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ABSTRACT

ACCURACY IMPROVEMENTS OF NIRS AND
INVESTIGATION OF MUSCLE OXIDATIVE METABOLISM

In the first part of the thesis, the effect of fat layer on continuous wave near in-
frared spectroscopy (cw-NIRS) measurements were investigated in detail, both in terms
of underestimation error (caused by homogeneous medium assumption) and crosstalk
between chromophores because of homogeneous medium assumption and wavelength
dependence of mean partial path length in the muscle layer. These errors have been
investigated by Monte Carlo simulations with a skin-fat-muscle layered tissue model
for a two wavelength system. The errors have been found to be higher for thicker fat
thicknesses. A correction algorithm was proposed with the use of wavelength depen-
dent partial path length in the muscle layer derived with Monte-Carlo simulations.
Two detector cw-NIRS system was also analyzed and compared with 1-detector cw-
NIRS system. The performance was promising but true assumption of initial optical

coefficients of the layers poses a challenge for the performance.

Muscle metabolism, fatigue and endurance was examined with usage of three
simultaneous measurement modalities: cw-NIRS, SEMG and force-time for isometric
hand grip exercise. The study revealed some physiological processes related to fatigue.
A highly valued and statistically significant correlations were found between sEMG and
cw-NIRS derived parameters especially at 50% maximal voluntary contraction along
with biometrics for endurance prediction. These information could be important in
sports applications, ergonomics, physical medicine and rehabilitation to monitor the

recovery with objective parameters.

Keywords: Near infrared spectroscopy, Continuous wave near infrared spectroscopy,
Monte Carlo simulations, Light propagation in tissue, Muscle oxidative metabolism,

Tissue oxygenation, Endurance, Fatigue, Surface electromyography.
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OZET

YAKIN KIZIL ALTI SPEKTROSKOPI YONTEMININ
DOGRULUGUNUN IYILESTIRILMESI VE KAS
OKSIDATIF METABOLIZMASININ ARASTIRILMASI

Tezin ilk kisminda, yag katmaninin siirekli dalga yakin kizil alt1 spektroskopinin
(sd-YKAS) 6lgiimlerine olan etkisi detayli olarak azimsama hatasi (tiirdes ortam varsa-
yimindan kaynaklanan) ve tiirdes ortam varsayimi ile kas katmanindaki ortalama kismi
yolun dalga boyu bagimliligindan kaynaklanan ¢apraz girisim terimleriyle incelenmigtir.
Bu hatalar, iki dalga boylu sistem igin, deri-yag-kas katmanl doku modeliyle yapilan
Monte Carlo benzetimleriyle incelenmigtir. Hatalar kalin yag kalinliklari i¢in daha
yiiksek bulunmusgtur. Monte Carlo benzetimleriyle ¢ikarilan dalga boyu bagimli kismi
yol uzunluklarini kullanan bir diizeltme algoritmasi 6nerilmistir. Iki alcili sd-YKAS
sistemi de analiz edilmig ve 1-alicili sistem ile karsilagtirilmigtir. Performans umut verici
olmasina ragmen, katmanlarin ilk optik katsayilarinin dogru varsayimi bu performans

icin ¢oziilmesi gereken bir sorundur.

Kas metabolizmasi, yorgunluk ve dayaniklilik, eg zamanh sd-YKAS, yiizey elek-
tromiyografi (yEMG) ve kuvvet-zaman 6l¢iim teknikleri kullanilarak yapilan 6lgiim-
lerle, izometrik el sikma egzersizi i¢in incelenmigtir. Calisma yorgunlukla alakal fizy-
olojik siirecleri aciga cikarmigtir. YEMG ve sd-YKAS parametreleri arasinda ozel-
likle %50 maksimal istemli kasilmada 6énemli degerlerde ilintilerle beraber dayaniklilik
tahmini i¢in biyometrik parametreler bulunmugtur. Bu bilgiler spor uygulamalar, er-
gonomi, fizik tedavi ve rehabilitasyonda toparlanmanin nesnel parametrelerle takibinde

de Onemli olabilir.

Anahtar Sozciikler: Yakin kizil alt1 spektroskopi, Siirekli dalga yakin kizil alti
spektroskopi, Monte Carlo Benzetimleri, Dokuda 1g1k dagilimi, Kas oksidatif metabo-

lizmasi, Doku oksijenlenmesi, Dayaniklilik, Yorgunluk, Yiizey elektromyografi.
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1. INTRODUCTION

In this thesis, use of cw-NIRS for the study of muscle metabolism was aimed,
especially for aerobic metabolism. Currently because of unavailable knowledge of par-
tial path length of light in the muscle, cw-NIRS can not give concentrations’ changes
of Hb and HbO in absolute units. Complicating the issue there is variability of fat

layer thickness among subjects.

We first performed error and accuracy analysis of cw-NIRS because of the fat
layer affect which causes underestimation of the real concentration changes occurring
in the muscle layer, given in Chapter 3. Underestimation error is basically caused by
homogeneous medium assumption in the calculations leading to the partial volume
effect. Fat layer also leads to crosstalk affect which refers the estimation of concentra-
tion change of a chromophore for which there is no real change for itself but for the
other chromophore. Homogeneous medium assumption and wavelength dependence of
mean partial path length in the muscle layer causes the crosstalk. This analysis was
performed using Monte Carlo simulation with skin-fat-muscle tissue model for various
fat thicknesses up to 15 mm. Two wavelength cw-NIRS system was assumed where
the choice of first wavelength is in 675 - 775 nm range and the second wavelength is
in 825 - 900 nm range. Means of absolute underestimation errors and crosstalks over
considered wavelength pairs have been found to be higher for thicker fat thicknesses.
Estimation errors of concentration changes for Hb and HbO, are calculated to be close
for ischemia type protocol where both Hb and HbO, are assumed to have equal mag-

nitude but opposite concentration changes. The minimum estimation errors are found

for the 700/825 nm and 725/825 nm pairs for this protocol.

Continuation of error analysis part because fat layer -in Chapter 4- was the
development of correction algorithms which follows the results of this study, which was
performed also and compared with two other correction curves from the literature on

a well known data.



Two detector system is also studied for performance compared to one detector
system, in Chapter 5. In this study, partial pathlength method with two detectors
based on modified Beer-Lambert law extended for heterogeneous medium with homo-
geneous layered regions is investigated. Using Monte Carlo simulations, comparison
between this technique and single homogeneous layer assumption is done. Optical co-
efficients of fat and muscle layers are chosen typical for muscle tissue measurements.
In the simulations, change of absorption coefficient in muscle layer was made much
bigger than in fat layer. It has been found that for 2-detector partial pathlength based
method, fat and muscle layer absorption coefficient change estimates are better than
the homogeneous medium based modified Beer-Lambert law estimates in all simulated
cases. Partial pathlengths are used in 2-detector partial pathlength based method
while mean pathlength is used for 1-detector based modified Beer-Lambert law es-
timates, hence initial operating point is assumed to be known. In practice, getting
accurate initial (resting level) optical properties of the medium and obtaining accurate
partial pathlengths poses a problem for the proposed technique. An error analysis is
added to this study for which initial operating point for optical coefficients of the layers

is taken erroneously.

In the thesis, hand grip exercise study was also performed to investigate muscle
energetics and fatigue using SEMG, cw-NIRS and force-time measurements, in Chapter
6. The aim of this study was physiological interpretation of the EMG signal, AHbO,
and AHb curves, hand grip force curve, with specific goal was to infer parameters
(biometrics) related to endurance. The subjects were rowers and canoe athletes. This
study was considered to be important in exploiting the use of cw-NIRS and searching
endurance and fatigue background mechanisms. These type of researches are valuable
also in ergonomics to make work places healthier for employees. There is also need
for such biometrics in physical medicine and rehabilitation to monitor the recovery
with objective parameters. This way, evaluation of physical training programs could

be possible.



2. BACKGROUND

2.1 Basic Tissue Optics and Properties of Biological Tissues

Light propagation in the tissues can be used for both diagnostic and therapeutic
applications. More properly, interaction of electromagnetic waves with tissues When
the light fluence rate is small, it can be used for diagnostic purposes [1, 2|. In the diag-
nostic domain, light propagation in tissue are determined by the wavelength dependent
absorption and scattering properties, anisotropy and refractive index. In the biological
tissues, scattering effect is dominant. Another parameter is refractive index which is
nearly 1.40 for most tissues [3|. Scattering, reflection and refraction are caused by the
refractive index mismatches, i.e. at the boundaries of two tissues. Fresnel’s laws are

used to model interactions at these boundaries.

Diagnostic application use small fluence rates of light. When the fluence rate
of light is high, destructive changes occur. They are categorized as photochemical,
thermal, photoablative and electromechanical. Photochemical type change is basically
caused by absorption of light by molecules in the tissue. This technique is used in
photodynamic therapy by photosensitizer molecules injected to the cancereous lesions
of interest excited by light of a specific wavelength. Thermal effect is because of
deposition of thermal energy. Photoablative effect is caused by photo-dissociation of
biopolymers and following fragment desorption. Very high fluence rates is responsible
for dielectric breakdown of tissue and formation of plasma, called electromechanical

effect. This plasma expands at a high rate leading to shock wave [1].

In diagnostic domain, absorption and scattering interactions are taken into con-

sideration which are linear and time-invariant [1].



2.1.1 Absorption

Molecules in tissue absorb photon energy in a quantized fashion when the photon
energy match needed transition energy. The process is not followed by emission of
another photon. The excited photon returns to the ground state by conversion of
absorbed energy into thermal energy through inter-molecular de-excitation processes
(i.e. molecular vibrations and rotations) and extra-molecular de-excitation processes
(molecular motion, collisions). The probability of a survival for photon length L (can
be straight line or due to multiple scattering) is given by e #Z 1, being absorption

Lor cm™!)

coefficient. The absorption coefficient 1, ([length™!|, usually given in mm™
models probability per unit length of a photon being absorbed. It is equal to p, = €- ¢
where ¢ is specific absorption coefficient of the absorbing compound ([molar~*-cm™' |
and c is the concentration of the compound (Jmolar|). The Beer-Lambert law gives the

input and output light intensities of the geometry given in Figure 2.1 (A) as

A=0D =log, (I,/I) =€\ cr (2.1)
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Figure 2.1 Light intensity drop through A) absorbing (and non-scattering) and B) scattering (and
non-absorbing) mediums

which relates output intensity [ for collimated input light intensity ;. The
medium is non-scattering and homogenous. The absorbance and light intensity drop
is represented by A and it is used interchangeably with OD, called optical density.

Another parameter is transmittance 7', which is reciprocal of A. The specific absorption



coefficient €(\) is a function of wavelength \. When logarithm base 10 is employed, the
e is called specific extinction coefficient (and p, is called extinction coefficient). Beer-

lambert law is given as below for solutions containing multiple absorbing compounds;
OD=W(L/I)=e(N)err+ea(N)ear+ ...+ e, (N er (2.2)

Absorbed high energy (i.e. wavelengths less than 500 nm) leading to excitation of the

atom or molecule can lead to following photochemical reaction [4].

2.1.2 Scattering

Scattering event by interaction with a scattering particle changes the initial
direction of the photon by preserving the energy if it is elastic scattering, otherwise it
is quasi-elastic or inelastic scattering. Inelastic scattering types are fluorescence and
phosphorescence, Raman scattering, Brillouin scattering. In the near-infrared region
for the tissues, elastic scattering is the type of scattering interest, i.e. modeled with
Rayleigh and Mie scattering. Microscopic spatial fluctuations in refractive index causes
scattering, i.e. cell membranes and organelles. Scattering is also wavelength dependent.
Even if elastic scattering takes place, intensity loss happens since light direction is lost
(i.e. light becomes incoherent). Scattering coefficient s [mm™'| can be described as
cross sectional area of scattering event taking place per unit volume of a medium.
It can also be defined as the probability per unit length travel of a photon being
scattered. Transmission probability for length L of a photon is given by e #<*. The
light attenuation for homogeneous scattering and non-absorbing medium is formulated

I (L,/T) = —p, - L (2.3)

The mediums in real case are both absorbing and scattering. The final light intensity

is formulated with modified Lambert-Beer Law for such cases;

OD = In (1,/I) = ¢(\) cDPF(\) r + G()) (2.4)



where again [ is the intensity of the detected light, r is the minimal geometric distance
between light source and detector, and DPF()) is the differential path length factor.
DPF()) equals mean optical path length of the photons (<L*>) divided by r. G(\)

factor is due to medium geometry and light scattering.

Some of the other fundamental parameters used to define optical properties
of tissues are the reduced scattering (also called transport scatter) coefficient (p), =
ts(1—g)) and total attenuation coefficient (u; = pq + pt)). Reduced scatter coefficient
is the effective number of isotropic scatterers per unit length [5]. It combines the
scattering coefficient and anisotropy factor g. This parameter is useful in modeling light
transport through the tissue in the visible and near-infrared light for the scattering-
dominated light transport which is called diffusion regime. It can be understood such
that multiple anisotropic scatterings with mean free path length of 1/ is equivalent to

isotropic single bigger step with a reduced free mean path length of 1/, [6]. Anisotropy

---------------------------------
Scattering
Event

Figure 2.2 Deflection (f) and azimuthal (¢) scattering angles

property (represented by g¢) is equal to average cosine of the scattering function and
gives information about preserved forward direction for each scattering. The value of g
is -1, 0 and 1 for complete reverse scattering, isotropic scattering and complete forward
scattering. Angular dependence of scattering is modeled by scattering functions, the
mostly used one is Henyey-Greinstein function. This function was originally used to
model light scattering of interstellar dust but it also has a good performance for the

purpose of scattering modeling in tissues. The scattering deflection angle 6 (in 0 to 7



range) is modeled with Henyey Greenstein function as follows;

1 1—g°
pl6) = 47 (14 g2 — 2g cos(6))3/2 (2:5)

such that [ p(0)27sin(f) = 1, where g equals the expectation value of cos(f).

In Monte Carlo simulations, isotropic scattering is assumed using Principle of
Similarity [7] which asserts that the photon distributions will be identical for two
mediums with same light sources when absorption coefficients and reduced scattering
coefficients are equal. Hence instead of anisotropic scattering with scattering coefficient
is and anisotropy factor g, isotropic scattering is assumed where the used reduced

scattering coefficient is equal to ps(1 — g).

Incident Light
H ni

nr

Refracted Light

Figure 2.3 Refraction of light

Traveling light has different speeds and wavelengths in different mediums, but
maintains its frequency. The speed of light in a medium divided by the speed of light
in vacuum equals refractive index (n) for that medium. When light enters from one
medium to another one, the angles of incidence (6;) and reflection (6,) are related to

each other by refractive indices formulated by the Snell’s law;
n; sin(6;) = n, sin(6,) (2.6)

where n; and n, are angles of incident and refracted light, respectively measured with
respect to normal. Direction change of the light from one medium to another one

is because of the changing wavelength. The fractions of light transmitted to other



medium and reflected part are formulated by Fresnel equations.

The mostly used methods for modeling light transport in tissue are diffuse ap-
proximation and Monte Carlo, both of them ignores wave property of the light. Ab-
sorption and scattering events of photon are used instead. In diffuse approximation an-
alytical approach to the so called radiative transfer equation (RTE) describing photon
migration is used. Monte Carlo method is a stochastic approach to photon propagation.
Diffuse approach requires p, > p,. Monte Carlo technique can be used to model light
propagation in regions where y' is low (i.e. in cerebrospinal fluid) whereas diffusion
approximation fails. Diffuse approximation is also not accurate at close neighborhood

of light source (i.e. closer than p, " or y; ! depending on source) [8].

2.2 Light Absorbing Chromophores in Tissue

Tissues have typical absorption characteristics related to these compounds’ op-
tical properties depending also on their concentrations in the tissue of interest. Main
light absorbers in the tissues are water, deoxy- and oxy-hemoglobin, deoxy- and oxy-
myoglobin, and cytochrome-c-oxidase in the wavelength region of interest, near-infrared
region. In the near-infrared range which is from 700 to 1000 nm, absorption of light is
minimum which allows diagnostic and therapeutic applications possible which is drive
for the calling of this band as 'diagnostic and therapeutic window’. Light absorption of
water is especially low in the near infrared range which allows more penetration depth
into the tissue. However absorption of light by water is still high because of its high
concentration. Total absorption coefficient is summed by same proportion of water
absorption. The water content is about 90% in neonatal brain and 80% of its weight
for adult brain [9]. Outside these wavelength range, water and other chromophores
(i.e. DNA, protein and other molecules in the ultraviolet range) cause very little pen-
etration. In the tissues blood vessels are strong absorbers whereas their fraction is low
in tissues. In the epidermis layer of skin, melanosomes are present with strong ab-
sorbance with low volume fraction (nearly 10% with 5% volume fraction of blood with

45% hematocrit). Strong absorbers with low volume fractions lead to moderate con-



tribution to average absorption coefficient which determines light transport although

local absorption properties are governed by the strong absorber(s) [6].
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Figure 2.4 Specific absorption coefficients (for log base ¢) of Hb, HbO2 and CytOx (difference
between oxidised and reduced forms of cytochrome-c-oxidase)

Hb and HbO, have same absorption coefficients at the isobestic point near 800
nm. There is also myoglobin in muscle tissue which has indistinguishable absorption
spectra to hemoglobin [10]. In the 'optic window’ range, HbO, has higher absorption

than Hb for wavelengths greater than the isobestic point.
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Figure 2.5 Absorption spectrum of pure water at 37° from Hollis [14]
Cytochrome-c-oxidase is of special interest respiratory chain enzyme. Oxidised

form of cytochrome-c-oxidase has strong absorption band centered at 830 nm with

200 nm FWHM, which disappears when the enzyme is reduced |9|. The concentration
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of cytochrome-c-oxidase is low compared to hemoglobin, at least one order of magni-
tude below [11]. Total concentration of cytochrome-c-oxidase does not change whereas

oxidised /reduced forms change proportions.

Lipid absorption coefficient is comparable to water but it has a peak absorption
at 930 nm and water absorption peak at 970 nm is missing [8|. Lipid content is 5% of
the total wet weight of infant’s brain, where the percentage goes up to 8% and 17%
in the grey matter and white matter, respectively in the adulthood [9]. In the muscle
tissue, thickness of superficial fat layer varies and can be thicker than 10 mm leading
to much less probed volume of muscle layer. This special problem is investigated in

detail in this thesis.

Oxidised-reduced forms of cytochrome-c-oxidase, oxygenated-deoxygenated forms
of Hb/Mb concentrations change dynamically depending on tissue oxygen utilization
and oxygen supply whereas concentrations of water, lipid, melanosome etc. don’t
change hence causing constant absorption [2|. However blood volume changes could

cause some Changes.

2.3 Near Infrared Spectroscopy

Biological tissues attenuate intensity of the transmitted light and also spread the
transmitted light pulse. Hence it is stated that photon diffusion encodes the tissue char-
acteristics upon the timing of the delayed pulse and upon the received intensity time
profile [12]. There are different NIRS techniques: continuous wave near infrared spec-
troscopy (cw-NIRS), spatially resolved spectroscopy (SRS), time domain spectroscopy
and frequency domain spectroscopy. cw-NIRS uses detected intensity changes of a
constant light sources of different wavelengths (in the form of pulses generally) to
calculate concentration changes of light absorbing chromophores. Spatially resolved
spectroscopy is similar to cw-NIRS and finds concentration changes of the light ab-
sorbing chromophores but it has also ability to find oxygen saturation of hemoglobin.

This technique uses multiple detectors and employs derivative of attenuation change
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with respect to distance. Phase modulation (frequency domain, also called intensity
modulated) and time resolved spectroscopy (time domain) techniques offer absolute
concentrations of Hb/HbOy but require more complex systems, shown in Figure 2.6
from Delpy and Cope [13]. Received intensity pulse’s time delay and phase shift are
the parameters used in the frequency and time domain techniques, respectively besides
detected light intensity. There are also broadband NIRS techniques. These meth-

ods use whole white light spectrum and second derivative of it [14] giving absolute

concentrations.
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Figure 2.6 Some NIRS instrumentation types, from Delpy and Cope [19]

Diffusing-wave spectroscopy DWS (diffuse correlation spectroscopy) is a rela-
tively new method, utilizing speckle (bright and dark spots) patterns in the tissue
lasers from interference of light when light of large coherence laser goes through differ-
ent pathways through the tissue. Change in this pattern with time with autocorrelation

of the pattern yields information about blood flow [14].

2.3.1 Assessment of Heating Effects in NIRS

Heating effect of the light in the near infrared range is investigated by Ito et
al. (2000) [15]. Low intensity continuous infrared laser light induced a maximal tem-
perature change of approximately 0.1°C/mW on the skin surface and 0.04°C/mW at
a depth of 1 mm in ex vivo tissue samples (A = 789 nm). Similar temperature changes
which ranged from 0.11 to 0.02°C/mW at depths of 0.5-1.5 mm, respectively, were

found in the forearm measurements. To increase the normal skin temperature of 31°C
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to the harmful 41°C (above which tissue damage occurs), 100 times greater than the

maximum rise during 1 mW continuous wave radiation is required.

Compared to sunlight intensity in a sunny day (50 mW/cm?), Bozkurt and
Onaral (2000) [16] report that typical LED intensity (i.e. L730-805-850-40B32 Epitex
Inc., A = 730, 805 and 850 nm) is 25 - 50 mW /cm? and has typical power of 9 mW.
They found less than 0.5°C temperature increase in the skin surface for typical case.
They show that LED heating (in thermal junction) can cause a problem when the
duty cycle increases especially in DC mode. The temperature increase can be up to

10°C/mW in the DC mode.

2.4 Continuous Wave Near Infrared Spectroscopy

Continuous Wave (cw) Near-Infrared Spectroscopy is a technique which esti-
mates the concentration changes of optical chromophores in the tissues by measuring
the detected the light intensity changes in a light detector nearby of a light source

sending light in the near-infrared range through the tissue.

The cw-NIRS technique relies on the MBLL to convert detected light intensity
changes into concentration changes of chromophores. For a single light absorber in a

homogeneous medium, light attenuation is given by [9]
OD* =In(I,/I) = €' ¢cDPF*r 4+ G* (2.7)

where superscript A indicates a particular wavelength, OD? is optical density, I, is the
intensity of the light sent into the tissue, I is the intensity of the detected light, ¢* and
c are the specific absorption coefficient (OD/cm/mM) and concentration (mM) of the
chromophore in the medium, respectively; r (cm) is the minimal geometric distance
between light source and detector, and DPF? is the differential path length factor.
DPF* equals mean optical path length of the photons (<L*>) divided by r. G* factor

is due to medium geometry and light scattering. The absorption coefficient of the
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medium g is equal to €

c. The change in the logarithm of detected light intensity
(AOD?) is proportional to concentration change of the absorber (Ac, assumed to be
homogeneous and small), given by AOD* = e*Ac < L* >, differential form of the
MBLL. Here it is assumed that G* and <L*> do not change during measurement. This
formulation neglect the variation of <L*> with u). In fact <L*> should be replaced
by its mean value computed over the range of absorption coefficient from 0 to ;) [17].
Nevertheless, MBLL formulation can still be used to determine concentration changes

for small absorption changes for which <L*> remains nearly constant [18, 19, 17].

Light scattering change is another issue [19].

For tissues where the main light absorbers are Hb and HbOs,
AOD* = (e}, A[HD] + €0, A[HPO,]) DPF*r (2.8)

assuming a homogeneous tissue medium. For a two wavelength cw-NIRS system, con-

centration changes are estimated using MBLL as follows;

A A A A
GHiOQAOD 1 _ GH}DOZAOD 2
_ DPF* DPF*2
A[Hb]yprr, = P VEE W (2.9)

r (EHb02€Hb - GHbOQEHb>
LAOD*2 )2 AODM

A[HDbO:]vpLL = EPFAQ 3 — ];PFAIA (2.10)
r (EH%C)OQEHlb - EHlbOgeH2b)

The MBLL subscript indicates that estimated concentration changes are found using
homogeneous medium assumption based MBLL formulation. In general, a wavelength

independent DPF' is used in the MBLL calculations.

It should be noted hereby that for the considered muscle measurements, [Hb]
([HbOg]) refers to combined concentrations of deoxyhemoglobin and deoxymyoglobin
(oxyhemoglobin and oxymyoglobin) since hemoglobin and myoglobin have very similar

absorption spectra [10].
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2.4.1 Variation of DPF in NIRS Measurements

In the study of Duncan et al. (1995) 20|, pathlength factor (DPF') variation
during cuff occlusion was investigated and were found to be between 4-10%. This
variation is comparable to DPF variability between individuals. Authors point out the

need for continuous monitoring of optical pathlength.

