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ABSTRACT

ACCURACY IMPROVEMENTS OF NIRS AND
INVESTIGATION OF MUSCLE OXIDATIVE METABOLISM

In the �rst part of the thesis, the e�ect 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

coe�cients 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 signi�cant 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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ÖZET

YAKIN KIZIL ALTI SPEKTROSKOP� YÖNTEM�N�N
DO�RULU�UNUN �Y�LE�T�R�LMES� VE KAS

OKS�DAT�F METABOL�ZMASININ ARA�TIRILMASI

Tezin ilk k�sm�nda, ya§ katman�n�n sürekli dalga yak�n k�z�l alt� spektroskopinin

(sd-YKAS) ölçümlerine olan etkisi detayl� olarak az�msama hatas� (türde³ ortam varsa-

y�m�ndan kaynaklanan) ve türde³ ortam varsay�m� ile kas katman�ndaki ortalama k�smi

yolun dalga boyu ba§�ml�l�§�ndan kaynaklanan çapraz giri³im terimleriyle incelenmi³tir.

Bu hatalar, iki dalga boylu sistem için, deri-ya§-kas katmanl� doku modeliyle yap�lan

Monte Carlo benzetimleriyle incelenmi³tir. Hatalar kal�n ya§ kal�nl�klar� için daha

yüksek bulunmu³tur. Monte Carlo benzetimleriyle ç�kar�lan dalga boyu ba§�ml� k�smi

yol uzunluklar�n� kullanan bir düzeltme algoritmas� önerilmi³tir. �ki al�c�l� sd-YKAS

sistemi de analiz edilmi³ ve 1-al�c�l� sistem ile kar³�la³t�r�lm�³t�r. Performans umut verici

olmas�na ra§men, katmanlar�n ilk optik katsay�lar�n�n do§ru varsay�m� bu performans

için çözülmesi gereken bir sorundur.

Kas metabolizmas�, yorgunluk ve dayan�kl�l�k, e³ zamanl� sd-YKAS, yüzey elek-

tromiyogra� (yEMG) ve kuvvet-zaman ölçüm teknikleri kullan�larak yap�lan ölçüm-

lerle, izometrik el s�kma egzersizi için incelenmi³tir. Çal�³ma yorgunlukla alakal� �zy-

olojik süreçleri aç�§a ç�karm�³t�r. YEMG ve sd-YKAS parametreleri aras�nda özel-

likle %50 maksimal istemli kas�lmada önemli de§erlerde ilintilerle beraber dayan�kl�l�k

tahmini için biyometrik parametreler bulunmu³tur. Bu bilgiler spor uygulamalar�, er-

gonomi, �zik tedavi ve rehabilitasyonda toparlanman�n nesnel parametrelerle takibinde

de önemli olabilir.

Anahtar Sözcükler: Yak�n k�z�l alt� spektroskopi, Sürekli dalga yak�n k�z�l alt�

spektroskopi, Monte Carlo Benzetimleri, Dokuda �³�k da§�l�m�, Kas oksidatif metabo-

lizmas�, Doku oksijenlenmesi, Dayan�kl�l�k, Yorgunluk, Yüzey elektromyogra�.
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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 HbO2 in absolute units. Complicating the issue there is variability of fat

layer thickness among subjects.

We �rst performed error and accuracy analysis of cw-NIRS because of the fat

layer a�ect 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

e�ect. Fat layer also leads to crosstalk a�ect 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 �rst 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 HbO2 are calculated to be close

for ischemia type protocol where both Hb and HbO2 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.



2

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 modi�ed 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-

e�cients of fat and muscle layers are chosen typical for muscle tissue measurements.

In the simulations, change of absorption coe�cient 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 coe�cient change estimates are better than

the homogeneous medium based modi�ed 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 modi�ed 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 coe�cients 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, △HbO2

and △Hb curves, hand grip force curve, with speci�c 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.
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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 �uence 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 e�ect is dominant. Another parameter is refractive index which is

nearly 1.40 for most tissues [3]. Scattering, re�ection 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 �uence rates of light. When the �uence 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 speci�c wavelength. Thermal e�ect is because of

deposition of thermal energy. Photoablative e�ect is caused by photo-dissociation of

biopolymers and following fragment desorption. Very high �uence rates is responsible

for dielectric breakdown of tissue and formation of plasma, called electromechanical

e�ect. 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].
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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−µa·L, µa being absorption

coe�cient. The absorption coe�cient µa ([length−1], usually given in mm−1 or cm−1)

models probability per unit length of a photon being absorbed. It is equal to µa = ϵ · c

where ϵ is speci�c absorption coe�cient of the absorbing compound ([molar−1·cm−1 ]

and c is the concentration of the compound ([molar]). The Beer-Lambert law gives the

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

A = OD = loge (Io/I) = ϵ(λ) c r (2.1)

Figure 2.1 Light intensity drop through A) absorbing (and non-scattering) and B) scattering (and
non-absorbing) mediums

which relates output intensity I for collimated input light intensity I0. 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 T , which is reciprocal of A. The speci�c absorption
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coe�cient ϵ(λ) is a function of wavelength λ. When logarithm base 10 is employed, the

ϵ is called speci�c extinction coe�cient (and µa is called extinction coe�cient). Beer-

lambert law is given as below for solutions containing multiple absorbing compounds;

OD = ln (Io/I) = ϵ1(λ) c1 r + ϵ2(λ) c2 r + . . .+ ϵn(λ) cn r (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 �uorescence 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 �uctuations 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 coe�cient µs [mm−1] can be described as

cross sectional area of scattering event taking place per unit volume of a medium.

It can also be de�ned as the probability per unit length travel of a photon being

scattered. Transmission probability for length L of a photon is given by e−µs·L. The

light attenuation for homogeneous scattering and non-absorbing medium is formulated

as;

ln (Io/I) = −µs · L (2.3)

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

is formulated with modi�ed Lambert-Beer Law for such cases;

OD = ln (Io/I) = ϵ(λ) cDPF(λ) r +G(λ) (2.4)
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where again I is the intensity of the detected light, r is the minimal geometric distance

between light source and detector, and DPF(λ) is the di�erential path length factor.

DPF(λ) equals mean optical path length of the photons (<Lλ>) divided by r. G(λ)

factor is due to medium geometry and light scattering.

Some of the other fundamental parameters used to de�ne optical properties

of tissues are the reduced scattering (also called transport scatter) coe�cient (µ′
s =

µs(1− g)) and total attenuation coe�cient (µt = µa + µ′
s). Reduced scatter coe�cient

is the e�ective number of isotropic scatterers per unit length [5]. It combines the

scattering coe�cient 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 di�usion regime. It can be understood such

that multiple anisotropic scatterings with mean free path length of 1/µs is equivalent to

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

Figure 2.2 De�ection (θ) and azimuthal (ϕ) 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 de�ection angle θ (in 0 to π



7

range) is modeled with Henyey Greenstein function as follows;

p(θ) =
1

4π

1− g2

(1 + g2 − 2g cos(θ))3/2
(2.5)

such that
∫ π

0
p(θ)2π sin(θ) = 1, where g equals the expectation value of cos(θ).

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 coe�cients and reduced scattering

coe�cients are equal. Hence instead of anisotropic scattering with scattering coe�cient

µs and anisotropy factor g, isotropic scattering is assumed where the used reduced

scattering coe�cient is equal to µs(1− g).

Figure 2.3 Refraction of light

Traveling light has di�erent speeds and wavelengths in di�erent 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 (θi) and re�ection (θr) are related to

each other by refractive indices formulated by the Snell's law;

ni sin(θi) = nr sin(θr) (2.6)

where ni and nr 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
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medium and re�ected part are formulated by Fresnel equations.

The mostly used methods for modeling light transport in tissue are di�use 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 di�use 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.

Di�use approach requires µ′
s ≫ µa. Monte Carlo technique can be used to model light

propagation in regions where µ′ is low (i.e. in cerebrospinal �uid) whereas di�usion

approximation fails. Di�use approximation is also not accurate at close neighborhood

of light source (i.e. closer than µ′
s
−1 or µ−1

t 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 coe�cient 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-
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tribution to average absorption coe�cient which determines light transport although

local absorption properties are governed by the strong absorber(s) [6].

Figure 2.4 Speci�c absorption coe�cients (for log base e) of Hb, HbO2 and CytOx (di�erence
between oxidised and reduced forms of cytochrome-c-oxidase)

Hb and HbO2 have same absorption coe�cients 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, HbO2 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 coe�cient 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 super�cial 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 di�usion encodes the tissue char-

acteristics upon the timing of the delayed pulse and upon the received intensity time

pro�le [12]. There are di�erent 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 di�erent wavelengths (in the form of pulses generally) to

calculate concentration changes of light absorbing chromophores. Spatially resolved

spectroscopy is similar to cw-NIRS and �nds concentration changes of the light ab-

sorbing chromophores but it has also ability to �nd 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 o�er absolute

concentrations of Hb/HbO2 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.

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

Di�using-wave spectroscopy DWS (di�use 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 di�er-

ent pathways through the tissue. Change in this pattern with time with autocorrelation

of the pattern yields information about blood �ow [14].

2.3.1 Assessment of Heating E�ects in NIRS

Heating e�ect 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 (λ = 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/cm2), Bozkurt and

Onaral (2000) [16] report that typical LED intensity (i.e. L730-805-850-40B32 Epitex

Inc., λ = 730, 805 and 850 nm) is 25 - 50 mW/cm2 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]

ODλ = ln (Io/I) = ϵλ cDPFλ r +Gλ (2.7)

where superscript λ indicates a particular wavelength, ODλ is optical density, Io is the

intensity of the light sent into the tissue, I is the intensity of the detected light, ϵλ and

c are the speci�c absorption coe�cient (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 DPFλ is the di�erential path length factor.

DPFλ equals mean optical path length of the photons (<Lλ>) divided by r. Gλ factor

is due to medium geometry and light scattering. The absorption coe�cient of the
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medium µλ
a is equal to ϵλc. The change in the logarithm of detected light intensity

(∆ODλ) is proportional to concentration change of the absorber (∆c, assumed to be

homogeneous and small), given by ∆ODλ = ϵλ∆c <Lλ>, di�erential form of the

MBLL. Here it is assumed that Gλ and <Lλ> do not change during measurement. This

formulation neglect the variation of <Lλ> with µλ
a. In fact <Lλ> should be replaced

by its mean value computed over the range of absorption coe�cient from 0 to µλ
a [17].

Nevertheless, MBLL formulation can still be used to determine concentration changes

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

Light scattering change is another issue [19].

For tissues where the main light absorbers are Hb and HbO2,

∆ODλ =
(
ϵλHb∆[Hb] + ϵλHbO2

∆[HbO2]
)
DPFλr (2.8)

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

centration changes are estimated using MBLL as follows;

∆[Hb]MBLL =

ϵ
λ2
HbO2

∆ODλ1

DPFλ1
−

ϵ
λ1
HbO2

∆ODλ2

DPFλ2

r
(
ϵλ2
HbO2

ϵλ1
Hb − ϵλ1

HbO2
ϵλ2
Hb

) (2.9)

∆[HbO2]MBLL =

ϵ
λ1
Hb∆ODλ2

DPFλ2
− ϵ

λ2
Hb∆ODλ1

DPFλ1

r
(
ϵλ2
HbO2

ϵλ1
Hb − ϵλ1

HbO2
ϵλ2
Hb

) (2.10)

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]

([HbO2]) 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 cu� 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 In�uence of Adipose Tissue Thickness (ATT) in NIRS

Muscle V̇O2 in the human �exor digitorum super�cialis 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 V̇O2 but it has a poor

relationship with FBF. Gender di�erence was also attributed to ATT. Authors indicate

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

In�uence 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 coe�cients and thickness can be ignored [22]. It is

suggested that in�uence 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 coe�cients. Scattering angles are determined by anisotropy factor

and scattering coe�cient 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.

Figure 2.7 Basic events during photon movement

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

rized as;

• Launch photon into the tissue with initial weight and direction.

• Decrease the photon weight by specular re�ection amount Rs, w = w −Rs

• In the tissue, if there is step size △s left from previous step move the photon by

that length. Otherwise compute the new step size △s with the s = −ln(ξ)/µt, ξ

having uniform distribution over (0, 1] and µt interaction coe�cient equals sum

of absorption coe�cient µa and scattering coe�cient µs. If boundary crossing

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

step size △s − △sb for next movement. For the movement, new coordinates

(x, y, z) are found from directional cosines (µx, µy, µz) of the photon direction

(scattering angle), i.e. x = x+ sµx.

