 1 and Channel 2 respectively). The
trials were also well correlated with each other for Channel 1(Pearson’s »=0.93, p <
0.0001) and Channel 2 (Pearson’s » = 0.94, p < 0.0001) (Figure 2c and 2e).
Corresponding Bland-Altman plots for the trials of NIRS Channel 1 and Channel 2 are
shown in Figure 2d and 2e respectively. There was no evidence of changes in variance
across the range of data (R* < 0.05, p > 0.364) for both NIRS Ch1 and Ch2 using the
Bland Altman plot). We also found no gender effects between trials (p = 0.404 an p =
0.728 for Chl and Ch2 respectively). Statistical values regarding the repeatability of
NIRS measurements are shown in Table 3. The SNR for NIRS measurements of mVO,
decreased as mVO; returned to resting levels (Figure 4). The average SNR for resting
mVO,; was 7.38 + 7.06 for Channel 1 and 6.34 + 5.94 for Channel 2. We did not find a
significant relationship between the SNR and adipose tissue thickness (R* = 0.13, p =
0.177).

3'P-MRS

The resting and end-exercise values for [PCr] and pH are shown in Table 2. For
recovery measurements, we chose to analyze changes in [PCr] as a change in the peak
height, rather than using peak fitting algorithms to determine the area under the peak.
The assumption that changes in peak height represent changes in concentration is only
valid when there is no change in the peak widths (full width half maximum, FWHM).
FWHM of PCr was calculated for each spectra, on all tests, and did not change
throughout the recovery from exercise (data not shown). The reproducibility of peak
heights analysis was determined from the resting scan (50 spectra per participant). The

mean CV of PCr peak heights was 1.3 + 0.7% (range = 0.6 —2.9%). The average SNR of
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resting phosphorus spectra was 154 + 47. During the recovery of PCr, the SNR increased
as PCr is resynthesized (Figure 5).

The average recovery time constant for PCr was 31.5 + 8.5 s for all participants.
The recovery rate was reproducible between trials (CV = 7.6%, ICC = 0.90).
Comparisons between trials for the PCr recovery time constant are shown in Figure 2a.
The corresponding Bland-Atlman plot is shown in Figure 2b. There was no evidence of
changes in variance across the range of data (R* = 0.08, p = 0.261 for Bland Altman plot).
We also found no gender effects between trials (p = 0.629). During the 10 seconds of
rapid plantarflexion exercise [PCr] decreased by ~24%. This short duration exercise bout
was designed to deplete PCr without cause significant acidosis. The end-exercise pH was
7.01 +£0.07. The calculated oxidative capacity ([PCrlresting*kpcr; Where PCriesting 1S the
resting concentration of PCr and kpc;, is the rate constant for the recovery of PCr after
exercise) was 1.04 £ 0.28 mM ATP/s.

Relationship between NIRS and *' P-MRS

The rate of recovery of mVO; measured by NIRS correlated well with the rate of
recovery of PCr measured by *'P-MRS. Using the average time constant for both trials,
*'P-MRS correlated well with NIRS for both Channel 1 (Pearson’s 7= 0.88, p < 0.0001)
and Channel 2 (Pearson’s » = 0.95, p < 0.0001) (Figures 3a and 3b). Bland-Altman plots
(Figure 3b and 3c) of the time constants show that the errors (differences between NIRS
and *'P-MRS time constants) were approximately symmetrically distributed around zero,
with no indication of a systematic bias between measurement techniques. There was no
evidence that the level agreement changed over the range of the current data set (R <

0.04, p = 0.438 for NIRS Ch1 and R* < 0.02, p = 0.592 for NIRS Ch2). We also found no
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gender effects for the relationship between *'P-MRS and NIRS Channel 1 (p = 0.327) or
NIRS Channel 2 (p = 0.967).
Discussion

This study found that NIRS-measured recovery rates of muscle oxygen
consumption correlated well with *'P-MRS-measured recovery rates of phosphocreatine
after short duration exercise. Furthermore, both NIRS and *'P-MRS measurements
exhibited excellent repeatability and reproducibility. The level of agreement between
NIRS and *'P-MRS is similar to a previous study. Nagasawa et al. (27) made similar
measurements in the forearm muscles of eight male participants. These authors reported
a similar relationship between NIRS and J'P-MRS recovery rates (r = 0.92). In contrast
to the present study, the previous study did not utilize a correction for blood volume
shifts. Nonetheless, the current study supports the findings reported by Nagasawa et al.
(27). The recovery time constants in this study (31.5 £ 8.5 s for PCr and 31.5 + 8.9 s for
NIRS) are also similar those reported by previous studies using *'P-MRS (10, 19, 39).

