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Abstract

In this project, a non-invasive near-infrared spectroscopy system is developed. It is 

tailored to monitor tissue oxygenation and total hemoglobin concentration in the 

limbs. The system would be especially useful in diabetic patients where blood 

circulation is poor in the extremities, and oxygenation is lower limiting the ability of 

the tissue to have proper function. It is crucial to monitor high-risk patients in this 

group frequently. This system is capable of measuring tissue oxygenation of a body 

part in less than 25 seconds with an accuracy of 10% standard deviation for bulk 

measurements of a few centimeters in diameter. 

This thesis includes the design considerations, instrumentation, calibration and 

testing of the system. At the end, plots of body responsiveness to changes in external 

pressure are presented. 
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Chapter 1 

Introduction 

1.1 Near-infrared spectroscopy 

Near-infrared spectroscopy (NIRS) is a way to determine the hemoglobin concentration 

in tissue. Since the main oxygen carrier in blood is hemoglobin and oxygenated 

hemoglobin (HbO2) and non-oxygenated hemoglobin (Hb) have different optical 

properties in the near-infrared region. Measurement of the concentration of these 

constituents can also determine oxygen saturation of the blood. Until the last two 

decades, the implementation of this idea most challenging, since the theory lying behind 

transfer of light in any media was complicated to model. Recently the light transport in 

scattering media was modeled by the diffusion equation [1] , which can be solved both 

analytically and numerically. In addition, the hardware design has become easier to 

develop with semi-conductor laser diodes and photo-multiplier tubes, sensitive to 

radiation in this spectrum, because they are readily available. The clinical NIRS imaging 

system developed at the Thayer School of Engineering at Dartmouth College is a 
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multiple-source multiple-detector system and has been in use for some time now [2]. The 

disadvantage of the system is that the reconstruction of the image may not recover the 

optical properties accurately. There is a need for a smaller system that reliably measures 

tissue oxygenation in smaller areas in real-time without distortion of the image 

reconstruction process. In this project, the feasibility of such a system is investigated and 

a prototype is built. In this thesis, the details of the design are laid out and working 

principles are discussed. 

NIRS is a tool for monitoring hemoglobin changes in vivo, which is clinically 

used in pulse oximetry, optical tomography and peripheral vascular disease (PVD). The 

tissue is highly scattering at near-infrared (NIR) wavelengths (600-1000µm), so light can 

penetrate to considerable depths, making it possible to measure the optical properties in a 

non-invasive manner. Although pulse oximetry measures oxygen saturation reliably as 

well, its disadvantage is that it only measures arterial saturation. The NIRS spectroscopy 

measures overall oxygen saturation in tissue. The instrumentation and mathematical 

theory of the approach is explained in the following sections. 

Medical interest in this modality has been aroused from the fact that the 

measurement is non-invasive which makes it ideal for tissue already impaired such as in 

PVD. PVD is a form of cardiovascular disease in which there is impaired circulation to 

the peripheral areas. It is characterized by the blood circulation gradually slowing down 

and eventually stopping in the veins of the limbs due to accumulation of lipids [3]. 

Diabetic patients are 20 times more likely to develop PVD [4]. Examples of diabetic foot 

problems are callous formation, ulcers, infection, gangrene, and other forms of tissue loss 

and limb amputation in the worst case [5]. Some of the major molecules, which absorb 
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light in human tissue, are water, hemoglobin, fat, myoglobin and melanin. The human 

body is approximately 60% water by mass [6]. The average concentration of total 

hemoglobin (HbT) is 150 gm per liter of blood that has been drawn from a vein from the 

inside of the elbow or the back of hand [7]. The concentrations of other absorbers are 

much less than HbT or water, so they are not taken into consideration in spectroscopy 

calculations. The details are explained in the Spectroscopy section. 

NIRS and NIR tomograhy have also been used in imaging neonatal brain function 

[8-10], and monitoring breast cancer [10-14]. This is another potential application for 

future study. 