• In the movement step, decrease the photon weight winitial by amount △w =

winitial
µa

µa+µs
, wfinal = winitial

µs

µa+µs

• In boundary crossing, internal re�ection 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 coe�cient of µt1 to a layer

with interaction coe�cient µt2) s = sµt1

µt2

• When photon weight is below a threshold Th, 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 2π, ψ = 2πξ where ξ having uniform distribution over 0 and

1. De�ection angle θ is in 0 to π range. cos(θ) is modeled with Henyey Greenstein

function.

p(cos(θ)) =
1− g2

2(1 + g2 − 2g cos(θ))3/2
(2.11)

g is anisotropy factor and is between -1 and 1, and equals the expectation value

of cos(θ). Using a random sampling technique which is done by equating the

cumulative distribution function of available computer generated random num-

ber ξ having uniform distribution over 0 and 1 with the cumulative distribution

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

cos(θ) =


1
2g

[
1 + g2 −

(
1−g2

1−g+2gξ

)2
]

g ̸= 0

2ξ − 1 g = 0

• When photon weight is below a threshold Th, 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. 31P,1H, 23Na-MRS) methods enables computation of

crucial parameters such as inorganic phosphate (Pi), PCr breakdown rate and recovery

(using 31P-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 con�ned 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

�bers can not be detected because of sensitivity of the technique [40].
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Since di�erentiating between oxygen supply and demand is di�cult, short dura-

tion arterial occlusion protocol is applied to derive oxygen consumption rate dependent

changes with NIRS, i.e. to get decline rate of HbO2 and increase in Hb rate. Since ve-

nous return is occluded, blood volume stays constant (assumed to) and oxygen uptake

by the tissue converts HbO2 pool to Hb. Employing NIRS, venous occlusion protocol

is also applied to get blood �ow proportional changes and muscle oxygen consumption

using Hb and HbO2 increase rates. HbO2 increase is due to in�ow 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 O2 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 re�ect 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/HbO2 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 �ow rate with venous occlusion, oxygen consumption

with arterial occlusion, concentration changes in HbO2 and Hb can all be measured,

quanti�cation 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

�rst 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 signi�cantly reduced in athletes. Bhambhani et al. (1998) [46] studied arm

cranking and leg cycling using NIRS for gender and exercise mode di�erence. Takaishi

et al. (2002) [47] investigated the e�ects 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 signi�cant

faster rate than pulmonary O2 uptake (V̇O2,pulmonary) which re�ects a mismatch be-

tween local oxygen consumption and perfusion. In a study by Tachi et al. (2004) [49],

subjects performed intermittent static dorsi�exion 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 �ow. 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 �exor digitorum

super�cialis 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 O2) using NIRS (muscle oxygenation of center of the wrist �exors). 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 in�uenced more by muscle V̇O2 than by O2 supply. The

authors found negative correlation (r2 = 0.727) between Reoxy-rate calculated from

NIRS and V̇O2 for �nger �exor muscle but not with FBF. This �nding 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 V̇O2 in the human �exor digito-

rum super�cialis 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 V̇O2, recovery times, time to peak values, hyperemic response after release of the

cu� expressed as a percentage (for Hb and HbO2). NIRS instrument was positioned

on the dorsal and lateral surfaces of the foot between the fourth and �fth 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 coe�cient

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 �ow 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 su�er 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 coe�cients 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

coe�cient 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 super�cial skin and fat layers. Fat layer has varying thicknesses

between subjects and has lower absorption coe�cient than the underlying muscle layer,

masking the muscle's optical parameters hence making it di�cult to determine optical

coe�cients 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 modi�ed Beer-Lambert law (MBLL) with homogeneous

medium assumption is used. These problems are mainly related to the so called partial

volume e�ect, 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 e�ect for brain measurements, while as

we know, there is only one study of Iwasaka and Okada [93] on the crosstalk e�ect for

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

The e�ect 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 �rst 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 e�ect 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]

ODλ = ln (Io/I) = ϵλ cDPFλ r +Gλ (3.1)

where superscript λ indicates a particular wavelength, ODλ is optical density, Io is the

intensity of the light sent into the tissue, I is the intensity of the detected light, ϵλ and

c are the speci�c absorption coe�cient (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 DPFλ is the di�erential path length factor.

DPFλ equals mean optical path length of the photons (<Lλ>) divided by r. Gλ factor

is due to medium geometry and light scattering. The absorption coe�cient of the

medium µλ
a is equal to ϵλc. The change in the logarithm of detected light intensity

(∆ODλ) is proportional to concentration change of the absorber (∆c, assumed to be

homogeneous and small), given by ∆ODλ = ϵλ∆c <Lλ>, di�erential form of the

MBLL. Here it is assumed that Gλ and <Lλ> do not change during measurement.

This formula and Eq. 3.1 of MBLL neglect the variation of <Lλ> with µλ
a. In fact

<Lλ> should be replaced by its mean value computed over the range of absorption

coe�cient from 0 to µλ
a [17]. Nevertheless, MBLL formulation can still be used to

determine concentration changes for small absorption changes for which <Lλ> remains

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

For tissues where the main light absorbers are Hb and HbO2,

∆ODλ =
(
ϵλHb∆[Hb] + ϵλHbO2

∆[HbO2]
)
DPFλr (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;

∆[Hb]MBLL =

ϵ
λ2
HbO2

∆ODλ1

DPFλ1
−

ϵ
λ1
HbO2

∆ODλ2

DPFλ2

r
(
ϵλ2
HbO2

ϵλ1
Hb − ϵλ1

HbO2
ϵλ2
Hb

) (3.3)

∆[HbO2]MBLL =

ϵ
λ1
Hb∆ODλ2

DPFλ2
− ϵ

λ2
Hb∆ODλ1

DPFλ1

r
(
ϵλ2
HbO2

ϵλ1
Hb − ϵλ1

HbO2
ϵλ2
Hb

) (3.4)

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]

([HbO2]) refers to combined concentrations of deoxyhemoglobin and deoxymyoglobin

(oxyhemoglobin and oxymyoglobin) since hemoglobin and myoglobin have very similar

absorption spectra [10].

3.1.2 Underestimation 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];

∆ODλ = ∆µa,s <L
λ
s> +∆µa,f <L

λ
f> +∆µa,m <Lλ

m> (3.5)

where <Lλ
s>, <L

λ
f>, and <L

λ
m> are the mean partial path lengths of the detected light

and ∆µa,s, ∆µa,f , ∆µa,m 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

∆ODλ ∼=
(
ϵλHb∆[Hb]m + ϵλHbO2

∆[HbO2]m
)
<Lλ

m> (3.6)

where ∆[Hb]m and ∆[HbO2]m are the real concentration changes in the muscle layer.

Substituting Eq. (3.6) for measured optical density changes ∆ODλ in Eqs. (3.3) and



26

(3.4), the estimated concentration changes using MBLL can be written as [77];

∆[X]MBLL = UX∆[X]m + CX∆[O]m (3.7)

where X represents the chromophore being either Hb or HbO2 and O represents the

other chromophore, HbO2 or Hb. ∆[X]m and ∆[O]m are the real concentration changes

in the muscle layer, UX corresponds to the underestimation of∆[X]m, and CX represents

crosstalk from other chromophore ∆[O]m to estimated ∆[X]MBLL, given by

UHb =
ϵλ1
Hbϵ

λ2
HbO2

lλ1 − ϵλ2
Hbϵ

λ1
HbO2

lλ2

ϵλ1
Hbϵ

λ2
HbO2

− ϵλ2
Hbϵ

λ1
HbO2

(3.8)

UHbO2 =
ϵλ1
Hbϵ

λ2
HbO2

lλ2 − ϵλ2
Hbϵ

λ1
HbO2

lλ1

ϵλ1
Hbϵ

λ2
HbO2

− ϵλ2
Hbϵ

λ1
HbO2

(3.9)

CHb =
ϵλ1
HbO2

ϵλ2
HbO2

ϵλ1
Hbϵ

λ2
HbO2

− ϵλ2
Hbϵ

λ1
HbO2

(lλ1 − lλ2) (3.10)

CHbO2 =
ϵλ1
Hbϵ

λ2
Hb

ϵλ1
Hbϵ

λ2
HbO2

− ϵλ2
Hbϵ

λ1
HbO2

(lλ2 − lλ1) (3.11)

where lλ = <Lλ
m>/(DPF

λ× r). For a theoretical case of zero skin and fat thicknesses,

mean optical path length <Lλ> will be equal to <Lλ
m> which can be accurately mea-

sured by time or frequency domain NIRS systems. Hence this value can be used to �nd

DPFλ factor, i.e., DPFλ1 =<Lλ1
m> /r and DPFλ2 =<Lλ2

m> /r. Underestimation terms

UHb and UHbO2 then have ideal values of 1 because both lλ1 and lλ2 are equal to one.

Crosstalk terms CHb and CHbO2 are null since lλ1 and lλ2 would be one, making their

di�erence zero. However in practice, there are these super�cial layers and measure-

ment of <Lλ
m> alone is not possible. Magnitudes of crosstalk terms CHb and CHbO2 are

proportional to the di�erence of lλ1 − lλ2 . For the use of wavelength independent DPF,

CHb and CHbO2 are zero when <Lλ1
m>=<L

λ2
m>. 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 speci�c absorption coe�cients, choice of DPFλ factors, which are used instead of

unavailable <Lλ
m> /r.
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A common de�nition 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 de�nition and previous formulation, CHbO2→Hb and CHb→HbO2

are

CHbO2→Hb(%) = 100× CHb/UHbO2 (3.12a)

CHb→HbO2(%) = 100× CHbO2/UHb (3.12b)

In this study, underestimation error (%) refers to (1-UX)× 100 for the corresponding

UX factor. For the crosstalk, formulas given in Eqs. (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

EMBLL = 100× (∆[X]MBLL −∆[X]m)/∆[X]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 speci�c 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 in�nite.

Reduced scattering coe�cients of the three tissues and absorption coe�cients of skin

and adipose tissues are taken from Simpson et al. [95]. For the muscle tissue, the

absorption coe�cient is calculated with the equation

µλ
a,m = µλ

a,wVw + [tHb]
[
ϵλHbO2

StO2 + ϵλHb(1− StO2)
]
+ µa,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).

µa (cm−1) µ′
s (cm

−1)

λ (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 µλ
a,w is the water absorption coe�cient, Vw is water fraction of muscle tissue, [tHb]

is total hemoglobin concentration, StO2 is oxygen saturation, and µa,b is background

absorption. In the calculation Vw, StO2 and [tHb] are taken as 70%, 70%, and 100 µM

respectively, as typical values [96, 97]. The µλ
a,w values are taken from the study of

Hollis [8]. The background absorption coe�cient of muscle tissue µa,b is taken as 0.072

cm−1 so that the calculated µ798nm
a,m equals the experimentally found in vitro value of

Simpson et al. [95] since absorption at this isobestic point is una�ected by the oxygen

saturation of the hemoglobin. Table 3.1 lists the absorption and reduced scattering

coe�cients 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 i which has absorption coe�cient µa,i, scattering coe�cient

µs,i, and reduced scattering coe�cient µ′
s,i (which is equal to (1 − g)µs,i, 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 l = −ln(R)/µ′
s,i,

with R having uniform distribution over (0, 1]. The remaining scattering length ∆li

for photons crossing tissue boundary from medium i to medium j is recalculated by

∆lj = ∆liµ
′
s,i/µ

′
s,j. Isotropic scattering is utilized using principle of similarity [7]. Scat-

ter azimuthal angle was uniformly distributed over the interval [0, 2π). Fresnel formulas

are used for re�ection or transmission at the boundaries [24].

Total distance traveled in layer i by a photon (Li) was found by summing scat-

tering lengths taken in this layer. Photon propagation was continued until it escapes

the medium or travels 220 cm in length (10 ns). For those reaching the surface, exit

(survival) weight (w) is calculated using Lambert-Beer law as w = w0exp[−
∑

i(Liµa,i)],

with w0 accounting for re�ections 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 r) were taken as the photons reaching the detector.

The mean partial path length in medium i (<Li>) for the detected photons was found

using the formula <Li>=
∑N

j=1Li,jwj/(
∑N

j=1wj), where Li,j is the total path length

taken in medium i by detected photon j with weight wj, 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 5×107 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

lengths for the 11 distinct wavelengths given in Table 3.1. <Lλ
i,r,hf

> represents the

mean partial path length in layer i (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 hf (mm)

and wavelength λ. <Li,r,hf
> denotes the mean ± standard deviation of the mean partial

path length in layer i computed over all wavelengths.

The term <Lλ
m> is the most important variable a�ecting the underestimation

error and crosstalk, shown in Figure 3.1. The value of <Lλ
m,3.0,hf

> decreased linearly

with a higher slope for 0 ≤ hf ≤ 7 mm, while the slope decreased for hf > 7 mm.

The value of <Lm,3.0,0> is 11.15±1.20 cm and that of <Lm,3.0,7> is 2.35±0.43 cm.

Above 10 mm of fat thickness, <Lλ
m,3.0,hf

> decreased much more slowly but eventu-

ally approached null, where <Lm,3.0,15>= 0.20± 0.04 cm. It was possible to infer a

considerable wavelength dependent variability in <Lλ
m,3.0,hf

>. The value of <Lλ
m,3.0,hf

>

was found to increase from 675 to 725 nm, while it had a decreasing trend from the

725- to 900-nm range. This �nding can be explained by the wavelength dependence of

the optical properties of muscle and fat tissues given in Table 3.1. The coe�cient of

variation (CV = standard deviation/mean) of <Lλ
m,3.0,hf

> values over 11 wavelengths

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

The value of <Lλ
s,3.0,hf

> was found to be the least varying mean partial path

length with respect to hf variation with values ranging from 1.78 to 2.39 cm having

a maximum at around hf = 6 to 7 mm for all considered wavelengths. In contrast to

<Lλ
m,r,hf

>, <Lλ
f,r,hf

> and mean path length increased with increasing hf , as expected.

The value of <Lf,3.0,hf
> ranged from 1.84±0.13 cm at 1 mm fat thickness to 21.77±1.24

cm at hf = 15 mm, while the mean path length ranged from 13.03± 1.26 cm at hf = 0

mm to 24.17± 1.30 cm at hf = 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.



31

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 mean±standard deviation were 74±28, 272±97, and 537±184% at hf = 4,

8, and 15 mm, respectively, with respect to detected intensities at hf = 0 mm (r = 3.0

cm).