2.4.2 Influence of Adipose Tissue Thickness (ATT) in NIRS

Muscle VO, in the human flexor digitorum superficialis and FBF was found in
78 healthy subjects (skinfold thickness 1.4 to 8.9 mm) in the study of Van Beekvelt et
al. (2001) [21] . ATT was found to have negative correlation with VO, but it has a poor
relationship with FBF. Gender difference was also attributed to ATT. Authors indicate

that ATT has a substantial confounding influence on in vivo NIRS measurements.

Influence of fat layer on the near infrared measurements were investigated by
using Monte Carlo simulations and experiments by Yang et al. (2005) [22] and Lin et
al. (2000) [23]. It was found that if the fat thickness is less than 5 mm, subject-to-
subject variation in the fat optical coefficients and thickness can be ignored [22]. It is
suggested that influence of a fat layer can be eliminated by correcting the measurement

sensitivity using the fat layer thickness [23].

2.5 Monte Carlo Simulations

In Monte Carlo simulation of photon propagation in biological tissues, a stochas-
tic model is constructed in which rules of photon propagation are modeled in the form
of probability distributions |24, 25, 26]. In the simulation, photons were launched with
initial direction (i.e. along z-axis, perpendicular axis to tissue layers) from a point
source. The events a photon encounters during propagation in the tissue are scattering

and absorption. Scattering distances between two events and scattering lengths depend
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on the tissue optical coefficients. Scattering angles are determined by anisotropy factor
and scattering coefficient of the tissue layer. Photon movement related parameters are
determined from appropriate probability density functions and photon loses weight in
each scattering event. Photon movement is terminated when it escapes into air, leaves
the tissue or loses its weight below a certain threshold (there is a ‘roulette technique’
also for the sake of conservation of energy, see Wang et al. [24]), or travels a dis-
tance longer than a predetermined length, depending also on the chosen Monte Carlo
method. In this method, wave phenomena is neglected. Rationale behind this is that

after multiple photon scattering phase and polarization become rapidly randomized.
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Figure 2.7 Basic events during photon movement

The photon propagation model in the Monte Carlo simulation can be summa-

rized as;

e Launch photon into the tissue with initial weight and direction.
e Decrease the photon weight by specular reflection amount R, w = w — Ry

e In the tissue, if there is step size As left from previous step move the photon by
that length. Otherwise compute the new step size As with the s = —In(§)/u, §
having uniform distribution over (0, 1] and g, interaction coefficient equals sum
of absorption coefficient p, and scattering coefficient ps. If boundary crossing

happens, move the photon up to the boundary by As, and left the remaining
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Figure 2.8 Flow chart of Monte Carlo simulations from Prahl et al. [31]

step size As — As, for next movement. For the movement, new coordinates
(x,y,2) are found from directional cosines (fi, fty, itz) of the photon direction

(scattering angle), i.e. x = = + s/i,.

In the movement step, decrease the photon weight w;,ii by amount Aw =

a

Winitial 75 Winal = Winitial 7t

In boundary crossing, internal reflection or transmission occurs and is handled
using Fresnel’s formulas and Snell’s laws. Remaining step size after boundary
crossing is updated by (from a layer with interaction coefficient of 141 to a layer

with interaction coefficient pi) s = s%

When photon weight is below a threshold 7}, roulette law is applied. A uniform

distributed random number between 0 and 1 is generated and if its greater than
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1/m (m is predetermined value), photon movement is terminated. Otherwise
photon weight is multiplied by amount m. Since there is energy loss from termi-

nated photons because of low weights, this step is done to conserve the energy.

Next scatter movement angles are computed. Azimuthal angle is uniformly dis-
tributed over 0 and 27, ¥ = 27€ where £ having uniform distribution over 0 and
1. Deflection angle 6 is in 0 to 7 range. cos(#) is modeled with Henyey Greenstein

function.

1— 2
p(cos(®)) = 2(14¢% — 2ggcos(9))3/2 (211)

g is anisotropy factor and is between -1 and 1, and equals the expectation value
of cos(#). Using a random sampling technique which is done by equating the
cumulative distribution function of available computer generated random num-
ber ¢ having uniform distribution over 0 and 1 with the cumulative distribution

function of p(cos(0)), following sampling equation is obtained,

2
1 1—g?
% |:1 +92 - <1—g—‘f29£> :| g 7é 0

26 —1 g=20

cos(f) =

When photon weight is below a threshold T}, roulette law is applied. A uniform
distributed random number between 0 and 1 is generated and if its greater than
1/m (m is predetermined value), photon movement is terminated. Otherwise
photon weight is multiplied by amount m. Since there is energy loss from termi-

nated photons because of low weights, this step is done to conserve the energy.
Photon movement is also terminated when it leaves the tissue.

When a photon is terminated, another photon is launched until desired photon
number is achieved which is typically a large number to ensure obtaining the

stable (accurate) statistic of a physical quantity of interest.
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2.6 Usage of Near Infrared Spectroscopy in Muscle Studies and
Sports Medicine

Since introduction of the possibility of using infrared light for monitoring tissue
oxygenation changes, there has been a progress both in the technology of the NIRS
and widespread investigation of usage of NIRS in muscle studies, mostly in the form
of research work. Articles of Hamaoka et al. [27], Wolf et al. [14], Quaresima et al.
[28], Boushel et al. [29], Boushel and Piantadosi [30], Neary [31], Ferrari et al. [32],
are good summaries on the topic. Main advantage of this technique is that it allows
non-invasive muscle metabolism investigation locally whereas invasive blood sampling
and non-invasive expired /inhaled gas measurements give global muscle activity related
information. MRI and MRS (i.e. 3'P,'H, 2>Na-MRS) methods enables computation of
crucial parameters such as inorganic phosphate (Pi), PCr breakdown rate and recovery
(using *'P-MRS), intracellular pH (from chemical shift of the Pi peak from the PCr
peak), calculation of ADP and AMP concentrations from creatine kinase and adeny-
late kinase equilibria etc. However the method is complex and expensive. Besides
experiment protocols that can be done inside the MRI scanner is limited. Investigated
volume and voxel size in MRI/MRS depends on the system (i.e. magnet power (1.5
- 12 Tesla) and surface coil). In fact NIRS is also limited in giving local information
because the probed muscle volume is confined close to the muscle surface, depending
on the source-detector distance. Probed depth is roughly half of the source-detector
distance for muscle measurements [33, 34, 35, 36], i.e. for the 2.5 cm optode distance,

penetration depth would be 1.25 cm.

NIRS measurements give information about Hb/Mb concentration and oxygen
saturation in weighted average of small blood vessels, capillaries with less than 1 mm
diameter, and intercellular sites of oxygen uptake [37, 38, 39| since photons are unlikely
to pass through large vessel because of high absorption [37]. The absorption through
arterioles, capillaries and venules are low, in contrast. Hence changes in single muscle

fibers can not be detected because of sensitivity of the technique [40].
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Since differentiating between oxygen supply and demand is difficult, short dura-
tion arterial occlusion protocol is applied to derive oxygen consumption rate dependent
changes with NIRS, i.e. to get decline rate of HbO4 and increase in Hb rate. Since ve-
nous return is occluded, blood volume stays constant (assumed to) and oxygen uptake
by the tissue converts HbOy pool to Hb. Employing NIRS, venous occlusion protocol
is also applied to get blood flow proportional changes and muscle oxygen consumption
using Hb and HbO, increase rates. HbO, increase is due to inflow of arterial blood
and veneous occlusion, while Hb increase is due to mostly venous occlusion and oxygen
consumption and to a lesser extent to Hb content in the arterial blood (i.e. 3%) [41].
Calculations with venous sampling need some additional measurements, such as blood
sampling or arterial O, saturation from pulse oximeter [42]. The arterial or venous
occlusion protocols require stopping the exercise hence are based on the assumption
that measured values at the immediate end of exercise reflect the true values during

the exercise |27].

With NIRS techniques of TRS or FDS, one may get absolute rates of oxygen
consumption but with cw-NIRS percentage rates can be given or used DPF value de-
pendent absolute units are given. Arbitrary units is also used cw-NIRS studies because
of this problem. Because of the lack of true mean path length in the muscle layer in
cw-NIRS technique, 5 to 6 minutes arterial occlusion at the start of an experiment
was done in some cw-NIRS studies to get a scaling. Motivation behind this method
physiological calibration with this method would have smaller interindividual variation
compared to larger interindividual variation of DPF [43|. Although TRS, FDS Sys-
tems give values of the Hb/HbO, concentrations in absolute units, cw-NIRS requires
relatively simple system both in terms of hardware and software. Also with cw-NIRS,
signals proportional to blood flow rate with venous occlusion, oxygen consumption
with arterial occlusion, concentration changes in HbOy; and Hb can all be measured,

quantification problem still remaining.

NIRS has been used in numerous basic physiological research and sports medicine

investigations.
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Studies of Chance et al. (1992) [44] and Hamaoka et al. (1992) [45] were the
first studies on rowers. Ding et al. (2001) [38] also studied quadriceps muscle oxygen
desaturation in athletes and control group after exhausting cycling exercise, which was
found to be significantly reduced in athletes. Bhambhani et al. (1998) [46] studied arm
cranking and leg cycling using NIRS for gender and exercise mode difference. Takaishi
et al. (2002) [47] investigated the effects of cycling experience and pedal cadence on
the NIRS parameters on non-cyclists, triathletes and cyclists. Bringard and Perrey
(2004) [48] compared vastus lateralis deoxygenation kinetics measured by NIRS and
pulmonary kinetics realized in an intermittent bilateral knee-extension exercise (3-s
contraction 3-s relaxation) at 40% MVC for 10 min. It is found that deoxygenation
kinetics at the onset of exercise followed an exponential time course at a significant
faster rate than pulmonary O, uptake (VOZpulmonary) which reflects a mismatch be-
tween local oxygen consumption and perfusion. In a study by Tachi et al. (2004) [49],
subjects performed intermittent static dorsiflexion at 50% of MVC up to exhaustion
with the right leg either up or down relative to heart. Same exercises were performed
with /without occluding muscle blood flow. They found decreased endurance time,
lower blood volume and lower oxygen saturation (NIRS), and faster MF decrease and

integrated EMG increase related to fatigue in the leg up position.

Lower back muscles were investigated using NIRS, EMG and MMG by Yoshitake
et al. (2001) [50].

van Beekvelt et al. [51] searched oxygen consumption of human flexor digitorum
superficialis muscle for various workloads. Hicks et al. (1999) [52| investigated isometric
load contraction in the forearm at 10% and 30% MVC under normoxia and hypoxia
(14% inspired O,) using NIRS (muscle oxygenation of center of the wrist flexors). Kime
et al. (2003) [53] did a maximal voluntary isometric handgrip exercise for 10 sec. in
7 healthy male subjects. They tested their hypothesis that higher oxidative capacity
muscle shows slower muscle reoxygenation after maximal short term isometric exercise
because reoxy-rate may be influenced more by muscle VO, than by O, supply. The
authors found negative correlation (r* = 0.727) between Reoxy-rate calculated from

NIRS and VO, for finger flexor muscle but not with FBF. This finding supports their
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hypothesis.

In a study by Praagman et al. (2003) |[54|, NIRS measurements were taken along
with EMG measurements in the human forearm muscles biceps breve and brachioradi-
olis. Magnitude of the surface EMG signals and oxygen consumption rate using NIRS
were found to be linear when a force (torque) is applied by the subject, except some

moments.

It has been also used in investigations of peripheral vascular diseases in Kragelj et
al. [55], McCully et al. [56]. Intermittent claudication (IC) in patients was investigated
using NIRS by Komiyama et al. (2000) [57].

2.6.1 Variability and Reproducibility of NIRS Measurements

Van Beekvelt et al. (1992) |51] investigated VO, in the human flexor digito-
rum superficialis muscle at rest and 10-90% MVC isometric exercise. Six subjects did
the same experiment on three separate days. The within subject variability for each
workload was found to be 15.7 to 25.6%. Hence they concluded that i)local oxygen
consumption at rest as well as during exercise at a broad range of work intensities
can be measured reliably by NIRS, applied to a uniform selected subject population
ii)moreover NIRS is also robust enough to measure over separate days and at various

workloads.

Kragelj et al. (2000) [58] looked at the variability of NIRS parameters such
as VOQ, recovery times, time to peak values, hyperemic response after release of the
cuff expressed as a percentage (for Hb and HbO,). NIRS instrument was positioned
on the dorsal and lateral surfaces of the foot between the fourth and fifth digits, and
measurements were taken in transmission mode. Five minutes of occlusion was applied.
Same protocol was repeated on each subject four to six times. Mean values of coefficient
of variability ranged from 6% to 30% (mean value 17%) indicating measurements were

reproducible.
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3. CROSSTALK AND ERROR ANALYSIS OF FAT LAYER
ON CONTINUOUS WAVE NEAR-INFRARED
SPECTROSCOPY MEASUREMENTS

Near infrared spectroscopy (NIRS) is increasingly used as an optical noninvasive
method to monitor the changes in tissue oxygenation in brain [9, 59, 60|, breast [61] and
particularly in muscle tissues [62, 28, 27|. Continuous wave near-infrared spectroscopy
(cw-NIRS) is based on steady-state technique where the changes in the detected light
intensities at multiple wavelengths are converted to concentration changes of oxygena-
tion sensitive chromophores. Typically cw-NIRS is used in muscle physiology studies
for calculation of oxygen consumption and blood flow values. Spatially resolved spec-
troscopy [63] along with frequency and time domain techniques are other NIRS methods

[64, 65] which have the capability of quantifying absolute concentrations.

NIRS techniques suffer inaccuracies for the heterogonous tissue structures when
the homogeneous medium assumption is made for the sake of simplicity |66, 67]. In
fact, there are solutions based on complex layered models [68, 69, 66, 67, 70, 71, 72,
73, 74, 75| for NIRS. The degree of inaccuracy because of the homogeneous medium
assumption depends on the region of interest, geometry, optical coefficients of the
structures in the tissue, source-detector distance and the choice of NIRS technique
[36, 18, 76, 77, 23, 69, 66, 67, 78, 79]. Hence, the estimated parameter (i.e., absorption
coefficient change) could be related to a layer’s (or to combination of layers) property,

or it may not be related to any property of any one of those layers at all [80, 69, 67|.

Muscle tissue has superficial skin and fat layers. Fat layer has varying thicknesses
between subjects and has lower absorption coefficient than the underlying muscle layer,
masking the muscle’s optical parameters hence making it difficult to determine optical
coefficients and quantify concentration changes in the lower muscle layer. It has been
shown experimentally that adipose tissue causes sensitivity and linearity problems |81,

82, 83, 84, 85, 86, 23, 87|, underestimation of oxygen consumption [21] in muscle cw-
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NIRS measurements in which modified Beer-Lambert law (MBLL) with homogeneous
medium assumption is used. These problems are mainly related to the so called partial
volume effect, which refers to the fact that hemodynamic changes occur in a volume

smaller than that assumed by homogeneous medium assumption [88, 76, 77].

Crosstalk in NIRS measurements refers to the measurement of chromophore
concentration change although no real change happens for that chromophore but for
other chromophores’ concentrations [89, 90, 91, 92, 76, 77]. This is caused again by the
homogeneous medium assumption with the use of mean optical path length instead of
wavelength dependent partial optical path length in the tissue layer of interest where
the concentration changes occur (i.e. muscle or gray matter in the brain). There are
detailed studies on the analysis of the crosstalk effect for brain measurements, while as
we know, there is only one study of Iwasaka and Okada [93] on the crosstalk effect for

muscle measurements, where the analysis was done for a fixed fat thickness of 4 mm.

The effect of adipose tissue layer on the cw-NIRS measurements with the homo-
geneous medium assumption using MBLL is investigated in our study by Monte Carlo
simulations for a two wavelength system. Simulations were performed for a homoge-
neous layered skin-fat-muscle heterogeneous tissue model with varying fat thickness
up to 15 mm. The wavelengths are in 675- to 775-nm range for the first wavelength
and in 825- to 900-nm range for the second wavelength, and in total 24 wavelength
pairs were used. For the considered wavelengths and fat thicknesses, mean partial path
lengths in the three layers and detected light intensities were found. An error analysis
for estimated concentration changes was analyzed by partitioning the error into an
underestimation term for a real change in muscle layer and a crosstalk term, where the
aims are the investigation of the fat layer thickness effect and a search for wavelength
pairs that result in low errors. An error analysis for a particular measurement protocol

of vascular occlusion is also discussed.
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3.1 Theory

3.1.1 Homogeneous Medium Assumption

The cw-NIRS technique relies on the MBLL to convert detected light intensity
changes into concentration changes of chromophores. For a single light absorber in a

homogeneous medium, light attenuation is given by [9]
OD* =In(1,/I) = ¢* ¢cDPF*r 4+ G* (3.1)

where superscript A indicates a particular wavelength, OD” is optical density, I, is the
intensity of the light sent into the tissue, I is the intensity of the detected light, ¢* and
c are the specific absorption coefficient (OD/cm/mM) and concentration (mM) of the
chromophore in the medium, respectively; r (cm) is the minimal geometric distance
between light source and detector, and DPF? is the differential path length factor.
DPF* equals mean optical path length of the photons (<L*>) divided by r. G* factor
is due to medium geometry and light scattering. The absorption coefficient of the

*c. The change in the logarithm of detected light intensity

medium g is equal to €
(AOD’\) is proportional to concentration change of the absorber (Ac, assumed to be
homogeneous and small), given by AOD* = ¢*Ac < L* >, differential form of the
MBLL. Here it is assumed that G* and <L*> do not change during measurement.
This formula and Eq. 3.1 of MBLL neglect the variation of <L*> with u). In fact
<I>*> should be replaced by its mean value computed over the range of absorption
coefficient from 0 to p) [17]. Nevertheless, MBLL formulation can still be used to

determine concentration changes for small absorption changes for which <L*> remains

nearly constant [18, 19, 17]. Light scattering change is another issue [19].

For tissues where the main light absorbers are Hb and HbOs,
AOD* = (e}, A[HD] + €0, A[HPOs]) DPF*r (3.2)

assuming a homogeneous tissue medium. For a two wavelength cw-NIRS system, con-
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centration changes are estimated using MBLL as follows;

G0, A0DM il o AOD*2
A[HblypLL = DiFAI X )\DPFAQA (3.3)
r (6H2bOg€Hlb - €H113025H2b)
e AODY2 2 AODM
A[HbOg|yBLL = DPF’2 " DPEZ (3.4)

) ) )
r (€H2bOg€Hb - EH1bo26H2b)
The MBLL subscript indicates that estimated concentration changes are found using

homogeneous medium assumption based MBLL formulation. In general, a wavelength

independent DPF is used in the MBLL calculations.

It should be noted hereby that for the considered muscle measurements, [Hb]
([HbOg]) refers to combined concentrations of deoxyhemoglobin and deoxymyoglobin
(oxyhemoglobin and oxymyoglobin) since hemoglobin and myoglobin have very similar

absorption spectra [10].

3.1.2 TUnderestimation Error and Crosstalk

For muscle cw-NIRS measurements, a more realistic tissue model should contain

skin, fat, and muscle tissue layers. Measured optical density change can be written as

[18];
AOD* = Aptgy <L)> +Aptag <> +Aptam <L\> (3.5)

where <L}>, <L{>, and <L) > are the mean partial path lengths of the detected light
and Aptgs, Aftas, Aftgm are the homogeneous absorption changes in the skin, fat, and
muscle layers, respectively. Assuming that the concentration changes mainly occur in

the muscle layer, Eq. (3.5) becomes
AOD* 2 (e}, A[HDbw + €fyp0, A[HDOs],) <Lp> (3.6)

where A[Hb],, and A[HbOs,, are the real concentration changes in the muscle layer.

Substituting Eq. (3.6) for measured optical density changes AOD* in Egs. (3.3) and
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(3.4), the estimated concentration changes using MBLL can be written as [77];
AlX]mprL = UxA[X]m + OxA[O]n (3.7)

where X represents the chromophore being either Hb or HbOy and O represents the
other chromophore, HbO, or Hb. A[X],, and A[O],, are the real concentration changes
in the muscle layer, Ux corresponds to the underestimation of A[X],,, and Cx represents

crosstalk from other chromophore A[O],, to estimated A[X]ypLL, given by

A A
U . €HbEHbO, !
Hb A1 A2 A2 A1
CHbCHLO, — CHLEHDLO,
PYED) A A2 A A
U o €HbEHH0s 7~ b EHHO, ! 39
HbO2 — Al A2 A2 A ( . )
€HbCHLO, — CHLEHDLO,

A2 A A
1_€ 261 l2
Hb*~HbO
2 (3.8)

M Ao
€ €
. HbO, CHbO, A Ao
Cap, = N e e ({ ["?) (3.10)
CHbCHbO, — CHBLEHLO,
AL
_ HbCHb X M
Cuvo, = = o 2 —1) (3.11)
CHbCHbO, — CHBLEHDLO,

where I* = < L) >/(DPF* x r). For a theoretical case of zero skin and fat thicknesses,
mean optical path length <L*> will be equal to <L)} > which can be accurately mea-
sured by time or frequency domain NIRS systems. Hence this value can be used to find
DPF* factor, i.e., DPFM =<LAM> /r and DPF* =<[22> /r. Underestimation terms
Unp and Uppo, then have ideal values of 1 because both [* and [*? are equal to one.
Crosstalk terms Cyy, and Cppo, are null since I* and [*? would be one, making their
difference zero. However in practice, there are these superficial layers and measure-
ment of <L1An> alone is not possible. Magnitudes of crosstalk terms Cy, and Chypo, are
proportional to the difference of [** — [*2. For the use of wavelength independent DPF,
Cip and Chpo, are zero when <L) >=<[22>. Hence, one of the ways to minimize
crosstalk is to utilize a wavelength pair for which partial optical path length in the
layer of interest (i.e., gray matter in the brain) are equal [94]. In summary, the mag-
nitude of underestimation and crosstalk terms depend on the wavelength dependence
of specific absorption coefficients, choice of DPF* factors, which are used instead of

unavailable <L} > /r.
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A common definition for crosstalk is the ratio of the estimated concentration
change of the chromophore X for which no change happens to the estimated concentra-
tion change of the chromophore O for which real change is induced |91, 94|, denoted as
Co-x. According to this definition and previous formulation, Cypo,—un and Cup—ubo,

are

Crb0, -1 (%) = 100 X Cry,/Unno, (3.12a)

CHb—)HbOQ(%) =100 x CHbOg/UHb (3.12b)

In this study, underestimation error (%) refers to (1-Ux) x 100 for the corresponding
Ux factor. For the crosstalk, formulas given in Egs. (3.12a) and (3.12b) are used. The
estimation error for the concentration change of chromophore X in the muscle layer

using MBLL is given by
Eyprr = 100 X (A[X]mprr — AX]w) /AX]m% (3.13)

In this analysis, small concentration changes are assumed so that partial path length
in the muscle layer remains constant such that calculated Ux and Cx terms along with
underestimation and crosstalk errors are constant values for specific wavelength pair

and fat thickness.

3.2 Methods
3.2.1 Tissue Model

For the simulations, three homogeneous layered skin-fat-muscle heterogeneous
model is used. Skin thickness is taken to be 1.4 mm and muscle thickness is infinite.
Reduced scattering coefficients of the three tissues and absorption coefficients of skin
and adipose tissues are taken from Simpson et al. [95]. For the muscle tissue, the

absorption coefficient is calculated with the equation

u(’},m = u(’),wVW + [tHD] [eﬁb%StOg + eﬁb(l — St02>j| + b (3.14)
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Table 3.1
Optical properties of the skin, fat and muscle tissue layers used in the simulations (for log base e).
-1 —1
o (cm™) i, (cm™)

A (nm) Skin  Fat Muscle Skin ~ Fat Muscle
675 0.232 0.097 0.321 24.81 12.24 8.53
700 0.191 0.089 0.254 23.17 12.03 8.08
725 0.172  0.089 0.243 21.99 11.87 7.89

750 0.165 0.092  0.288 20.97 11.67 7.69
760 0.159 0.093  0.306 20.53 11.61 7.50
775 0.146 0.087  0.291 19.91 11.50 7.21
800 0.127 0.083  0.284 19.07 11.36 6.99
825 0.121 0.085  0.309 18.24 11.12 6.78
850 0.122 0.086  0.343 17.57 11.09 6.60
875 0.122  0.091 0.368 16.98 10.97 6.43
900 0.134 0.125  0.393 16.30 10.88 6.32

where 4, .. is the water absorption coefficient, Vi, is water fraction of muscle tissue, [tHb]
is total hemoglobin concentration, StO, is oxygen saturation, and ji,}, is background
absorption. In the calculation Vi, StOs and [tHb] are taken as 70%, 70%, and 100 pM
respectively, as typical values |96, 97]. The ,ug"w values are taken from the study of

Hollis [8]. The background absorption coefficient of muscle tissue i, is taken as 0.072

1 798nm

cm™ so that the calculated pg "™ equals the experimentally found in vitro value of
Simpson et al. [95] since absorption at this isobestic point is unaffected by the oxygen
saturation of the hemoglobin. Table 3.1 lists the absorption and reduced scattering

coefficients of the three layers used in the simulations.