Previous studies have validated >'P-MRS previously with more invasive muscle
biopsy techniques. McCully et al. (21) compared PCr recovery rates and citrate synthase
activities of ten healthy participants, reporting a significant correlation coefficient of
~0.71. Similarly, Larson-Meyer and colleagues (19) reported correlations between *'P-
MRS measured recovery rates (for both PCr and ADP) and citrate synthase activity levels
0f 0.48 — 0.64. Lanza et al. (18) compared PCr recovery rates (calculated Qmax) with in
vitro high-resolution respirometry measurements of State 3 respiration. In this study, *'P-
MRS measure maximal oxidative capacity showed good agreement with State 3

respiration ( = 0.66 — 0.72). Using an animal model, Paganini et al. (28) found a similar
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correlation between PCr recovery rates and citrate synthase activity (» = 0.84). NIRS
recovery rates have not yet been compared to in vitro measurements of skeletal muscle
oxidative capacity or mitochondrial function.

The direct comparisons between NIRS and *'P-MRS in this study were made
using a convenience sample of young healthy, college-aged individuals. This sample of
individuals was chosen in order to achieve the highest quality of data possible. For this
reason, we have also calculated signal-to-noise ratio (SNR) measurements for both NIRS
and *'P-MRS. Some potential factors that could influence the SNR of *'P-MRS data
include: leg positioning in comparison to the isocenter of the magnet, coil positioning and
loading, shim quality, muscle composition (intramuscular fat and subcutaneous fat
levels), and movement during in-magnet exercise protocols. There are several
approaches to calculating SNR of magnetic resonance spectra. Some approaches account
for differences in MR signal acquisition parameters (acquired flip angle, T; and T,
relaxation rate, and partial saturations) (30). The approach used in this study is a rather
simple method for calculating in vivo SNR, that is easy to perform and similar to previous
studies (1, 8, 40).

To our knowledge, this is the first study to provide a calculation of SNR for NIRS
measurements of muscle oxygen consumption. The SNR of NIRS data are likely
influenced by adipose tissue thickness, NIR-light intensity (gain settings on most
commercially-available devices), source-detector distances, and possible movement
artifact during testing. The sample of participants in this study include both males and
females and had a modest range in adipose thickness. We found no evidence of a gender

or adipose tissue thickness effect on the results of this study. Participants in this study
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underwent familiarization of both NIRS and *'P-MRS testing protocols prior to data
collection to ensure the best possible data quality was collected. It is difficult to make
direct comparisons of SNR between NIRS and *'P-MRS, but using the approach describe
here should allow for inter-laboratory comparisons of data quality for both
methodologies. We suggest that future studies examine and report the SNR for both
NIRS and *'P-MRS, as this SNR likely contributes to the measurement variance of each
methodology.

Because NIRS and *'P-MRS measurements were in good agreement with one
another, we attempted to quantify NIRS results (calculate a Qumax in mM O,/s) based on
the *'P-MRS calculated Quax (in mM ATP/s). According the electric analog model first
presented by Meyer (24), a maximal rate of mitochondrial oxidative ATP synthesis could
be calculated from the following equation:

Qmax = [PCrlrest™kpcr (Equation 4.4)
where [PCr]y.s 1S the resting concentration of phosphocreatine and kpc; is the rate
constant for the recovery of PCr after exercise. Assuming a P:O, ratio of 6, this value
can be converted to units of mM O,/s. For the present study, the calculated Qpax (in mM
0,/s) from >'P-MRS data was 0.193 + 0.051. Since NIR-light is absorbed mainly by
hemoglobin and myoglobin in skeletal muscle, the concentrations and relative saturations
of these two molecules will influence the total oxygen content in the skeletal muscle.
Calculations of total oxygen content were based on capillary densities, intravascular
hemoglobin concentrations (in capillaries), and intramyocellular myoglobin
concentrations (0.5 mM, van Beek-Harmsen (37)) reported recently by Davis and