With increase in source-detector distance, <Lλ
m> and mean path length in-

creased while detected light intensity decreased. In particular, <Lm,4.0,0>= 15.31± 1.65

cm, and <Lm,4.0,7>= 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

λ1/λ2, where λ1 is between 675 and 775 nm and λ2 is between 825 and 900 nm. DPF

was taken to be wavelength independent with a value of 4.37 found for hf = 0 and

λ = 800 nm. Underestimation error the for pair λ1/λ2 is denoted by Eλ1,λ2

X,r,hf
where the
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�rst subscript refers to the chromophore, the second and (if present) third subscripts

refer to source-detector distance (cm), and the hf value (mm), respectively. For the all

considered λ1/λ2 pairs, EX,r,hf
shows mean ± standard deviation of the absolute values

of the underestimation errors Eλ1,λ2

X,r,hf
.

Figure 3.2 (A) EHb,3.0 (%) (B) EHbO2,3.0 (%) which are mean±standard deviation of absolute
respective underestimation errors computed over all considered λ1/λ2 pairs for fat thicknesses up to

15 mm. Minimum individual errors for Eλ1,λ2

Hb,3.0,hf
and Eλ1,λ2

HbO2,3.0,hf
are shown as stars.

Figure 3.2 A and B show EHb,3.0,hf
and EHbO2,3.0,hf

along with minimum errors for

Eλ1,λ2

Hb,3.0,hf
and Eλ1,λ2

HbO2,r,hf
. The 725/900-nm pair gives the minimum values for Eλ1,λ2

Hb,3.0,hf

except at hf = 0mm, for which the 700/825-nm gives the minimum error. The 675/825-

nm pair gives the minimum error for Eλ1,λ2

HbO2,r,hf
from hf = 0 mm up to and including 10

mm, and at higher hf values the 760/825-nm pair is the minimum error producing pair.

Both the errors EHb,3.0,hf
and EHbO2,3.0,hf

exhibited a steep increase in the fat thickness

range <5 mm and a decreasing slope beyond this value. Interestingly, EHb,3.0,hf
began

at a lower value compared to EHbO2,3.0,hf
but had a larger slope in this range. As

expected, EHb,3.0,hf
and EHbO2,3.0,hf

approached complete underestimation error (100%)
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Table 3.2

Underestimation errors Eλ1,λ2

Hb,3.0,2 (%) and Eλ1,λ2

HbO2,3.0,2
(%) for the considered λ1/λ2 pairs.

λ1 (nm) 675 700 725 750 760 775

λ2 (nm)

825 32.4 21.6 18.0 28.7 32.4 29.2

Eλ1,λ2

Hb,3.0,2 850 32.0 21.2 17.4 27.6 31.1 26.9

(%) 875 31.8 20.9 16.8 26.8 30.2 25.4

900 31.6 20.5 16.1 26.0 29.4 23.9

825 36.5 38.1 40.4 38.2 37.2 39.2

Eλ1,λ2

HbO2,3.0,2
850 41.4 43.0 45.6 43.9 43.1 46.0

(%) 875 44.7 46.4 49.2 47.7 47.0 50.5

900 47.1 49.0 52.1 50.8 50.1 54.3

at hf = 15mm. For the no fat thickness case, EHb,3.0,0 was 6.1±3.5% and EHbO2,3.0,0 was

28.9±5.8%. The slopes of the least squares �ts to the absolute values of underestimation

errors in hf = 0 to 5 mm range were 11.5%/mm (R2 = 0.94) for |Eλ1,λ2

Hb,3.0| and 9.1%/mm

(R2 = 0.91) for |Eλ1,λ2

HbO2,3.0
|.

There is wavelength pair dependency in the underestimation errors. The value

of Eλ1,λ2

Hb,3.0 decreased in magnitude for an increase in λ2 while that of E
λ1,λ2

HbO2,3.0
increased,

for �xed λ1 at a given hf . This change of variation over λ2 was higher for Eλ1,λ2

HbO2,3.0
.

The variation of λ1 -for �xed λ2 at a given hf- led to a high range of change for

Eλ1,λ2

Hb,3.0, where 700 and 725 nm lead to lower errors. Underestimation errors for hf =

2 mm are given in Table 3.2 to show wavelength pair e�ect. The wavelength pair

dependency of underestimation errors decreased with hf increase. CV values of absolute

underestimation errors were 56.5% (20.0%) at hf = 0 mm and 0.3% (0.4%) at hf = 15

mm for |Eλ1,λ2

Hb,3.0| (|E
λ1,λ2

HbO2,3.0
|) over the considered λ1/λ2 pairs.

For longer source-detector distance of 4.0 cm, errors are lower. Here, EHb,4.0,0

and EHbO2,4.0,0 were 5.7±2.3 and 26.7±5.7%, respectively. The slopes of the least

squares �ts in 0 to 5-mm fat thickness range are 9.9%/mm (R2 = 0.89) for |Eλ1,λ2

Hb,4.0|
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and 8.0%/mm (R2 = 0.88) for |Eλ1,λ2

HbO2,4.0
|. Again above hf=10 mm, EHb,4.0 (EHbO2,4.0)

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 Cλ1,λ2

O→X,r,(hf)
, where the superscripts refer to particular wavelength

pair and �rst, second, and (if present) third subscripts represent crosstalk type, source-

detector distance (cm) and hf value (mm), respectively. Crosstalks was computed for

the same λ1/λ2 pairs in underestimation error computations. DPF was assumed to be

taken as wavelength independent, for which case crosstalks de�ned by Eq. (3.12) result

in DPF-independence. CO→X,r,(hf) represents mean±standard deviation of absolute

values of crosstalks |Cλ1,λ2

O→X,r,(hf)
| for the all λ1/λ2 pairs.

Figure 3.3 (A) CHb→HbO2,3.0,hf
(%) and (B) CHbO2→Hb,3.0,hf

(%) which are mean±standard devia-
tion of absolute respective crosstalks computed over all considered λ1/λ2 pairs for fat thicknesses up

to 15 mm. Stars show the minimum individual errors for Cλ1,λ2

Hb→HbO2,3.0,hf
and Cλ1,λ2

HbO2→Hb,3.0,hf
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In general Cλ1,λ2

HbO2→Hb,3.0 had positive values while Cλ1,λ2

Hb→HbO2,3.0
had negative val-

ues. The minimum error producing pairs for Cλ1,λ2

HbO2→Hb,3.0 were the 675/825-nm pair

at hf = 0 mm up to and including 5 mm, the 760/825-nm at hf = 6, 7, and 9 mm; and

the 675/850-nm pair at other hf values. Also Cλ1,λ2

HbO2→Hb,3.0 had the minimum errors

for the 760/825-nm pair at hf = 0, 1, 2, 4, 5, 6, 7, 8, 9, and 10 mm, for the 675/825-nm

pair at hf = 3 mm; for the 675/850-nm pair at hf = 11, 12, 13, and 14 mm; and

for the 750/825-nm at hf = 15 mm. The values of CHbO2→Hb,3.0 (about 9.5%) and

CHb→HbO2,3.0 (about 14.2%) were nearly constant in the hf = 0 to 3-mm range, as

shown in Figure 3.3. While in the hf = 3− to 14-mm range CHbO2→Hb,3.0 increased

up to 25.0±34.9%, CHb→HbO2,3.0 showed an increasing trend in the hf = 3− to 10-mm

range, with CHb→HbO2,3.0,10 = 20.3 ± 10.2%. The slopes of the least squares �ts in

these respective hf ranges to the absolute crosstalk values were 1.4%/mm (R2=0.1) for

|Cλ1,λ2

HbO2→Hb,3.0| and 0.9%/mm (R2=0.1) for |Cλ1,λ2

Hb→HbO2,3.0
|.

In Table 3.3, crosstalk values are given for hf = 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 Cλ1,λ2

HbO2→Hb,3.0 had The CV values of 64.9, 82.3, and

159.2% at hf values of 0, 5, and 15 mm, respectively. The Cλ1,λ2

Hb→HbO2,3.0
had lower CV

values of 31.0, 47.0, and 57.6% at hf = 0, 5, and 15 mm. However, Cλ1,λ2

Hb→HbO2,3.0
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 hf < 10 mm. In addition to

these pairs, Cλ1,λ2

HbO2→Hb,3.0,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 λ2 for a

�xed λ1 at a given hf .

Crosstalk values for a source-detector distance of r = 4.0 cm results in slightly

smaller values. At hf = 0, 5, 10, and 15 mm, CHbO2→Hb,4.0,hf
was 9.0±5.6, 11.5±9.2,

19.3±17.6, and 22.6±27.4%, and CHb→HbO2,4.0,hf
was 14.1±4.4, 15.3±7.5, 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 coe�cient 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 (<Lλ
m> decreases). Thicker fat layer leads to

an increase in <Lλ>, <Lλ
f> and detected light intensity for the considered wavelengths

in the 675- to 900-nm range, as shown in section 3.3.1. Similar �ndings were reported

in the literature such as the inverse relation between <Lm> and hf 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 <Lλ
m>. The concentration

of HbO2 (taken as 70%) is higher than [Hb], and for longer wavelengths ϵλHbO2
is

higher which result in µλ
a,m increase, leading to a decrease in <Lλ

m> and <Lλ> 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

<Lλ
m> 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 signi�cant female/male di�erence in the DPF

values was shown, with values of 4.34±0.78 for females and 3.53±0.55 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 di�erence was

present with mean DPF values of 5.14±0.43 for females versus 3.98±0.46 for males at

761 nm in the adult calf but no di�erence was observed in the adult forearm (both

DPF are 3.59±0.32). A general trend of DPF decrease in 740- to 840-nm range was

also found by Essenpreis et al. [101], although no signi�cant female/male di�erence



38

was observed. In these studies, a female/male di�erence was attributed to fat/muscle

ratio di�erences, 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 e�ect

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 <Lλ
m> with increased hf and

the use of a �xed DPF value in MBLL calculations because of the homogeneous medium

assumption leads to rise in underestimation error. Crosstalk depends on <Lλ
m> but

not the used DPF value when a wavelength independent DPF is used. The wavelength

dependency of ϵλHbO2
and ϵλHb as well as the di�erence between them also a�ect crosstalk.

The choice of wavelength pair had a signi�cant impact on the errors. The vari-

ability in the absolute underestimation errors for di�erent wavelength pairs is higher

for low fat thickness values while the variability in the absolute crosstalk for di�erent

wavelength pairs increases with increasing fat thickness. The means of absolute under-

estimation errors and absolute crosstalk were found to be higher for EHbO2,3.0,hf
and

CHb→HbO2,3.0,hf
. These �ndings are related to wavelength dependency of <Lλ

m> and spe-

ci�c absorption coe�cients. Note <Lλ
m> has a decreasing trend at longer wavelengths

and ϵλHb (ϵ
λ
HbO2

) is higher (lower) for wavelengths less than 798 nm, the isobestic point.

In more detail, the reason for a higher underestimation error of EHbO2,3.0,hf
with re-

spect to EHb,3.0,hf
can be explained by △ODλ2 (∝<Lλ2

m>) being more heavily weighted

by the real concentration change of △[HbO2]m in the muscle layer than △[Hb]m. In

the MBLL equations, measured △ODλ's are assumed to be proportional to DPF × r

instead of unavailable <Lλ
m>. Wrongly used DPF×r overestimates the <Lλ

m> (leading

to underestimation error for concentration change), however, the degree of path length

overestimation is higher for longer wavelength since <Lλ
m> decreases with wavelength.

Hence, the path length overestimation because of homogeneous medium assumption is

higher for measured optical density change △ODλ2 , leading to more underestimation
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error for ∆[HbO2]MBLL.

There is one previous study on crosstalk for muscle cw-NIRS measurements by

Iwasaki and Okada [93]. This analysis was done for a �xed fat thickness of 4 mm, a

two-wavelength system was assumed, λ2 was �xed 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 Cλ1,λ2

HbO2→Hb

and Cλ1,λ2

Hb→HbO2
. Iwasaki and Okada [93] found negative Cλ1,λ2

HbO2→Hb values and positive

Cλ1,λ2

Hb→HbO2
values; however, we calculated not only opposite signs but also di�erent

magnitudes. These could be due to choice of muscle absorption coe�cients, 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 e�ect 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 λ2 values were studied, up to 900 nm. There

was an increase in crosstalk amplitudes for an increase in λ2 for values higher than

825 nm for a �xed λ1 at a given hf value. The absolute values of Cλ1,λ2

HbO2→Hb,3.0 and

Cλ1,λ2

Hb→HbO2,3.0
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 hf < 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

∆[HbO2]m decreases and ∆[Hb]m 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 ∆[Hb]MBLL and 15.1±4.3, 34.3±3.7 and 57.1±3.2% for ∆[HbO2]MBLL at

hf = 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 di�erences between underestimation errors (section 3.3.2) due to the crosstalk.

The estimation error for ∆[Hb]MBLL is higher than the underestimation error EHb,3.0,hf

while the estimation error of ∆[HbO2]MBLL is lower than the underestimation error

EHbO2,3.0,hf
. For this protocol, the minimum estimation errors were found for the

700/825- and 725/825-nm pairs. For a �xed λ2, the estimation errors for the occlusion
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protocol were found to be low for choice of 700 or 725 nm as λ1, while for �xed λ1,

errors rise for an increase in λ2, for both ∆[HbO2]MBLL and ∆[Hb]MBLL.