In this thesis, bulk optical properties of forearm are measured by NIRS in order to 

determine hemoglobin concentration, and validation of the accuracy is carried out in 

tissue phantoms and liquid solutions with known optical properties. 
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Chapter 2 

Mathematical Theory 

2.1 Analytical Solution to Light Diffusion 

2.1.1  Diffusion approximation 

Light transport in tissue is modeled well by the radiative transfer equation, which has an 

approximation called the diffusion equation that is accurate in highly elastic scattering 

media [1]. Light transport in this type of isotropic medium is given by: 

2( / ) ( , ) ( , )aD c t r t q r tµ∇ − − ∂ ∂ Φ = −     (2.1.1) 

where D is the diffusion coefficient, Φ is the photon density and q the source. D is 

defined as D = c /[3(µa + µs’)]. The diffusion equation above is referred to as the lossy 

diffusion equation. We wish to derive the solution Φ in a volume bounded by a surface 

∂Ω, and to look for the output flux Γ on the boundary. 

 In the following sections, the mathematical tools will be presented. 
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2.1.2  Fourier Transform of Differential Equations 

The Fourier Transform (FT) of a function f (t) is defined by  

1[ ( )] ( )
2

i t
tF f t f t e dtω

ω π

∞
−

→
−∞

= ∫     (2.1.2) 

It can easily be shown that [ / ] [ ( )]t tF df dt i F f tω ωω→ →= . Similarly, FT of a 3D spatial 

function from r domain to k domain is 

3/ 2

1[ ( )] ( )
(2 )

i r
r kF f r f r e dr

π

∞
− ⋅

→
−∞

= ∫ k      (2.1.3) 

Applying the temporal (t→ω) and spatial (r→k) FT’s is equivalent to 

, 4

1 [ ( , ) ]
( 2 )

i t i r
t r kF e f r t e dr dtω

ω π

∞ ∞
− − ⋅

→ →
−∞ −∞

= ∫ ∫ k          (2.1.4) 

The inverse FT of this 4-dimensional FT is 

. 3
4

1( , ', , ') ( , ', , ')
( 2 )

ik r i tf r r t t e d k F r r t e dωω ω
π

∞ ∞

−∞ −∞

= ∫ ∫   (2.1.5) 

2.1.3  Green’s function of Photon Density in Infinite Medium 

Let ginf(r,r’,t,t’)  be the time domain Green’s function of equation 2.1.1 and Ginf(k,r’,ω,t’) 

be the 4D FT of ginf.  Now, inserting ginf(r,r’,t,t’) in place of Φ in equation 2.1.1 and      

δ(r-r’,t-t’) instead of q for a temporal and spatial point source. The first term in equation 

2.1.1 introduces a (ik) 2 factor and the third term introduces an iω factor. The 4-d FT of 

the Dirac delta function is a single exponential. After writing them down and canceling 

2π terms, we get 
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( . ' ')

inf 2( , ', , ')
( )

i k r t

a

eG k r t
k D c i

ω

ω
µ ω

− +

= −
+ +

     (2.1.6) 

We have the solution in (k,ω) space, but all we need is the spatial inverse FT. 

[ .( ') ( ')]
3

inf 7 / 2 2

1( , ', , ')
(2 ) ( )

i k r r t t

a

eG r r t d k
k D c i

ω

ω
π µ ω

− + −−=
+ +∫    (2.1.7) 

Converting the Cartesian coordinates to spherical polar coordinates (remember that 

d3k=k2sinθ dk dθ dφ) 

' cos
2

inf 5/ 2 2
0 0

sin( , ', , )
(2 ) ( )

i t ik

a

e eG r r t k dkd
k D c i

πω ρ θθω θ
π µ ω

∞−−=
+ +∫ ∫    (2.1.8) 

where ρ=|r-r’|. Notice that cos cossinik ikd e ik e
d

ρ θ ρ θρ θ
θ

= −  

cos cos

0 0

1 1sin ( ) ( )ik ik ik ikde d e d e e
ik d ik

π π
ρ θ ρ θ ρ ρθ θ θ

ρ θ ρ
−−= = −∫ ∫   (2.1.9) 

On the other hand, introduce γ2=D and α2=(µac + iω)/γ2. 