Barstow (7). Millimolar concentrations of hemoglobin and myoglobin were converted to
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oxygen concentrations based on the respective molecular weights (~65000g/mole and
17000 g/mole for hemoglobin and myoglobin respectively), the oxygen carrying capacity
(number of heme units = 4 for hemoglobin, and 1 for myoglobin), and relative saturations
(79% and 91% for hemoglobin and myoglobin respectively). The maximal rate of
mitochondrial oxygen consumption (Qmaxyirs) was calculated from the following
equation:

Qmaxnirs = Total O, content*kxirs (Equation 4.5)
For the present study, the calculated Qmax (in mM Oy/s) from NIRS data was 0.193 +
0.052 and 0.191 £ 0.056 for Channel 1 and Channel 2 respectively. The average
capillary density used in these calculations was 248 + 71 capillaries/mm”, which is inline
with previous reported capillary densities in human skeletal muscle (3, 31, 35, 36). The
quantification approach of NIRS data utilized several assumptions, which limits its
generalizability. Individual variations in capillary densities, myoglobin concentrations,
hematocrit, hemoglobin and myoglobin saturations, and P:O ratios are common in both
humans and animals.

In conclusion, there was a good agreement between NIRS and *'P-MRS indices of
skeletal muscle oxidative capacity in young, healthy subjects. This supports the use of
NIRS as a valid method for assessing skeletal muscle oxidative capacity. The absolute
agreement in recovery rates between the NIRS and *'P-MRS measurements suggest that
direct comparisons between measurements of mitochondrial oxidative capacity can be
made between the two types of measurements. Although this study reports good

agreement between NIRS and *'P-MRS, future studies are needed to determine the level
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of agreement in clinical populations. Furthermore, both NIRS and *'P-MRS
measurements were very reproducible.
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Table 4.1. Physical characteristics of the participants.

Height Weight BMI Age ATT Optode Distance
(mm)
(cm) (kg) (kg/m2) (yr) (mm) Chl Ch2
Males (n = 179.1 £ 799+ 248+ 23.0+ 6.1+ - -
10) 6.4 12.2 3.1 3.2 1.6
Females (n 168.1 + 681+ 240+ 216+ 9.1+ - -
=6) 9.6 11.6 1.7 2.6 34
Total (n = 174.9 + 755+ 245+ 225+ 724+ 30/35 40/45
16) 9.2 13.0 2.6 3.0 2.8 (n= (n=
11/6) 11/6)

Note: Data presented as means + SD. ATT = adipose tissue thickness over site of NIRS
optode. NIRS optode distances used and their corresponding frequency of use are shown
for informational reasons. Statistical comparisons between genders were not performed.
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Table 4.2. Resting and end-exercise [PCr] and pH.

Resting End Exercise
Variable [PCr] pH [PCr] pH (minimum)
All 3425+2.86  7.05+0.03 25.89+296 7.01+0.07
Participants (6.98 + 0.06)

Abbreviations: PCr, phosphocreatine. End-exercise pH was calculated from the first phosphorus spectra
during the recovery measurements. The minimum pH is the lowest pH recorded during the recovery
measurements.

Values presented as mean = SD.

96



Table 4.3. NIRS and *'P-MRS metabolic parameters

Trial 1 Trial 2 CV (%) [Range] ICC Pearson’sr P (paired t-test)
NIRS Parameters
Channel 1
End-exercise mVO,; (%l/s) 5.1+£1.2 54+£20 9.8 [0.2-57.4] 0.85 0.827 0311
Time Constant (s) 30.5+9.5 32.2+8.6 8.1[0.2-15.7] 0.93 0.936 0.599
knirs (s7) 0.0353 £0.0091 0.0329 +£0.0078 8.1[0.2-15.7] 0.93 0.838 0.513
Quax (mM O,/s) 0.200 + 0.055 0.186 + 0.046 8.1[0.2-15.7] 0.93 0.899 0.039
Channel 2
End-exercise mVO, (%/s) 52+1.8 55+£2.0 8.9[0.2-52.1] 0.83 0.813 0.289
Time Constant (s) 31.2+9.7 33.0+9.6 6.9 0.2 -15.7] 0.95 0.925 0.720
knirs (s7) 0.0347 £0.0095 0.0326 =0.0085 6.9 [0.2 -15.7] 0.95 0.936 0.164
Quax (mM O,/s) 0.197 £ 0.059 0.186 +0.054 6.9[0.2-15.7] 0.95 0.929 0.044
3Ip_.MRS Parameters
End-exercise PCr (mM) 25.73 £3.00 26.05 +3.01 3.8[04-12.9] 0.87 0.848 0.463
End-exercise pH 7.00 +0.08 7.02 = 0.06 0.3[0.0-1.1] 0.86 0.896 0.150
Time Constant (s) 31.3£8.2 31.8+9.4 7.6 [1.3-19.7] 0.90 0.896 0.639
kpce (571 0.0338 £0.0078 0.0337 +£0.0086 7.6[1.3-19.7] 0.90 0.862 0.946
Quax (mM ATP/s) 1.16 £0.28 1.16 £0.32 7.6 [2.3-19.7] 0.89 0.883 0.999
Quax (mm O/s) 0.193 +0.047 0.193 +0.54 7.6 [2.3-19.7] 0.89 0.883 0.998