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 mV̇O2. Several

investigators [84, 99, 23] have proposed correction algorithms using theoretically de-

termined <Lm>. Niwayama et al. [100, 104, 105] combined the results of simulations

and experiments (for <Lm>, detected light intensities, and experimental sensitivities)

to obtain correction curves for mV̇O2. Utilizing these corrections, the variance of the

experimental mV̇O2 results were reduced [100, 105], moreover, a higher correlation was

found between mV̇O2 values measured by 31P-NMR and corrected mV̇O2 values mea-

sured [104] by cw-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 mV̇O2 �ndings

due to fat thickness [84, 85, 106]. Yang et al. [22] proposed a correction for intensity

of cw-NIRS measurements using a polynomial �t to detected intensity change with fat

thickness. Lin et al. [107] used a neural network based algorithm for spatially resolved

re�ectance, �rst to �nd the optical coe�cients 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 �rst curve

from our study is the calculated ∆[HbO2]MBLL computed for the ischemia protocol (for

unit magnitude and opposite ∆[Hb]m and ∆[HbO2]m) using DPF = 4.37, at 750/850-

nm pair (r = 3.0 cm). The computed ∆[Hb]MBLL for the same conditions (not shown)

has a slightly higher sensitivity. The sensitivity curve of Niwayama et al. [105] is
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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 ∆[HbO2]MBLL

for ischemia protocol (for unit magnitude and opposite ∆[Hb]m and ∆[HbO2]m 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(−(hf+hs

8.0
)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 ∆[HbO2]MBLL, 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] (mV̇O2=0.18-0.14×log10(hf + hs) ml of O2.min−1.100g−1,

used DPF = 4.0 cm, r = 3.5 cm, 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 hf = 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 (mV̇O2) 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 ∆[HbO2]MBLL and ∆[Hb]MBLL for the ischemia

protocol at 750/850- and 775/850-nm (the closest pairs to the wavelengths used in the

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

MBLL calculations are based on a linear approximation for the relationship of

optical density change to absorption coe�cient 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], di�erence of ∆[HbO2] - ∆[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 e�ect 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 coe�cients' variability of tissue layers,

variability in physiological status, muscle anatomy di�erences, 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 <Lm>, however signal-to-noise ratio (SNR) also decreases since detected

intensity decreases leading to a trade-o�. It can be possible to �nd 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 in�uence 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 coe�cients of the tissue layers, and hence could change for each

subject, an explicit �nding 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 EHbO2,3.0,hf

and absolute crosstalk CHb→HbO2,3.0,hf
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 di�erent 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 e�ect 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

cw-NIRS technique need correction because of the use of constant DPF. Some studies

tried to minimize fat thickness e�ect problem by selecting the subjects having fat

thicknesses within narrow range.

4.1 Use of <Lλ
m> 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 in�nite. Partial

path length in the muscle layer then can be found by Monte Carlo simulations for the

measured super�cial skin and fat thicknesses. < Lλ
m > would be used in the MBLL

calculations instead of constant path length computed as r×DPF with constant DPF.

Formulas for computations of ∆[Hb] and ∆[HbO2] then would be

∆[Hb] =
<Lλ2

m > ϵλ2
HbO2

∆ODλ1 −<Lλ1
m > ϵλ1

HbO2
∆ODλ2

<Lλ2
m ><Lλ1

m >
(
ϵλ2
HbO2

ϵλ1
Hb − ϵλ1

HbO2
ϵλ2
Hb

) (4.1)

∆[HbO2] =
<Lλ1

m > ϵλ1
Hb∆ODλ2− <Lλ2

m > ϵλ2
Hb∆ODλ1

<Lλ2
m ><Lλ1

m >
(
ϵλ2
HbO2

ϵλ1
Hb − ϵλ1

HbO2
ϵλ2
Hb

) (4.2)

The basic di�erence 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 <Lλ
m> is used instead of wrongly used mean path length in the tissue (taken as

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

Tabulated values of <Lλ
m> 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 coe�cients given in the Table 3.1. Computed values of < Lλ
m > 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 a�ect correction methodology su�ers from the variability of opti-

cal coe�cients of tissue layers between the subjects, variability in physiological status,

muscle anatomy di�erences, anisotropy in the skin [114] and in the muscle [115]. The

accuracy of correction is dependent on the how much close the assumed optical coe�-

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 e�ect correction.

These are derived parameters from ODλ 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 ∆[HbO2]m decreases and ∆[Hb]m increases in equal

magnitudes in the probed volume. ∆[Hb]MBLL and ∆[HbO2]MBLL with these assump-

tions are calculated (using Eq. (3.13)) for unit magnitude ∆[HbO2]m and ∆[Hb]m and

be used to correct measured concentration changes. These calculated ∆[Hb]MBLL and

∆[HbO2]MBLL then can be used correction curves. Remembering formulas for MBLL;

∆[Hb]MBLL =

ϵ
λ2
HbO2

∆ODλ1

DPFλ1
−

ϵ
λ1
HbO2

∆ODλ2

DPFλ2

r
(
ϵλ2
HbO2

ϵλ1
Hb − ϵλ1

HbO2
ϵλ2
Hb

) (4.3)

∆[HbO2]MBLL =

ϵ
λ1
Hb∆ODλ2

DPFλ2
− ϵ

λ2
Hb∆ODλ1

DPFλ1

r
(
ϵλ2
HbO2

ϵλ1
Hb − ϵλ1

HbO2
ϵλ2
Hb

) (4.4)
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In this case, ∆[Hb]m can be taken to be equal to 1 and in the same way ∆[HbO2]m is

accepted as -1 for unit magnitude and opposite concentration changes of Hb and HbO2

in the muscle layer. Measured optical density changes can be modeled with the use of

Eq. 3.6 as;

∆ODλ ∼=
(
ϵλHb × 1 + ϵλHbO2

× (−1)
)
<Lλ

m> (4.5)

MBLL equations end up with the following formulas when this ∆ODλ is used;

∆[Hb]MBLL_U_ISC =

ϵ
λ2
HbO2

(
ϵ
λ1
Hb−ϵ

λ1
HbO2

)
<L

λ1
m,r,hf

>

DPFλ1
−

ϵ
λ1
HbO2

(
ϵ
λ2
Hb−ϵ

λ2
HbO2

)
<L

λ2
m,r,hf

>

DPFλ2

r
(
ϵλ2
HbO2

ϵλ1
Hb − ϵλ1

HbO2
ϵλ2
Hb

) (4.6)

∆[HbO2]MBLL_U_ISC =

ϵ
λ1
Hb

(
ϵ
λ2
Hb−ϵ

λ2
HbO2

)
<L

λ2
m,r,hf

>

DPFλ2
−

ϵ
λ2
Hb

(
ϵ
λ1
Hb−ϵ

λ1
HbO2

)
<L

λ1
m,r,hf

>

DPFλ1

r
(
ϵλ2
HbO2

ϵλ1
Hb − ϵλ1

HbO2
ϵλ2
Hb

) (4.7)

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 ∆[Hb]m and ∆[HbO2]m. <Lλ
i,r,hf

> is found using

Monte Carlo simulations for speci�c fat thickness hf , source detector distance r and

optical coe�cients of the tissue layers, as described in the chapters 2 and 3.

Obtained values of ∆[Hb]MBLL_U_ISC and ∆[HbO2]MBLL_U_ISC can be used for

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

as follows;

Corrected Value for ∆[Hb] =
∆[Hb]MBLL

∆[Hb]MBLL_U_ISC

(4.8)

Corrected Value for ∆[HbO2] =
∆[HbO2]MBLL

∆[HbO2]MBLL_U_ISC

(4.9)

Another variable is Hbdiff also called oxygenation index (OI or oxy). It is de�ned

as;

Hbdiff = ∆[HbO2]MBLL −∆[Hb]MBLL (4.10)
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Decrease rate of this variable is commonly used to derive oxygen consumption in the

muscle instead of △[Hb] increase rate or △[HbO2] 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 Hbdiff is advised.

Using this variable, mV̇O2 is found from half of decrease rate of Hbdiff . Correc-

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

Corrected Value for mV̇O2 =
mV̇O2MBLL

mV̇O2MBLL_U_ISC

(4.11)

where mV̇O2MBLL_U_ISC is found from the formula below;

mV̇O2MBLL_U_ISC = −0.5×
d(∆[HbO2]MBLL_U_ISC −∆[Hb]MBLL_U_ISC)

dt
(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 �ow

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, r = 3.5 cm). In this study, a correction curve is proposed using

the �tted function to the resting state oxygen consumptions of the subjects, given as

mV̇O2=0.18-0.14×log10(hf + hs) ml of O2.min−1.100g−1. 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 ;
∆ODλ1

∆ODλ2

∆ODλ3

 =


ϵλ1
Hb <L

λ1> ϵλ1
HbO2

<Lλ1>

ϵλ2
Hb <L

λ2> ϵλ2
HbO2

<Lλ2>

ϵλ3
Hb <L

λ3> ϵλ3
HbO2

<Lλ3>

×

 ∆[Hb]

∆[HbO2]

 (4.13)

Hence formula for �nding concentration changes' for 3 wavelength cw-NIRS system is;

∆C = (BTB)−1BT ×∆ODmeasured (4.14)

where ∆C =

 ∆[Hb]MBLL

∆[HbO2]MBLL

, B =


ϵλ1
Hb <L

λ1> ϵλ1
HbO2

<Lλ1>

ϵλ2
Hb <L

λ2> ϵλ2
HbO2

<Lλ2>

ϵλ3
Hb <L

λ3> ϵλ3
HbO2

<Lλ3>

. In this formu-

lation, generally wavelength independent constant value is used for <Lλ1 > (i.e. it is

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

Correction for this MBLL formulation is found by �nding concentration changes

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

nous tissue model, ∆ODmeasured is equal to Bm ×

 1

−1

 for unit magnitude concen-

tration changes, where Bm =


ϵλ1
Hb <L

λ1
m,r,hf

> ϵλ1
HbO2

<Lλ1
m,r,hf

>

ϵλ2
Hb <L

λ2
m,r,hf

> ϵλ2
HbO2

<Lλ2
m,r,hf

>

ϵλ3
Hb <L

λ3
m,r,hf

> ϵλ3
HbO2

<Lλ3
m,r,hf

>

 and <Lλ1
m,r,hf

> are the

values found with Monte Carlo simulations. Then concentration changes are found as; ∆[Hb]MBLL_U_ISC

∆[HbO2]MBLL_U_ISC

 = (BTB)−1BT ×Bm ×U (4.15)

where U =

 1

−1

. These calculated concentration changes are for unit magnitude

and opposite concentration changes of Hb and HbO2 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 <Lλ1
m,r,hf

> 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;

Smuscle = exp

[
−
(
hs + hf
A

)2
]

(4.16)

where Smuscle is 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

Smuscle = exp

[
−
(
hs + hf
A1

)2
]
− A2G(α, β) (4.17)

whereG(α, β) is gamma function (= 1
βαΓ(α)

(hf+hs)
α−1e−(hf+hs)/β) and Smuscle is used as

above. The constants A1, A2, α, and β 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 e�ect. The four correction curves all resulted in smaller variabilities compared

to the raw data. The decline in the values with hf 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 O2.min−1.100g−1)

Standard Deviation 0.04 0.04 0.04 0.04 0.04

CV (%) 38.4 28.8 29.0 28.2 27.9

However, di�erence between them shows itself in the Figure 4.1. The all curves is in

similar ranges below hf = 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 hf < 6 mm. Our curve seems to indicate

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

The di�erence 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 e�ect 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 �nd 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 r×DPF value. This method will also su�er from subject

physiological variability, change of blood volume during exercise and change of optical

properties (both µa,m and µ′
s,m) 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
di�erent curves of Niwayama et al. [101,102] and our correction curve explained in the text

during 10 minutes forearm venous out�ow 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 re�ected light at multiple wavelengths are used to calculate changes in

concentrations of Hb and HbO2. Two di�erent methods, di�usion theory analysis and

modi�ed 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 di�erent 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-

i�ed 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

(re�ectance) 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 modi�ed Beer-Lambert law estimates in all cases. Estimates

are better for muscle layer and also for fat layer absorption coe�cient change estimates.
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5.1 THEORY

5.1.1 Modi�ed Beer-Lambert Law

For a medium with homogeneous absorption change assumption, modi�ed Beer-

Lambert law can be stated as

OD = ln

(
I0
I

)
= µa ×DP +G (5.1)

where OD is called optical density, DP is di�erential pathlength which equals mean

distance < L > travelled by the photons reaching the detector, I0 is the intensity of

sent light and I is the intensity of received light, µa is the absorption coe�cient of the

medium. Di�erential pathlength depends on all the absorption coe�cient µa, scattering

coe�cient µs, single-scattering phase function and geometry. Loss of light due to

scattering is represented in G which depends on scattering coe�cient µs and scattering

phase function of the medium but not on absorption coe�cient. The parameters are

wavelength dependent. This formulation is valid for small changes of µa where DP is

approximately constant [18, 9, 64].

In cw-NIRS, change in the received light intensity is observed and recorded. Us-

ing modi�ed Beer-Lambert Law, change in OD is proportional to change in absorption

coe�cient of the medium.