2 2 2 2 2( ) ( )( )ak D c i k k i k iµ ω γ α γ α α+ + = + = + −    (2.1.10) 

Using the simplifications shown in (2.1.9) and (2.1.10), then equation 2.1.8 becomes 

' '

inf 5/ 2 2 5/ 2
0

( , ', , )
(2 ) ( )( ) (2 ) ( )( )

i t ik ik i t ike e e e eG r r t kdk kdk
i k i k i i D k i k i

ω ρ ρ ω ρ

ω
π ρ γ α α π ρ α α

∞ ∞− − − −

−∞

−= =
+ − + −∫ ∫   

(2.1.11) 

The first integrand is an even function, and the exponential terms contribute equally. 

Partial fraction expansion can be applied to the second integrand.  

2 1 1
( )( ) ( ) ( )

k
k i k i k i k iα α α α

= +
+ − − +

     (2.1.12) 
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The singular points of the second integrand are iα and - iα. Now, think of famous 

Cauchy’s integral formula [15] that says; consider a function f(z) that is analytical on a 

closed contour C and within the interior region bounded by C, then 

1 ( ) ( )
2 o

oC

f z dz f z
i z zπ

=
−∫      (2.1.13) 

As for the integral in equation 2.1.11, the contour that covers (-∞,∞) lies in the upper half 

plane. For ω>0, only iα is in this contour, and for ω<0 only -iα is in this contour. So, one 

singular point contributes to the contour integral at a time. Then,  

2
ike dk ie

k i

ρ
αρπ

α

∞
−

−∞

=
−∫       (2.1.14) 

according to Cauchy’s integral theorem. This brings us to the conclusion; that the 

frequency-domain infinite-medium Green’s function solution to the diffusion equation is  

'

inf 3/ 2( , ', , )
2(2 )

i te eG r r t
D

ω αρ
φ ω

π ρ

− −

=       (2.1.15) 

that applies for all ω. Now, recognize that the Green’s function for photon density Φ is 

deriven. 

 

2.1.4 Green’s function of Output Flux in Semi-Infinite 

Medium 

In order to derive the necessary equations for semi-infinite medium, the infinite medium 

case is recalled. The frequency-domain Green’s function for photon density was derived 

as in equation 2.1.15. The time-domain Green’s function for photon density in an infinite 

medium is as below [16]. 
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    (2.1.16)

 

In this equation, D is the diffusion coefficient, µ is the absorption coefficient, c the speed 

of light in the medium and r is the norm of 3d position vector.  

z=-zo

z=zo

Incident light

z
 

Figure 2.1:  Method of images 

There are two assumptions made. First, all the photons are initially scattered at a depth of 

Zo, which is the inverse of reduced scattering coefficient µs’. That is a point source at a 

depth of Zo. Patterson et.al. have found that the pulse shape is insensitive to exact 

location of the extrapolated boundary when measurements are made at a large distance 

compared with the extrapolation length. The minimum source-detector distance for the 

current application is 10mm and the extrapolated boundary is at 2mm (µs’ of human 

muscle 0.5mm-1) [17, 18]. Imagine a negative point source at a height of Zo above the 

surface. The total effect of these sources produces zero photon density on the surface. 

This approach is called the method of images [16]. The second assumption is zero photon 

density at the surface of a semi-infinite medium, often called the zero fluence boundary 

condition. So, photon density in a semi-infinite medium can be thought of the total of 

photon densities created by two opposite sources in an infinite medium. 

 := ( )Φinf ,r t
1
8

c e









−  − /1 4

r2

D c t µ c t

( )π D c t
( )/3 2
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 := Φseminf − + ( )Φ ,r t
 = r  +  +  + Z2 2 Z Zo Zo2 ξ2 ( )Φ ,r t

 = r  −  +  + Z2 2 Z Zo Zo2 ξ 2
 

 (2.1.17)
 

where ξ = (x2+y2)1/2. Further evaluating the above, the following detailed equation is 

reached. Notice that by plugging z=0, the photon density is zero at this plane. 