Data are presented as mean = SD. Abbreviations: CV = coefficient of variation; ICC = intraclass correlation coefficient; mVO, =
muscle oxygen consumption; kyrs = rate constant for the recovery or mVO,; kpc, = rate constant for the recovery of PCr; Quax =
maximal rate of oxygen consumption (in mM O,/s) or maximal rate of ATP synthesis (in mM ATP/s); PCr = phosphocreatine.
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Figure 4.1. Recovery of phosphocreatine (PCr) and muscle oxygen consumption (mVO,)
after short duration plantarflexion exercise. Data are presented as the mean of all
participants and all trials, with the error bars representing the SD.
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Figure 4.2. Repeatability and reproducibility of >'P-MRS and NIRS data. Linear
regression comparisons between trials are shown for >'P-MRS (A), NIRS Channel 1 (C),
and NIRS Channel 2 (E). For subplots A, C, and E, the dotted lines represent the 95%
confidence intervals for the regression equation. Corresponding Bland-Altman plots are
shown for *'P-MRS (B), NIRS Channel 1 (D), and NIRS Channel 2 (F). For Bland-
Altman plots, dotted lines represent the 95% limits of agreement.
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Figure 4.3. Comparison between *'P-MRS and NIRS data. All comparisons were made
by averaging the time constants for both trials. Linear regression comparisons between
*'P-MRS and NIRS Channel 1 (A) and NIRS Channel 2 (C), where dotted lines represent
the 95% confidence intervals for the regression equation. Corresponding Bland-Altman
plots for comparisons between >'P-MRS and NIRS Channel 1 (B) and NIRS Channel 2
(D) are also shown, with the dotted lines indicating the 95% limits of agreement.
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Figure 4.4: Signal-to-noise analysis of NIRS data. A sample NIRS signal showing
how the signal-to-noise ratio (SNR) was calculated is shown in panel A. SNR ratios
for each post-exercise arterial occlusion are shown for Channel 1 (B) and Channel 2
(C). Data in panels B and C are the average of all participant and all trials, with error
bars representing SD.
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Figure 4.5. Signal-to-noise analysis of >'P-MRS data. Panel A shows a single phosphorus
spectra; after apodization, zero filling, and Fourier transformation. The average signal-
to-noise ratio (SNR) during the post-exercise recovery for all participants and all trials is
shown panel B, where error bars represent the SD.
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CHAPTER 5
SUMMARY AND CONCLUSIONS

The primary purpose of these studies was to validate a novel in vivo approach to
measuring skeletal muscle mitochondrial function using near infrared spectroscopy
(NIRS). These studies represent important steps in the development of this methodology,
and provide some essential validity to support near infrared spectroscopy as an important,
new technique that may be useful both in research and clinical settings.

The findings from these studies suggest that NIRS is capable of accurately and
reliably measuring changes in skeletal muscle mitochondrial function. In the first study,
endurance exercise training was used to induce a change in mitochondrial function of the
forearm muscles. NIRS was successfully able to track the changes in mitochondrial
function, as indicated by increase in the NIRS recovery rate constant. The technique
could also be useful in determining the effectiveness of other interventions, such as
pharmacological or nutritional interventions. The second study made direct comparisons
between NIRS measurements of mitochondrial function and phosphorus magnetic
resonance spectroscopy (*'P-MRS) measurements of mitochondrial function. *'P-MRS is
generally considered to be the gold standard method for assessing in vivo mitochondrial
function, and has been used for a number or years (3). The strong agreement between
NIRS and *'P-MRS suggest that NIRS is a valid method for evaluating mitochondrial
function, and that NIRS recovery rates can be directly compared to >'P-MRS.