△OD = △µa× < L > (5.2)

where it is assumed that G does not change during the measurement (i.e. µs and

scattering characteristics do not change). Hence change in absorption coe�cient is

found using the formula;

△µa =
△OD
< L >

(5.3)
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5.1.2 Two-distance Partial Pathlength Method

It is possible to extend modi�ed 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;

△OD =
n∑

i=1

< Li > △µa,i (5.4)

where < Li > is the mean pathlength taken in the layer i by the photons reaching the

detector and µa,i is the change in absorption coe�cient of layer i 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, △OD

at distances r1 and r2 from the light source can be modelled as;

△ODr1 = △µa,fat× < Lr1
fat > +△µa,muscle× < Lr1

muscle > (5.5)

△ODr2 = △µa,fat× < Lr2
fat > +△µa,muscle× < Lr2

muscle > (5.6)

Changes in the absorption coe�cients 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 µa,fat and µa,muscle;

△µa,fat =
(
< Lr2

muscle > △ODr1− < Lr1
muscle > △ODr2

)
/A (5.7)

△µa,muscle =
(
< Lr1

fat > △ODr2− < Lr2
fat > △ODr1

)
/A (5.8)

denominator A is (< Lr1
fat >< Lr2

muscle > − < Lr2
fat >< Lr1

muscle >). Assumption in

this derivation is that change in absorption coe�cients 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 i which has absorption coe�cient µa,i, scattering coe�cient

µs,i and reduced scattering coe�cient µs,i
′ (= (1− g)µs,i) (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 = −ln(R)/µs,i
′, R having uniform

distribution over (0, 1). Scatter de�ection 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, 2π). Total distance

traveled in layer i by each photon (Li) 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(
∑

−(Liµa,i)), i.e.

w = exp(
∑

−(Lfatµa,fat + Lmuscleµa,muscle)) 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 (< Li >) for the detected photons was found us-

ing the formula < Li >=
∑N

j Li,j ·wj/(
∑N

k wk), where Li,j is the path taken in medium

i 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 in�nite. Optical properties of the fat and muscle layers are taken

from the in vitro measurements of Lin et al. [86] and 108 photon packets were injected

into the medium for statistical accuracy. Simulations were made to generate detected

light intensity (re�ectance) changes at di�erent 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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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 coe�cients of both fat and muscle layers were

made to change simultaneously. However change of absorption coe�cient 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−1.100g−1 in Simonsen et al. [122]) compared to muscle tissue (0.12-0.19

ml.min−1.100g−1 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 coe�cients are 0.02 [cm−1] and 0.2

[cm−1] for fat and muscle layers, respectively. Reduced scattering coe�cients are 12

[cm−1] for fat layer and 6 [cm−1] for muscle layer. In the �rst simulation change of

absorption coe�cient in fat layer is 4 times less than change in muscle layer. In the

second simulation case, change of absorption coe�cient 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,
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Table 5.1

Found changes of absorption coe�cients using 1-detector and 2-detectors for simulated absorption
changes in fat and muscle layers. Change of absorption coe�cient in muscle layer is 4 times bigger

than change in fat layer.

Real Error of

△µa,1−d △µa,1−d △µa,2−d, 1st layer △µa,2−d, 2nd layer

△µa,fat △µa,muscle (r = 1 (r = 4 (r = 1 & 4 [cm]) (r = 1 & 4 [cm])

[cm−1] [cm−1] [cm]) % [cm]) % % %

-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 5.7 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 -25.5 -9.3 -7.9

5.3. In the tables, �rst 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 modi�ed Beer-Lambert law with 1-detector (called △µa,1−d).

Detector at 1 [cm] is used for fat layer and at 4 [cm] is used for muscle layer absorption

coe�cient change estimations. Errors are calculated relative to real absorption changes

(i.e. error for fat calculation is equal to 100× (△µa,1−d@r=1 −△µa,fat)/△µa,fat. Error

results of two-detector based calculations using Eq. 5.7 and 5.8 are given in �fth and

sixth columns, denoted as △µa,2−d. 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 △µa,1−d, 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 �rst 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 coe�cient 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 �rst simulation set and

between 14.2-30.3% the for the second simulation set. It is noted that errors are lower

for absorption coe�cients' 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 modi�ed 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 �rst

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 coe�cients. Abso-

lute errors are between 2.2-11.7% and between 2.3-11.9% for the �rst simulation set

and second simulation set, respectively. For up to 30% and 75% absorption coe�cient
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Table 5.2

Found changes of absorption coe�cients using 1-detector and 2-detectors for simulated absorption
changes in fat and muscle layers. Change of absorption coe�cient in muscle layer is 16 times bigger

than change in fat layer.

Real Error of

△µa,1−d △µa,1−d △µa,2−d, 1st layer △µa,2−d, 2nd layer

△µa,fat △µa,muscle (r = 1 (r = 4 (r = 1 & 4 [cm]) (r = 1 & 4 [cm])

[cm−1] [cm−1] [cm]) % [cm]) % % %

-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 0.02 579.4 -25.6 -8.4 -2.3

0.00250 0.04 561.3 -27.3 -16.2 -4.4

0.00375 0.06 544.6 -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 coe�-

cient change estimate in the �rst simulation set. In the second simulation set, absolute

error is less than 8.4% for up to 30% and 18.75% absorption coe�cient 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 < Lr
fat >, < Lr

muscle > for the

2-detector system and mean path length for the 1-detector system. 1-detector system

is directly a�ected by this such that overestimation of mean path length reduces error

of △µa,fat while it increases underestimation error of △µa,muscle. This is because of

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

ously with △µa,fat much less than △µa,muscle. Error increase for △µa,muscle is 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 coe�cient 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 a�ected by △µa,muscle 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 △µa,muscle while +15% higher partial path

lengths give usual underestimation errors. The estimation error of △µa,fat is a complex

function of the direction of real △µa,fat 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 coe�cient in muscle layer is 16 times bigger than change in fat layer.

Figure 5.5 Results for 1-detector (r = 4 [cm]) with erroneous assumption of mean path lengths.
Simulated change of absorption coe�cient in muscle layer is 16 times bigger than change in fat layer.
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Figure 5.6 Results for 2-detector of△µa,fat with erroneous assumption of mean partial path lengths.
Simulated change of absorption coe�cient in muscle layer is 16 times bigger than change in fat layer.

Figure 5.7 Results for 2-detector of △µa,muscle with erroneous assumption of mean partial path
lengths. Simulated change of absorption coe�cient in muscle layer is 16 times bigger than change in
fat layer.
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Table 5.3

Found changes of absorption coe�cients using 1-detector with -15% erroneous assumption of mean
and partial path lengths. Change of absorption coe�cient in muscle layer is 16 times bigger than

change in fat layer.

Real Error of

△µa,1−d △µa,1−d △µa,2−d, 1st layer △µa,2−d, 2nd layer

△µa,fat △µa,muscle (r = 1 (r = 4 (r = 1 & 4 [cm]) (r = 1 & 4 [cm])

[cm−1] [cm−1] [cm]) % [cm]) % % %

-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 modi�ed 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 modi�ed

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 coe�cient 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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Table 5.4

Found changes of absorption coe�cients using 1-detector with +15% erroneous assumpion of mean
and partial path lengths. Change of absorption coe�cient in muscle layer is 16 times bigger than

change in fat layer.

Real Error of

△µa,1−d △µa,1−d △µa,2−d, 1st layer △µa,2−d, 2nd layer

△µa,fat △µa,muscle (r = 1 (r = 4 (r = 1 & 4 [cm]) (r = 1 & 4 [cm])

[cm−1] [cm−1] [cm]) % [cm]) % % %

-0.00500 -0.08 595.0 -25.4 21.6 -2.7

-0.00375 -0.06 569.6 -27.9 12.1 -5.7

-0.00250 -0.04 546.9 -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 voluntarily. 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 �bers 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 �bers can be as long as two

centimeters long. Actin and myosin molecules in the muscle �ber generate contraction

hence force production. These molecules can slide across each other. Myosin (thick)

�laments associate with the actin (thin) �laments by crossbridges. According to sliding

�lament theory of contraction, overlapping �laments slide past each other leading to

muscle contraction and tension generated is proportional to the interaction between
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these �laments. A single contraction-relaxation cycle is called a twitch. Three types of

skeletal muscle �bers exist in the muscles which di�er in their contraction speed and

fatigue resistance. These are fast-twitch glycolytic �bers, fast-twitch oxidative �bers

and slow-twitch oxidative �bers. Fast-twitch �bers have quicker twitch times allowing

fast and precise movements whereas slow-twitch �bers are suited for prolonged and

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

Each �ber in muscle is innervated by a single axon, and multiple muscle �bers are

controlled by the axons of one somatic motor neuron. This motor neuron and muscle

�bers 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 �ring

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 su�cient 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

e�cient 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 e�ciency 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 e�ciency (about

2 ATP generation compared to 30-32 ATP per glucose) and higher acidosis because

of CO2 and lactic acid accumulation. Oxidative phosphorylation can be sustained for

hours in the presence of enough metabolites which depends on exercise intensity [125]

and �tness 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.

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

Di�erences in the energy metabolism of di�erent skeletal muscle �bers

exist . The �ber types are fast-twitch (type I) and slow-twitch (type II) �bers. Fast-

twitch �bers are divided into fast-oxidative, fast-glycolytic �bers. Fast-twitch glycolytic

�bers are the largest in diameter and their primary mechanism for ATP generation is

anaerobic metabolism and they have the fastest fatigue development. Slow-twitch �bers

use mainly oxidative metabolism for ATP generation. Slow-twitch oxidative �bers have

more vessels and capillaries, have high myoglobin content and a smaller diameter all

of which allows oxygen to be passed easily from interstitial �uid to the mitochondria.

These make it easy for slow-twitch �bers to maintain oxidative phosphorylation and
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they are more resistant to fatigue. Fast-twitch oxidative �bers are smaller than fast-

twitch glycolytic �bers, contain some myoglobin and use both glycolytic and oxidative

phosphorylation to generate ATP which makes them more resistant to fatigue than

fast-twitch glycolytic �bers [125].

6.1.2 E�ects 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, O2 and

nutrients such as fatty acids and glucose (which are required as energy sources) should

be supplied while waste products such as CO2 and lactic acid should be cleared away.

During exercise, ventilation increases in response to higher O2 demand and to

clear increased CO2 in the blood. The most (70-80%) of the CO2 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 [CO2] 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 O2 and CO2 partial pressures as well as pH level do not change signi�cantly

during mild to moderate exercise.

Cardiac output, de�ned 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 �ber

damage from over�lling of the ventricles by reducing the �ll 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 l/min at rest can increase up

to about 40 l/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 �ow decreases during exercise. Despite this, Mean

Arterial Blood Pressure (MABP) increases because of proportionally higher increase in

cardiac output. Baroreceptor re�ex is o�set 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 a�erent 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

�ow is not adequate and this signal overrides baroreceptor re�ex [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 β-oxidation enzymes (which breakdowns fatty acids) are increased in the

muscle �bers 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 de�nitions of fatigue is decline

in the maximal force generating capacity or maximal power. Another de�nition 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

de�nition is used for muscle endurance measurements.

Figure 6.2 Used methods in fatigue investigations from Voellestad [125]. LFF is low frequency
fatigue, TI 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. Di�erent types of motor units have di�erent thresholds for contraction

and have di�erent conduction velocities. Besides energetic characteristics are not the

same. During contraction, di�erent/increasing number of motor units can be in action

depending on the recruitment pattern with these mentioned di�erent properties. 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 �ow occlusion because of increased intra-

muscular pressure, pH levels could decrease, Ca2+ release from sarcoplasmic reticulum

could decrease, a�nity 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. 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 �ber 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 �bers that it innervates. A single

motor unit can have 3 - 2000 muscle �bers. Fine controlled movements are controlled

by motor units having small number of motor �bres, i.e. less than 10. Those motor

units responsible for gross movements can have 100 - 1000 �bers. When a motoneuron

is activated, it triggers all the muscle �bers it innervates. Depolarization are spread on

the membranes of the all muscle �bers of the motor unit. For a motor unit, the motor

unit potential is de�ned as the temporal and spatial summation of the muscle action

potentials for all the �bers 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 a�ected by the muscle �ber 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 HbO2 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 HbO2 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 ∆[Hb] and ∆[HbO2] in ischemia protocol
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Figure 6.6 Illustration of half time parameter calculation for a typical oxy signal for the ∆[Hb] and
∆[HbO2] 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 [HbO2] and oxy signal

(△[HbO2] - △[Hb]) decrease (reaching minimum values). Immediately after the is-

chemia (by lowering the cu� pressure to 0 mmHg), [Hb] decreases sharply, [HbO2] and

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

ing to the baselines. The concentration di�erence immediately after ischemia is called

range (R) and the time to reach half of this range (or half of R×0.95) after ischemia
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is called half time (t1/2) [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 HbO2 and gives ability to monitor the recovery

process.

De Blasi et al. (1992) [136] were the one of the �rst group who did ischemia mea-

surements in the forearm using NIRS. The authors found decreasing (△[HbO2]−△[Hb])

and not changing (within some limits) (△[HbO2]+△[Hb]) signal during ischemia. Cu�

relase was accompanied by rapid recovery of (△[HbO2] − △[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 Usage of Recovery Times

In the �rst study conducted in coordination with `Spor Hekimli§i Bölümü, �stan-

bul Üniversitesi', NIRS measurements are taken from sportsmen before and after they

participate a major sports event in Ka³�kç�o§lu 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 �ow 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 �rst before the marathon/triathlon with this protocol. After the

marathon/triathlon, sportsmen took the e�ort 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 (t1/2). Mean half time

values were calculated across the available light detectors' signals for each subject for

△[Hb], △[HbO2] and oxy (△[HbO2]- △[Hb]) signals. Increase in the mean of t1/2,oxy

and t1/2,HbO2 after marathon/triathlon and e�ort test were dominant �ndings in the

results although statistically not important. This could mean that arterial system is

a�ected much more by the prolonged exercise. Increase of standard deviation of t1/2,oxy

and t1/2,HbO2 for the majority of the subjects after prolonged exercise could indicate

heterogeneity of the vascular system dynamics after big e�ort.