 := Φseminf −  + 
1
8

c e









−  − /1 4

 +  +  + Z2 2 Z Zo Zo2 ξ2

D c t µ c t

( )π D c t
( )/3 2

1
8 c e









−  − /1 4

 −  +  + Z2 2 Z Zo Zo2 ξ2

D c t µ c t

( )π D c t
( )/3 2

 (2.1.18)

 

The subject of the spectroscopy project is a continuous wave frequency-domain 

system. Until now, the time-domain solution to the diffusion approximation is 

considered. The time-domain solution is converted to frequency-domain by Fourier 

transform as shown below. Gseminf is the distribution of frequency-domain photon density 

in a semi-infinite medium for an instantaneous point source. 

 := Gseminf d⌠

⌡


−∞

∞

( )Φseminf t e
( )−i t ω

t

    (2.1.19) 

Until now, the formulas for photon density, Φ have been developed, but the 

system measures output flux Γ. Below, the Green’s function of output flux Γ is derived 

from that of photon density Φ by Fick’s law, equation 11 of a paper by Arridge et.al. [1] 
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 = G
Γseminf

−D 





∂

∂
z G

Φseminf

 = z 0     (2.1.20)
 

Further evaluating above, the final result is reached, which is frequency-domain output 

flux distribution in a semi-infinite medium due an instantaneous point source. 

 = G
Γseminf 1

4
2 e

( )−i ω tp
( ) + 1 α ρ Zo e

( )−α ρ

ρ3 π
( )/3 2

    (2.1.21)

 

This equation is solved numerically in the upcoming sections. It is important to remember 

that Zo and α embed the parameters of this medium. ρ is the source-detector separation, 

Zo is the reciprocal of reduced scattering coefficient µs’, and α = [(µac+iω)/D]1/2. 

 

2.2 Numerical Solution  

The analytical equation that describes the flux in a semi-infinite medium is given as in 

equation 2.1.21.The flux in a semi-infinite medium is simulated by that equation. The 

amplitude, Iac and the phase, θ of this function Iac= |GΓ| and θ=tan-1(Im(GΓ)/Re(GΓ)) are 

shown below for a particular set of distances and a range of tissue optical properties.  
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Figure 2.2: Simulated Intensity and Phase 
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2.2.1  Fitting Parameters 

If the source strength at each measurement were known, the optical parameters could be 

solved at one distance. Unfortunately, the source strength varies periodically. While it 

may be measured, an alternate choice is that the reflected signal could be measured at 

several distances away from the source. These multi-distance measurements fit equation 

2.1.21 solving for optical parameters. The measurements are taken 10, 20, and 30 mm 

away from the source. 

1 2
ln( )acIf f ρφ

ρ ρ
∂∂

∂ ∂
     (2.2.1) 

The fitting parameters f1 and f2 are slopes of the linear fit to analytically computed 

flux at three points. Although, f1 and f2 above are shown as derivatives with respect to 

distance, the derivatives of the analytical flux equation are not computed.  

Below, an example of simulation is shown. The frequency is 150 MHz, and the 

optical parameters are shown on top of each plot. Measured data are from the arm of a 

human subject. It is obvious from these plots that the source strength is not necessary for 

determining the optical parameter once the measurement from three points is obtained. 

The slope of theoretical intensity and that of measured intensity match very well. It does 

not matter how much intensity is at one point in order to figure out the optical 

parameters. What matters is how the intensity decreases with respect to distance. 

Likewise for the phase plot, the theoretically calculated phase and measured phase almost 

overlap. The phase depends on the distance not on the source strength. 
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Figure 2.3: Simulated and Measured Intensity in a Human Forearm 

  
Figure 2.4: Simulated and Measured Phase in a Phantom 
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2.2.2  Fitting Algorithm 

The optical parameters are solved numerically, with an iterative Newton-Raphson 

method (NRM).  

First, NRM for a single unknown is explained. Let f(x) be the analytical 

expression, whose root is searched. Let xo be the initial guess of the root. The next guess 

is calculated as, 

1
( )
'( )

n
n n

n

f xx x
f x+ = −      (2.2.2) 

After a couple of iterations, nth guess, xn and n+1st guess xn+1 start to converge. When the 

absolute difference between the two is less than some tolerance, the iteration is stopped. 

Hence, xn is adopted as the root of f(x). 