3.2.2 Monte Carlo Simulations

In Monte Carlo simulation of photon propagation in biological tissues, a stochas-

tic model is constructed in which rules of photon propagation are modeled in the form
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of probability distributions [24]. In the simulation, photons were launched with initial
direction along z-axis (the axis perpendicular to tissue layers) from a point source. For
a photon traveling in layer ¢ which has absorption coefficient f, ;, scattering coefficient
fts,i, and reduced scattering coefficient uf; (which is equal to (1 — g)uss, where g is
the mean cosine of the single scattering phase function and is called anisotropy factor),
successive scattering distances are selected using a random variable | = —In(R)/pu;,
with R having uniform distribution over (0,1]. The remaining scattering length Al;
for photons crossing tissue boundary from medium ¢ to medium j is recalculated by
Alj = Al ;/ 1, ;. Isotropic scattering is utilized using principle of similarity [7]. Scat-
ter azimuthal angle was uniformly distributed over the interval [0, 27). Fresnel formulas

are used for reflection or transmission at the boundaries [24].

Total distance traveled in layer i by a photon (L;) was found by summing scat-
tering lengths taken in this layer. Photon propagation was continued until it escapes
the medium or travels 220 ¢m in length (10 ns). For those reaching the surface, exit
(survival) weight (w) is calculated using Lambert-Beer law as w = woexp[—)_.(Litta,i)],
with wy accounting for reflections and refractions at the boundaries encountered by the
particular photon when there are refractive index mismatches [18]. Because of the sym-
metry of the medium considered, photons reaching a ring (thickness is dr, distance from
center of ring to the light source is ) were taken as the photons reaching the detector.
The mean partial path length in medium i (<L,;>) for the detected photons was found
using the formula <L;>= Zé\;lLi,jwj/(Zj-vzle), where L, ; is the total path length
taken in medium ¢ by detected photon j with weight w;, and N is total number of
detected photons. Refractive indices of air and tissue layers were taken to be 1 and
1.4, respectively |3]. Each simulation was performed using 5x107 photons and the dr

thickness is taken to be 0.5 cm.
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3.3 Results

3.3.1 Path Lengths and Detected Light Intensity

We performed Monte Carlo simulations to calculate the mean partial path

A

rn> Tepresents the

lengths for the 11 distinct wavelengths given in Table 3.1. <L
mean partial path length in layer ¢ (s, f, or m for skin, fat, and muscle, respectively as
used in section 3.1.2), for a source-detector distance r (cm), at fat thickness hs (mm)
and wavelength A\. <L;, ;,> denotes the mean =+ standard deviation of the mean partial

path length in layer ¢ computed over all wavelengths.

The term <L > is the most important variable affecting the underestimation
error and crosstalk, shown in Figure 3.1. The value of <L) 4, > decreased linearly
with a higher slope for 0 < Ay < 7 mm, while the slope decreased for hy > 7 mm.
The value of <Ly, 300> is 11.15+1.20 cm and that of <L, 307> is 2.354+0.43 cm.
Above 10 mm of fat thickness, <Lf}1,3.0,hf> decreased much more slowly but eventu-
ally approached null, where <L, 3015>=0.20+0.04 cm. It was possible to infer a
considerable wavelength dependent variability in <L) 5,,.>. The value of <L} 5, >
was found to increase from 675 to 725 nm, while it had a decreasing trend from the
725- to 900-nm range. This finding can be explained by the wavelength dependence of
the optical properties of muscle and fat tissues given in Table 3.1. The coefficient of
variation (CV = standard deviation/mean) of <L} s, > values over 11 wavelengths

increased from 11% at hy = 0 mm to 23% at hy = 15 mm.

The value of <L;\73.07hf> was found to be the least varying mean partial path
length with respect to h¢ variation with values ranging from 1.78 to 2.39 cm having
a maximum at around h¢ = 6 to 7 mm for all considered wavelengths. In contrast to
<L§1,r,hf>= <L§‘mhf> and mean path length increased with increasing h¢, as expected.
The value of <Lt 3 5,> ranged from 1.84+0.13 cm at 1 mm fat thickness to 21.77+£1.24
cm at hy = 15 mm, while the mean path length ranged from 13.03 £1.26 cm at hy = 0
mm to 24.17 £ 1.30 cm at hy = 15 mm. The mean path length had a decreasing trend

with local peaks at either 700 or 725 nm and either 775 or 800 nm.
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Figure 3.1 Mean partial path length in the muscle layer for various wavelengths in the range 675 -
900 nm and fat thicknesses up to 15 mm estimated by Monte Carlo simulations (r = 3.0 cm).

An increase in the fat layer thickness caused an increase in the detected light
intensity. These increases in the detected light intensities for the 11 wavelengths ex-
pressed as meantstandard deviation were 74428, 272497, and 537+184% at hy = 4,
8, and 15 mm, respectively, with respect to detected intensities at oy = 0 mm (r = 3.0

cm).

With increase in source-detector distance, <L2> and mean path length in-
creased while detected light intensity decreased. In particular, <L, 400>= 15.31 & 1.65
cm, and <Ly, 40,7>=4.31 £0.75 cm.

3.3.2 Underestimation Error

Underestimation errors were calculated for a two wavelength cw-NIRS system
under varying fat thicknesses. The two wavelengths were chosen to fall before and
after the isobestic point at around 800 nm. Hence, there were 24 wavelength pairs
A1/Aa, where A is between 675 and 775 nm and Ay is between 825 and 900 nm. DPF
was taken to be wavelength independent with a value of 4.37 found for hy = 0 and

A = 800 nm. Underestimation error the for pair A\;/As is denoted by E)’élr)‘,ff where the
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first subscript refers to the chromophore, the second and (if present) third subscripts
refer to source-detector distance (cm), and the h¢ value (mm), respectively. For the all
considered A; /Ay pairs, Ex ., shows mean + standard deviation of the absolute values

) : A1
of the underestimation errors £ hzf.
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Figure 3.2 (A) Eupso (%) (B) Fupo,.3.0 (%) which are meantstandard deviation of absolute
respective underestimation errors computed over all considered A;/Ao pairs for fat thicknesses up to
15 mm. Minimum individual errors for Eﬁg’;ﬁo h. and E}AI}D’C’\)Q 3.0.n, are shown as stars.

10U, If 2,9.U,NNf

Figure 3.2 A and B show Eup, 3.0.4, and Enbo,.3.0,5, along with minimum errors for
Eﬁt’,@?o,hf and Eﬁ{)’(’;imm. The 725/900-nm pair gives the minimum values for EE\IL’,Ag?o,hf
except at hy = 0 mm, for which the 700/825-nm gives the minimum error. The 675/825-
nm pair gives the minimum error for EI’_\IL’é;nhf from hy = 0 mm up to and including 10
mm, and at higher h¢ values the 760/825-nm pair is the minimum error producing pair.
Both the errors Epp, 304, and Eubo, 305, exhibited a steep increase in the fat thickness
range <5 mm and a decreasing slope beyond this value. Interestingly, Fmuy, 305 began
at a lower value compared to Empo,3.0 but had a larger slope in this range. As

expected, Fuy 304 and Euno, 3.0.4 approached complete underestimation error (100%)
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Table 3.2
Underestimation errors Eﬁgg%z (%) and Eﬁt’é:,&oﬂ (%) for the considered A1/Aq pairs.

A1 (nm) 675 700 725 750 760 775

A2 (nm)

825 324 216 18.0 28.7 324 29.2
By, 850 320 212 174 276 311 269
(%) 875 318 20.9 16.8 268 30.2 25.4

900 31.6 20.5 16.1 26.0 29.4 23.9

825 365 381 40.4 382 37.2 39.2

Bapdison 850 414 43.0 456 43.9 43.1 46.0
(%) 875 447 464 49.2 47.7 47.0 50.5
900  47.1 49.0 521 50.8 50.1 54.3

at hy = 15 mm. For the no fat thickness case, Epp, 300 was 6.1+3.5% and Eppo, 300 Was
28.9+5.8%. The slopes of the least squares fits to the absolute values of underestimation
errors in ke = 0 to 5 mm range were 11.5%/mm (R? = 0.94) for |E£\ILE\,,2O| and 9.1%/mm

A1,A2
(R? =0.91) for [Ego2 .

There is wavelength pair dependency in the underestimation errors. The value
of EI/—\IE,)?:?O decreased in magnitude for an increase in Ap while that of EI’_\I}O’(’;;&O increased,
for fixed \; at a given h¢. This change of variation over Ay was higher for Eﬁt’éé,&o-
The variation of Ay -for fixed Ay at a given hs- led to a high range of change for
Eﬁ‘ﬁ)’g?o, where 700 and 725 nm lead to lower errors. Underestimation errors for hy =
2 mm are given in Table 3.2 to show wavelength pair effect. The wavelength pair
dependency of underestimation errors decreased with A¢ increase. CV values of absolute
underestimation errors were 56.5% (20.0%) at h¢ = 0 mm and 0.3% (0.4%) at hy = 15

mm for |EI’_\I}OA320 (|E1/—\1t7é§,3.0|) over the considered A\; /Ay pairs.

For longer source-detector distance of 4.0 cm, errors are lower. Here, Eyp 40,0
and Eubo,4.00 were 5.74£2.3 and 26.7£5.7%, respectively. The slopes of the least

squares fits in 0 to 5-mm fat thickness range are 9.9%/mm (R? = 0.89) for \Eﬁ{)’;\fo
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and 8.0%/mm (R* = (0.88) for |E£\1L7é22,4.0 . Again above h¢=10 mm, Epp 40 (Eab0,.4.0)
became very high, with values above 87.3+2.3% (92.1+1.5%).

3.3.3 Crosstalk Analysis

Crosstalks was calculated using Eqs. (3.12a) and (3.12b) for the two wavelength
system represented by C’él_’f‘im(hf), where the superscripts refer to particular wavelength
pair and first, second, and (if present) third subscripts represent crosstalk type, source-
detector distance (cm) and hf value (mm), respectively. Crosstalks was computed for
the same \; /Ay pairs in underestimation error computations. DPF was assumed to be
taken as wavelength independent, for which case crosstalks defined by Eq. (3.12) result
in DPF-independence. Co_x . (n,) represents meandstandard deviation of absolute

values of crosstalks ’CE\):);?» (npy| for the all A1/As pairs.
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Figure 3.3 (A) Cupb—1b0,,3.0,h¢ (%) and (B) Cubo,—1b,3.0,h; (%) which are mean+tstandard devia-
tion of absolute respective crosstalks computed over all considered A\1/A2 pairs for fat thicknesses up
to 15 mm. Stars show the minimum individual errors for CI/}Lbeo%:a.o, n, and Cﬁt’éz S Hb.3.0,hs
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A1,A2 g : A1,A2 .
In general Cyo. 3,0 had positive values while Ciy "y, 6, 30 had negative val-

ues. The minimum error producing pairs for CE\IL782—>Hb,3.O were the 675/825-nm pair
at hf = 0 mm up to and including 5 mm, the 760/825-nm at hy = 6,7, and 9 mm; and
the 675/850-nm pair at other hs values. Also Cﬁt’éz L Hb3.0 had the minimum errors
for the 760/825-nm pair at hy = 0,1,2,4,5,6,7,8,9, and 10 mm, for the 675/825-nm
pair at hy = 3 mm; for the 675/850-nm pair at hy = 11,12,13, and 14 mm; and
for the 750/825-nm at hy = 15 mm. The values of Cupo,—nbs0 (about 9.5%) and
Chib—Hb0,,3.0 (about 14.2%) were nearly constant in the hy = 0 to 3-mm range, as
shown in Figure 3.3. While in the Ay = 3— to 14-mm range Cupbo,—mb3.0 increased
up to 25.0£34.9%, Cub—1b0,.3.0 showed an increasing trend in the hy = 3— to 10-mm
range, with Cub_mb0,3.010 = 20.3 £ 10.2%. The slopes of the least squares fits in
these respective h; ranges to the absolute crosstalk values were 1.4%/mm (R?=0.1) for

AL A1)
‘CHtozﬁHb,3.0| and 0.9%,/mm (32:0-1) for |CHt—be02,3.O .

In Table 3.3, crosstalk values are given for hy = 0, 5,10, and 15-mm values for
all wavelength pairs. Similar to the increase seen in the mean values, the standard
deviations of absolute crosstalks over considered wavelength pairs showed dramatic
increases as the fat thickened. The Cﬁt’éiHHb’&O had The CV values of 64.9, 82.3, and
159.2% at hs values of 0, 5, and 15 mm, respectively. The C’f\lt’beO%&O had lower CV
values of 31.0, 47.0, and 57.6% at hy = 0, 5, and 15 mm. However, Cﬁ{)’beO%&O had
higher magnitudes in general. Examining the results from Table 3.3, we can observe
that both absolute values of crosstalks are less than 11% for pairs 675/825, 675/850,
675/875, 750/825, 760/825, 760/850, and 775/825 nm for hy < 10 mm. In addition to
these pairs, CQL’SZ_)Hb&O’hf had low crosstalk values also for pairs 675/900 and 700/825
nm. Higher crosstalk magnitudes were computed for the choice of higher a Ay for a

fixed \; at a given hy.

Crosstalk values for a source-detector distance of r = 4.0 cm results in slightly
smaller values. At hy = 0, 5, 10, and 15 mm, Crpo,—Hb4.0,5, Was 9.0£5.6, 11.5+9.2,
19.3417.6, and 22.6£27.4%, and Cipmbo,.4.04, Was 14.144.4, 15.347.5, 20.1£10.0,
and 20.6+11.0%, respectively.
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3.4 Discussion

We showed that the presence of fat tissue layer causes underestimation error and
crosstalk problems in cw-NIRS muscle measurements and that these problems are fat
thickness dependent. The main cause of these problems is the homogeneous medium
assumption in the MBLL calculations with the use of a constant path length instead
of fat thickness and wavelength dependent mean partial path length in the muscle
layer. The fat layer has a lower absorption coefficient than the underlying muscle layer
and it has been shown that as the fat layer thickens probed volume by NIRS system
also increases (the “banana” gets fatter) [82, 84, 85, 98|. However as the banana gets
fatter, probed muscle volume decreases (<L} > decreases). Thicker fat layer leads to
an increase in <L*>, <L> and detected light intensity for the considered wavelengths
in the 675- to 900-nm range, as shown in section 3.3.1. Similar findings were reported
in the literature such as the inverse relation between <L,,> and h; found by simulation
studies [86, 99, 82, 83, 98, 100, 23, 87| and by theoretical investigations [99]. Higher
detected light intensities have been also reported for thicker fat layer [84, 85, 98, 22|.

There is also a strong wavelength dependency of <L2)>. The concentration
of HbO, (taken as 70%) is higher than [Hb|, and for longer wavelengths €,q, is
higher which result in ,ua/\,m increase, leading to a decrease in <L}> and <L*> for
longer wavelengths. In experimental studies, wavelength dependency has been reported
[101, 102, 103] only for the DPF factor, since it is impossible to measure and isolate
<L)} > from a layered structure. Duncan et al. [102] reports DPF values of 4.43+0.86
(5.78+1.05) at 690 nm, and 3.94+0.78 (5.33£0.95) at 832 nm in the forearm (calf)
for r = 4.5 cm. In the same study, a significant female/male difference in the DPF
values was shown, with values of 4.3440.78 for females and 3.5340.55 for males in the
forearm at 832 nm. For r > 2.5 ¢cm, DPF has been shown to be almost constant by
van der Zee et al. [103] where it was also stated that a female/male difference was
present with mean DPF values of 5.1440.43 for females versus 3.98+0.46 for males at
761 nm in the adult calf but no difference was observed in the adult forearm (both
DPF are 3.5940.32). A general trend of DPF decrease in 740- to 840-nm range was

also found by Essenpreis et al. [101], although no significant female/male difference
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was observed. In these studies, a female/male difference was attributed to fat/muscle
ratio differences, although statistics concerning fat thicknesses were not present about

the subjects in the studies.

In this study, we investigated the error in the estimation of the concentration
changes using MBLL with homogeneous medium assumption under two headings: an
underestimation error and crosstalk. We showed that fat thickness has a strong effect
on both. The means of both absolute underestimation errors and absolute crosstalk
over the considered wavelength pairs were calculated to be high for thick fat layer, as
stated in sections 3.3.2 and 3.3.3. As stated, a decrease of <L > with increased h¢ and
the use of a fixed DPF value in MBLL calculations because of the homogeneous medium
assumption leads to rise in underestimation error. Crosstalk depends on <L} > but
not the used DPF value when a wavelength independent DPF is used. The wavelength

dependency of ef‘IbOQ and epy,, as well as the difference between them also affect crosstalk.

The choice of wavelength pair had a significant impact on the errors. The vari-
ability in the absolute underestimation errors for different wavelength pairs is higher
for low fat thickness values while the variability in the absolute crosstalk for different
wavelength pairs increases with increasing fat thickness. The means of absolute under-
estimation errors and absolute crosstalk were found to be higher for Funo0, 30,5 and
CHb—Hb0,,3.0,h- These findings are related to wavelength dependency of <Lﬁ1> and spe-
cific absorption coefficients. Note <L > has a decreasing trend at longer wavelengths
and €}y (€fj,0,) is higher (lower) for wavelengths less than 798 nm, the isobestic point.
In more detail, the reason for a higher underestimation error of Eupo, 3.0 With re-
spect to Ep 3.0, can be explained by AOD*? (oc<L}2>) being more heavily weighted
by the real concentration change of A[HbOsl,, in the muscle layer than A[Hb],. In
the MBLL equations, measured AOD"’s are assumed to be proportional to DPF x r
instead of unavailable <L} >. Wrongly used DPF x r overestimates the <L) > (leading
to underestimation error for concentration change), however, the degree of path length
overestimation is higher for longer wavelength since <L) > decreases with wavelength.
Hence, the path length overestimation because of homogeneous medium assumption is

higher for measured optical density change AOD*2, leading to more underestimation
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error for A[HbOs|umBLL-

There is one previous study on crosstalk for muscle cw-NIRS measurements by
Iwasaki and Okada [93]. This analysis was done for a fixed fat thickness of 4 mm, a
two-wavelength system was assumed, Ao was fixed at 830 nm and r was taken as 2.0
or 4.0 cm. The 720/830-nm and 780/830-nm pairs were found to be the favorable pair
selections resulting in minimal crosstalk. In our study, the 775/825-nm pair also gave
low crosstalk values along with 750/825-nm and 760/825-nm pairs, for both Cﬁ})’éz Hb
and ng’beOZ. Iwasaki and Okada [93] found negative Cgt’éi _m, values and positive
C?I}D’ibeOQ values; however, we calculated not only opposite signs but also different
magnitudes. These could be due to choice of muscle absorption coefficients, the values
in this study range between 2.1 to 3.7 times higher than the values used in our study.
We also looked at the effect of fat thickness variation on crosstalk and found a rise
in the mean of absolute crosstalk values over the considered wavelength pairs for an
increase in fat thickness. Moreover, other Ay values were studied, up to 900 nm. There
was an increase in crosstalk amplitudes for an increase in Ay for values higher than
825 nm for a fixed A; at a given h¢ value. The absolute values of C’I’}L’éz L Hb3o and

Cit 100,30 Were calculated to be less than 11% for the 675/825-, 675/850-, 675/875-,
750/825-, 760,/825-, 760/850-, 775/825-nm pairs for hy < 10 mm.

Arterial occlusion is employed in cw-NIRS measurements to estimate mus-
cle oxygen consumption. In this case, ideally blood volume remains constant while
A[HbOs],, decreases and A[Hb],, increases in equal magnitudes in the probed vol-
ume. Using Eq. (3.13), the estimation errors were found to be 10.6£5.2, 30.7£4.6 and
54.6+4.1% for A[Hb|yprr and 15.14+4.3, 34.34+3.7 and 57.14+3.2% for A[HbOs|\pLL at
hy = 0,2,4 mm respectively, computed over twenty four wavelength pairs (r = 3.0 cm,
DPF = 4.37). These estimation errors for the two chromophores are closer compared
to the differences between underestimation errors (section 3.3.2) due to the crosstalk.
The estimation error for A[Hb|ypry is higher than the underestimation error Epp 3.0 4,
while the estimation error of A[HbOs|yprr is lower than the underestimation error
Euvo,3.0h,- For this protocol, the minimum estimation errors were found for the

700/825- and 725/825-nm pairs. For a fixed Ay, the estimation errors for the occlusion
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protocol were found to be low for choice of 700 or 725 nm as A;, while for fixed A,

errors rise for an increase in Ay, for both A[HbOs|yprr, and A[Hb]yprr.

The error analysis in this study showed the clear failure of the homogenous
medium assumption and the requirement to correct cw-NIRS measurements even for
low fat thickness values, although it was stated that correction may be no required for
less than 5 mm fat thickness by Yang et al. [22|. There are already several proposed
approaches for cw-NIRS measurement corrections, in particular for mVO,. Several
investigators [84, 99, 23| have proposed correction algorithms using theoretically de-
termined <L,,>. Niwayama et al. [100, 104, 105] combined the results of simulations
and experiments (for <L,,>, detected light intensities, and experimental sensitivities)
to obtain correction curves for mV O,. Utilizing these corrections, the variance of the
experimental mV O, results were reduced [100, 105], moreover, a higher correlation was
found between mVOz values measured by 3'P-NMR and corrected mVOz values mea-
sured [104] by c¢w-NIRS. Yet another correction algorithm was proposed by the same
group in which a relationship between detected light intensity and measurement sensi-
tivity was utilized as an empirical technique to reduce the variance in mV O, findings
due to fat thickness |84, 85, 106]. Yang et al. [22] proposed a correction for intensity
of cw-NIRS measurements using a polynomial fit to detected intensity change with fat
thickness. Lin et al. [107] used a neural network based algorithm for spatially resolved
reflectance, first to find the optical coefficients of the top layer and then that of the layer
below, assuming the top layer thickness is known. There are also broadband cw-NIRS
techniques. One method orthogonalizes the spectra collected at a long source-detector
distance (r) to the spectra collected at a short r and maps to the long r space [108, 109].
Another one uses multiple detectors and the derivative of attenuation with respect to

distance, utilizing a particular wavelength sensitive to fat thickness [110, 111].