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 �bromyalgia 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 e�ect of aerobic exercise training often advised to

�bromyalgia patients as a treatment. Same methodology was applied as in Ka³�kç�o§lu

et al. [137]. Preliminary results which compare cw-NIRS derived half time recovery

times of Hb, HbO2 and oxy 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 t1/2 for Hb, t1/2 for HbO2 and t1/2 for oxy

values were longer in �bbromyalgia 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 t1/2 for oxy (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

E§itimi ve Spor Yüksek Okulu'. In this study, hand grip protocol was used. Three
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di�erent 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;

• Obtaining the simultaneous signals of ∆[Hb], ∆[HbO2], oxy, force and sEMG for

isometric and isotonic hand grip exercise at di�erent force levels.

• Calculation of sEMG related parameters (RMS, MNF, MDF) and cw-NIRS pa-

rameters (amplitude parameters and duration to in�ection point)

• Inspired by the previous studies in the literature, �nding the in�ection points

of cw-NIRS parameters at which point initial fast change phase changes to slow

phase. The relationship between in�ection durations and other parameters (i.e.

exercise duration, sEMG parameters of MNF, MDF etc.) will be examined.

• Investigation of the obtained parameters' changes and relationships between them

• By performing these previous items, investigating underlying physiological changes

of fatigue

• 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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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 �exor digitorum super�cialis

muscle, both cw-NIRS (with NIROXCOPE 301, Bo§aziçi 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 �ngers 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 ampli�ers was used for the sEMG measurements with

2 kHz sampling rate. The ampli�ers 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.
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They were all rowers and canoe athletes, with age 22.6± 3.2 years, height 1.8±0.1 [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 �ltered with 10 Hz high pass �lter (Butterworth

�lter, 4th order) and notch �lter ([49.5-50.5] Hz stop band, Butterworth �lter, 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 �ttings 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

�ts.
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In�ection point parameter is calculated for cw-NIRS besides ∆[HbO2], ∆[Hb]

and oxy signal(=∆[HbO2] - ∆[Hb]). In�ection 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]: �rst 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 (�rst segment) and from selected time instant to the

end of range. Least squares of line �ttings 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. In�ection point is found from all these available points

such that line �ts of least squares are signi�cant, �rst segment's slope is higher than

that of second segment's and sum of determination coe�cients of least squares �ts are

maximum.

The change for the concentration from start of the exercise to the in�ection

point is called ∆Rn and change from start to the maximum change point (i.e. to the

peak or minimum) in the �rst minute of exercise is labeled as ∆Rf , 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 sEMG 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 sEMG paramaters, cw-NIRS parameters and time.
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Figure 6.9 Sample simultaneous sEMG and NIRS recording at 50% MVC exercise level
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Figure 6.10 Sample simultaneous sEMG and NIRS recording at 75% MVC exercise level (for the
same subject whose 50% MVC level data given in Figure 6.9)
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Least squares �t of a straight lines to shown data were also drawn in these

�gures. Equation of the �tted line to the plotted data along with its goodness of �t

measure (R2, also called coe�cient of determination [142], is de�ned as the ratio of

the sum of squares of the regression and the total sum of squares) is also given in the

�gures. R2 parameter is referred as the amount of the variability in the data accounted

by the �tted model [142]. In these plots, shown CC parameter gives the correlation

coe�cient between the plotted parameters. Statistically signi�cant plots were shown

in bold font.

The mean duration are 83.0±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 di�erence is statistically signi�cant

(P<0.0001, paired t-test). Hence the duration in 75% MVC exercise level is signi�-

cantly shorter.

6.5.1.1 cw-NIRS Parameters. In both exercise levels, △[HbO2] and △[Hb]

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 oxy signal. In a short while, △[Hb] and △[HbO2] reach either a plateau or a slow

change phase. △[Hb] has a rather more plateau like pattern compared to △[HbO2]. In

some subjects, increase in △[HbO2] is also observed with a high magnitude. The in�ec-

tion duration parameter, which is directly related to the �rst fast phase is signi�cantly

di�erent between the two exercise levels, for all △[HbO2] (15.9±10.8 vs. 9.2±2.1 s.,

P<0.05), △[Hb] (15.2±8.2 vs. 9.1±2.2 s., P<0.01) and oxy (16.0±10.5 vs. 9.4±2.5

s., P<0.05). The slope derived in this fast phase is also signi�cantly di�erent between

the 50% and 75% MVC levels, for all △[HbO2] (-1.0±0.6 vs. -1.6±0.7 [a.u.], P <0.01),

△[Hb] (1.1±0.5 vs. 1.6 ±0.7 [a.u.], P <0.01) and oxy (-2.0±1.1 vs. -3.2±1.4 [a.u.],

P <0.01). An interesting point to note is that mean magnitude change parameters

∆Rn and ∆Rf were similar between the two exercise levels for all three NIRS param-

eters. The individual ratios ∆Rn,50/∆Rn,75 and ∆Rf,50/∆Rf,75 are given in the Table

D.4. Numerically, the ratio of ∆Rf,50/∆Rf,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 △[HbO2], in

between 0.7-1.3 (except 3.2) for △[Hb] and in between 0.8-1.1 (except 0.7, 1.3 and 2.7)

for the oxy parameter. The value of ∆Rn,50/∆Rn,75 is in the range 0.7-1.2 for △[HbO2]

(with exception values of 0.3, 1.5 and 1.7), △[HbO2] (along with values 0.5, 0.6, 1.5

and 3.2) and oxy (along with values 0.4, 1.5 and 2.7).

The cw-NIRS results changed in numbers, but di�erence between 50% and 75%

MVC remained signi�cant for in�ection durations and slopes when the outlier data for

subjects 2 and 5 were removed (because of their high valued in�ection durations). As

given in Table 6.1, the in�ection durations changed to △[Hb] (11.8±2.9 vs. 8.4±1.6 s.,

P<0.05), △[HbO2] (11.2±2.8 vs. 8.6±1.7 s., P<0.01) and oxy (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 △[Hb], -1.2±0.5 vs. -1.8 ±0.5 [a.u.] (P <0.01) for

△[HbO2] and -2.3±0.9 vs. -3.6±1.1 [a.u.] (P <0.01) for oxy.

An important �nding is the relationship between in�ection duration and exercise

duration. The correlation between in�ection durations and exercise duration jumped

to 0.53 for △[Hb], 0.54 for △[HbO2] and 0.63 for oxy (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 coe�cient values are r=0.60 (P =0.052)

and 0.59 (P =0.056) for correlations between exercise duration and tn,Hb, tn,oxy, with

P values close to statistical signi�cance level of 0.05.

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

variation, 1.0±1.3 and 1.2±0.9 [%/s.] for 50% and 75% MVC exercise levels, respec-

tively. The slopes of least squares line �ts for mean and median frequencies have

signi�cantly 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 �tted line

slope values are found to be -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
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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

di�erence)

MVC RMS Mean Frequency Median Frequency

Level % Slope % Slope Slope % Slope Slope

change [%/s.] change [Hz/s.] [%/s.] change [Hz/s.] [%/s.]

50% µ 91.1 1.0 -34.8 -0.5 -0.5 -34.2 -0.4 -0.4

σ 123.7 1.3 17.6 0.3 0.3 18.7 0.3 0.3

75% µ 47.0 1.2 -36.0 -1.0∗∗ -1.0∗∗∗ -35.1 -0.8∗ -0.9∗∗

σ 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 �ts for MNF and MDF are above

0.55, among them correlation between duration and MNF slope ([%/s.]) is statis-

tically signi�cant (r=0.60, P<0.05). For the oxy variable, signi�cant relationship

exists between ∆Rn/∆R
75
n,oxy and MNF percentage change (r=-0.62, P<0.05). Re-

lationship between ∆Rn,oxy/∆R
75
n,oxy and MDF percentage change also draws atten-
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tion, with r =-0.57 (NS). A number of statistically signi�cant relationships are present

between NIRS parameters for △[HbO2] and sEMG parameters. Listing from Table

D.6, the values of these correlations are r=-0.62 (P<0.05) between ∆Rf,HbO2 and

RMS % change, r=-0.61 (P<0.05) between ∆Rf,HbO2 and RMS slope ([%/s.]), r=-

0.69 (P<0.05) between ∆Rn,HbO2/∆R
75
n,HbO2

and MNF percentage change, r=-0.60

(P<0.05) between ∆Rn,HbO2/∆R
75
n,HbO2

and MNF slope ([%/s.]), r=-0.65 (P<0.05)

between ∆Rn,HbO2/∆R
75
n,HbO2

and MDF percentage change, r=-0.62 (P<0.05) between

∆Rn,HbO2/∆R
75
n,HbO2

and MDF slope ([%/s.]). Statistically not signi�cant but impor-

tant to notice correlations are between MNF percentage change and∆Rf,HbO2/∆R
75
f,HbO2

(r=-0.59), between ∆Rf,HbO2/∆R
75
f,HbO2

and MDF percentage change (r=-0.55).

When the subjects 2 and 5 were removed for 50% MVC level (because of their

high valued in�ection durations), the correlation changed to the values given in Table

D.7. It was immediately noted that number of signi�cant correlations were increased

between cw-NIRS parameters and sEMG parameters. Although the correlation be-

tween exercise duration and MNF slope ([%/s.]) is not statistically signi�cant now, it

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

least squares line �ts for MNF and MDF are above 0.54.

The △[Hb] and oxy had statistically signi�cant correlations for between in�ec-

tion duration and frequency parameters of MNF and MDF, with values higher than

0.68 except not statistically signi�cant correlation for MDF percentage change for the

oxy. The in�ection duration had high correlation between MNF slope [Hz/s.] (0.81)

and between MDF slope [Hz/s.] (0.80) for the △[HbO2]. The all △[Hb], △[HbO2]

and oxy parameters had statistically signi�cant correlations between Rn,Hb/∆Rn,Hb75

and frequency parameters of MNF and MDF. ∆Rf,oxy/l∆R
75
f,oxy had statistically signif-

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

respectively. ∆Rf,HbO2/∆R
75
f,HbO2

had statistically signi�cant correlations of -0.67 and

-0.71 between MNF % change and MDF % change, respectively. ∆Rf high statistically

signi�cant correlations between RMS parameters for △[HbO2] and oxy. ∆Rn also had

high statistically signi�cant correlations between RMS parameters for △[Hb] and oxy.
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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 coe�cients between ∆Rf,oxy and MNF slope ([%/s.]),

MDF percentage change, MDF slope ([%/s.]), respectively. The correlations values of

∆Rf and sEMG parameters are also high for ∆HbO2, numerically -0.55 (NS), -0.59

(NS), -0.55 (NS), -0.55 (NS) between ∆Rf,HbO2 and MNF percentage change, MNF

slope ([%/s.]), MDF percentage change, MDF slope ([%/s.]). Statistically signi�cant

relationships for 75% MVC level exercise are between ∆Rf,Hb and MNF percentage

change (r=0.71), between∆Rf,Hb and MNF slope [%/s.] (r=0.65), between∆Rf,Hb and

MDF percentage change (r=0.70), between ∆Rf,Hb and MDF slope [%/s.] (r=0.63),

between ∆Rn,Hb and MNF percentage change (r=0.63), between ∆Rn,Hb and MNF

slope [Hz/s.] (r=0.66), between ∆Rn,Hb and MNF slope [%/s.] (r=0.67), between

∆Rn,Hb and MDF percentage change (r=0.61), between ∆Rn,Hb 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 in�ection durations are all signi�cant (0.56, 0.50 and 0.50 for tn,Hb, tn,HbO2

and tn,oxy, respectively). 0.43, 0.69, 0.79, 0.69 and 0.78 are the statistically signif-

icant corretalation coe�cients between exercise duration and RMS % change, MNF

slope [Hz/s.], MNF slope [%/s.], MDF slope [Hz/s.], MDF slope [%/s.], respectively.

Statistically signi�cant correlations are found between in�ection durations and sEMG

parameters. They are between tn,Hb and RMS percentage change (r=0.44), between

tn,Hb and MNF slope [Hz/s.] (r=0.52), between tn,Hb and MNF slope [%/s.] (r=0.52),

between tn,Hb and MDF slope [Hz/s.] (r=0.56), between tn,Hb and MDF slope [%/s.]

(r=0.54), between tn,HbO2 and RMS percentage change (r=0.50), between tn,HbO2 and

MNF slope [Hz/s.] (r=0.46), between tn,HbO2 and MNF slope [%/s.] (r=0.45), be-

tween tn,HbO2 and MDF slope [Hz/s.] (r=0.50), between tn,HbO2 and MDF slope [%/s.]