If there is more than one equation, the Newton-Raphson method for systems is 

applied. In this project, the unknown vector and function vector are as follows: 

x a

s

µ
µ
 

=  
 

 1

2

F
f
f

 
=  
 

      (2.2.3) 

Instead of f’(x) as in single-root case, the Jacobian of f1 and f2 is calculated. 

1 1

2 2

(x) a s

a s

f f

J
f f
µ µ

µ µ

∂ ∂ 
 ∂ ∂ =

∂ ∂ 
 ∂ ∂ 

      (2.2.4) 

Thus, the next guess is 
1( ). ( )new old old old

−= −x x J x F x      (2.2.5) 

The iteration is stopped when 0.01% convergence is met.  

 The partial derivatives of f1 and f2, which are defined as linear fits to analytical 

equation in page 12, are calculated numerically by first-order forward difference method.  
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1( ) ( )'( ) n nf x f xf x
x

+ −
≈

∆
     (2.2.6) 

The step sizes are fixed, 10-8 for µa, and 10-6 for µs’. Step sizes 10 times smaller 

and 10 times larger have been tested and it has been found that the step sizes shown 

above are the optimum. 

2.2.3  Solving simulated data 

The intensity and the phase were simulated from equation 2.1.21 for 300 times with µs’ 

values of 0.5, 1.0 and 1.5 mm-1 and µa values of 0.0001, 0.0002, …. 0.0099, 0.01, so that 

the range of optical properties of human tissue was covered [17]. Five percent noise is 

added to intensity and phase. The MATLAB® program developed for this purpose was 

used to test the fitting process. The initial guesses are 0.005 for µa and 0.875 for µs’. The 

results are shown in Figures 2.5-7.  

 

 

 

 

 

 

 

 

 

Figure 2.5: Solved µa vs True µa (5% noise) 
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Figure 2.6: Solved µs’ versus True µa    

The program converged to the true root within tolerance for all simulations except 

for large µs’ and small µa. This range of optical parameters was not encountered during 

this study of human forearm. These values are not expected in human forearm due to 

Cheong et.al. [17]. The following plot Figure 2.7 shows the number of iterations until 

convergence. The horizontal and the vertical axis are µa and µs’ used for simulations. The 

shades of gray indicate number of steps taken until the program converged. The initial 

guess, xo is in the middle of the simulation range. The roots closer to the initial guess 

converged in 3 steps, while the roots furthest converged in 6 steps. The others were in 

between.  

 

 

 

 



 17

 

Figure 2.7: Number of Steps until Convergence 

2.3 Spectroscopy 

Spectroscopy is the measurement and analysis of absorption, emission and scattering of 

electromagnetic radiation (EM) by atoms or molecules to study their physical properties 

or concentrations. Near-infrared spectroscopy of tissue makes use of absorption in this 

sense for purposes of monitoring hemoglobin dynamics in vivo.  

 Hemoglobin is a large protein that carries 4 heme within it, each with an iron 

atom at the center. The function of the heme is to transiently bind with oxygen molecules. 

The binding affinity is oxygen concentration dependent, so that in high oxygen 

environment it binds, but in low oxygen environment they are released [19]. 

 The chart below shows absorption spectra of three absorbers in near-infrared 

spectrum hemoglobin (Hb), oxy-hemoglobin (HbO2) and water.  
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Absorption Spectra of Normal Tissue

0.000
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Figure 2.8: Absorption Spectra of Chromophores of Concern 

The chart is calculated using tabulated data form Oregon Medical Laser Center’s website 

(http://omlc.ogi.edu/spectra/) [20, 21]. The formula below converts units of Hb and HbO2 

(mm-1M-1) to units of absorption coefficient µa (mm-1): 

µa(λ) = (Molar Ext. Coef.) . (Concentration)    

= ε [mm-1M-1]    .     C [Molar-1]     (2.3.1) 

 The near-infrared spectroscopy system has three wavelengths: 747 nm, 785 nm, 

and 830nm. The extinction coefficients of Hb, HbO2 and water are tabulated below: 