Figure 3.4 shows four cw-NIRS measurement sensitivity curves. The first curve
from our study is the calculated A[HbOs|yprr, computed for the ischemia protocol (for
unit magnitude and opposite A[Hb],, and A[HbO,],,) using DPF = 4.37, at 750/850-
nm pair (r = 3.0 cm). The computed A[Hb]yprr for the same conditions (not shown)

has a slightly higher sensitivity. The sensitivity curve of Niwayama et al. [105] is
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Sensitivity

Fat thickness (mm)

Figure 3.4 Normalized oxygen consumption curve of van Beekvelt et al. [2] (denoted by VB),
measurement correction curve of Niwayama et al. [102| (denoted by NW), computed A[HbOsz]mBLL
for ischemia protocol (for unit magnitude and opposite A[Hb],, and A[HbOs],, changes, obtained for
750/850 nm pair) with the use of DPF value of 4.37 (denoted by DPF=4.37) and 4.0 (denoted by
DPF=4.0).

proposed for muscle measurement correction by dividing the calculated concentration
changes by itself, given by exp(—(2£)?) (using 760/840-nm pair, we take hs to be
1.4 mm). The curve of Niwayama et al. [105] indicates higher sensitivity than the
one our curve predicts. For the computed A[HbOs]yprL, taking a lower DPF value
of 4.0 (the value used in the Niwayama et al. [105]) leads to a higher sensitivity. Yet
another curve is derived from the experimental resting state oxygen consumption curve
of van Beekvelt et al. [21] (mV 0,=0.18-0.14x1og1o(h¢ + hs) ml of Oy.min—".100g~",
used DPF = 4.0 cm, r = 3.5 c¢m, three wavelengths of 770/850/905 nm system, we take
hs as 1.4 mm) by normalizing it to its value at 0 mm fat thickness. The study had 78
volunteers with highest fat (plus skin) thickness of 8.9 mm (approximating a7.5 mm fat
thickness), hence shown up to oy = 8 mm. It is closer to our curve for low fat thickness
values (<4 mm) but presents higher sensitivity for higher fat thickness values and
becomes closer to the curve of Niwayama et al. [105]. van Beekvelt et al. [21] reports
a 50% decrease in experimentally found oxygen consumption (mVOg) for fat thickness
(including skin) in a range from 5 to 10 mm. Niwayama et al. [105, 100], report of a
roughly 50% decrease in cw-NIRS measurement sensitivity for a two-fold increase in fat
(including skin) thickness, but the range for fat thickness is not given. In our study, we
calculated a nearly 55% decrease in the A[HbOs|yprr, and A[Hb)ypry for the ischemia
protocol at 750/850- and 775/850-nm (the closest pairs to the wavelengths used in the

mentioned studies) for hs increase from 3 to 6 mm, while the decrease becomes nearly
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34% for hy = 2 to 4 mm, and 70% for hy = 4 to 8 mm.

MBLL calculations are based on a linear approximation for the relationship of
optical density change to absorption coefficient change, which leads to deviations for
large concentration changes, as shown by Shao et al. [112]. The presence of the fat
layer deteriorates the linearity of measurement characteristics investigated by Lin et
al. [23]. In our study, we assumed small concentration changes. In quantitative studies
aimed at oxygen consumption calculations, concentration change rates within small
time scales during ischemia are typically used. In the experimental study of Ferrari
et al. [113], difference of A[HbOs] - A[Hb] was computed for ischemia alone and for
ischemia with maximal voluntary contraction. For these measurements, desaturation
rates were computed with constant DPF and with changing DPF values found using
time resolved spectroscopy with the same experiment protocols. Similar rate values

were calculated within short time scales.

The effect of fat layer thickness on the cw-NIRS measurements is very explicit
and dominant; but it has to be stressed that partial path length values, detected
intensities, underestimation errors, and crosstalk are all subject to both intrasubject
and intersubject variability because of optical coefficients’ variability of tissue layers,
variability in physiological status, muscle anatomy differences, and anisotropy in the

skin [114] and in the muscle [115].

An increase in the source-detector distance leads to lower errors because of
increased <L,,>, however signal-to-noise ratio (SNR) also decreases since detected
intensity decreases leading to a trade-off. It can be possible to find optimal source-
detector distance based on optimization of SNR maximization and error minimization

[98, 87|, by also taking into account the fat thickness of the subject.
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3.5 Conclusion

The fat layer influence on muscle cw-NIRS measurements based on MBLL cal-
culations with homogeneous medium assumption was investigated for both underesti-
mation error and crosstalk using Monte Carlo simulations for a two wavelength system.
Although the computed values of underestimation errors and crosstalk are dependent
on the “true” optical coefficients of the tissue layers, and hence could change for each
subject, an explicit finding is that the mean values of the absolute underestimation
errors and absolute crosstalk computed over the considered wavelength pairs increase
for the thicker fat layer. The means of absolute underestimation errors Fmupo, 3.04
and absolute crosstalk Chb—1b0,,3.0,5; Over the considered wavelength pairs were found
to be higher, while due to the crosstalk the estimation errors for the concentration
changes of the two chromophores were calculated to be closer for the ischemia proto-
col. These errors also depended on the wavelength pair selection for the two wavelength
system with greater impact on the crosstalk. This dependency of wavelength leads to
the fact that correction algorithms should be dependent on the choice of wavelengths,
although different wavelength combinations can have very similar sensitivities. The
measurement of the fat thickness values and providing information about it should
become a standard routine as suggested by van Beekvelt et al. [116] for the cw-NIRS

measurements.
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4. CORRECTION ALGORITHMS for SINGLE DETECTOR
cw-NIRS

Fat layer has an explicit effect on the accuracy of cw-NIRS measurements which
is investigated in detail in chapter 3. Hence correction algorithms are needed for the
cw-NIRS measurements. In the literature, most of the researches which have utilized
c¢w-NIRS technique need correction because of the use of constant DPF. Some studies
tried to minimize fat thickness effect problem by selecting the subjects having fat

thicknesses within narrow range.

4.1 Use of <L) > Instead of Constant Mean Path Length

In the homogeneous medium assumption based MBLL calculations, light is as-
sumed to pass through a homogeneous medium which in fact consists of skin, fat and
muscle tissue structures. A more realistic case would be assuming that the tissue is
heterogenous made of these three tissue structures and these structures are homoge-
neously layered on top of each other, and muscle thickness can be taken infinite. Partial
path length in the muscle layer then can be found by Monte Carlo simulations for the
measured superficial skin and fat thicknesses. < L} > would be used in the MBLL
calculations instead of constant path length computed as » x DPF with constant DPF.

Formulas for computations of A[Hb] and A[HbO,] then would be

Ay — L o, 80PN — <L > o, AOD™ (1)
<Li? ><Lat > (630,60 — Eho, i) |

AHDO, = = L) > e AODM — < [22 > 2 AODM (42)
<Ly ><Lal > (60,60 — €nbo, 1)

The basic difference between these formulas and formulas of MBLL with homogeneous
medium assumption given in the chapter 3.1.1 is that partial path length in the muscle
layer < L), > is used instead of wrongly used mean path length in the tissue (taken as

DPF? r). Eq. 4.1 and 4.2 can be also used for previously taken cw-NIRS measurements
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if AOD* signals are stored and available as well as fat thickness information.

Tabulated values of < L}, > for 1.4 mm skin thickness are given in Table C.3 for
r = 3.0 cm in the appendix C. These values are found using Monte Carlo simulations
for the optical coefficients given in the Table 3.1. Computed values of < L} > for

source detector distances of 2.0, 2.5, 3.5, 4.0 and 4.5 cm are given also in appendix C.

This fat layer affect correction methodology suffers from the variability of opti-
cal coefficients of tissue layers between the subjects, variability in physiological status,
muscle anatomy differences, anisotropy in the skin [114] and in the muscle |115]. The
accuracy of correction is dependent on the how much close the assumed optical coeffi-

cients are to the real unknown values for each subject.

4.2 Correction Curves for Concentration Changes

Reported parameters in previously published articles and research reports are
concentration changes or oxygen consumptions without fat layer effect correction.
These are derived parameters from OD” signals using MBLL mostly derived with
constant mean path length. Calculation formulas are needed for these parameters.
A correction formula is described in chapter 3 for the ischemia protocol which is used
to estimate muscle oxygen consumption for which it can be assumed that (ideally)
blood volume stays constant while A[HbOs],,, decreases and A[Hb],, increases in equal
magnitudes in the probed volume. A[Hb]yprr, and A[HbOs|yprr, with these assump-
tions are calculated (using Eq. (3.13)) for unit magnitude A[HbOs],, and A[Hb],, and
be used to correct measured concentration changes. These calculated A[Hb]|ypr, and

A[HbOg]yprr then can be used correction curves. Remembering formulas for MBLL;

A A A A
EH%OQAOD 1 - EHlbOQAOD 2
_ DPF*1 DPF*2
A[Hb]yprr, = (€2 —ch o ) (4.3)
T \€Hb0,Hb — €HbO, CHb

e AODY2 2 AODM

A[HbOsyprL = DPE*2 DPF’1 (4.4)

A2 A1 A1 A2
r (EHbOQGHb - EHb02€Hb)
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In this case, A[Hb],, can be taken to be equal to 1 and in the same way A[HbOs),, is
accepted as -1 for unit magnitude and opposite concentration changes of Hb and HbO4
in the muscle layer. Measured optical density changes can be modeled with the use of

Eq. 3.6 as;
AOD* & (e}, X 1+ €0, X (—1)) <Lp> (4.5)

MBLL equations end up with the following formulas when this AOD” is used;

A A A A A A A A
€H%302 (6H%)_€H%)OQ> <Ln11,7‘,hf> EH{vOZ (eH%)_eH%)OZ) <Lm2,r,hf>
_ DPF>1 B DPF*2
A[HblyBrLL v 15¢ = VS VR wa— (4.6)
r (EHbOQEHb - GHbOQGHb)
A A A A A A A A
i (58 —bo,) Latrn® (b —Cithoy) Lutrind®
_ DPF*2 DPFM
A[I—H)O2]MBLL7U715C - o M A\ A2 (47)
r (EHbOQGHb - EHbOQEHb)

Denominator MBLL U _ISC (U for unit magnitude concentration changes and ISC for
ischemia) means that these are the computed concentration changes with homogeneous
medium assumption based MBLL formulation for ischemia protocol with the unit and
opposite concentration changes of A[Hb], and A[HbOs)y. <L, , > is found using
Monte Carlo simulations for specific fat thickness h¢, source detector distance r and

optical coefficients of the tissue layers, as described in the chapters 2 and 3.

Obtained values of A[Hb]yprr v 1sc and A[HbOs]upLr v _1sc can be used for

correction by diving the measured variable calculated with MBLL formulation by itself

as follows;
A[Hb]umBLL
Corrected Value for A[Hb| = 4.8
[Hb] A[Hb]mprr, U 1sc (4.8)
A[HbO
Corrected Value for A[HbO,| = [ 2] (4.9)

A[HbOs]mBLL U 18C

Another variable is Hbgig also called oxygenation index (Ol or ozy). It is defined

as;
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Decrease rate of this variable is commonly used to derive oxygen consumption in the
muscle instead of A[Hb| increase rate or A[HbOg| decrease rate [51]. As discussed
in the study of Van Beekvelt et al. [51], total hemoglobin increases are found in this
study and in other studies with arterial occlusion protocols which could be due to blood
redistribution or incomplete occlusion. Since selection of wrong variable will increase

error, use of the variable Hbg;g is advised.

Using this variable, mV02 is found from half of decrease rate of Hbg;s. Correc-

tion function can be again found for ischemia protocol as follows;

: VO
Corrected Value for mVO, = T 2MBLL (4.11)

mVOanBLL U 150

where mVOZMBLLiUilsC is found from the formula below;

d(A[HbO2|meLL U 1s¢ — A[Hb]MmBLL U 150)
dt

mvoZMBLLfoISC =—0.5x (4.12)

4.2.1 Correction of Data in the Literature

For the comparison of the correction formulas, the most comprehensive reported
data in the literature is used. That is the data of van Beekvelt et al. [21|, where 78
people (34 female, 44 male) participated in the study. Oxygen consumption values of
77 people (33 female, 44 male) were given in the study along with forearm blood flow
values for resting state and isometric hand grip exercise at levels of 10%, 20% and 30%
MVC. In this study, Oxymon cw-NIRS device (Biomedical Engineering Department,
University of Nijmegen, NL) was used which generates light at 905, 850 and 770 nm
(used DPF = 4.0 cm, » = 3.5 c¢m). In this study, a correction curve is proposed using
the fitted function to the resting state oxygen consumptions of the subjects, given as
mV 0;=0.18-0.14 x1log1o(h¢ + hg) ml of Oy.min~'.100g~!. We utilized this function as
a correction curve by normalizing it to its value at 0 mm fat thickness (hs is taken as

1.4 mm).

This study of van Beekvelt et al. [21] used three wavelength cw-NIRS system.
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Hence a correction curve is derived like the previous formulations but for a three

wavelength system. The MBLL formulation for homogeneous medium assumption is ;

AODM ey <LM> o, <LM> AJHD)

AOD™ | = | ey, <[> 6%%0 <L x A[HbO,] )
HbO;

AOD* ey <LM> e, <L >

Hence formula for finding concentration changes’ for 3 wavelength cw-NIRS system is;

AC = (B'B)"'B" x AODucasured (4.14)
e, <LM> e, <LM>
A[Hb]yprr \ ‘
where AC = , B = |2 <L2> o, <L2>|. In this formu-
A[HbO2]mBLL

e <LM> i <>
lation, generally wavelength independent constant value is used for < L* > (i.e. it is

equal to 4.0 x 3.5 ¢cm in the study of van Beekvelt et al. [21]).

Correction for this MBLL formulation is found by finding concentration changes

for ideal ischemia protocol. Assuming homogeneously layered skin-fat-muscle heteroge-

1
nous tissue model, AOD easured i €qual to B, x for unit magnitude concen-
-1
EHb <Lm T hf 6HbOQ <Lm T ht
] — A2 A1
tration changes, where B,, e <L e eHb02 <L}? > | and <Lyl > are the
A3 A3 A3
EHb Lm rhe”  €HDO, Lm rhe”

values found with Monte Carlo simulations. Then concentration changes are found as;

AHb]ypLL U 1sc

=B'B)"'B" xB,, xU (4.15)
A[HbOs]MBLL U _1sC

1
where U = . These calculated concentration changes are for unit magnitude

-1
and opposite concentration changes of Hb and HbO, and they can be used for correction

using the Eq. 4.8, 4.9 and 4.11. A correction curve is derived for the data presented
in van Beekvelt et al. [21] using <L mrhe> values found with Monte Carlo simulations

(given in appendix C) for r = 3.5 cm, and at 775/850/900 nm, the closest ones to the
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used wavelengths 905, 850 and 770 in van Beekvelt et al. [21].

One of the used correction curve is from the study of Niwayama et al. [105] who
employed NIRO-500 continuous-wave photometer (Hamamatsu Photonics, Hamamatsu
City, Japan). Two wavelength cw-NIRS is used in the study with the wavelengths of
760 and 840 nm. Using Monte Carlo simulation and experiments, they have come up

with the correction formula;

he +hs\?
Smuscle = exrp [_ ( Sjé—l f> ] (416)

where S,,usce 1S used by dividing the measured concentration changes by itself. The

value of A is given as 6.9, 8.0 and 8.9 for skin plus fat thickness values of 2, 3 and 4
cm. This curve is referenced as Niwayama-1 in this section (used value of A is 8.45

average of 8.0 and 8.9 for r = 3.5 cm).

Another curve is again from a study of Niwayama et al. [104] where correction

function is given as

he + he\>
Smuscle = exp [_ (%) - A2G<aa 6) (417)
1
where G(a, 3) is gamma function (= m(hf—i—hs)a_le_(hﬁhs)/ﬂ) and S,,usce 15 used as

above. The constants A;, Ay, a, and (3 are given as 9.9, 1.49, 8.9 and 1.09, respectively
for source-detector distance of 3 cm. This curve is referenced as Niwayama-2 in this

section.

The results of applying corrections to the resting state oxygen consumption
values are given in the study of van Beekvelt et al. [21]| are given in the Figure 4.1
and Table 4.1. In the original data, an explicit decline in the oxygen consumption
values of the subjects is evident. Moreover there is a wide variability in the values
even for small fat thickness ranges which indicates physiological variability besides fat
thickness effect. The four correction curves all resulted in smaller variabilities compared

to the raw data. The decline in the values with hy increase is smaller after corrections.
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Table 4.1
Results of the correction curves for the oxygen consumption values given in the study of van
Beekvelt et al. [2]

Correction with the function of

Original Beekvelt Niwayama-1 Niwayama-2 Our

Mean Value 0.11 0.16 0.13 0.13 0.16

(ml of Oz.min~1.100g™")
Standard Deviation 0.04 0.04 0.04 0.04 0.04
CV (%) 38.4 28.8 29.0 28.2 27.9

However, difference between them shows itself in the Figure 4.1. The all curves is in
similar ranges below hy = 1.5 mm. Our curve leads to higher values for thicker fat
thicknesses than ~ 5 mm. Sensitivity curves are also shown in the Figure 4.2. As it
has been stated in section 3.4, our sensitivity curve is close to the derived correction
function from van Beekvelt et al. [21] for hy < 6 mm. Our curve seems to indicate

lower sensitivity compared to other correction curves for thicker fat than 6 mm.

The difference between curves results from the assumed optical properties of
the tissue layers. The experimentally derived ones depend on subject pool also. An
important point is that there is a physiological variability which can not be reduced.
Hence the aim is just removing the effect of fat layer. A solution could be getting tissue
layer optical properties for each subject once with the help of complex NIRS methods
(i.e. frequency domain or time domain NIRS). Found optical parameters can then be
used in the Monte Carlo simulations to find partial path lengths in the skin, fat and
muscle tissues which can then be utilized in the cw-NIRS measurements instead of the
erroneously used constant rxDPF value. This method will also suffer from subject
physiological variability, change of blood volume during exercise and change of optical
properties (both f,.,m and p ) during exercise and ischemia. Assumption and use of
constant optical scattering on measurements of muscle oxygenation by near infrared
spectroscopy during exercise is studied in the work of Ferreira et al. |[117]. They found
that this assumption leads to an overestimation of the changes in NIRS variables during

exercise as well as distortion of the recovery kinetics. Ferrari et al. reports 5% decrease
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Figure 4.1 The oxygen consumption values of van Beekvelt et al. [2] and corrected values using two
different curves of Niwayama et al. [101,102] and our correction curve explained in the text

during 10 minutes forearm venous outflow restriction [118] and 5-10% decrease during
forearm ischemia with and without maximal voluntary contraction and during brain
hypoxic hypoxia [113]. DPF is also found to be varied by 4-10% during the occlusion
through arm [20]. Large changes in DPF also needs attention since small concentration

change assumption does not hold, which is investigated by Shao et al. [112].
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Figure 4.2 Sensitivity curves of van Beekvelt et al. [2] , Niwayama et al. [101,102] and the curve
derived in this study (for 775/850/900 nm wavelength triple, r = 3.5 cm, DPF = 4.0)
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5. TWO-DISTANCE PARTIAL PATHLENGTH METHOD
FOR ACCURATE MEASUREMENT OF MUSCLE
OXIDATIVE METABOLISM USING FNIRS

In cw-NIRS a dc-intensity light is sent through the tissue and changes in the
intensities of reflected light at multiple wavelengths are used to calculate changes in
concentrations of Hb and HbO,. Two different methods, diffusion theory analysis and
modified Beer-Lambert law are used in ¢cw-NIRS to calculate concentration changes.
Assumption of homogenous single medium in the calculations with these two methods
lead to error in the calculation of focal changes in the tissues |79, 77, 76]. Tissues
are multilayered and each layer has different optical properties. In the case of muscle
measurements, measured volume does not contain muscle layer alone but also skin and
fat layers above [119]. Even these layers, i.e. skin, may not be homogeneous layers.
Skin layer is further composed of epidermis and dermis layers. It has been shown that

fat layer leads to underestimation of muscle metabolism [21].

In this study, accurate estimation of absorption changes in the muscle layer
as well as fat layer is investigated using multi layered geometry. Extension of mod-
ified Beer-Lambert Law to heterogeneous medium with homogeneous layered regions
[18, 69] is used and compared to single layered assumption based calculation of absorp-
tion changes. Monte-Carlo simulations were used to generate detected light intensity
(reflectance) change for two layered media composed of fat and muscle layers. It has
been found that for 2-detector partial pathlength based method, estimates are better
than the 1-detector based modified Beer-Lambert law estimates in all cases. Estimates

are better for muscle layer and also for fat layer absorption coefficient change estimates.
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5.1 THEORY
5.1.1 Modified Beer-Lambert Law

For a medium with homogeneous absorption change assumption, modified Beer-

Lambert law can be stated as
Iy
OD =lIn 7 :IUQXDP—FG (51)

where OD is called optical density, DP is differential pathlength which equals mean
distance < L > travelled by the photons reaching the detector, Iy is the intensity of
sent light and [ is the intensity of received light, p, is the absorption coefficient of the
medium. Differential pathlength depends on all the absorption coefficient p,, scattering
coefficient pg, single-scattering phase function and geometry. Loss of light due to
scattering is represented in GG which depends on scattering coefficient ps and scattering
phase function of the medium but not on absorption coefficient. The parameters are
wavelength dependent. This formulation is valid for small changes of y, where DP is

approximately constant [18, 9, 64].

In cw-NIRS, change in the received light intensity is observed and recorded. Us-
ing modified Beer-Lambert Law, change in OD is proportional to change in absorption

coefficient of the medium.
AOD = Apgx < L > (5.2)

where it is assumed that G does not change during the measurement (i.e. pus and
scattering characteristics do not change). Hence change in absorption coefficient is

found using the formula;

(5.3)
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5.1.2 Two-distance Partial Pathlength Method

It is possible to extend modified Beer-Lambert law to heterogeneous medium
with homogeneous layered regions [18|. In the study of of Hiraoka et al. [18], it is
found that total attenuation change is the sum of attenuation changes in each layer.

Then the total attenuation change is;

AOD = Z < L;> A,ua,i (54)

i=1
where < L; > is the mean pathlength taken in the layer 7 by the photons reaching the

detector and i, ; is the change in absorption coefficient of layer ¢ and n is the number

of layers in the medium.

For the case of muscle measurements, the medium can be modelled using homo-
geneous fat layer and muscle layer below. Following the formulation in Eq. 5.4, AOD

at distances r; and 7o from the light source can be modelled as;

AOD™ = Aftg,far X < Lﬁt > + A muscle X < L:nluscle > (5.5)
AOD™ = Aptgfarx < Loy > +0plamusae X < Liyse > (5.6)

Changes in the absorption coefficients of fat and in particular muscle tissue layers
can be found by detecting the intensity changes at two distinct detector locations using

Eq. 5.5 and 5.6. Solving these equations for fig for and flg muscie:

Apa,far = (< Lipysge > DOD™ — < L7 0> AOD™) A (5.7)

muscle muscle

Aptamuscie = (< Ly > AOD™— < L'2, > AOD™) /A (5.8)

denominator A is (< L, >< L}

a muscle

> - < L}y, >< L,

. N scle >). Assumption in

this derivation is that change in absorption coefficients are small compared to initial
values. This method requires initial optical properties of the layers to estimate partial

pathlengths.
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5.2 Monte Carlo Simulations

In Monte Carlo simulation of photon propagation in biological tissue, a stochas-
tic model is constructed in which rules of photon propagation are modelled as prob-
ability distributions [24, 18]. In the simulation, photons were launched with initial
weight (w) of 1. In layer ¢ which has absorption coefficient p,;, scattering coefficient
s and reduced scattering coefficient ps,;" (= (1 — g)ps) (g is the mean cosine of the
single scattering phase function and it is called anisotropy factor), successive scatter-
ing distances were selected using random variable s = —In(R)/us,’, R having uniform
distribution over (0, 1). Scatter deflection angles were found from Henyey-Greenstein
function [120] with anisotropy factor of 0 using principle of similarity [7]. Scatter
azimuthal angle was uniformly distributed over the interval [0,27). Total distance
traveled in layer ¢ by each photon (L;) was found by summing scattering lengths taken
in this layer. Photon propagation was continued until photon escapes the medium
or photon travels 220 cm in length (10 [ns]). For the photons reaching surface, pho-
ton exit weight is calculated using Lambert-Beer law as w = exp(d | —(Liftas)), i-e.
w = exp(d . —(Ltatfla,fat + Limusciefta,muscie)) for the two layered fat-muscle medium.
Because of the symmetry of the mediums considered, photons reaching a ring (thick-
ness dr, distance to light source r) were taken as the photons reaching the detector.
Mean partial pathlength in medium i (< L; >) for the detected photons was found us-
ing the formula < L; >= Z;.VLM -wj/(zjkvwk), where L; ; is the path taken in medium
¢ by detected photon j, w is the detected photon weight, N is total number of detected

photons. Refractive indices of air and tissues were taken to be 1 and 1.4, respectively.

Medium geometry of the simulations is shown in Figure 5.1. It consists of fat
layer and below muscle layer. Thickness of fat layer is taken to be 0.3 [cm] and muscle
layer is practically infinite. Optical properties of the fat and muscle layers are taken
from the in vitro measurements of Lin et al. [86] and 10® photon packets were injected
into the medium for statistical accuracy. Simulations were made to generate detected
light intensity (reflectance) changes at different detector locations for the two layered

fat-muscle mediums. Thickness of the ring ‘dr’ was taken to be 0.1 [cm)].
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Light source Light
l source _,:12 -
Ainite width : :
Fat tissue ¢ 0.3 [cm] !