(r=0.48), between tn,oxy and MNF slope [Hz/s.] (r=0.43), between tn,oxy and MNF

slope [%/s.] (r=0.43), between tn,oxy and MDF slope [Hz/s.] (r=0.47), between tn,oxy

and MDF slope [%/s.] (r=0.45).
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Figure 6.11 Scatter plots between exercise duration and sEMG parameters for 50% MVC level (*
and bold font indicates statistically signi�cant correlation for 0.05 P level)
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Figure 6.12 Scatter plots between sEMG parameters and tn,Hb for 50% MVC level, right column
results are for outliers (subjects 2 and 5) excluded case (* and bold font indicates P < 0.05)
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Figure 6.13 Scatter plots between sEMG parameters and tn,HbO2 for 50% MVC level, right column
results are for outliers excluded case (* and bold font indicates P < 0.05)
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Figure 6.14 Scatter plots between sEMG parameters and tn,oxy for 50% MVC level, right column
results are for outliers (subjects 2 and 5) excluded case (* and bold font indicates P < 0.05)
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Figure 6.15 Scatter plots between sEMG parameters and cw-NIRS amplitude parameters for HbO2

at 50% MVC level, (* and bold font indicates P < 0.05)
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Figure 6.16 Scatter plots between exercise duration and in�ection durations for 50% MVC level,
right column results are for outliers (subjects 2 and 5) excluded case
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Figure 6.17 Scatter plots between exercise duration and sEMG parameters for 75% MVC level
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Figure 6.19 Scatter plots between sEMG parameters and tn,Hb for 75% MVC level
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Figure 6.20 Scatter plots between sEMG parameters and tn,HbO2 for 75% MVC level
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Figure 6.21 Scatter plots between sEMG parameters and tn,oxy for 75% MVC level
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Figure 6.22 Scatter plots between cw-NIRS amplitude parameters for Hb and sEMG parameters
which have statistically signi�cant 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 e�ects of sport speci�c endurance and fatigue pro�le for sustained isometric

contractions during grip force with using surface EMG and NIRS parameters in rowers

and canoe athletes. The chosen muscle was FDS (�exor digitorum super�cialis). 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 �ndings are discussed under the headings of cw-NIRS �ndings, sEMG

�ndings correlation between sEMG and cw-NIRS parameters, possible applications and

limitations of the study.

6.5.2.1 cw-NIRS Findings. cw-NIRS parameters of △[Hb], △[HbO2] and oxy

initially had fast changes (fast increase for △[Hb], decrease for △[HbO2] and oxy).

△[Hb] and △[HbO2] 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 �uctuations 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 e�ects 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 △[HbO2], △[HbO2] and oxy initially started

with fast changes. The fast phase at the beginning of the exercise is caused by blood

�ow occlusion and high demand of oxygen by aerobic energy metabolism. Oxy signal

re�ects 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 �ow, 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 signi�cantly shorter

compared to the 50%MVC exercise, as expected. The slopes were steeper and in�ection

durations were signi�cantly shorter in 75% MVC level, the values given in section

6.5.1.1.

Our study con�rms that muscle deoxygenation rate is higher for 75% MVC level

than for 50% MVC, supporting the �nding 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 sEMG

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 �rst isotonic isometric part where the aim is to maintain

prede�ned 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 ∆Rn and ∆Rf were similar between the two exercise levels for all

three NIRS parameters.

The motivation behind in�ection 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 �nding was that in�ection point determined

from fast phase (the �rst 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 △[Hb] and 0.59 for oxy (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 in�ection durations and exercise duration were to 0.53 for △[Hb],

0.54 for △[HbO2] and 0.63 for oxy (P =0.07).

The observation in these measurements was that after the fast phase, the pat-

tern in △[Hb] was usually a plateau like trace. However, △[HbO2] (and oxy) had

variations in the pattern after the initial fast phase region. Di�erent patterns were

slowly decreasing, slowly increasing �uctuations or plateau like traces for the oxy and

△[HbO2]. Oxy signal had di�erent patterns. Afterwards this fast phase, there were

di�erent patterns of slowly decreasing, slowly increasing �uctuations or plateau like

phases for the oxy 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 �nding 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 �nd 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 �gures 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 �rst 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 �ow occlusion [153]. In any case,

observed decreases are important and can give idea about oxygen de�ciency. 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 �ow 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 �bres.

After the end of exercise, △[Hb], △[HbO2] and oxy have fast recoveries with

hyperaemic phase. △[Hb] decreases while △[HbO2] and oxy increases, again at speedy

rates like the phase in the start of the exercise.

6.5.2.2 sEMG Findings. In the experiments, typical sEMG �ndings 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 mean±standard 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 (34.8±17.6%

at 50% MVC and 36.0±8.4% at 75% MVC) and MDF (34.2±18.7 at 50% MVC and

35.1±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 signi�cantly 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 �ts 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 signi�cant 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 �tted 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 myo�brils and synchronization of di�erent

motor units.

Power spectral density is a�ected by CV, MU �ring rate, and also a�ected 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 �ring 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 �ow during sustained isometric contractions [172, 173, 174] which

causes decrement of gradient across muscle �ber membrane, decrease of muscle �ber

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 a�ecting the EMG signal is given in DeLuca [165].

Impairments in excitation-contraction coupling because of drop in Ca2+ release
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as well as reduced Ca2+ sensitivity of the contractile proteins and T-tubule excitability

reductions are all leading to fatigue development [179].

Sadoyama et al. [180] states that spectral modi�cations 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 di�erence 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 �bers 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

II 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 �ber 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 1.2±0.9 [%/s.] for 50% and 75% MVC exercise levels, respectively.

Sustained submaximal constant force isometric exercises have been reported to have

the �nding of integrated EMG (analogous to RMS) signal increase [189, 190, 49, 168]

to compensate for contractility impairment which is explained with MU recruitment

and �ring rate increase [191, 49]. Fatigue also in�uences MU recruitment [190]. RMS

signal decrease is observed for MVC (100% MVC) exercises [192, 190], di�erent than

submaximal isometric exercises.

6.5.2.3 Revealed Fatigue Mechanisms. It is clear that reduced [HbO2] 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 �ow.

Studies show that muscle �ow constriction is started in sustained contraction

over about 20-25% MVC [193, 194, 195, 196]. Sadamoto et al. [197] found increasing

mean recti�ed 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 �ow since since

muscle arterial pressure is likely to exceed mean arterial pressure [200], hence restriction

in blood �ow [197, 201, 202, 147]. Since large �ow means large oxygen supply, IMP

increase causes decrease in oxygen supply. In this case, intramuscular oxygen is utilized.

The occlusion of blood �ow also prevents the removal of muscle metabolic by-products

and maintenance of homeostasis in the muscle [40]. In normal conditions, blood �ow

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 �ow increase by

local vasodilation during exercise is counterbalanced by mechanical forces which cause

IMP increase. In the hyperemic phase after exercise, these two e�ects work in the same

direction for blood �ow increase [203].

Force production increase is possible by increase in muscle �ber �ring 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 �bres becomes limited in the absence of oxygen although

they are highly resistant to fatigue under adequate oxygen supply. Under hypoxic

conditions the performance of �bers which use anaerobic pathways dominantly are af-

fected to much less extent [154]. However their performance would be a�ected by the

accumulation of metabolic by-products by the occlusion blood �ow. 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 in�ection point corresponds to the time

when proportion of aerobic energy pathway is decreased signi�cantly 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 �ndings, mean magnitude

change parameters ∆Rn and ∆Rf were similar between the two exercise levels for all

three NIRS parameters. Hence this con�rms 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 in�ection duration (i.e. longer

fast phase region). This could re�ect di�erence in the subjects' usage of aerobic and

anaerobic energy pathways (i.e. di�erent proportions in the fast phase between sub-

jects) because of di�erences in �ber types or training e�ects. Another explanation

could be that, although care was taken to ensure that all subjects did the experiment

in the same condition, somehow more blood �ow 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 con�rms 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 a�ects its availability to aerobic

energy pathways.

An important �nding 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 �ow 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 de�ciency is a

determinant factor during high-intensity exercise, the situation is more complex for

prolonged exercise. Energy de�ciency is not the sole explanation for prolonged exercise.

Recovery of force after a 75% VO2max cycling exercise is found to have �rst 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 �exion exercise at 30%, 50% (1

min.) and 70% MVC levels (up to exhaustion). NIRS and 31P-MRS techniques were

used for investigation from �exor digitorum super�cialis muscle, non-simultaneously for

the same exercise. First exercise was done under arterial occlusion, called Intramuscular-

O2-Ex. Con�rming 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-O2-Ex and Anaero-Ex, sum of ATP pro-
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duction rates (sum of oxidation, PCr break down and glycolysis) were not signi�cantly

di�erent. Low intensity exercise at 30% MVC re�ected di�erence between two exercises

in which PCr breakdown rate was signi�cantly lower for Intramuscular-O2-Ex which

shows contribution of aerobic metabolism. Hence authors commented that aerobic

metabolism may contribute to maintaining PCr level until oxygen depletion.

Con�rming the �nding of Fellici et al. [144], Kimura et al. [211] did not �nd

signi�cant di�erence 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 o�er was the larger contribution of anaerobic metabolism at higher intensities

increasing from start of the exercise at higher intensities which is fast and e�cient in

terms of energy production speed. Another �nding 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 �bers.

The energy metabolism also in�uences central nervous system (CNS) by altering

plasma metabolite concentrations [204], hypoglycemia, hyperammonaemia. CNS has a

signi�cant role in fatigue in terms of motivation and central drive. Hence, this is also

another factor besides energy de�ciency 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 �bers 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 �bers would

be working, i.e. at 75% MVC rotated muscle �bers 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 (coe�cient of variation = 100 × µ/σ)=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 con�ned 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 e�ect of pain

[167, 214]. At 75% MVC level, the pain and related CNS factors could have a�ected

exercise duration more compared to 50% MVC level.

The important and interesting �nding was that in�ection durations determined

from fast phase (the �rst 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 in�ection durations and exercise duration

jumped to 0.53 for △[Hb], 0.54 for △[HbO2] and 0.63 for oxy (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 △[Hb], 0.48 for △[HbO2] and 0.59 for oxy (P =0.056) at 75%

MVC, all data included.

It can be put forward that sEMG 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 in�ection 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. cw-NIRS is

related mostly to energy related processes and factors while sEMG shows impairment

of contractibility of muscle myo�brils re�ected in surface motor unit action potentials.

Oxy signal derived from cw-NIRS re�ects balance between oxygen supply -which is

a�ected by increased intramuscular pressure- and oxygen demand. MDF decrease is

mostly explained by conduction velocity decrease in muscle myo�brils and synchro-

nization of di�erent motor units. Hence cw-NIRS is related mostly to energy related

processes and factors while sEMG shows impairment of contractibility of muscle my-

o�brils re�ected in surface motor unit action potentials. sEMG characteristics (i.e.

power spectrum) depends on both muscle �ber membrane properties (which re�ects

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 signi�cant correlations were found between sEMG and

cw-NIRS parameters. The particular to note were the correlations between in�ection

durations and sEMG frequency parameters of MNF and MDF, especially at 50% MVC

level. The number of statistically signi�cant correlations were few for 75% MVC level

and correlation values were lower. Based on these results, it can be claimed that

change in sEMG parameters which contain both peripheral and central properties of

neuromuscular system is also re�ected 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 di�erence between 60%MVC and 80%

MVC and they state this �nding shows recruitment of mostly type II B glycolytic �bers

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

signi�cant correlations observed in 50% MVC and their disappearance at 75% MVC

level can be explained by recruitment of mostly aerobic �bers in 50% MVC level, but

increased use of anaerobic �bers 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 oxy signal had a fast decline. Afterwards, MNF parameter has a decreasing

trend whereas oxy 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 �ndings.

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 su�ering 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, di�erent/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 �ow

occlusion because of increased intramuscular pressure, pH levels could decrease, Ca2+



108

release from sarcoplasmic reticulum could decrease, a�nity 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 di�erent 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

identi�cation 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 di�erence in probed muscle volumes may have caused investigations of di�erent

muscle groups by the simultaneous use of cw-NIRS and sEMG. The �exor digitorum

super�cialis muscle is located by palpation during forth �nger resisting against external

resistance [140] and then sEMG and cw-NIRS electrodes are placed on top of the muscle

next to each other. The silver/silver chloride (Ag/AgCl) sEMG 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 �ow e�ect. In�uence of skin blood

�ow 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 �ow contribution can be signi�cant by Buono et al. [219] and Davis et al.

[220]. These �ndings 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 e�ect. It is also expected that local blood �ow

occlusion caused by high level of exercise contractions (50% and 75% MVC) employed

in this thesis limits skin blood �ow e�ect.

Another problem is that cw-NIRS has a quanti�cation 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 �rst aim of the thesis which was to provide a detailed analysis of the fat

layer e�ect 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 �rst 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 e�ect 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

EHbO2,3.0,hf
and absolute crosstalks CHb→HbO2,3.0,hf

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

d×DPF 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

coe�cients 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 o�ered 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 �ow 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. cw-NIRS derived in�ection duration gave promising results for endurance

prediction. High correlation coe�cients 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 signi�cant correlations

were found between sEMG and 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 re�ected 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 △[Hb] and △[HbO2] 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

Iλrest. Time varying light intensity changes starting from resting duration are denoted

as ODλ(t).

ODλ
rest = ln

(
Iλo
Iλrest

)
=

(
ϵλ1 × c1,rest + ϵλ2 × c2,rest + ...+ ϵλn × cn,rest

)
(A.1)

×r ×DPFλ +Gλ

ODλ(t) = ln

(
Iλo
Iλ(t)

)
=

(
ϵλ1 × c1(t) + ϵλ2 × c2(t) + ...+ ϵλn × cn(t)

)
× r (A.2)

×DPFλ +Gλ

superscript λ indicates a particular wavelength, ODλ is optical density, Io is the in-

tensity of the light sent into the tissue, ϵλi and ci are the speci�c absorption coe�cient

(OD/cm/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,

DPFλ is the di�erential path length factor. DPFλ equals mean optical path length

of the photons (<Lλ>) divided by r. Gλ factor is due to medium geometry and light

scattering.