ε  (mm-1M-1) Hb HbO2 Water 
747 nm 0.343 0.1363 0.0026 

785 nm 0.23 0.18 0.0023 

830 nm 0.1791 0.2275 0.0028 

Table 2.1: Extinction Coefficients 

The system measures the absorption coefficient of the whole tissue in an area of 

approximately π (1.5 cm) 2 ≅ 7cm2 (max source-detector distance is 3 cm). The 
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concentrations of these absorbers are of interest. A linear relationship is adopted between 

extinction and absorption coefficients, 

µa = ε . C     (2.3.2) 

where µa is a vector of absorption coefficients measured by the system, ε is the extinction 

coefficient matrix, and C is the unknown concentration matrix. Additional information 

that can be used is that the concentrations cannot be negative. This fact is imposed as a 

constraint for solving this linear system of equations [22]. The MATLAB® optimization 

toolbox’s lsqnonneg.m script is made use of in this regard as follows 

C = lsqnonneg(ε,µ)     (2.3.3) 

This function returns the concentrations of Hb, HbO2 and water performing a least-

squared (LSQ) minimum error linear with the constraint C>0. Total hemoglobin 

concentration (HbT) is calculated as the sum of Hb and HbO2. Oxygen saturation (StO2) 

is the ratio of HbO2 and HbT. The nominal values of StO2 are 95-98 % in the lung 

capillaries, likewise in the arterial blood.  

Intensity&Phase µa and µs’

HbT and StO2

Newton-Raphson
Iterative fitting

Constraint
LSQ

 

Figure 2.9: Summary of Calculations 

P 
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Chapter 3 

Instrumentation 

3.1 Setup and Components 

There are several aspects to the instrumentation, power delivery, noise control and 

control of static charge accumulation, RF signal management, and digital control. The 

parts are placed on the cart system Figure 3.1. 53.2 shows a schematic of this setup.  

Fibers

Lasers, PMT

RF Generators

 

Figure 3.1 Cart system 
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3.1.1 SIGNAL GENERATION 

a) ILX Lightwave Precision Current Source LDX-3220: This laser driver is used for 

precise control of laser diodes. This instrument is highly reliable in suppressing 

radiated noise and transients found in the laboratory environment. It is controlled 

from the computer by GPIB card. 

Screw Board
SCB-68

Translation Stage

PMT

1100 V
Laser 
Diodes

Source fibers 
400 µm

Detection 
fiber

1mm core

Mixer 15 DBM

DowKey
SMA switch

Laser Driver
LDX-3220

RF
150.001 MHz

RF
150 MHz

From controller
SERIAL PORT

Serial
Motor

NI DAQ-PCMCIA

Collimation
Lenses

Ref 1

Analog Input: Ref 2

Directional 
Coupler

Directional
coupler

99%

99%
3 TTL lines  to DC switch

PCMCIA-GPIB

Bias-T RF amplifier

Room light filter

Neutral density filters

 

Analog Out
Gain Control

Power Booster 
Circuit
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Figure 3.2:  Assembly: 1) Daq Screw Board (NI), 2) Laser Diodes (Thorlabs), 3) Translation Stage 
(Velmex), 4) ILX Laser Driver, 5) SMA RF switch (DowKey), 6) PMT (ISS Inst.), 7) Mixer (Minicircuits), 
8) Three Collimation lenses (Thorlabs), 9) Two Signal generators  (HP-8647A) 
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b) HP8647A Signal generator: The current running the laser diodes are modulated 

by 150MHz alternating current from this HP signal generator. This instrument is also 

controlled by GPIB. 

c) Laser diodes: There are three laser diodes of different wavelengths in the system. 

The currents they derive are as follows. 

Sources 
747 nm (SLI)  785 nm  

(Sanyo DL4140-1) 

830 nm  

DC  80 mA 71 mA 71 mA 

AC  10dbm or ±18 mA 9 dbm or ±16.7 mA 9dbm or ±16.7mA

Table 3.1: Driving Currents of Laser Diodes 

 d) PCMCIA-GPIB: This card communicates with the measurement devices through their 

GPIB interface. This interface is found in the ILX-3220 Laser Driver and in the 

HP8647A signal generators. This GPIB card makes it possible for the user to change the 

outputs of these devices, by the LabVIEW™ software control programs, with maximum 

transfer rate of 1.3 Mbytes/sec. 