Muscle tissue infinite

A

Infinite length

() (b)

Figure 5.1 a) Two layered fat-muscle heterogeneous tissue model used in the Monte Carlo simulations
b) Top view of light source and the ring of interest

In the simulations, absorption coefficients of both fat and muscle layers were
made to change simultaneously. However change of absorption coefficient in mus-
cle layer was made much bigger than in fat layer. Because it has been shown that
fat layer has less oxygen consumption (0.01-0.03 in Coppack et al. [121], 0.04 £
0.01 ml.min~".100g™" in Simonsen et al. [122]) compared to muscle tissue (0.12-0.19
ml.min~!.100g™! in Coppack et al. [121]) at rest. In the presence of enough oxygen,
substrates and at moderate level exercises, oxygen consumption for muscle increases

[123].

For single layer assumption and 1-detector based calculations of absorption
changes, Eq. 5.3 is used. For two-detector based calculations, Eq. 5.7 and 5.8 are

used.

5.3 Results and Discussion

In the simulations, resting level absorption coefficients are 0.02 [cm™'] and 0.2
lecm™!| for fat and muscle layers, respectively. Reduced scattering coefficients are 12
[em™!] for fat layer and 6 [em™!| for muscle layer. In the first simulation change of
absorption coefficient in fat layer is 4 times less than change in muscle layer. In the
second simulation case, change of absorption coefficient muscle layer is made 16 times

greater than change in fat layer. Results are shown in Tables 5.1, 5.2 and Figures 5.2,



Table 5.1
Found changes of absorption coefficients using 1-detector and 2-detectors for simulated absorption
changes in fat and muscle layers. Change of absorption coefficient in muscle layer is 4 times bigger
than change in fat layer.

28

Real Error of
DNpiai—aq | Dar—a | Dhas—a, 15 layer | Apgo_a, 2™ layer
A fat | Dpamusce | (r=1 (r=4 | (r=1&4|em|) | (r=1& 4 [cm]|)
[em™!] [em™] | [em]) % | [em]) % % %
-0.020 -0.08 145.9 -9.5 12.3 11.7
-0.015 -0.06 138.3 -12.3 8.8 8.2
-0.010 -0.04 131.5 -14.8 2.7 5.2
-0.005 -0.02 125.4 -17.0 2.7 2.4
0.005 0.02 114.7 -20.8 -2.6 -2.2
0.010 0.04 110.0 -22.5 -5.0 -4.3
0.015 0.06 105.7 -24.1 -7.2 -6.1
0.020 0.08 101.6 -25.95 -9.3 -7.9

5.3. In the tables, first and second columns give the actual absorption changes in fat
and muscle layers. Third and fourth columns give percentage errors for the absorption
changes found using the modified Beer-Lambert law with 1-detector (called Apig1_q).
Detector at 1 [cm]| is used for fat layer and at 4 [cm] is used for muscle layer absorption
coefficient change estimations. Errors are calculated relative to real absorption changes
(i.e. error for fat calculation is equal to 100 X (Apg1—dar=1 — Dita,fat)/ Dita, fat- Error
results of two-detector based calculations using Eq. 5.7 and 5.8 are given in fifth and
sixth columns, denoted as Af, 2—4. Detectors at 1 and 4 [cm| are used for two-detector
based calculations. First layer and second layer estimations are used for fat and muscle

layer absorption changes.

For A, 14, results are close to that of fat layer’s change for r = 1 [cm| and to
muscle layer’s change for r = 4 [cm]|. For fat layer, estimates are bigger than 100% in

the first simulation set and higher than 500% in the second simulation set. For muscle
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Figure 5.2 a) Found absorption changes with 1-detector (r = 1 [cm] or r = 4 [cm]) and 2-detectors
(r =1 [cm] and r = 4 [cm]) for simulated absorption changes in fat and muscle layers. Change of
absorption coefficient in muscle layer is 4 times bigger than change in fat layer.

layer, estimates are better, error is between 9.5-25.5% for the first simulation set and
between 14.2-30.3% the for the second simulation set. It is noted that errors are lower
for absorption coefficients’ decrement but higher for their increment for 1-detector

based calculations.

For 2-detector partial pathlength based method, estimates are better than the
1-detector based modified Beer-Lambert law estimates in all cases simulated. Espe-
cially fat layer estimates are better; absolute errors are between 2.7-12.3% for the first
simulation set and between 8.4-30.5% for the second simulation set. Muscle absorption
estimates are very good especially for small changes in absorption coefficients. Abso-
lute errors are between 2.2-11.7% and between 2.3-11.9% for the first simulation set

and second simulation set, respectively. For up to 30% and 75% absorption coefficient
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Table 5.2
Found changes of absorption coefficients using 1-detector and 2-detectors for simulated absorption
changes in fat and muscle layers. Change of absorption coefficient in muscle layer is 16 times bigger
than change in fat layer.

Real Error of

Aprai—aq | Dai—a | Dhas—a, 15 layer | Apgo_a, 2™ layer
Apa,fat | Dpamusce | (r=1 (r=4 | (r=1&4|em]) | (r=1%&4 [cm|)
[em™!] [em™!] | [em]) % | [em]) % % %
-0.00500 -0.08 699.2 -14.2 39.9 11.9
-0.00375 -0.06 670.0 -17.1 28.9 8.4
-0.00250 -0.04 643.9 -19.5 18.6 5.3
-0.00125 -0.02 620.4 -21.8 9.0 2.5
0.00125 0.02 279.4 -25.6 -8.4 -2.3
0.00250 0.04 561.3 -27.3 -16.2 -4.4
0.00375 0.06 044.6 -28.9 -23.6 -6.3
0.00500 0.08 528.9 -30.3 -30.5 -8.1

changes in muscle and fat layers, error is less than 8.2% for muscle absorption coeffi-
cient change estimate in the first simulation set. In the second simulation set, absolute
error is less than 8.4% for up to 30% and 18.75% absorption coefficient changes in

muscle and fat layers.

Results for the methods with erroneous assumption from true mean and partial
path lengths are given in the Tables 5.3 and 5.4 for +15% deviations from real path-
lengths and in the Figures 5.4, 5.5, 5.6 and 5.7 for 5%, 10% and 15% deviations. The
erroneous use is assumed with same percentages for all < L%, >, < L, ... > for the
2-detector system and mean path length for the 1-detector system. 1-detector system
is directly affected by this such that overestimation of mean path length reduces error
of Apig, ror while it increases underestimation error of Ay musce. This is because of

the fact that we take both real absorption changes in fat and muscle layer simultane-

ously with Api, e much less than Apig myscie. Error increase for Apig musce 1s evident
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Figure 5.3 a) Found absorption changes with 1-detector (r = 1 [cm] or r = 4 [cm]) and 2-detectors
(r =1 [cm] and r = 4 [cm]) for simulated absorption changes in fat and muscle layers. Change of
absorption coefficient in muscle layer is 16 times bigger than change in fat layer.

since pathlength overestimation increases the underestimation error. 1-detector system
with detector at 1-cm distance is affected by Apigmusce and path length overestima-
tion reduces estimation of absorption change, which makes it closer to the absorption
change of fat layer. The underestimation error of muscle layer increases with deviation
from real partial path lengths (both increase and decrease of the used values from real
partial path lengths increase the error). Taking -15% higher partial path lengths is
so low that it result in overestimation for A, musce While +15% higher partial path
lengths give usual underestimation errors. The estimation error of Api, fq: s @ complex
function of the direction of real Ay, o and used partial path lengths. Moreover there

is nonlinearity in the estimation which is evident in Figure 5.6.
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Figure 5.4 Results for 1-detector (r = 1 [cm]) with erroneous assumption of mean path lengths.
Simulated change of absorption coefficient in muscle layer is 16 times bigger than change in fat layer.
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Figure 5.5 Results for 1-detector (r = 4 [cm]) with erroneous assumption of mean path lengths.
Simulated change of absorption coefficient in muscle layer is 16 times bigger than change in fat layer.
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Figure 5.6 Results for 2-detector of Apq, rar with erroneous assumption of mean partial path lengths.
Simulated change of absorption coefficient in muscle layer is 16 times bigger than change in fat layer.
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Table 5.3
Found changes of absorption coefficients using 1-detector with -15% erroneous assumption of mean
and partial path lengths. Change of absorption coefficient in muscle layer is 16 times bigger than
change in fat layer.

Real Error of

DNpiai—a | Dar—a | Dhtas—a, 15 layer | Apgo_q, 2™ layer

Apa fat | Dlbamuscle (r= (r=41] (r=1%&4 [cm|) (r=1& 4 [cm]|)
[em™!] [em™] | [em]) % | [em]) % % %
-0.00500 -0.08 840.3 0.9 64.6 31.7
-0.00375 -0.06 805.9 -2.4 51.6 27.5
-0.00250 -0.04 775.2 -5.3 39.5 23.9
-0.00125 -0.02 747.6 -8.0 28.2 20.6
0.00125 0.02 699.3 -12.5 7.8 15.0
0.00250 0.04 678.0 -14.5 -1.5 12.5
0.00375 0.06 658.3 -16.3 -10.1 10.2
0.00500 0.08 639.9 -18.0 -18.3 8.1

5.4 Conclusion

It has been found that for 2-detector partial pathlength based method, estimates
are better than the 1-detector based modified Beer-Lambert law estimates in all cases
simulated. It should be noted that partial pathlengths are used in 2-detector partial
pathlength based method while mean pathlength is used for 1-detector based modified
Beer-Lambert law estimates. Assumption of homogeneous single-layered medium leads
to higher error [79, 77, 76, 100, 100, 105]. It is also interesting that proposed method
leads to accurate results for fat layer absorption coefficient change estimates even using
distant detectors 1 cm and 4 cm. In practice, getting accurate initial (resting level)
optical properties of the medium and obtaining accurate partial pathlengths poses a

problem for the proposed technique.
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Found changes of absorption coefficients using 1-detector with +15% erroneous assumpion of mean
and partial path lengths. Change of absorption coefficient in muscle layer is 16 times bigger than

change in fat layer.

Real Error of

Aptai—d | Dptai-a | Dtap—a, 15 layer | Apigo—g, 2™ layer

Apa,fat | Dpbamusce | (1= (r=4] (r=1&4[cm|) | (r=1%& 4 |cm])
[em™] | fem™] | [em]) % | [em]) % 7 %
-0.00500 -0.08 095.0 -25.4 21.6 -2.7
-0.00375 -0.06 269.6 -27.9 12.1 -5.7
-0.00250 -0.04 046.9 -30.0 3.1 -8.5
-0.00125 -0.02 526.5 -32.0 -5.2 -10.9
0.00125 0.02 490.8 -35.3 -20.3 -15.0
0.00250 0.04 475.1 -36.8 -27.2 -16.8
0.00375 0.06 460.5 -38.1 -33.6 -18.5
0.00500 0.08 446.9 -39.4 -39.6 -20.1
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6. MUSCLE MEASUREMENTS FOR ENDURANCE AND
FATIGUE INVESTIGATION

6.1 Basic Skeletal Muscle Physiology

Muscles are perfect ‘machines’ which convert chemical energy into mechanical
energy. Skeletal muscle, cardiac muscle and smooth muscle are the three types of muscle
tissue in the human body. Skeletal muscles are attached mostly to the bones, giving
us the ability to control the body movement wvoluntarily. Cardiac muscle is found
in only our heart which functions as a pump in the circulatory system. The main
muscles of internal organs and tubes (i.e. urinary bladder, stomach, blood vessels) is
smooth muscle which has the role of material movement. Although we have voluntary
control over on skeletal muscles, conscious control over smooth and cardiac muscles
can be learned to some extent. Skeletal muscles and cardiac muscles have light and
dark bands under light microscope, which caused them to be called striated muscles.

Smooth muscles lack such appearance [123].

Skeletal muscle comprises the largest single organ of the body. Up to 40% of our
body’s mass is composed of skeletal muscles. Skeletal muscles are highly compartmen-
talized, and each compartment is considered as a separate entity (i.e. biceps muscle).
Single cells or fibers are the building elements -constituent cells- of muscles embedded
in a matrix of collagen. Muscles are connected to the bones by tendons -formed by
collagen matrix- at the both ends. Like other cells, each muscle cell has cell membrane
(called sarcolemma). They contain mitochondria for the oxidative metabolism and
organelles necessary for protein synthesis. Skeletal muscle fibers can be as long as two
centimeters long. Actin and myosin molecules in the muscle fiber generate contraction
hence force production. These molecules can slide across each other. Myosin (thick)
filaments associate with the actin (thin) filaments by crossbridges. According to sliding
filament theory of contraction, overlapping filaments slide past each other leading to

muscle contraction and tension generated is proportional to the interaction between
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these filaments. A single contraction-relaxation cycle is called a twitch. Three types of
skeletal muscle fibers exist in the muscles which differ in their contraction speed and
fatigue resistance. These are fast-twitch glycolytic fibers, fast-twitch oxidative fibers
and slow-twitch oxidative fibers. Fast-twitch fibers have quicker twitch times allowing
fast and precise movements whereas slow-twitch fibers are suited for prolonged and

powerful movements (i.e. maintaining posture) [123, 124].

Each fiber in muscle is innervated by a single axon, and multiple muscle fibers are
controlled by the axons of one somatic motor neuron. This motor neuron and muscle
fibers it controls are called motor unit, which is the elementary unit of contraction. As
the force muscle produces increases, more motor units are recruited (and their firing

frequency is increased) which is controlled by nervous system [123, 124].

6.1.1 Energy Metabolism in the Muscles

Muscles require continuous supply of energy because of the mechanical force
they generate. At the initial phase of work, muscles may use ATP within the muscle
which is sufficient for just 8 twitches (initially stored ATP and PCr can support only 15

seconds of intense exercise). Afterwards they must use metabolism to generate ATP.

As a source of energy, carbohydrates, especially glucose, are the fastest and
efficient sources. Glucose is broken down to pyruvate by glycolysis process (anaerobic
respiration). If there is adequate supply of oxygen, pyruvate goes into citric acid
cycle, producing about 30 ATP per molecule of glucose (called aerobic respiration &
oxidative phosphorylation). Muscles obtain energy also from fatty acids. Fatty acid
breakdown happens always in the presence of oxygen because fatty acid utilization
is through aerobic energy mechanism. Because of this fatty acids are used mostly in
resting and light exercise. During heavy exercise, generation of ATP using fatty acids
is not used heavily since conversion of fatty acids to acetyl CoA (beta-oxidation) is a
slow process. At 70% of maximum exercise intensity, glucose is the dominant energy

source [123]. Energy conversion efficiency of aerobic respiration is 40% (30-32 ATP
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are produced per glucose molecule), much higher than that for anaerobic metabolism
which metabolizes glucose down to lactic acid. However, ATP generation speed of
anaerobic metabolism is 2.5 times faster with the price of much lower efficiency (about
2 ATP generation compared to 30-32 ATP per glucose) and higher acidosis because
of CO, and lactic acid accumulation. Oxidative phosphorylation can be sustained for
hours in the presence of enough metabolites which depends on exercise intensity [125]
and fitness of the person. When there is problem with the supply of oxygen, energy
production mechanism switches to glycolysis for ATP synthesis, and this can not be
maintained too long (about 1 minute at maximal exercise). Proteins are not utilized

for energy production in the muscle cells.

— at the intestine ¢ L Lalg
— m— H—“\ Rest G':wogen Cortraction l |
P Liver glycosen” | = Glucose ._.h__<. Exercise ﬁ-’ifP . /
S ST S
Amino ____apcose | Glycolysis J—x ( ?\ I
acids  —e! ewera i .
i Pyruvate l \ | Ga-{TPase !
i t —t—=Lactic=t—— Laclic «—— Pynvate Lo
Liver  Lactic acid acid srmnes - l . ATP Relaseation
a Fat&r b &
L acid ) Lo Fatty _ Acefly Col creatine \—
) o] ."J S au:;n:ls | / “'. R
Lipids stored in | | i ides | o~ e
Adipose aﬂipnse issue | /| [ESone— | Tratycendes | Oxidative :;m i
tissue i Y /1 —con—t || phosphorylation| | 0" {%
___ Glycerol +fatty acids’ / f;"‘ o y / t
~ | ,' fnitrin: acld cycls | Cveatne :@}ﬁ“
Gas exchange at jf — e
[l-“lﬁ the lungs o7 y 7| Blood Muscle Fiber ,
e — S— -

Figure 6.1 Energy metabolism in skeletal muscle from Silverthon [120]

D:ifferences in the energy metabolism of different skeletal muscle fibers
exist. The fiber types are fast-twitch (type I) and slow-twitch (type II) fibers. Fast-
twitch fibers are divided into fast-oxidative, fast-glycolytic fibers. Fast-twitch glycolytic
fibers are the largest in diameter and their primary mechanism for ATP generation is
anaerobic metabolism and they have the fastest fatigue development. Slow-twitch fibers
use mainly oxidative metabolism for ATP generation. Slow-twitch oxidative fibers have
more vessels and capillaries, have high myoglobin content and a smaller diameter all
of which allows oxygen to be passed easily from interstitial fluid to the mitochondria.

These make it easy for slow-twitch fibers to maintain oxidative phosphorylation and
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they are more resistant to fatigue. Fast-twitch oxidative fibers are smaller than fast-
twitch glycolytic fibers, contain some myoglobin and use both glycolytic and oxidative
phosphorylation to generate ATP which makes them more resistant to fatigue than

fast-twitch glycolytic fibers [125].

6.1.2 Effects of Exercise on Human Physiology

Exercise is a demanding process for the body. It disrupts homeostasis while
generating force, movement and heat. During exercise demands for ATP, O, and
nutrients such as fatty acids and glucose (which are required as energy sources) should

be supplied while waste products such as CO, and lactic acid should be cleared away.

During exercise, ventilation increases in response to higher Oy demand and to
clear increased COg in the blood. The most (70-80%) of the CO; is in the form of
bicarbonate and 5-10% is dissolved in the plasma and the rest is bound to hemoglobin.
Hyperventilation increases with the onset of exercise (i.e. prior to blood concentration
increase of [COs| or pH level decrease), it is hypothesized that this initial increase
in the ventilation is caused by the sensory input from the muscle mechano-receptors
combined with parallel descending pathways from the motor cortex [125]. In fact, the
arterial Oy and CO, partial pressures as well as pH level do not change significantly

during mild to moderate exercise.

Cardiac output, defined as the product of cardiac rate and stroke volume, is
also increased during exercise. SA (sinoatrial) node rate is increased by the decreased
parasympathetic activity at the start of the exercise and increased sympathetic stimu-
lation. Sympathetic stimulation also increase contractility of the heart muscles which
leads to increased stroke volume. Increased heart rate prevents heart muscle fiber
damage from overfilling of the ventricles by reducing the fill time of the heart. Ve-
nous return of the blood is increased by muscle contractions along with inspiratory
movements. Cardiac system performance is the limiting major factor in exercise since

ventilation reaches about 65% of its highest capacity while cardiac output goes up to
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90% of its highest [125].

As exercise begins, cardiac output which equals 5-6 1/min at rest can increase up
to about 40 1/min in trained athletes during maximal exercise [126]. In the resting state
21% of cardiac output goes to skeletal muscles while at the exercise it increases up to
88%. Peripheral resistance to blood flow decreases during exercise. Despite this, Mean
Arterial Blood Pressure (MABP) increases because of proportionally higher increase in
cardiac output. Baroreceptor reflex is offset which would normally try to compensate
this increase (i.e. by decreasing it). One theory is that arterial baroreceptor threshold is
increased to a higher threshold, other one is that baroreceptor afferent neurons blocked
in the spinal cord by the presynaptic inhibition. Another one is that chemoreceptors
sensitive to pH levels or metabolites signal to the central nervous system that blood

flow is not adequate and this signal overrides baroreceptor reflex [125].

Glucagon, cortisol, catecholamines (epinephrine & norepinephrine) and growth
hormone levels in the plasma increase throughout exercise. Growth hormone, cortisol
and the catecholamines increase the glycerol and fatty acids by breakdown triglycerides
while glucagon, catecholamines and cortisol increase lead to plasma glucose increase by
invoking the liver to breakdown the glycogen. Although plasma glucose level increases,
insulin secretion decrease which leaves more glucose available to muscle cells which do
not need insulin for taking glucose into the cells [125]|. Fat and glycogen stores as well
as activity of S-oxidation enzymes (which breakdowns fatty acids) are increased in the

muscle fibers induced by exercise training [127, 125].

6.2 Muscle Fatigue and Endurance

Muscle fatigue is still a poorly understood phenomena albeit our familiarity
with itself in our daily life, sports and clinical settings [128|. In broad terms, decrease
in performance can be called fatigue [129]. One of the definitions of fatigue is decline
in the maximal force generating capacity or maximal power. Another definition is for

submaximal contractions where the aim is to produce a desired target force level and
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fatigue occurs at the failure of this goal. Time duration until fatigue in this second

definition is used for muscle endurance measurements.
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Figure 6.2 Used methods in fatigue investigations from Voellestad [125]. LFF is low frequency
fatigue, TT is twitch interpolation

In the Figure 6.2 from Voellestad [128], processes leading to force production
is given. CNS includes motivation and related psychological drive as well as sensory
information. Different types of motor units have different thresholds for contraction
and have different conduction velocities. Besides energetic characteristics are not the
same. During contraction, different /increasing number of motor units can be in action
depending on the recruitment pattern with these mentioned different properties. As the
force production continues, ions’ balances around the sarcolemma change, metabolic
by-products increase, ATP reserves and ATP regeneration rate may decrease, Oy and
energy supply could be hindered by blood flow occlusion because of increased intra-
muscular pressure, pH levels could decrease, Ca®" release from sarcoplasmic reticulum
could decrease, affinity of troponin to Ca?* could decrease all leading to impairment of
propagation of action potential. The problem in understanding fatigue is that any one
of these factors in the chain can be a limiting factor in force/power production of the
muscle. It is a challenging task to isolate a single step in this process chain, especially

on humans [128].
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The technical methods available to researchers for studying underlying physio-
logical changes of fatigue range from blood measurements, electrocardiography, inhaled-
exhaled gas analyzer, magnetic resonance spectroscopy and imaging, surface and needle
electromyography, near-infrared spectroscopy to isometric-isokinetic-dynamic exercise

sets which provide force-torque-power measurements.

6.3 Surface EMG

Although surface EMG (SEMG) is still not widely used for clinical analysis pur-
poses, it is a widely known and used analysis in muscle endurance and fatigue research
studies. SEMG is basically measurement of the electrical signal when a muscle is active.
This signal is the temporal and positional summation of muscle fiber action potentials
triggered by the central nervous system. The most known parameters are SEMG sig-
nal amplitude related parameters (i.e. root mean square signal), mean frequency and
median frequency which are all computed for time windows that are typically 0.2-2.0

seconds.

Figure 6.3 Formation of the motor unit action potentials of two motor units and sum of these two
at the surface detector, from Kamen and Caldwell [127]
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Motor units are the basic units in skeletal muscle organization. They consist of a
single motoneuron (alpha motor neuron) and skeletal fibers that it innervates. A single
motor unit can have 3 - 2000 muscle fibers. Fine controlled movements are controlled
by motor units having small number of motor fibres, i.e. less than 10. Those motor
units responsible for gross movements can have 100 - 1000 fibers. When a motoneuron
is activated, it triggers all the muscle fibers it innervates. Depolarization are spread on
the membranes of the all muscle fibers of the motor unit. For a motor unit, the motor
unit potential is defined as the temporal and spatial summation of the muscle action
potentials for all the fibers of the particular motor unit. Figures 6.3 and 6.4 illustrate
sEMG formation from Kamen and Caldwell [130] and Basmajian and DeLuca [131],

respectively.

Single motor unit activity can be measured by a needle electrode but it is very
inconvenient for the patient. SEMG is measured with surface electrodes placed on the
skin. Hence surface EMG is the summation of the all active motor unit potentials

within the measured volume [130, 132, 133].

Although SEMG is thought to give more global MU activity related information,
its amplitude and power spectrum properties are affected by the muscle fiber membrane
properties along with MU action potentials’ timings (impulse trains). Hence this signal
contains valuable information about central nervous system, peripheral nerve-muscle

system and related physiological processes [134].