The NIRS measurement method should have significant impact in the scientific

community. More invasive techniques used to measure mitochondrial function require

104



muscle biopsies: a surgical removal of a small tissue sample. The invasiveness of these
approaches limits their use in human participants. Furthermore, there can be significant
cost associated with the reagents and other non-reusable supplies required for these
biochemical techniques. Magnetic resonance spectroscopy, while not invasive, is still a
very expensive technique. Multi-nuclear magnets are very expensive (~$2,000,000) and
require additional costs for coils, MRI technicians, MRI engineers, and other
maintenance, etc. In addition, there is usually an hourly cost associated with the use of
the MRI. In contrast, NIRS devices are relatively inexpensive (~$10,000 - $50,000). In
addition to the NIRS devices, the cost of other equipment (air compressor, cuff inflator,
computer analysis software) is also relatively low (~$5,000). NIRS is a more affordable,
portable, and available technology for measuring mitochondrial function.

It has been know for several years that a number of different molecules, known as
chromophores, can absorb NIR light. In regards to skeletal muscle applications,
intravascular hemoglobin, intramyocellular myoglobin, cytochromes in the mitochondrial
electron transport chain, and melanin from skin overlying the muscle tissue can absorb
NIR light (6-8, 10, 15-18). The absorption spectra of these chromophores in the NIR
region have subtle differences. Both melanin and cytochrome have greater absorption at
lower wavelengths (300 — 500 nm), while hemoglobin and myoglobin have greater
absorption at higher wavelengths (600 — 900 nm). The relative contributions of
hemoglobin and myoglobin to the NIRS signal are controversial. Some studies suggest
that hemoglobin is the main contributor (10, 15); while others, Davis and Barstow (4) and
Marcinek et al. (11) have suggested that myoglobin is the main absorber of NIR light in

skeletal muscle. Currently available NIRS devices make the assumption that hemoglobin
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and myoglobin have identical absorption spectra for the NIR light wavelengths, and
therefore cannot distinguish between the two. Since myoglobin and hemoglobin have
different oxygen binding characteristics (i.e. number of O, binding sites, and binding
affinities) it is possible that their relative contributions to the NIRS signal could influence
the measurements used in these studies. Future NIRS devices may be capable of
distinguishing between myoglobin and hemoglobin, and subsequent studies could be of
interest.

Both studies presented here utilized a convenience sample of young, healthy,
college-aged adults. During the design of both experiments, we decided to use this type
of sample to produce the best possible data quality for both NIRS and *'P-MRS. All
individuals were free of disease and relatively thin. Skin and fat thickness overlying the
muscle can influence both NIRS and *'P-MRS approaches in these studies since both
techniques utilized surface-mounted probes (NIRS optode and MRS surface coil). The
individuals in these studies were all relatively lean, which the adipose tissue thickness
ranging from 2.8 — 9.8 mm in the forearm and 3.2 — 13.8 mm in the calf. Currently
available NIRS devices may have a limited ability to study overweight or obese
populations due to their relatively shallow sampling depth (less than 3 cm for most
devices). Both studies presented here used an Oxymon MKIII (Artinis Medical Systems,
The Netherlands). This NIRS device uses fiber optic cables to transmit NIR light from
the unit to the probe attached to the tissue of interest. This device has some advantages
over wireless NIRS devices including: an ability to alter the source-detector distance, and
some control of NIR light gain setting. Adjusting the NIR light gain settings allows the

user to increase or decrease the light intensity (given manufacturer presets) in order to
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optimize the NIRS signal for the best quality data collection. It is possible that higher
end NIRS devices (time or frequency domain NIRS devices) could perform even better
than device used in these studies, but future studies are needed. During the data analysis
phase of study 2, we developed approaches to measure the signal quality of NIRS and
*'P-MRS, by calculating signal-to-noise ratios (SNR). The approach to assessing data
quality should allow for between lab comparisons of results. It is possible that data
collected from clinical populations such as cardiovascular disease, heart failure, diabetes,
multiple sclerosis, and obese individuals may results in lower SNR’s. Decreased SNR
could influence the variance of NIRS measurements. Future studies are necessary to
determine the SNR of NIRS data in clinical populations, as well as the level of agreement
between NIRS and *'P-MRS.