 

3.1.2 SIGNAL CONTROL 

a) Patient interface: It is an aluminum plate onto which three SMA connectors are 

screwed 10 mm apart. The source fibers terminate at these connectors. The 

Detection fiber is also connected to this plate. Optical paper was put on the skin 

side of the plate in order to eliminate reflection from the shiny aluminum plate. 
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b) VELMEX translation stage MB2506: This stage has a 4-inch long platform, onto 

which the collimation lenses are mounted. The stepper motor is controlled by NF90 

Controller, which gets commands from the serial port of the computer by 

Home_init_and_Move.VI. The linear accuracy of the lead screw is 0.0015”/10” or 

0.033 mm/20 cm of screw motion.  

c) Collimation lenses: These lenses couple laser light to any of the fiber cables.  

They are mounted on the platform of the translation stage traveling before the laser 

diodes. They are from Thorlabs model F220SMA-B.  

POWER (10-3W) FIBER 1 FIBER 2 FIBER 3 

LD1 11.95 13.36 11.93 

LD2 11.91 11.7 11.3 

LD3 13.4 13.47 12.79 

Table 3.2: Output Power of Laser Diodes without ND Filters 

There is an important detail to note about detected power and PMT. The PMT has 

different phase contributions at different levels of coming in flux. On the other hand, 

the flux detected from the closest fiber is much more than that of the furthest fiber. 

Thus, there is undetermined phase in the signal. In order to avoid this, neutral density 

filters (ND) were inserted in front of the collimation lenses. The closest lens has 0.1% 

and the second one has 10% ND filters. The coupled powers are as follows in Table 

3.3. 

 

   D   S1  S2 S3 

Figure 3.3  Patient Interface 
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POWER (10-3W) FIBER 1 FIBER 2 FIBER 3 

LD1 0.204 3.048 11.93 

LD2 0.076 1.936 11.3 

LD3 0.182 2.803 12.79 

Table 3.3: Output Power of Laser Diodes with ND Filters 

d) Dowkey switch: There is one current source, but three laser diodes. This switch 

channels the source to each laser diode in maximum 20msec. The TTL logic 

switching is controlled by the digital out lines from the DAQ card. 

c) Fiber cables: Thorlabs M20L02 fiber cables are step index patch cables with SMA 

connectors. The core diameter is 400µm and the length is 2m. The lengths of these 

cables may vary, so do the phase shift due to them. The phase shift at the third 

detection point is measured for each cable and each laser diode. 

Phase Shift (deg.) FIBER 1 FIBER 2 FIBER 3 

LD1 (830nm) 119.93 121.13 116.34 

LD2 (747 nm) 235.55 237.09 232.4 

LD3 (785 nm) 199.21 197.46 194.33 

Table 3.4: Phase Shifts due to Fiber Cables 

The phase shifts emerging from each fiber are different. We compensate for this in 

calibration, which is explained in following sections. 

f) Bias-Tee: Minicircuits ZFBT-4R2GW adds DC source from the ILX laser driver 

and AC source from HP signal generators. 
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g) Mixer: Minicircuits ZP-1 mixes two high frequency signals 150 MHz and 

150.001 MHz. The product is used as the reference signal, and is fed to the DAQ 

card. 

h) Directional coupler: Minicircuits ZFDC-3 can be thought of as 99%-1% splitter. 

There are two of them in the spectroscopy system. The outputs of the signal 

generators first go to these devices. 1 % of each is split to make up the reference 

signal. 99% of one goes to derive the laser diodes. 99% of the other is sent to the 

PMT to make up the carrier signal. 
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3.1.3 SIGNAL ACQUISITION 

a) NI-DAQ SCB-68: National Instruments Data Acquisition Card 6062E (DAQ-

card) handles the commands from the computer to the measurement devices through 

the PCMCIA port. This card can generate TTL logic signals (On-Off) and low power-

low frequency analog signals. NI-DAQ SCB-68 (shielded connecter block) is an 

extension to this DAQ card, it is the actual point where signals are generated or read. 