A MATLAB [135] program has been developed for ease of SEMG analysis, EM-
GALY.1.2, given in appendix B. The software has been developed to assist researchers
probing this signal for basic variables’ investigations. The software has been developed
in MATLAB environment for upgrade easiness and for the ease of the user a graphical
user interface has been provided for execution of all commands. In its current form
software use has been maximized for studies using isometric exercise protocols and
enables investigation of the basic variables like root mean square, mean frequency and
median frequency. Time range for data investigation can be selected by the user and

this selected range can be divided up to 20 segments for analysis.
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Figure 6.4 Measured SEMG signal composition and formation from Basmajian and DeLuca [128]

6.4 Ischemia Measurements

Ischemia protocols are used to investigate vascular dynamics after ischemia. It

was especially used in the early times of NIRS development to show ability of the

device to show Hb increase and HbO; decline. Since cw-NIRS technique can not give

absolute values because of the DPF value information unavailability, 5 to 6 minutes

arterial occlusion at the start of an experiment was done in some cw-NIRS studies to

get a scaling between subjects and for calibration, i.e. change of HbOy during ischemia

is taken as 100% range. Hence the experiments done after this scaling can be compared

among subjects [27].
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Figure 6.5 Typical trends of A[Hb] and A[HbOs] in ischemia protocol
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Figure 6.6 Tllustration of half time parameter calculation for a typical ozy signal for the A[Hb] and
A[HbO] given in the Figure 6.5

Ischemia protocol is important in terms of validating the validity of NIRS mea-

surements and deriving useful parameters. In a typical ischemia measurement, during

ischemia [Hb| increases (and reaching maximum value) while [HbO,| and ozy signal

(A[HbO,| - A[HDb]) decrease (reaching minimum values). Immediately after the is-

chemia (by lowering the cuff pressure to 0 mmHg), [Hb] decreases sharply, [HbO,| and

oxy signal increase (Figure 6.5). These rapid responses are followed by trends return-

ing to the baselines. The concentration difference immediately after ischemia is called

range (R) and the time to reach half of this range (or half of Rx0.95) after ischemia
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is called half time (Z;/2) [44] which gives information about the recovery speed of the
probed muscle tissue investigated. The computation of half time parameter is shown in
Figure 6.6. This parameter is quite often used in NIRS measurements since it alleviates
the problem of quantifying changes in HbO, and gives ability to monitor the recovery

process.

De Blasi et al. (1992) [136] were the one of the first group who did ischemia mea-
surements in the forearm using NIRS. The authors found decreasing (A[HbOy]—A[Hb])
and not changing (within some limits) (A[HbOs]+ A[Hb]) signal during ischemia. Cuff
relase was accompanied by rapid recovery of (A[HbOs] — A[Hb]) signal. In another
protocol, subjects performed 15 seconds isometric MVC contraction during ischemia.

Interestingly total deoxygenation was lower in magnitude in this protocol.

The problem with this protocol is that subjects are uncomfortable with this
protocol and it is painful. Assuring arterial occlusion could require checking of arterial

pulse and very high pressures could cause problems for the subjects.

6.4.1 TUsage of Recovery Times

In the first study conducted in coordination with ‘Spor Hekimligi Béliimii, Istan-
bul Universitesi’, NIRS measurements are taken from sportsmen before and after they
participate a major sports event in Kagikgioglu et al [137]. In this study NIRS device is
used to study the hemodynamics of forearm tissue after prolonged exercise along with
cardiac dynamics. In the experiment, ischemia protocol is used. In the experiment, the
probe is placed on the subjects’ lower half of left forearm near the wrist and arterial
blood flow is restricted by placing a tourniquet on the upper arm at a pressure of 250
mmHg after a 1 minute baseline measurement. After 5 minutes of ischemia, tourniquet
pressure is released and afterwards 4 minutes of measurement is taken. Ischemia mea-
surements are taken first before the marathon/triathlon with this protocol. After the
marathon /triathlon, sportsmen took the effort test and after it ischemia measurements

are taken again. Change of concentration value range between minimum point and
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maximum point is taken as full range and time to reach half of the 95% of the full
range from the end of ischemia is calculated as half-time value (t;/2). Mean half time
values were calculated across the available light detectors’ signals for each subject for
A[Hb], A[HbOs| and ozy (A[HbO|- A[Hb]) signals. Increase in the mean of ti /s 5y
and ti/o gpo2 after marathon/triathlon and effort test were dominant findings in the
results although statistically not important. This could mean that arterial system is
affected much more by the prolonged exercise. Increase of standard deviation of t1/2 oxy
and t1/2 gyo, for the majority of the subjects after prolonged exercise could indicate

heterogeneity of the vascular system dynamics after big effort.

A MATLAB program has been developed (some parts in GUI form) to calculate
recovery time parameters with and this tool has been used in the studies of Dinler et
al. [138, 139] in fibromyalgia patients towards better understanding of this disease.
In this study, half time recovery times in ischemia protocol of the patients were used
as a parameter to search for the effect of aerobic exercise training often advised to
fibromyalgia patients as a treatment. Same methodology was applied as in Kagik¢ioglu
et al. [137|. Preliminary results which compare cw-NIRS derived half time recovery
times of Hb, HbO, and ozy parameters of ischemia protocol measurements along with
pulmonary kinetics determined oxygen consumption, heart rate and rate of perceived
exertion parameters of standard Bruce multistage maximal treadmill protocol with
metabolic measurements between patients and control group has been investigated in
the study of Dinler et al. [138]. Mean t;/, for Hb, t;/, for HbO, and ty/, for oxy
values were longer in fibbromyalgia group than those of the control group (24.3, 9.8
and 25.4%), respectively). Furthermore, there was an inverse correlation between peak
oxygen consumption of pulmonary kinetics and ty/, for ozy (r = —0.48, P < 0.05).

Final form of this study was also published in the same journal in 2009 [139].

6.5 Hand Grip Exercise

A joint muscle exercise study was conducted with Marmara University, ‘Beden

Egitimi ve Spor Yiiksek Okulu’. In this study, hand grip protocol was used. Three
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different measurement modalities were used, sEMG, cw-NIRS and hand grip force
measurement. The study aimed at investigation of physiological processes underlying
muscle endurance and fatigue. The motivations and aims behind this study were as

follows;

e Obtaining the simultaneous signals of A[Hb], A[HbO,], oxy, force and sEMG for

isometric and isotonic hand grip exercise at different force levels.

e Calculation of sSEMG related parameters (RMS, MNF, MDF) and c¢w-NIRS pa-

rameters (amplitude parameters and duration to inflection point)

e Inspired by the previous studies in the literature, finding the inflection points
of cw-NIRS parameters at which point initial fast change phase changes to slow
phase. The relationship between inflection durations and other parameters (i.e.

exercise duration, SEMG parameters of MNF, MDF etc.) will be examined.
e Investigation of the obtained parameters’ changes and relationships between them

e By performing these previous items, investigating underlying physiological changes

of fatigue

e Finding biometrics (i.e. from SEMG and cw-NIRS parameters) related to exercise

endurance

Isometric exercise was chosen to perform an exercise under normal conditions
(i.e. without under ischemia). However, the force levels were deliberately chosen to be
high (50% and 75% MVC) so that oxygen source will be restricted by muscle contraction
so that oxygen consumption and decline can be observable (i.e. oxygen consumption

would not be balanced with oxygen supply).

The protocol was as follows. First maximal hand grip force of the dominant
hand was measured. After this measurement, there was a 5 minutes break. Before
starting exercise, there was 1 minute of resting. Then subject was asked to maintain

isometric hand grip exercise at the target force level as long as he/she can, which will
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Hand grip
dynamometer

CW-NIRS probe

Figure 6.7 Illustration of the hand grip exercise

be one of these, 75% or 50% of maximal value. The subject was presented force level
he applied on the computer screen in real time so that he can keep the force level
constant. When the subject is no longer able to maintain the target force level (within
5-10% margin), the subject was asked to stop hand grip exercise and then there was a

resting period of 15-20 minutes between the two measurements.

In the exercise, hand grip force was measured by the hand grip transducer
(BIOPAC, SS25LA hand grip dynamometer). From the flexor digitorum superficialis
muscle, both ¢cw-NIRS (with NIROXCOPE 301, Bogazigi University, Biomedical Eng.
Inst.) and EMG measurements were taken. Distance between SEMG electrodes were
nearly 2 cm. The muscle is located as outlined in Blackwell et al. [140]. Subjects were
asked to resists their forth fingers against external resistance and the contracting muscle
was palpated at the same time. There were 4 available detectors at distances of 1.0,
2.0, 3.0 and 4.0 cm from the source for the cw-NIRS. The detector at 3.0 cm was used
for the cw-NIRS. PowerLab instruments PowerLab 16/30 ML880/P data acquisition
system with ML132 and ML135 amplifiers was used for the sSEMG measurements with
2 kHz sampling rate. The amplifiers are suitable for human measurements. The skin
surface was shaved, rubbed with sandpaper and cleaned with liquid containing 70

degrees alcohol.

In total 16 subjects participated in the experiment. However, some subjects did
not accomplish both two MVC levels of 50% and 75% and some of the data were not

valid, i.e. force-time curve was not consistent. Hence, data of 11 subjects were used.



80

They were all rowers and canoe athletes, with age 22.6+ 3.2 years, height 1.840.1 [m.]
and weight 77.0+9.8 [kg.|. Fat thickness range measured on the FDS muscle is 2.1+0.7

mm. The personal characteristics of the subjects are given in the appendix, in Table

D.1.

Acquired sEMG signals are filtered with 10 Hz high pass filter (Butterworth
filter, 4th order) and notch filter ([49.5-50.5] Hz stop band, Butterworth filter, 4th
order). Measured and found sEMG parameters are root mean square (RMS), mean
frequency (MNF) and median frequency (MDF) (found with EMGALY.1.2 program,
explained in the appendix section B). The values of these parameters are found for
each non-overlapping time windows of duration 0.5 seconds. As explained in section the
section B), slopes of least squares fittings for the mentioned parameters are found for the
entire selected exercise time portion. Percentage change (% changes) and percentage

change in seconds (% /seconds) are computed for the corresponding least squares line

fits.
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Figure 6.8 Inflection point determination and related parameters
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Inflection point parameter is calculated for cw-NIRS besides A[HbO,], A[Hb]
and ozy signal(=A[HbO,] - A[Hb]). Inflection duration is the time duration from
start of exercise to the point where initial fast decrease rate of oxy signal changes
considerably, an example shown in Figure 6.8. It is found as as outlined in Yamaji
et al. [141]: first a time range of interest is selected. The time range is selected from
the start of the exercise with duration up to 50-60 seconds. In this time range, a time
point is selected in this range and two time range segments are formed, from start of
the exercise to the selected time (first segment) and from selected time instant to the
end of range. Least squares of line fittings to these two segments are found. This time
point is moved from start of range to the end of it to consider all possible two segments
in the selected time range. Inflection point is found from all these available points
such that line fits of least squares are significant, first segment’s slope is higher than
that of second segment’s and sum of determination coefficients of least squares fits are

maximum.

The change for the concentration from start of the exercise to the inflection
point is called AR,, and change from start to the maximum change point (i.e. to the
peak or minimum) in the first minute of exercise is labeled as ARy, depicted in Figure

6.8. When second subscript is used, it indicates exercise level.

6.5.1 Results

Mean and standard deviations of the sEMG and NIRS parameters for the two
exercise levels are given in the Tables 6.1 and 6.2, respectively. The individual values of
the sSEMG parameters are given in the appendix C, in Tables D.2 and D.3 for 50% and
75% MVC hand grip exercises, respectively. The Tables D.4 (for %50 MVC level) and
D.5 (for %50 MVC level) list the NIRS parameters’ values. Figures 6.11 to 6.22 depict

selected scatter plots between sSEMG paramaters, cw-NIRS parameters and time.
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Figure 6.9 Sample simultaneous sSEMG and NIRS recording at 50% MVC exercise level
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Least squares fit of a straight lines to shown data were also drawn in these
figures. Equation of the fitted line to the plotted data along with its goodness of fit
measure (R?, also called coefficient of determination 142, is defined as the ratio of
the sum of squares of the regression and the total sum of squares) is also given in the
figures. R? parameter is referred as the amount of the variability in the data accounted
by the fitted model [142]. In these plots, shown CC parameter gives the correlation
coefficient between the plotted parameters. Statistically significant plots were shown

in bold font.

The mean duration are 83.04+20.8 sec. and 37.6+4.8 sec. for 50% and 75%
MVC level exercises, respectively (the durations are based on force curve and sEMG
segmentation, hence multiple of 0.5 seconds). The difference is statistically significant
(P<0.0001, paired t-test). Hence the duration in 75% MVC exercise level is signifi-

cantly shorter.

6.5.1.1 cw-NIRS Parameters. In both exercise levels, A[HbOs] and A[HD]

change in opposite directions linearly at high rates following the start of the exer-
cise. This initial pattern is called the fast phase. This same fast phase is also present
in ory signal. In a short while, A[Hb] and A[HbO,| reach either a plateau or a slow
change phase. A[Hb] has a rather more plateau like pattern compared to A[HbOs|. In
some subjects, increase in A[HbO,] is also observed with a high magnitude. The inflec-
tion duration parameter, which is directly related to the first fast phase is significantly
different between the two exercise levels, for all A[HbO,| (15.9£10.8 vs. 9.242.1 s.,
P<0.05), A[Hb|] (15.248.2 vs. 9.1+2.2 5., P<0.01) and ozy (16.0+£10.5 vs. 9.4+2.5
s., P<0.05). The slope derived in this fast phase is also significantly different between
the 50% and 75% MVC levels, for all A[HbOs] (-1.0£0.6 vs. -1.64+0.7 [a.u.], P <0.01),
A[HDb] (1.1£0.5 vs. 1.6 £0.7 [a.u.], P <0.01) and ozy (-2.0£1.1 vs. -3.24+1.4 [a.u.],
P <0.01). An interesting point to note is that mean magnitude change parameters
AR, and ARy were similar between the two exercise levels for all three NIRS param-
eters. The individual ratios AR, 50/AR,, 75 and AR50/ ARy 75 are given in the Table
D.4. Numerically, the ratio of ARy 50/ARy 75 (where the seconds subscript indicates
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exercise level) is in between 0.8-1.0 (except values 0.7, 1.5 and 1.6) for A[HbO,, in
between 0.7-1.3 (except 3.2) for A[Hb| and in between 0.8-1.1 (except 0.7, 1.3 and 2.7)
for the ozy parameter. The value of AR, 50/AR,, 75 is in the range 0.7-1.2 for A[HbO4]
(with exception values of 0.3, 1.5 and 1.7), A|HbOs| (along with values 0.5, 0.6, 1.5
and 3.2) and ozy (along with values 0.4, 1.5 and 2.7).

The ¢cw-NIRS results changed in numbers, but difference between 50% and 75%
MVC remained significant for inflection durations and slopes when the outlier data for
subjects 2 and 5 were removed (because of their high valued inflection durations). As
given in Table 6.1, the inflection durations changed to A|Hb| (11.842.9 vs. 8.4+1.6 s.,
P<0.05), A[HbOs| (11.2£2.8 vs. 8.6+1.7 s., P<0.01) and ozy (11.6+£2.6 vs. 8.5+1.6
s., P<<0.05). The slope values become between (the 50% and 75% MVC levels), 1.2+0.5
vs. 1.8£0.6 [a.u.] (P <0.01) for A[Hb], -1.2+0.5 vs. -1.8 £0.5 [a.u.] (P <0.01) for
AHDbO,] and -2.3£0.9 vs. -3.6£1.1 [a.u.] (P <0.01) for ozy.

An important finding is the relationship between inflection duration and exercise
duration. The correlation between inflection durations and exercise duration jumped
to 0.53 for A[Hb|, 0.54 for A|[HbO| and 0.63 for ozy (P =0.07) when the two outliers
were removed (shown in Figure 6.16 and given in Table D.7). Table D.8 lists correlation
values for 75% MVC level. The correlation coefficient values are r=0.60 (P =0.052)
and 0.59 (P =0.056) for correlations between exercise duration and ¢, mb, tyoxy, With

P values close to statistical significance level of 0.05.

6.5.1.2 sEMG Parameters. Mean RMS changes are positive with very large

variation, 1.0£1.3 and 1.240.9 [%/s.| for 50% and 75% MVC exercise levels, respec-
tively. The slopes of least squares line fits for mean and median frequencies have
significantly higher magnitudes for 75% MVC level exercise. The mean slope values
for 75% MVC and 50% MVC levels are -1.0+0.3 vs. -0.5£0.3 [Hz/s.] (P <0.0001) and
-1.0£0.2 vs. -0.5£0.3 [%/s.| (P <0.00001) for mean frequency. The mean fitted line
slope values are found to be -0.840.3 vs. -0.4£0.3 [Hz/s.| (P <0.001) and -0.9£0.2 vs.
-0.4£0.3 [%/s.] (P <0.0001) for median frequency. Mean percentage changes of the
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Table 6.2
Means and standard deviations of the SEMG parameters for the 50% and 75% MVC hand grip
isometric exercises (* P<0.001, ** P<0.0001 and *** P<0.00001, paired t-test results for mean

difference)
MVC RMS Mean Frequency Median Frequency
Level %  Slope %  Slope  Slope %  Slope Slope
change [%/s.] | change [Hz/s.| [%/s.] | change [Hz/s.] [%/s.]
50% 91.1 1.0 -34.8 -0.5 -0.5 -34.2 -0.4 -0.4
o 123.7 1.3 17.6 0.3 0.3 18.7 0.3 0.3
5% u 47.0 1.2 -36.0 -1.0" -1.0"* -35.1 -0.8* -0.9*
o 36.4 0.9 8.4 0.3 0.2 8.3 0.3 0.2

MNF and MDF parameters are close to each other for the two exercise levels and two
frequency parameters of MNF and MDF, while the duration of 75% MVC level exer-
cise is much shorter. The changes are -34.8£17.6% (MNF at 50% MVC), -36.0+8.4%
(MNF at 75% MVC), -34.2+18.7% (MDF at 50% MVC), -35.1£8.3% (MDF at 75%
MVC).

The correlations between exercise duration and sEMG parameters of MNF and
MDF were high at 50% MVC level (0.59 for MNF slope [Hz/s.| and 0.60 for MNF
slope [%/s.] (P <0.05, 0.56 for MDF slope [Hz/s.] and 0.55 for MDF slope [%/s.]).
The correlation were low at 75% MVC level.

6.5.1.3 Correlations Between sEMG and cw-NIRS Parameters. Correla-

tion between NIRS and sEMG parameters calculated for 50% MVC level are given
in Tables D.6 and D.7. For the whole data, the correlations between the duration
of the exercise and slopes of least squares line fits for MNF and MDF are above
0.55, among them correlation between duration and MNF slope ([%/s.]) is statis-
tically significant (r=0.60, P<0.05). For the ozy variable, significant relationship
exists between AR, /ART, =~ and MNF percentage change (r—0.62, P<0.05). Re-

lationship between AR, ,.,/AR™ —and MDF percentage change also draws atten-

n,0TY
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tion, with  =-0.57 (NS). A number of statistically significant relationships are present
between NIRS parameters for A[HbO,| and sEMG parameters. Listing from Table
D.6, the values of these correlations are r=-0.62 (P<0.05) between ARjpno, and
RMS % change, r=-0.61 (P<0.05) between AR;m,0, and RMS slope ([%/s.]), r=-
0.69 (P<0.05) between ARy upo,/ARy0, and MNF percentage change, r—-0.60
(P<0.05) between AR, 10,/AR 0, and MNF slope ([%/s.]), r=-0.65 (P<0.05)
between ARy, 1b0,/ AR} 10, and MDF percentage change, 7—-0.62 (P<0.05) between
ARy b0,/ AR 0, and MDF slope (|%/s.]). Statistically not significant but impor-
tant to notice correlations are between MNF percentage change and ARy 11,0,/ AR,

(r=-0.59), between ARy upo,/ AR y,0, and MDF percentage change (r=-0.55).

When the subjects 2 and 5 were removed for 50% MVC level (because of their
high valued inflection durations), the correlation changed to the values given in Table
D.7. Tt was immediately noted that number of significant correlations were increased
between cw-NIRS parameters and sEMG parameters. Although the correlation be-
tween exercise duration and MNF slope ([%/s.|) is not statistically significant now, it

is 0.59 still close to 0.60. And also correlation between exercise duration and slopes of

least squares line fits for MNF and MDF are above 0.54.

The A[Hb] and ozy had statistically significant correlations for between inflec-
tion duration and frequency parameters of MNF and MDF, with values higher than
0.68 except not statistically significant correlation for MDF percentage change for the
ozy. The inflection duration had high correlation between MNF slope [Hz/s.| (0.81)
and between MDF slope |Hz/s.| (0.80) for the A[HbOs|. The all A[Hb], A[HbO,|
and oxy parameters had statistically significant correlations between R, up/AR,, g7
and frequency parameters of MNF and MDF. ARy .. /IAR?

fioxy

icant correlations of -0.68 and -0.69 between MNF slope [%/s.] and MDF slope [%/s.],

had statistically signif-

respectively. AR¢mno,/ AR;?HbOQ had statistically significant correlations of -0.67 and
-0.71 between MNF % change and MDF % change, respectively. AR/ high statistically
significant correlations between RMS parameters for A[HbO,| and ozy. AR, also had
high statistically significant correlations between RMS parameters for A[Hb| and ozy.
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Table D.8 lists correlation values for 75% MVC level. -0.53 (NS), -0.54 (NS)
and -0.55 (NS) are the correlation coefficients between ARy .., and MNF slope (|%/s.]),
MDF percentage change, MDF slope (|%/s.]), respectively. The correlations values of
ARy and SEMG parameters are also high for AHbO,, numerically -0.55 (NS), -0.59
(NS), -0.55 (NS), -0.55 (NS) between ARfm,0, and MNF percentage change, MNF
slope ([%/s.]), MDF percentage change, MDF slope ([%/s.]). Statistically significant
relationships for 75% MVC level exercise are between ARy, and MNF percentage
change (r=0.71), between AR, and MNF slope [%/s.] (r=0.65), between ARy, and
MDF percentage change (r=0.70), between AR, and MDF slope [%/s.] (r=0.63),
between AR, p, and MNF percentage change (r=0.63), between AR, gy and MNF
slope [Hz/s.| (r=0.66), between AR, m, and MNF slope [%/s.| (r=0.67), between
AR, np and MDF percentage change (r=0.61), between AR,, m, and MDF slope [%/s.]
(r=0.64).

A correlation analysis is also done using data obtained in both 50% and 75%
MVC level exercises, given in Table D.9. In this case, correlations between exercise du-
rations and inflection durations are all significant (0.56, 0.50 and 0.50 for t,, gp, tn Hb0,
and t,, .y, respectively). 0.43, 0.69, 0.79, 0.69 and 0.78 are the statistically signif-
icant corretalation coefficients between exercise duration and RMS % change, MNF
slope [Hz/s.], MNF slope [%/s.], MDF slope [Hz/s.], MDF slope [%/s.], respectively.
Statistically significant correlations are found between inflection durations and sEMG
parameters. They are between t, gy, and RMS percentage change (r=0.44), between
tnmn and MNF slope [Hz/s.| (r=0.52), between t,, 1, and MNF slope [%/s.] (r=0.52),
between t,, g, and MDF slope |[Hz/s.| (r=0.56), between t, g, and MDF slope |%/s.]
(r=0.54), between t,, b0, and RMS percentage change (r=0.50), between t,, yro, and
MNF slope [Hz/s.| (r—0.46), between t,m,0, and MNF slope [%/s.| (r—0.45), be-
tween t,, mh0, and MDF slope [Hz/s.] (r=0.50), between ¢, 1m0, and MDF slope [%/s.]
(r=0.48), between t, ., and MNF slope |[Hz/s.| (r=0.43), between t,, ,;, and MNF
slope [%/s.] (r=0.43), between t,, o, and MDF slope [Hz/s.| (r=0.47), between t,, 55y
and MDF slope [%/s.] (r=0.45).
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Figure 6.22 Scatter plots between cw-NIRS amplitude parameters for Hb and sEMG parameters
which have statistically significant correlations for 75% MVC level, (* and bold font indicates P <
0.05)

6.5.2 Discussion

In this study, force measurement, surface electromyography (sEMG) and contin-
uous wave near-infrared spectroscopy (cw-NIRS) measurement techniques were utilized
for study of fatigue in isometric and isotonic exercise. The aim of this study was to
assess the effects of sport specific endurance and fatigue profile for sustained isometric
contractions during grip force with using surface EMG and NIRS parameters in rowers
and canoe athletes. The chosen muscle was FDS (flexor digitorum superficialis). The
exercise levels were 50% and 75% MVC levels. The subjects tried to keep hand grip

force level constant, which was presented to them real time on computer screen.
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Here, the findings are discussed under the headings of cw-NIRS findings, sEMG
findings correlation between sEMG and cw-NIRS parameters, possible applications and

limitations of the study.