While NIRS can be used to measure the oxidative capacity of skeletal muscle
mitochondria, the mechanisms behind alterations cannot be determined from NIRS. For
example, the increased NIRS rate constant reported in study 1, in response to forearm
endurance exercise training, could be a result of improved mitochondrial enzyme
capacity (i.e. ATP synthase activity) or an increase in the number of mitochondria (i.e.
mitochondrial density) within the NIRS measured tissue. NIRS cannot distinguish
between changes in mitochondrial density or enzyme activity. It is likely that endurance
exercise training produced both improve enzyme activity and increased mitochondrial
density, this is a limitation of NIRS, as well as *'P-MRS. These in vivo approaches
provide information about the ‘function’ of the intact organelle, in its native environment
with intact circulatory and regulatory systems. In vitro approaches can allow researchers

to further examine the mechanisms behind increases or decreases in mitochondrial
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function. For example, high resolution respirometry can allows the researcher to examine
the function of each multi-polypeptide complex of the electron transport chain, and
determine the specific mechanisms for the observed results.

Another potential limitation of NIRS is the quantification of data. In the current
studies, NIRS data were analyzed and expressed as a percentage of change in the NIRS
signal per unit time. For instance, muscle oxygen consumption during arterial occlusions
was expressed as a percentage change in the NIRS signal (scaled to the maximal
physiological range). Expressing NIRS oxygen consumption in absolute terms
(millimolar oxygen per unit time) should allow more accurate comparisons between
individuals and NIRS devices. However, the current NIRS devices are unable to
accurately quantify changes in NIRS signals, even more advanced devices capable of
measuring the NIR light pathlength and other important absorption/scattering
characteristics (9). In the second study, we attempted to quantify NIRS recovery rates,
and calculate a maximal rate of oxygen consumption from the NIRS rate constant. We
were able to calculate maximal rates of oxygen consumption that had reasonable
agreement with those calculated more directly from *'P-MRS data. Using assumptions
about the concentrations of hemoglobin and myoglobin (taken from published data), the
relative saturations of hemoglobin and myoglobin, and the mitochondrial adenosine
triphosphate:oxygen ratio (ATP:O ratio) we were able to calculate a total tissue oxygen
content, which when multiplied by the NIRS rate constant gives the maximal rate of
oxygen consumption. While these quantifications are promising, the assumptions made
are unlikely to be valid for all individuals or all populations, and thus limits the

generalizability of this quantification approach.
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One interesting component of these studies, which was not emphasized
previously, is the data analysis for magnetic resonance spectroscopy and near infrared
spectroscopy experiments. Both techniques presented here produce large, complex sets
of data, which cannot be analyzed using standard spreadsheet software’s (i.e. Microsoft
Excel). For example, each phosphorus magnetic resonance data set (exercise/recovery
protocol) contains 100 spectra, each containing 8192 data points (100 x 8192 array), both
real and imaginary. Similarly, a typical NIRS test contains an array of 10 x ~20,000 data
points, since the NIRS device outputs several signals and channels. Considering that
study 1 consisted of approximately 180 NIRS tests, semi-automated custom written
analysis software is a necessity. Data collected in these studies were analyzed using
custom-written routines in Matlab (Mathworks, Natick, MA). Without these routines,
data analysis for the current studies would have taken considerably longer. A portion of
the NIRS data analysis utilized a patent-pending correction algorithm for small shifts in
blood volume (Inventors: Terence Ryan and Kevin McCully). This correct improves the
accuracy of skeletal muscle oxygen consumption measurements by removing small
artifacts in the NIRS signals due to blood volume shifts. The use of the correct seems to
be vital for continuous wave NIRS devices, like the one used in these studies. Future
studies will need to assess blood volume shifts in other NIRS devices (time- and
frequency domain).

In summary, the findings of these studies provide essential validation for a novel
in vivo approach for measuring skeletal muscle oxidative capacity. In combination with
previous studies, NIRS measurements of skeletal muscle oxidative capacity have been

shown to be reproducible (2, 14), independent of exercise type and intensity (13); can
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detect the expected differences in mitochondrial function between sedentary individuals
and endurance trained cyclists (1); as well as detect the differences between sedentary
individuals and motor complete spinal cord injuries (5). These studies suggest that NIRS
can also be used to track changes in response to exercise training and detraining; and
shows good agreement with >'P-MRS, consistent with previous studies (12). NIRS is an
exciting new technology that certainly hold promise for the future. With the relatively
low cost of NIRS devices and ease of use this technique should be highly useful to both

researchers and clinicians.
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