Di�erence between theODλ(t) andODλ
rest eliminates geometry dependent factor

Gλ and is proportional to the concentration changes of absorbing chromophores;

ODλ(t)−ODλ
rest = ln

(
Iλrest
Iλ(t)

)
=

(
ϵλ1 ×△c1(t) + . . .+ ϵλn ×△cn(t)

)
(A.3)

×r ×DPFλ

(△ck(t) = ck(t)− ck,rest)

It is assumed that geometry and scattering dependent Gλ and DPFλ 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 DPFλ

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

we have

OD850 nm(t) =
(
ϵ850Hb ×△cHb(t) + ϵ850HbO2

×△cHbO2(t)
)
× r ×DPF (A.4)

OD730 nm(t) =
(
ϵ730Hb ×△cHb(t) + ϵ730HbO2

×△cHbO2(t)
)
× r ×DPF (A.5)

This equations can be written in matrix form as; OD850 nm(t)

OD730 nm(t)

 = r ·DPF ·

 ϵ850Hb ϵ850HbO2

ϵ730Hb ϵ730HbO2

 ·

 △cHb(t)

△cHbO2(t)

 (A.6)

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

of HbO2 and Hb as given below; △cHb(t)

△cHbO2(t)

 =
1

r ·DPF
·

 ϵ850Hb ϵ850HbO2

ϵ730Hb ϵ730HbO2

−1  OD850 nm(t)

OD730 nm(t)

 (A.7)

 △cHb(t)

△cHbO2(t)

 =
1

r ·DPF · (ϵ850Hb .ϵ
730
HbO2

− ϵ730Hb .ϵ
850
HbO2

)

 ϵ730HbO2
−ϵ850HbO2

−ϵ730Hb ϵ850Hb


·

 OD850 nm(t)

OD730 nm(t)

 (A.8)

and �nally;

△cHb(t) =
ϵ730HbO2

.OD850 nm(t)− ϵ850HbO2
.OD730 nm(t)

r ·DPF · (ϵ850Hb .ϵ
730
HbO2

− ϵ730Hb .ϵ
850
HbO2

)
(A.9)

△cHbO2(t) =
−ϵ730Hb .OD

850 nm(t) + ϵ850Hb .OD
730 nm(t)

r ·DPF · (ϵ850Hb .ϵ
730
HbO2

− ϵ730Hb .ϵ
850
HbO2

)
(A.10)

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

tration changes of HbO2 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

�ber 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 GUI. 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 �ltered by a 10 Hz 4th order Butterworth

�lter. Besides a notch �lter 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 =

√√√√ 1

N

N∑
i=1

s2i (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;

MNF =

∫∞
0
fP (f)df∫∞

0
P (f)df

(B.2)∫ MDF

0

P (f)df =

∫ ∞

MDF

P (f)df (B.3)

(B.4)

Analytic signal z(t) for corresponding signal s(t) is de�ned by the equation

z(t) = s(t) + jH[s(t)] (B.5)

with analytic phase ϕ(t) = arctan

(
H[s(t)]

s(t)

)
(B.6)

H[] de�ning the Hilbert operator de�ned by the equation;

H[s(t)] =

∫ ∞

−∞

s(τ)

t− τ
dτ (B.7)

Averaged instantaneous frequency is computed from the �rst derivative of the analytic

phase function averaged over the computed time window.

AIF =
1

tfinal − tinitial

∫ tfinal

tinitial

ϕ′(t)dτ (B.8)

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 �nd- automatically labels

exercise start and stop times for guiding the user. Slopes of least squares �ttings for

the mentioned parameters are found for the entire selected exercise time portion as well

as initial and �nal 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 �le including results for whole selected time range and results for

each time segment.
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Figure B.1 Graphical user interface of the developed surface EMG signal analysis program
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APPENDIX C. Partial Path Length Values in the Muscle

Layer

Partial path length in the muscle <Lλ
m> 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./m2] 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 54

3 21 1.82 75.0 22.6 2.00 56

4 24 1.96 105.0 27.3 4.00 65

5 23 1.90 74.0 20.5 1.50 52

6 21 1.87 72.5 20.7 2.50 48

7 30 1.74 75.0 24.8 1.50 52

8 23 1.78 75.0 23.7 2.00 51

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

µ 22.6 1.8 77.0 23.1 2.1 52.2

σ 3.2 0.1 9.8 2.2 0.7 5.9
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Table D.6

Correlation coe�cients between sEMG parameters and NIRS parameters for 50% hand grip
isometric exercise level (bold font indicates P < 0.05)

RMS Mean Frequency Median Frequency
D
u
ra
ti
on

[s
.]

%
C
h
an

ge

S
lo
p
e
[%

/s
.]

%
C
h
an

ge

S
lo
p
e
[H
z/
s.
]

S
lo
p
e
[%

/s
.]

%
C
h
an

ge

S
lo
p
e
[H
z/
s.
]

S
lo
p
e
[%

/s
.]

Duration [s.] 1 0.44 0.30 0.26 0.59 0.60 0.18 0.56 0.55

△
[H
b
]

∆Rf [a.u.] 0.13 0.17 0.16 0.02 0.11 0.14 0.00 0.03 0.10

∆Rf

∆R75
f

[n.u.] 0.04 -0.13 -0.13 -0.44 -0.19 -0.27 -0.39 -0.20 -0.28

tn [s.] 0.33 0.38 0.35 0.21 0.41 0.34 0.27 0.46 0.36

∆Rn [a.u.] 0.17 0.38 0.36 -0.09 0.13 0.03 -0.09 0.07 0.01

∆Rn
∆R75

n
[n.u.] -0.13 -0.17 -0.16 -0.52 -0.35 -0.40 -0.46 -0.35 -0.41

m [a.u.] 0.00 0.09 0.09 -0.32 -0.27 -0.25 -0.35 -0.34 -0.28

△
[H
b
O

2
]

∆Rf [a.u.] -0.21 -0.62 -0.61 -0.03 -0.16 -0.07 -0.03 -0.11 -0.10

∆Rf

∆R75
f

[n.u.] 0.00 0.02 0.03 -0.59 -0.41 -0.49 -0.55 -0.43 -0.48

tn [s.] 0.31 0.47 0.43 0.17 0.35 0.28 0.24 0.41 0.32

∆Rn [a.u.] -0.14 -0.21 -0.17 0.47 0.22 0.31 0.49 0.28 0.34

∆Rn
∆R75

n
[n.u.] -0.22 -0.14 -0.15 -0.69 -0.55 -0.60 -0.65 -0.55 -0.62

m [a.u.] -0.01 0.01 0.03 0.34 0.29 0.26 0.39 0.37 0.30

o
x
y

∆Rf [a.u.] -0.20 -0.50 -0.49 -0.14 -0.27 -0.22 -0.14 -0.20 -0.22

∆Rf

∆R75
f

[n.u.] 0.01 -0.10 -0.09 -0.43 -0.20 -0.30 -0.38 -0.20 -0.30

tn [s.] 0.30 0.33 0.29 0.10 0.31 0.24 0.16 0.36 0.26

∆Rn [a.u.] -0.20 -0.30 -0.27 0.27 -0.01 0.10 0.28 0.05 0.13

∆Rn
∆R75

n
[n.u.] -0.18 -0.26 -0.26 -0.62 -0.42 -0.50 -0.57 -0.43 -0.52

m [a.u.] 0.05 -0.01 0.00 0.36 0.31 0.30 0.40 0.39 0.34
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Table D.7

Correlation coe�cients 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)

RMS Mean Frequency Median Frequency
D
u
ra
ti
on

[s
.]

%
C
h
an

ge

S
lo
p
e
[%

/s
.]

%
C
h
an

ge

S
lo
p
e
[H
z/
s.
]

S
lo
p
e
[%

/s
.]

%
C
h
an

ge

S
lo
p
e
[H
z/
s.
]

S
lo
p
e
[%

/s
.]

Duration [s.] 1.00 0.56 0.26 0.22 0.57 0.59 0.10 0.54 0.55

△
[H
b
]

∆Rf [a.u.] 0.20 0.61 0.55 0.03 0.17 0.21 0.03 0.11 0.18

∆Rf

∆R75
f

[n.u.] -0.06 0.46 0.55 -0.48 -0.38 -0.36 -0.46 -0.45 -0.37

tn [s.] 0.53 0.21 0.05 0.73 0.92 0.81 0.68 0.92 0.80

∆Rn [a.u.] 0.19 0.74 0.67 -0.19 0.13 0.00 -0.19 0.07 -0.03

∆Rn
∆R75

n
[n.u.] -0.50 0.01 0.14 -0.72 -0.78 -0.73 -0.67 -0.82 -0.75

m [a.u.] 0.12 0.60 0.54 -0.56 -0.30 -0.32 -0.57 -0.37 -0.37

△
[H
b
O

2
]

∆Rf [a.u.] -0.18 -0.80 -0.78 0.19 -0.06 0.09 0.23 0.03 0.09

∆Rf

∆R75
f

[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 0.43 0.80 0.58

∆Rn [a.u.] -0.17 -0.64 -0.54 0.54 0.19 0.31 0.57 0.26 0.35

∆Rn
∆R75

n
[n.u.] -0.34 -0.07 -0.07 -0.76 -0.69 -0.71 -0.76 -0.72 -0.76

m [a.u.] -0.16 -0.62 -0.53 0.49 0.25 0.25 0.51 0.32 0.29

o
x
y

∆Rf [a.u.] -0.19 -0.75 -0.72 -0.03 -0.23 -0.16 -0.02 -0.15 -0.15

∆Rf

∆R75
f

[n.u.] -0.23 0.16 0.29 -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

∆Rn [a.u.] -0.22 -0.74 -0.64 0.32 -0.04 0.09 0.33 0.03 0.13

∆Rn
∆R75

n
[n.u.] -0.47 -0.11 -0.06 -0.77 -0.74 -0.76 -0.75 -0.76 -0.81

m [a.u.] -0.08 -0.58 -0.54 0.56 0.31 0.34 0.57 0.39 0.38
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Table D.8

Correlation coe�cients between sEMG parameters and NIRS parameters for 75% hand grip
isometric exercise level (bold font indicates P<0.05)

RMS Mean Frequency Median Frequency

D
u
ra
ti
on

[s
.]

%
C
h
an

ge

S
lo
p
e
[%

/s
.]

%
C
h
an

ge

S
lo
p
e
[H
z/
s.
]

S
lo
p
e
[%

/s
.]

%
C
h
an

ge

S
lo
p
e
[H
z/
s.
]

S
lo
p
e
[%

/s
.]

Duration [s.] 1.00 0.40 0.23 -0.40 -0.09 0.07 -0.45 -0.04 0.13

△
[H
b
]

∆Rf [a.u.] -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

∆Rn [a.u.] 0.01 0.15 0.16 0.63 0.66 0.67 0.61 0.58 0.64

m [a.u.] 0.06 -0.01 0.00 0.20 0.21 0.20 0.27 0.28 0.29

△
[H
b
O

2
] ∆Rf [a.u.] 0.00 0.01 0.03 -0.55 -0.41 -0.59 -0.55 -0.28 -0.55

tn [s.] 0.48 0.18 0.08 -0.01 0.25 0.24 -0.03 0.31 0.30

∆Rn [a.u.] -0.02 -0.05 -0.06 -0.31 -0.30 -0.34 -0.34 -0.30 -0.35

m [a.u.] -0.08 -0.22 -0.23 -0.28 -0.30 -0.34 -0.29 -0.27 -0.34

o
x
y

∆Rf [a.u.] -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

∆Rn [a.u.] -0.12 -0.14 -0.13 -0.43 -0.45 -0.50 -0.44 -0.42 -0.51

m [a.u.] 0.00 -0.10 -0.14 -0.25 -0.27 -0.25 -0.30 -0.30 -0.29
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Table D.9

Correlation coe�cients between sEMG parameters and NIRS parameters using data of both 50%
and 75% hand grip isometric exercise levels (bold font indicates P<0.05)

RMS Mean Frequency Median Frequency

D
u
ra
ti
on

[s
.]

%
C
h
an

ge

S
lo
p
e
[%

/s
.]

%
C
h
an

ge

S
lo
p
e
[H
z/
s.
]

S
lo
p
e
[%

/s
.]

%
C
h
an

ge

S
lo
p
e
[H
z/
s.
]

S
lo
p
e
[%

/s
.]

Duration [s.] 1.00 0.43 0.05 0.14 0.69 0.79 0.09 0.69 0.78

△
[H
b
]

∆Rf [a.u.] 0.14 0.11 0.02 0.24 0.32 0.35 0.21 0.23 0.32

tn [s.] 0.56 0.44 0.22 0.18 0.52 0.52 0.21 0.56 0.54

∆Rn [a.u.] 0.03 0.26 0.27 0.15 0.29 0.21 0.13 0.23 0.18

m [a.u.] -0.33 -0.05 0.08 -0.11 -0.25 -0.30 -0.10 -0.25 -0.28

△
[H
b
O

2
] ∆Rf [a.u.] 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

∆Rn [a.u.] 0.12 -0.09 -0.14 0.19 0.09 0.14 0.19 0.12 0.15

m [a.u.] 0.40 0.08 -0.13 0.12 0.29 0.34 0.15 0.33 0.35

o
x
y

∆Rf [a.u.] -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

∆Rn [a.u.] 0.01 -0.18 -0.21 0.02 -0.12 -0.06 0.03 -0.08 -0.05

m [a.u.] 0.38 0.08 -0.11 0.12 0.27 0.33 0.13 0.29 0.33
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