6.5.2.1 cw-NIRS Findings. c¢w-NIRS parameters of A[Hb], A[HbOs| and ozy
initially had fast changes (fast increase for A[Hb], decrease for A[HbO,| and oxy).

A[Hb] and A[HbOg| changed in opposite directions linearly at speedy rates following
the immediately start of the exercise. These changes were speedy and at constant
linear rates immediately following start of the exercise. In fact at the immediate start
of the exercise before the fast change phase, there were some small fluctuations which
could be due to motion artifacts, i.e. handling the hand grip dynamometer and muscle
shape changes. At the start of the exercise, sudden force development to high levels
leads to muscular contraction and pressure increase, as well as blood movement under
the probed volume. In fact, DeLorey et al. [143] observed nearly 13 s. of unchanged
|[Hb| in the start of the experiment which was incremental cycling starting from 20W
to 80% of the lactated threshold level. The work transitions were 8 min. and were
preceded and followed by 20 W, 8 min. cycling. This unchange in [Hb| was explained
by the effects of muscular contraction on Hb volume rather than a “metabolic” inertia.
It can be said that observed transition before fast changes in our study was also caused

by muscular contractions.

In the fast phase, all patterns of A[HbOs|, A|HbO,| and ozy initially started
with fast changes. The fast phase at the beginning of the exercise is caused by blood
flow occlusion and high demand of oxygen by aerobic energy metabolism. Ozy signal
reflects balance between oxygen supply and oxygen demand. The force levels used in
our study is 50 and 75% MVC, which lead to intramuscular pressure and impaired
blood flow, which prevents oxygen supply. This observed pattern is also observed in
the previous studies in the literature. This initial fast phase change of NIRS derived
parameter of tissue oxygenation index followed by slow phase is shown also by Fellici
et al. [144] for static isometric exercises each lasting 30 seconds, and in the isometric

exercise study of Moalla et al. [145]. In the sustained (maintaining maximal force)
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static grip study of Yamaji et al.[141|, these fast phase followed by decreased change
rate was observed. In the study of Nakada et al. [146], the pattern is observed for
repeated rhythmic grip.

The exercise duration of higher force level at 75% MVC was significantly shorter
compared to the 50% MVC exercise, as expected. The slopes were steeper and inflection
durations were significantly shorter in 75% MVC level, the values given in section

6.5.1.1.

Our study confirms that muscle deoxygenation rate is higher for 75% MVC level
than for 50% MVC, supporting the finding of Felici et al. [144] who found that the
highest desaturation at 80% MVC level and that deoxygenation rate increased with
force level. In the study of Felici et al. [144], the static isometric exercises were at
20, 40, 60 and 80% MVC levels, each lasting 30 seconds for the biceps brachii muscle.
Sinusoidal isometric exercises were also performed from 20% MVC to 60% MVC (mid
level 40% MVC) and from 40% MVC to 80% MVC (mid level 60% MVC). The sSEMG
and NIRS measurements were simultaneous. On the contrary, Kahn et al. |[147] found
that highest muscle deoxygenation occurs at 50% MVC level. The study procedure in
Kahn et al. [147] consists of first isotonic isometric part where the aim is to maintain
predefined force level (either 25, 40, 50, 60, 70 or 100% MVC) until failure , and then

120 seconds for anisotonic isometric contraction.

As pointed in section 6.5.1.1, an interesting point to note is that mean magnitude
change parameters AR, and AR; were similar between the two exercise levels for all

three NIRS parameters.

The motivation behind inflection duration was that initial rate of change for
the cw-NIRS parameters were much higher than the rest of exercise for the isometric
exercise. The important and interesting finding was that inflection point determined
from fast phase (the first 15 s. of exercise duration) was mildly correlated with total
exercise duration (especially at 75% MVC where the correlations were 0.6 (P =0.052)
for A[Hb] and 0.59 for ozy (P =0.056)) which means it could give information about
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total exercise duration, hence endurance. Also when the two outliers were removed, the
correlation between inflection durations and exercise duration were to 0.53 for A[Hb],

0.54 for A|HbOs| and 0.63 for ozy (P =0.07).

The observation in these measurements was that after the fast phase, the pat-
tern in A[Hb] was usually a plateau like trace. However, A[HbOs| (and ozy) had
variations in the pattern after the initial fast phase region. Different patterns were
slowly decreasing, slowly increasing fluctuations or plateau like traces for the ory and
A[HbOs|. Ozy signal had different patterns. Afterwards this fast phase, there were
different patterns of slowly decreasing, slowly increasing fluctuations or plateau like

phases for the ozry signal.

Felici et al. [144] also reported that total Hb were not stationary even at 60%
and 80% MVC static exercise even at 60% and 80% static exercises (in the graphs, it
is increasing after initial decrease at the start), authors propose that this finding could
be explained by redistribution of forces between muscle units and of those attributable
to viscoelastic tissues leading to reduction in internal muscle pressure letting a blood
supply in small amount which does not match metabolic demand. van Beekvelt et
al. [51] observed total hemoglobin increase in the phase of arterial occlusion of 45 s.
protocol (applied after isometric exercise to find oxygen consumption), which is also
observed in some other studies where it is expected to stay constant [148, 149, 150, 58|.
van Beekvelt et al. [51] states that this is also seen in the figures of the studies in
Tamaki et al. [151] and Ferrari et al. [62]. This is explained not by incomplete
arterial occlusion but by redistribution of blood [148, 149, 150, 58, 51|. Fujii et al.
[152]| observed constant oxygenation level after rapid decrease in oxygenation during
regulated clenching for 10 s. (which is a much shorter duration) at 5 kg force placed

on the first molar of the mandible on the habitual chewing side, from masseter muscle.

The source of oxygen decrease can not be determined by cw-NIRS only, i.e.
it can be because of oxygen utilization or blood flow occlusion [153]. In any case,
observed decreases are important and can give idea about oxygen deficiency. In this

study, isometric exercise was chosen to perform an exercise under normal conditions
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(i.e. without under ischemia). However, the force levels were deliberately chosen to be
high (50% and 75% MVC) so that oxygen source will be restricted by muscle contraction
so that oxygen consumption and decline can be observable (i.e. oxygen consumption
would not be balanced with oxygen supply). Pitcher and Miles [154] states that under
MVC exercise, the blood flow becomes restricted until the force level drops below 50%
MVC and that fall of force during MVC is a measure of anaerobic fatigue and it is only

little and partially related to the performance of aerobic fibres.

After the end of exercise, A[Hb], A[HbOs| and ozy have fast recoveries with
hyperaemic phase. A[Hb] decreases while A|[HbOs| and ozy increases, again at speedy

rates like the phase in the start of the exercise.

6.5.2.2 sEMG Findings. In the experiments, typical sSEMG findings of MNF
and MDF decrease are observed in the subjects. SEMG parameters of MNF and MDF
had higher decline rates at 75% MVC level compared to the 50% MVC level. As given

in section 6.5.1, the meantstandard deviation values of slope values for 75% MVC
and 50% MVC levels are -1.0+0.3 vs. -0.5+0.3 [Hz/s.| (P <0.0001) and -1.0£0.2
vs. -0.5£0.3 [%/s.] (P <0.00001) for mean frequency. The slopes were -0.8£0.3 vs.
-0.4£0.3 [Hz/s.] (P <0.001) and -0.9£0.2 vs. -0.4£0.3 [%/s.] (P <0.0001) for median

frequency.

Mean percentage changes of the MNF and MDF parameters were close to each
other for the two exercise levels and two frequency parameters of MNF (34.84+17.6%
at 50% MVC and 36.0+£8.4% at 75% MVC) and MDF (34.2£18.7 at 50% MVC and
35.14£8.3% at 75% MVC), while the duration of 75% MVC level exercise is much
shorter. Hence it can be deduced that MNF and MDF were reduced to same per-
centage levels in 75% MVC level in much shorter exercise duration. The changes are
-34.8+17.6% (MNF at 50% MVC), -36.0+£8.4% (MNF at 75% MVC), -34.2+18.7%
(MDF at 50% MVC), -35.1£8.3% (MDF at 75% MVC).

Exercise duration had significantly higher correlations with sEMG parameters
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at force level of 50% MVC compared to 75% MVC level. At this force level, the
correlations between the duration of the exercise and slopes of least squares line fits for
MNF and MDF are above 0.54 (Tables D.6 and D.7), among them correlation between
duration and MNF slope ([%/s.]) is statistically significant when all data was included
(r=0.60, P<0.05). This correlations between exercise duration and sEMG parameters

disappeared at 75% MVC level. The correlation between exercise duration and the

slopes of fitted lines of MNF and MDF and were below 0.13 (Tables D.8).

The steeper decline in CV, MNF or MDF for higher force levels has been re-
ported also in various studies |155, 156, 157, 158, 159|. These are mostly explained
by conduction velocity decrease in muscle myofibrils and synchronization of different

motor units.

Power spectral density is affected by CV, MU firing rate, and also affected by
action potential shapes [160]. The power spectrum shift to lower frequency region is a
well reported fact for fatiguing exercises which is in general attributed to conduction
velocity (CV) |161, 162| decrease and motor unit (MU) synchronization [163, 164|. The
increase in low frequency part of the spectrum is more related to MU firing rate increase
while action potential conduction velocity decrease is stated to be responsible for the
high frequency content loss [165, 160, 166, 167|. MNF or MDF is reported to be linearly
related to CV [168, 169, 170|. Accumulation of energy metabolism by-products such
as lactate hold responsible for CV decrease by leading to reduction in action potential
conduction velocity [171]. Potassium ion concentration ([K*]) increases because of
prevention of blood flow during sustained isometric contractions [172, 173, 174| which
causes decrement of gradient across muscle fiber membrane, decrease of muscle fiber
excitability [175], and also decrease of CV [176]. pH is also reduced by increase in the
concentration of lactic acid, since accumulation of it also impairs excitability of muscle
membrane [171, 159, 176]. There are studies demonstrating link between MNF and
lactate production (Moritani et al. [177] and Horika and Ishiko [178]). A detailed list
of factors affecting the EMG signal is given in DeLuca [165].

Impairments in excitation-contraction coupling because of drop in Ca?*" release
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as well as reduced Ca?* sensitivity of the contractile proteins and T-tubule excitability

reductions are all leading to fatigue development [179).

Sadoyama et al. [180] states that spectral modifications are partly due to CV
decrement. Masuda et al. [176] found that although MDF decreased during both static
and dynamic contraction, CV did not decrease during dynamic contractions but in
static contraction. An apparent difference is blood blow which allows intermittent oxy-
gen supply and removal of metabolic by-products during dynamic contractions. This
also shows that CV is not the unique factor determining MNF/MDF change. Zwarts
et al. |181] also points out that CV is not the only factor for MNF/MDF changes.
They have observed partial MDF recovery without CV recovery during recovery under

ischemia after isometric contractions at 40% maximum voluntary contraction.

Fast fibers of larger motor units are recruited with increasing force [182]. This is
according to the Henneman’s ’size principle’ [183] which states that recruitment order
is from low threshold type I motor units to high threshold type II motor units. Type
IT motor units have higher CV’s because of shorter duration action potentials [184]. In
terms of MNF decrease, fatigue is more pronounced in type II fiber dominant muscles

by Komi and Tesch [185], Moritani et al. [186, 187, 188].

In this experiment results, mean RMS changes were positive with very large vari-
ation, 1.0£1.3 and 1.240.9 [%/s.] for 50% and 75% MVC exercise levels, respectively.
Sustained submaximal constant force isometric exercises have been reported to have
the finding of integrated EMG (analogous to RMS) signal increase [189, 190, 49, 168|
to compensate for contractility impairment which is explained with MU recruitment
and firing rate increase [191, 49|. Fatigue also influences MU recruitment [190]. RMS
signal decrease is observed for MVC (100% MVC) exercises [192, 190], different than

submaximal isometric exercises.

6.5.2.3 Revealed Fatigue Mechanisms. It is clear that reduced [HbO,| levels

indicated oxygen usage and its limitation by muscular contraction at the employed high
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force levels. Sustained contraction limited supply of the oxygen and other metabolites
needed for energy production and prevented clearance of metabolic by-products by

impaired blood flow.

Studies show that muscle flow constriction is started in sustained contraction
over about 20-25% MVC [193, 194, 195, 196]. Sadamoto et al. [197] found increasing
mean rectified EMG and IMP when force kept constant. They concluded that muscle
tissue compliance decreased during fatigue. It has been shown that intramuscular
pressure (IMP) is positively correlated with force during static contractions [198, 199].
This leads to compression of vascular beds and occlusion of blood flow since since
muscle arterial pressure is likely to exceed mean arterial pressure [200], hence restriction
in blood flow [197, 201, 202, 147|. Since large flow means large oxygen supply, IMP
increase causes decrease in oxygen supply. In this case, intramuscular oxygen is utilized.
The occlusion of blood flow also prevents the removal of muscle metabolic by-products
and maintenance of homeostasis in the muscle [40]. In normal conditions, blood flow
increases with exercise intensity for the higher oxygen demand. However, higher force
level increases IMP, which are related linearly [198, 201|. Local vasodilation takes place
because of released nitric oxide, adenosine and acetylcholine. Blood flow increase by
local vasodilation during exercise is counterbalanced by mechanical forces which cause
IMP increase. In the hyperemic phase after exercise, these two effects work in the same

direction for blood flow increase |203].

Force production increase is possible by increase in muscle fiber firing rate
and/or new recruitment of motor units. The important thing for energy metabolism
is that the proportions of energy production from aerobic and anaerobic metabolism
are determined by exercise intensity [204]. High intensity exercise leads to an increase
in the proportion of anaerobic metabolism [204, 205]. The contribution to the energy
production of the slow twitch fibres becomes limited in the absence of oxygen although
they are highly resistant to fatigue under adequate oxygen supply. Under hypoxic
conditions the performance of fibers which use anaerobic pathways dominantly are af-
fected to much less extent [154]. However their performance would be affected by the

accumulation of metabolic by-products by the occlusion blood flow. Accumulation of
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H* (pH drop) and an orthophosphate (usually just called phosphate, released by the
hydrolysis of ATP or ADP) leads to fatigue development [206, 207, 208]. Hamaoka
et al. |209| also stated that their observations indicated that anaerobic metabolism

becomes prominent at intensities from 15-20% MVC compared to 10-15% MVC.

The hypothesis we put forward is that inflection point corresponds to the time
when proportion of aerobic energy pathway is decreased significantly and proportion
of anaerobic energy production starts to increase because of unavailability of oxygen
in isometric contraction at high levels of 50% and 75% MVC. At the fast phase, the
available oxygen is consumed by aerobic energy production mechanism until its concen-
tration drops below a certain level. As pointed in CW-NIR findings, mean magnitude
change parameters AR, and AR; were similar between the two exercise levels for all
three NIRS parameters. Hence this confirms that oxygen was consumed until it drops
to same level at 50% and 75% MVC levels exercises, being faster in 75% MVC level.
After this level, proportion of anaerobic energy production pathway should increase to
compensate for the drop in aerobic energy production loss. The plateau region after
fast phase was much shorter in 75% MVC level exercise since the required high energy

can not be supplied by anaerobic pathway alone for long time.

The higher exercise duration was correlated with inflection duration (i.e. longer
fast phase region). This could reflect difference in the subjects’ usage of aerobic and
anaerobic energy pathways (i.e. different proportions in the fast phase between sub-
jects) because of differences in fiber types or training effects. Another explanation
could be that, although care was taken to ensure that all subjects did the experiment
in the same condition, somehow more blood flow occurred in some subjects leading
to more oxygen availability, consequently resulting in longer fast phase and plateau

regions, hence longer exercise duration.

In fact, tissue oxygen level does not decrease down to 0 level even for long
ischemia. Hamaoka et al. [209] found 26.1% oxygen saturation even after 6 min.
ischemia, the value confirms their previous study [97]. They discuss that the origin of

this remaining oxygen is not known exactly but possibly mitochondrial availability of
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oxygen decrease leads to beginning of anaerobic metabolism to take over the aerobic
metabolism. Also remaining oxygen in the venous site is not easily exchangeable with
the mitochondria. Hence reduced oxygen decline rate can not be only explained by
its reduced concentration, but reduced concentration affects its availability to aerobic

energy pathways.

An important finding of linearity deviation at high force levels for the relation-
ship between oxygen consumption and force was found by van Beekvelt et al. [51].
They explained it with blood flow restriction causing mismatch with oxygen demand
and supply. Another possible cause they put forward was involvement of other muscle

groups at high force levels for additional force production.

It is pointed out that although there is evidence that energy deficiency is a
determinant factor during high-intensity exercise, the situation is more complex for
prolonged exercise. Energy deficiency is not the sole explanation for prolonged exercise.
Recovery of force after a 75% VO2max cycling exercise is found to have first rapid and
then slow recovery, while PCr reverses above the pre-exercise level after 5 min. recovery,
shown by Sahlin et al. [210]. In high intensity exercise, however recovery of force and

PCr is parallel.

Kimura et al. [211] employed isometric wrist flexion exercise at 30%, 50% (1
min.) and 70% MVC levels (up to exhaustion). NIRS and *'P-MRS techniques were
used for investigation from flexor digitorum superficialis muscle, non-simultaneously for
the same exercise. First exercise was done under arterial occlusion, called Intramuscular-
0O2-Ex. Confirming results of this study and other studies, initial decline in oxygenation
was found with rise in decline rate with exercise intensity increase for Intramuscular-
O2-Ex. This phase was followed by a plateau or slight decline. The initial decrease

was interpreted as indication for activation of intramuscular oxygen.

Also another exercise called Anaero-Ex was performed which was preceded by
6 min. arterial occlusion to deplete oxygen before exercise. ATP costs between were

found to be similar between Intramuscular-Os-Ex and Anaero-Ex, sum of ATP pro-
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duction rates (sum of oxidation, PCr break down and glycolysis) were not significantly
different. Low intensity exercise at 30% MVC reflected difference between two exercises
in which PCr breakdown rate was significantly lower for Intramuscular-Os-Ex which
shows contribution of aerobic metabolism. Hence authors commented that aerobic

metabolism may contribute to maintaining PCr level until oxygen depletion.

Confirming the finding of Fellici et al. [144], Kimura et al. [211] did not find
significant difference between the decline rates of oxygen for 50% and 70% MVC levels.
Besides they found that minimum oxygen level for 70% MVC was higher than other
levels which drives the authors to conclude that it was not consumed although it
exists adequately because of restriction in availability of oxygen. Another explanation
they offer was the larger contribution of anaerobic metabolism at higher intensities
increasing from start of the exercise at higher intensities which is fast and efficient in
terms of energy production speed. Another finding at these high intensities was the
high proportion of glycolysis to energy production. An important thing to note is that
the authors found these for the fast phase of the exercise. As in Fellici et al. [144],
the authors attributed linear increase in linear oxygen consumption increase up to the

50% MVC level to progressive recruitment of type I fibers.

The energy metabolism also influences central nervous system (CNS) by altering
plasma metabolite concentrations [204], hypoglycemia, hyperammonaemia. CNS has a
significant role in fatigue in terms of motivation and central drive. Hence, this is also

another factor besides energy deficiency in fatigue development.

6.5.2.4 Found Biometrics for Endurance Prediction. The sEMG parameters

had very high correlation between exercise duration at 50% MVC but this correlation

disappeared at 75% MVC level. The correlations were low at 75% MVC level.

The lower loading at 50% MVC may have caused more stable load sharing be-
tween fibers and a more controlled experiment compared to 75% MVC. These may have

caused more ‘balanced’ force production and 'smooth’ and delayed fatigue development.
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These could explain the higher correlations between exercise duration and sEMG pa-
rameters at 50% MVC level. Motor unit rotation (or substitution) states that fatigued
MU'’s can be switched with more ready’ motor units |212, 213|, which is speculated to
be for protection of motor units from excessive fatigue for sustained low-level muscle
activity [213]. This mechanism will likely to be better at lower exercise force level of
50% MVC level compared to 75% MVC level at which most of the muscle fibers would
be working, i.e. at 75% MVC rotated muscle fibers would not be 'ready’ compared to

lower exercise levels.

Another thing to note is that exercise duration range was much longer for 75%
MVC level compared to 50% MVC level. Exercise durations at 75% level were between
30.5-45.0 [s.] (37.6+4.8 [s.], COV (coefficient of variation = 100 x u/0)=13%), much
shorter than the durations at 50% MVC level which were between 52-121 [s.] (83.0£20.8
[s.], COV=25%). The range was much shorter for 75% MVC level 14.5 [s.] (45 -30.5)
compared to 50% MVC level (=121-52= 69 [s.]). Hence at 75% MVC level, the exercise
duration was already confined in 30.5-45.0 [s.] band. Although the force levels in this
study were high, submaximal exertion studies are comfortable than maximal force
studies, where role of voluntary control increase with the interference effect of pain
[167, 214]. At 75% MVC level, the pain and related CNS factors could have affected

exercise duration more compared to 50% MVC level.

The important and interesting finding was that inflection durations determined
from fast phase (the first 15 s. of exercise duration) was mildly correlated with total
exercise duration which means it could give information about total exercise duration,
hence endurance. The correlation between inflection durations and exercise duration
jumped to 0.53 for A[Hb], 0.54 for A[HbO,| and 0.63 for ozy (P =0.07) when the two
outliers were removed (shown in Figure 6.16 and given in Table D.7). The correlations
were 0.6 (P =0.052) for A[Hb|, 0.48 for A|HbOs| and 0.59 for ozy (P =0.056) at 75%
MVC, all data included.

It can be put forward that sSEMG parameters of MNF and MDF slopes could be
good performance predictors, especially at low force levels (i.e. at 50% MVC level). The
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cw-NIRS derived parameter of inflection duration promises to be a good performance

indicator at both 50% MVC level and 75% MVC level.

6.5.2.5 Correlation Between sEMG and cw-NIRS Parameters. c¢w-NIRS is

related mostly to energy related processes and factors while sSEMG shows impairment
of contractibility of muscle myofibrils reflected in surface motor unit action potentials.
Oxy signal derived from cw-NIRS reflects balance between oxygen supply -which is
affected by increased intramuscular pressure- and oxygen demand. MDF decrease is
mostly explained by conduction velocity decrease in muscle myofibrils and synchro-
nization of different motor units. Hence cw-NIRS is related mostly to energy related
processes and factors while sSEMG shows impairment of contractibility of muscle my-
ofibrils reflected in surface motor unit action potentials. sEMG characteristics (i.e.
power spectrum) depends on both muscle fiber membrane properties (which reflects
peripheral properties) and timings of MU action potentials (which depend on CNS).
Hence sEMG contains information about central and peripheral properties of neuro-

muscular system [215].

In our study, statistically significant correlations were found between SEMG and
cw-NIRS parameters. The particular to note were the correlations between inflection
durations and sEMG frequency parameters of MNF and MDF, especially at 50% MVC
level. The number of statistically significant correlations were few for 75% MVC level
and correlation values were lower. Based on these results, it can be claimed that
change in sSEMG parameters which contain both peripheral and central properties of
neuromuscular system is also reflected to a degree in cw-NIRS parameters, especially

at 50% MVC level.

Felici et al. [144| observed the deoxygenation change decreased whereas SEMG
parameters of MDF fast phase slope had greatest difference between 60% MVC and 80%
MVC and they state this finding shows recruitment of mostly type II B glycolytic fibers
after 60% MVC. In contrast, they observed reduced MDF and CV change (especially

in 40 to 80 % MVC exercise) in sinusoidal isometric exercise which they explained
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by marginal and intermittent recruitment of mostly anaerobic MU’s. Oxygen initial
utilizations were nearly identical compared to static isometric exercise, however. In
accordance with the explanation of Felici et al. [144], the highly valued statistically
significant correlations observed in 50% MVC and their disappearance at 75% MVC
level can be explained by recruitment of mostly aerobic fibers in 50% MVC level, but

increased use of anaerobic fibers at higher force levels.

It can be claimed that (based on the experience with the data) MNF parameter
did not change at high levels initially at the start of the experiment (i.e. initial 5-10
sec.) where ozy signal had a fast decline. Afterwards, MNF parameter has a decreasing
trend whereas ozy signal change speed is much slower compared to the initial decline

rate.

In the previous studies for sEMG and cw-NIRS relationship, Praagman et al.
[54] found linear relationship between sEMG activity and oxygen consumption. In the
study of Moalla et al. [145] which used submaximal isometric contraction at 50% MVC,
a strong correlation was found between muscle oxygenation and MNF and a negative
correlation was found between RMS and muscle oxygenation. These are in agreement

with our findings.

6.5.2.6 Possible Applications. Fatigue is a complex phenomenon depending on

many factors, besides muscle load, duty cycle and timing [216|. It can lead to injuries
both in workplace, sports or daily life. Pain and suffering are indicators for us to avoid
such consequences. There is a need for accurate biometrics to provide information

about fatigue failure to prevent injuries.

During contraction, different/increasing number of motor units can be in action
depending on the recruitment pattern. As the force production continues, ions’ balances
around the sarcolemma change, metabolic by-products increase, ATP reserves and ATP
regeneration rate may decrease, O2 and energy supply could be hindered by blood flow

occlusion because of increased intramuscular pressure, pH levels could decrease, Ca2+
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release from sarcoplasmic reticulum could decrease, affinity of troponin to Ca2-+ could
decrease all leading to impairment of propagation of action potential. The problem in
understanding fatigue is that any one of these factors in the chain can be a limiting
factor in force/power production of the muscle. Identifying fatigue causing factors and
to determine which one is most responsible for different tasks and experiment conditions
are challenging tasks, and investigations are ongoing for achieving these aims. It is a
challenging task to isolate a single step in this process chain, especially on humans
[128]. It can be put forward that simultaneous use of NIRS and EMG could help us
identification of possible fatigue causing factor(s) and isolate them from other possible

ones.

Such studies will be important in exploiting the use of cw-NIRS and searching
endurance and fatigue background mechanisms. These studies are valuable also in both
performance monitoring of athletes, evaluation and planning of new training programs
as well as in ergonomics to make work places healthier for employees. As it has been
put forward by Sparto et al. [167]|, break times at work can be set to coincide with
fatigue times with the knowledge acquired in studies like this study, increasing work
safety. There is also need for biometrics that could be derived from cw-NIRS along
with parameters from sEMG in physical medicine and rehabilitation to monitor the

recovery of patients with objective parameters.

6.5.2.7 Limitations of the Study. The basic and biggest limitation in this study

is that whether the probed muscle volumes by cw-NIRS and sEMG are the same or not.
The difference in probed muscle volumes may have caused investigations of different
muscle groups by the simultaneous use of cw-NIRS and sEMG. The flexor digitorum
superficialis muscle is located by palpation during forth finger resisting against external
resistance [140] and then sSEMG and ¢w-NIRS electrodes are placed on top of the muscle
next to each other. The silver/silver chloride (Ag/AgCl) sSEMG electrode probes are
trimmed from borders since space was needed. The center line between the two probes
is on the muscle. However, this muscle is not so big, i.e. compared to biceps brachii

muscle which is the muscle investigated in the study of Felici et al. [144] who used
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simultaneously cw-NIRS and sEMG. The size of the muscle may have caused in some
subjects crosstalk from other muscles since there are other muscle in the very close

neighborhood.

Another point of consideration is skin blood flow effect. Influence of skin blood
flow on NIRS measurements have been found to contribute less than 5% for a source-
detector distance greater than 2 cm by Hampson et al. [217, 218|. In our study, the
used source detector distance is 3.0 cm. In some studies however, it is proposed that
skin blood flow contribution can be significant by Buono et al. [219] and Davis et al.
[220|. These findings have been criticized by Quaresima and Ferrari |221]| and Ferrari
et al. [222| that in these studies source-detector distances are rather small (2.5 and 2.0
cm) which will decrease sensitivity, and they added that source-detector distances in
new studies are longer. The common comment in all these studies is that more studies
are needed to clarify the skin layer effect. It is also expected that local blood flow
occlusion caused by high level of exercise contractions (50% and 75% MVC) employed

in this thesis limits skin blood flow effect.

Another problem is that cw-NIRS has a quantification problem not for only
absolute but also for concentration changes since partial path length in the muscle (or
gray matter for brain measurements) is not known. Further complicating the problem,
DPF changes during exercise. As stated in section 4.2.1 of chapter 4, Ferreira et
al. [117] reports 5-10% decrease during forearm ischemia with and without maximal
voluntary contraction and during brain hypoxic hypoxia [113|. Using another NIRS
technique, Ferreira et al. [117] found that assumption of constant optical scattering
leads to an overestimation of the changes in NIRS variables during exercise. DPF is

also found to be varied by 4-10% during the occlusion through arm [20].

One method for alleviating this problem is dividing concentration changes to
another value obtained for some known exercise. Obtaining this relative measure can
be useful and adequate for the purposes of monitoring oxygenation levels compared to
a known state level (or comparing levels before and after exercise) [153|. The normal-

ization of NIRS signal to the range obtained by values starting from rest (0% MVC) to
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50% MVC was the method in the study of Yamada et al. [223]. Hamaoka et al. also
used normalization using maximal deoxygenation during exercise [224|. In our study,

the amplitude values obtained at 75% MVC level were used to obtain normalized am-

plitude parameters.
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7. CONCLUSION

The first aim of the thesis which was to provide a detailed analysis of the fat
layer effect on continuous wave near infrared measurements. The analysis was carried
out with Monte Carlo simulations for homogeneous skin-fat-layer layered heterogeneous
tissue model. The system assumed was a two-wavelength system where the wavelengths
are in 675 to 775 nm range for the first wavelength and in 825 to 900 nm range for
the second wavelength and in total twenty four wavelength pairs have been used. We
found an explicit effect that is mean values of the absolute underestimation errors and
absolute crosstalks computed over considered wavelength pairs increase for a thicker
fat layer. An interesting result was that means of absolute underestimation errors
Eibo,,3.0h and absolute crosstalks Chp—mb0,,3.05, Over considered wavelength pairs
have been found to be higher while the estimation errors for the concentration changes
of the two chromophores are calculated to be closer for the ischemia protocol due to
the crosstalks. We came to the conclusion that measurement of the fat thickness values
and providing information about it should become a standard routine as suggested by

van Beekvelt et al. [116] for the cw-NIRS measurements.

A correction algorithm is outlined for the homogeneous medium assumption
based MBLL calculations with the use of wavelength dependent partial path length
in the muscle layer derived with Monte-Carlo simulations instead of the used constant
dxDPF factor. The algorithm can be used with multi-wavelength cw-NIRS systems
also. The usefulness of the proposed algorithm is shown in chapter 4 on the data of

van Beekvelt et al. [21]| in comparison with the correction curves of Niwayama et al.

105, 104].

Two detector cw-NIRS system is also analyzed and compared with 1-detector
cw-NIRS system. The performance is promising but ‘true’ assumption of initial optical
coefficients of the layers poses a challenge for the performance. Theoretical investiga-

tion of the two detector system with 5,10 and 15 % erroneous assumption of partial
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pathlengths and mean pathlengths is done also, where the underestimation error of
muscle layer increases with deviation from real partial path lengths (both increase and
decrease of the used values from real partial path lengths increase the error). Detailed
experimental studies are needed for applicability of the method and for the investiga-

tion of offered improvement.

Muscle measurements for muscle fatigue and endurance investigations have been
done using the three measurement modalities of cw-NIRS, SEMG and force-time. The
study aimed at deriving fatigue and endurance related biometrics for possible use in
sports and ergonomics as well as investigation of physiology of fatigue. The study re-
vealed some physiological processes related to fatigue. Blood flow impairment was ob-
served through reduced oxygenation which impairs clearance of metabolic by-products
and supply of oxygen and other metabolites needed for energy production, all leading
to fatigue. ¢w-NIRS derived inflection duration gave promising results for endurance
prediction. High correlation coefficients were obtained at both 50% and 75% MVC
levels. sEMG frequency parameters of MNF and MDF had also moderate correlations
at 50% MVC but not at 75% MVC level. A lot of statistical significant correlations
were found between sSEMG and c¢cw-NIRS derived parameters, especially at 50% MVC
level. These provided the evidence the link between muscle energetic processes mon-
itored with cw-NIRS technique and neuromuscular characteristics reflected in sEMG

technique during fatigue.

Other studies should be performed to validate the results obtained in the hand
grip exercise study in this thesis. There are still few studies in the literature with si-
multaneous SEMG and cw-NIRS measurements. In the future studies, a bigger muscle
having more volume should be selected for simultaneous cw-NIRS and sEMG measure-
ments to eliminate to crosstalk from other muscles for sEMG and to ensure examination

of same muscle property by both sEMG and cw-NIRS techniques.

In addition to understanding physiological processes underlying fatigue, these
type of studies are valuable also in both performance monitoring of athletes, evaluation

and planning of new training programs as well as in ergonomics to make work places
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healthier for employees. There is also need for such biometrics in physical medicine and
rehabilitation to monitor the recovery with objective parameters. This way, evaluation

of physical training programs could be possible.
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APPENDIX A. Calculating AJHb] and A[HbOs] from
cw-NIRS Data

In cw NIRS, resting state of the tissue is measured by 30 seconds to 1 minute
and detected light intensity is averaged to get resting level detected light intensity
[r%\est'

as ODA(t).

Time varying light intensity changes starting from resting duration are denoted

I)\
ODi\est =In (I)\_O> = (Ei\ X Cl,rest + eé\ X CQ,Test + ...+ Ef\z X Cn,rest) (Al)

rest

xr x DPF* + G*

ODA(t) = In < L > = (e xalt)+e xoat)+..+ e xco(t)) xr (A2)

xDPF* + G*

superscript A indicates a particular wavelength, OD” is optical density, I, is the in-
tensity of the light sent into the tissue, €} and ¢; are the specific absorption coefficient
(OD/em/mM) and concentration (mM) of the chromophore i in the medium respec-
tively, r (cm) is the minimal geometric distance between light source and detector,
DPF? is the differential path length factor. DPF? equals mean optical path length
of the photons (<L*>) divided by r. G* factor is due to medium geometry and light

scattering.

Difference between the OD*(t) and OD?. _, eliminates geometry dependent factor

Tes

G* and is proportional to the concentration changes of absorbing chromophores;

A
ODXt) —OD,., = In (]];z?)) = (e xDci(t)+...+ ey x Acy(t))  (A3)

xr X DPF?

(Ack(t) = cu(t) — Crpest)

It is assumed that geometry and scattering dependent G* and DPF* factors does not
change during measurement time. Moreover it is assumed that concentration changes

are small.
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In general constant DPF value is used instead of wavelength dependent DPF*

value. For a cw-NIRS system having two wavelengths of light at 730 nm and 850 nm,

we have
0O D3 nm(t) = (6%58 X ACHb(t) + E%5t?02 X ACHbOg (t)) x r x DPF (A4)
0D mm () — (e{ﬁf x Acm(t) + 617{3}?02 X Acmpo, (t)) x r X DPF (A.5)
This equations can be written in matrix form as;
O D80 nm(t) . DPF. 6%5]9 ESHSI:?OQ . ACHb(t) (A 6)
OD730 nm(t) 617{35 E7H3t?02 ACHbOg (t)

Using this matrix formulation, it is straightforward to get concentration changes

of HbO, and Hb as given below;

-1

Acwn(t) 1 0 e 0D m (1) o
i Acibo, () | r - DPF 617—1319 6121315)02 O D730 nm (4
Acqy (t) _ 1 617{3802 _68H51?02
Aemos(t) | 7 DPF- (@R, — AR, | _aw e
OD850 nm(t)
(A.8)
OD730 nm(t)
and finally;
Rem(d 617{?1000201)850 mn (4 €8H51§)02‘OD730 i (4) (A9
CHb = .
7 DPF - (65-i, — -0ho.)
—6730.0D850 nm(t) + 6850.0D730 nm(t)
Acrno, (1) = —2 850 _730 H_b 730 _850 (A.10)
r - DPF - (e €fib0, — €fib -€iibos)

Using these two final Eq. A.9 and A.10, it is possible to calculate the concen-

tration changes of HbOy and Hb relative to a resting baseline level.
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APPENDIX B. EMGALY.1.2: Surface Electromyography

Analysis Software with Graphical User Interface

Surface electromyography is the temporal and positional summation of muscle
fiber action potentials triggered by the central nervous system. This signal contains
valuable information about central nervous system, peripheral nerve-muscle system
and related physiological processes. EMGALY.1.2 software [225] has been developed
to assist researchers probing this signal for basic variables’ investigations. The software
has been developed in MATLAB environment for upgrade easiness and for the ease of
the user a graphical user interface has been provided for execution of all commands. In
its current form software use has been maximized for studies using isometric exercise
protocols and enables investigation of the basic variables like root mean square, mean
frequency (MNF) and median frequency (MDF). Time range for analysis can be labelled
by the user and this selected range can be divided up to 20 segments for analysis. The

program is still being improved for add-ons, shortcomings and possible errors.

B.1 General Properties

The program allows all operations to be executed using the GUL. With the help
of a found program, it can read data in BIOPAC format. Non-overlapping window size,
threshold value (percentage of peak RMS value) to be used for noise removal can be
set by the user. Raw-EMG signal is high pass filtered by a 10 Hz 4** order Butterworth
filter. Besides a notch filter is added to the program for 50 Hz power line noise removal.
EMG signal, MNF, MDF, and averaged instantaneous frequency (AIF) computed from
analytic signal [226, 227| can be all shown in the GUI. For sEMG signal s, RMS signal
in a time window is computed by;

RMS = (B.1)
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sEMG signal s having a power spectrum P(f) in a time window, MNF and MDF are

calculated using the equations below;

Iy~ fP(f)df
MNF = =o——"— .
AT 2
MDF 0
[ pwa = [ P (B.3)
0 MDF
(B.4)
Analytic signal z(t) for corresponding signal s(t) is defined by the equation
() = s(t) + FH[s(0)] (B.5)
with analytic phase ¢(t) = arctan (%) (B.6)

H[] defining the Hilbert operator defined by the equation;

Hls(t)] = /_OO 30 g (B.7)

ot — T

Averaged instantaneous frequency is computed from the first derivative of the analytic

phase function averaged over the computed time window.

AlF = — 1 / o ¢ (t)dr (B.8)

Lrinat — tinitial Jt,,,010

The time portion to be processed can be selected with the help of RMS signal
or MNF signal shown on the graph. The program -if it can find- automatically labels
exercise start and stop times for guiding the user. Slopes of least squares fittings for
the mentioned parameters are found for the entire selected exercise time portion as well
as initial and final values, % changes, slopes in %/seconds. Selected time range can
be divided into up to 20 segments for segment based analysis. For each segment, same
analysis is done as in selected whole time range. Results for the EMG signal analysis
can be written to a file including results for whole selected time range and results for

each time segment.
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APPENDIX C. Partial Path Length Values in the Muscle

Layer

Partial path length in the muscle < L}, > computed with Monte Carlo simula-
tions are given in this appendix for source-detector distances of r = 2.0, 2.5, 3.5, 4.0,
4.5, 5.0 cm and the ring thickness dr is 0.5 mm. Details of simulations are given in

chapter 3. Skin thickness is taken as 1.4 mm.
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APPENDIX D. Individual Parameter Values for Hand Grip

Exercise

Table D.1
Physical characteristics of the subjects

Subject Age Height Weight BMI Fat thickness on Maximum

No. [years] [m.| [kg.] [kg./m?] FDS muscle [mm.] grip force |kg.]
1 19 1.76 73.0 23.6 2.00 47
2 22 1.85 69.0 20.2 1.75 o4
3 21 1.82 75.0 22.6 2.00 26
4 24 1.96 105.0 27.3 4.00 65
5 23 1.90 74.0 20.5 1.50 92
6 21 1.87 72.5 20.7 2.50 48
7 30 1.74 75.0 24.8 1.50 92
8 23 1.78 75.0 23.7 2.00 o1
9 18 1.76 73.0 23.6 2.00 47

10 24 1.84 74.0 21.9 1.50 57
11 24 1.81 82.0 25.0 2.00 45
I 22.6 1.8 77.0 23.1 2.1 52.2
o 3.2 0.1 9.8 2.2 0.7 2.9
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Table D.6
Correlation coefficients between SEMG parameters and NIRS parameters for 50% hand grip
isometric exercise level (bold font indicates P < 0.05)

RMS Mean Frequency Median Frequency
= < o < @ o < o @
- - - -
A X »n X n »n X »n n
Duration [s:] 1 044  0.30 0.26 0.59 0.60 0.18 0.56  0.55

ARy |awu]| 0.13] 017 016 | 0.02 0.11 014 | 0.00 0.03 0.10

AAI%; maw] | 0.04 | -0.13 -0.13| -044 -0.19 -027 | -0.39 -0.20 -0.28

Z ot [s]|033) 038 035] 021 041 034 027 046 036
d AR, [auw]| 017| 038 0.36| -0.09 013 0.03| -0.09 007 0.0l
B nu][-013 | -017 016 | 0.52 -035 -0.40| 046 -035 -0.41

m [aw] | 0.00] 009 009 | -032 -027 -025| -0.35 -0.34 -0.28

AR; law]|-021|-0.62 -0.61 | -0.03 -0.16 -0.07| -0.03 -0.11 -0.10

_ ﬁﬁ% maw] | 0.00| 002 003] -0.59 -041 -049 | -0.55 -0.43 -0.48
% tn  [s]| 031] 047 043 | 017 035 028 | 024 041  0.32
J AR, [auw]|-014| 021 -017| 047 022 031| 049 028 0.34
LB [u]|-022| 014 015 |-0.69 -0.55 -0.60 | -0.65 -0.55 -0.62

m [aw] | -0.01 | 0.01 0.03| 034 029 026| 039 037 0.30
AR; [au] |-020| -050 -049 | -0.14 -027 -022 | -0.14 -020 -0.22
AATRJ{S maw] | 0.01| -0.10 -0.09 | -043 -0.20 -0.30 | -0.38 -0.20 -0.30

tn ]| 030] 033 020] 010 031 024| 016 036 026

S AR, [aw||-020| -0.30 -027| 027 -0.01 0.10| 028 005 0.3

]
]

AATR% [nu] | -0.18 | -0.26 -0.26 | -0.62 -0.42 -0.50 | -0.57 -0.43 -0.52
]| 005] -0.00 000 036 031 030| 040 039 0.34

m  |a.u.




Table D.7
Correlation coeflicients between SEMG parameters and NIRS parameters for 50% hand grip isometric
exercise level when two outliers (subjects 2 and 5) are excluded (bold font indicates P < 0.05)
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RMS Mean Frequency Median Frequency
‘E-‘ (] ’: [¢D] { E [¢D] { E
= < o < @ o < @ @
= o & © 5} & © 5} &
A ISN n SN n n SN n n
Duration [s.] | 1.00 0.56 0.26 0.22 0.57 0.59 0.10 0.54 0.55
ARy |au] | 0.20 0.61 0.55 0.03 0.17 0.21 0.03 0.11 0.18
AATR;J; [n.u.] | -0.06 0.46 055 | -048 -0.38 -0.36 | -0.46 -0.45 -0.37
g tn [s] | 0.53 0.21 005| 0.73 0.92 0.81 | 0.68 0.92 0.80
?] AR, [au.]]| 0.19 | 0.74 0.67 | -0.19 0.13 0.00 | -0.19 0.07 -0.03
AA%’} [n.u.]| | -0.50 0.01 0.14 | -0.72 -0.78 -0.73 | -0.67 -0.82 -0.75
m  [au] | 0.12 0.60 054 | -0.56 -0.30 -0.32 | -0.57 -0.37 -0.37
AR; |au. | -0.18 | -0.80 -0.78 0.19 -0.06 0.09 0.23 0.03 0.09
_ AA}I%; [n.u.] | -0.08 0.18 0.22 | -0.67 -0.56 -0.63|-0.71 -0.63 -0.64
% tn [s.] | 0.54 0.31 0.13 0.50 0.81 0.59 043 0.80 0.58
?] AR, |au.]]|-0.17 | -0.64 -0.54 0.54 0.19 0.31 0.57 0.26 0.35
AAII%%Z:% [n.u] | -0.34 | -0.07 -0.07 | -0.76 -0.69 -0.71 | -0.76 -0.72 -0.76
m |au.] | -0.16 | -0.62 -0.53 0.49 0.25 0.25 0.51 0.32 0.29
AR; [au]|-0.19|-0.75 -0.72 | -0.03 -0.23 -0.16 | -0.02 -0.15 -0.15
% [n.u.] | -0.23 0.16 029 | -0.66 -0.56 -0.68 | -0.66 -0.63 -0.69

¥
tn [s] | 0.63 0.34 0.14 | 0.68 0.93 0.79 0.61 0.93 0.78

S

g AR, [a.u] | -0.22 | -0.74 -0.64 0.32 -0.04 0.09 0.33 0.03 0.13
AAT{DZ% [n.u] | -047 | -0.11 -0.06 | -0.77 -0.74 -0.76 | -0.75 -0.76 -0.81
m  |au.] | -0.08 | -0.58 -0.54 0.56 0.31 0.34 0.57 0.39 0.38




Table D.8

Correlation coefficients between SEMG parameters and NIRS parameters for 75% hand grip
isometric exercise level (bold font indicates P<0.05)

134

RMS Mean Frequency Median Frequency

508 x5 & 5 & 3

A X n X 75) n X n n

Duration [s.] | 1.00 | 0.40 0.23 | -0.40 -0.09 0.07 | -0.45 -0.04 0.13
AR; |au]|-0.11 | -0.12 -0.12 | 0.71 0.53 0.65 | 0.70 0.39 0.63

= tn [s.] | 0.60 | 0.38 0.27 | -0.06 0.25 0.26 |-0.12 0.28 0.29
% AR, [au] | 0.01| 0.15 0.16 | 0.63 0.66 0.67 | 0.61 0.58 0.64
m Jaa] | 0.06 | -0.01 0.00 | 020 021 0.20| 0.27 0.28 0.29
ARy Jau]| 0.00| 0.01 0.03]-0.55 -041 -0.59 |-0.55 -0.28 -0.55
§ tn [s] | 048 | 0.18 0.08 |-0.01 025 0.24|-0.03 0.31 0.30
% AR, |aau] |-0.02|-0.05 -0.06|-0.31 -0.30 -0.34|-0.34 -0.30 -0.35
m  [au] | -0.08 | -0.22 -0.23 | -0.28 -0.30 -0.34 | -0.29 -0.27 -0.34

ARy |au] |-0.04| 0.09 0.11 | -0.51 -0.37 -0.53 | -0.54 -0.29 -0.55

tn [s]| 0.59 | 0.29 0.18 |-0.14 0.14 0.16 | -0.18 0.19 0.21

§ AR, |au] |-0.12|-0.14 -0.13 | -0.43 -045 -0.50 | -0.44 -0.42 -0.51
m Jau] | 0.00 | -0.10 -0.14 | -0.25 -0.27 -0.25 | -0.30 -0.30 -0.29




Table D.9
Correlation coefficients between SEMG parameters and NIRS parameters using data of both 50%
and 75% hand grip isometric exercise levels (bold font indicates P<0.05)

135

RMS Mean Frequency Median Frequency

508 3l S & g8 & ot

A X n X n n X n n

Duration [s] | 1.00 | 0.43 0.05| 0.14 0.69 0.79 | 0.09 0.69 0.78
AR; |au]| 0.14 | 011 0.02| 024 032 035| 021 023 0.32
= tn [s] | 0.56 | 0.44 0.22 | 0.18 0.52 0.52 | 0.21 0.56 0.54
% AR, [au]| 0.03| 026 0.27| 015 0.29 0.21| 013 0.23 0.18
m Jaau.] | -0.33 | -0.05 0.08 | -0.11 -0.25 -0.30 | -0.10 -0.25 -0.28

_ ARy Jau]| 0.10]-0.29 -0.30 [ -0.20 -0.11 -0.08 | -0.18 -0.03 -0.07
§ tn [s] | 0.50 | 0.50 0.28 | 0.15 0.46 0.45| 0.21 0.50 0.48
% AR, |au]| 0.12]-0.09 -0.14| 0.19 0.09 0.14| 019 0.12 0.15
m [au]| 040 ] 0.08 -0.13| 0.12 029 034| 015 033 0.35
ARy |au]|-0.06 | -0.24 -0.18 | -0.26 -0.25 -0.25 | -0.25 -0.19 -0.25
tn [s]] 0.50 | 0.39 0.19 | 0.08 0.43 0.43 | 0.13 0.47 0.45

§ AR, |awu] | 0.01]|-0.18 -0.21| 0.02 -0.12 -0.06 | 0.03 -0.08 -0.05
m Jau]| 038 | 0.08 -0.11| 0.12 027 0.33| 0.13 0.29 0.33
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