The spectroscopy system facilitates the Digital Out channels when switching between 

the channels of the RF switch. The gain of the photomultiplier tube (PMT) is a DC 

signal that runs from the Analog Out line of the DAQ card, and amplified by power 

booster circuit. More importantly this card reads the signals into the computer 

through the Analog Input line. The maximum sampling rate is 500 kS/s with 12-bit 

resolution, which is devoted to 8 differential inputs. The system uses only two of 

these lines, one for measuring the flux-converted-voltage signal, and one for the 

reference signal; both are in the range –10V to 10V.  The PMT signal has information 

about the intensity of light by itself. The lock-in detection method makes use of the 

reference signal to learn about the phase shift. This method is explained in the 

following sections. 

b) PMT: The PMT is from ISS Instruments and has a built-in heterodyne detection 

circuit. The dynode part has same specifications as a Hamamatsu R928, who has high 

current amplification and a wide spectral response between 185 nm and 900 nm. The 

inputs to this device are the carrier 150.001MHz signal and the detection fiber with 

light modulated at 150 MHz .The heterodyne detection is basically amplitude 

modulation followed by envelope detection. First, light-converted-current signal is 
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mixed with the carrier 150.001MHz signal. Hence, the outcome is one high 

(300MHz), and one low frequency (1000Hz) also called the envelope of the total 

signal. The total signal is rectified and lowpass filtered. Modulation factor is a 

measure of how well or badly the amplitude modulation works. The following graph 

shows the modulation factor for this PMT.  
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Figure 3.4: Modulation Ratio of PMT 

 

Figure 3.5: Demonstration of Modulation Ratio with the Measurement Software 
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The figure above illustrates the modulation ratio for 150 MHz. It is taken from the 

measurement software. 

c) RF Amplifier: Minicircuits ZHL-6A amplifies the carrier 150.001 MHz signal before it 

goes to the PMT. Gain of this amplifier is 25 dB at 150 MHz.  

 

3.1.4 SIGNAL PROCESSING 

a) Low pass amplifier 

 
Figure 3.6: Lowpass Amplifier 

This amplifier is used for amplifying the signal from PMT and lowpass filtering. The 

cutoff frequency of the above amplifier is calculated as, 

 = ωc
1

R1 R2 C1 C2      (3.1.1) 

The cutoff frequency is 1023 Hz for these resistor and capacitor values. The first 

stage of the amplifier converts the PMT current signal to a voltage signal. The second 

stage filters the low frequency component. The voltage signal has 1000Hz and 

300MHz, so only 1000Hz signal is observed at the output [23]. That is also the 
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smaller component of the mixer output. Another copy is used for amplifying the 

mixer signal as well.  

b) Current booster 

The gain of the PMT is controlled by an analog output from the DAQ card. The 

problem is that the line has very low current output, which is not enough to run the 

PMT. A current boosting circuit overcomes the problem. The voltage has to stay the 

same while the current is increased to 190 mA. Power OPAMP by Apex 

Microtechnologies, model PA35 has just the specifications desired. Since it can 

deliver up to 0.8A, it heats up. So it has to be connected to a heat sink. 

 
Figure 3.7: Leads of PA35 Power Chip 

The built-in buffer was used in this package. The buffer keeps the voltage the same 

while it draws the necessary current from the power supply. The coupling capacitors 

Cp eliminate the fluctuations in the power supply. 

 
Figure 3.8: Current Booster Circuit 



 30

Gain of the PMT is controlled with a DC signal of –10V to 0 V. The voltage is 

generated at the DAQ card by software control. The output voltage of the OPAMP equals 

the input voltage.  The gain control circuit inside the PMT has large impedance, and it 

draws 190mA. 

 

3.2 Software Controls with LabVIEW™ 

This spectroscopy system includes a wide variety of parts; ranging from simple digital 

switching to highly complicated electronic circuits. They all have to be controlled 

remotely under software guidance. There are many benefits of remote control, such as 

having parameters that are highly stable. Computer control of all the parts ensures that 

the system is more user-friendly and controlled all from one location. 

In this section, the function of each LabVIEW™ virtual control (VI) program is 

explained. There may be other ways of classifying them; however the type of 

communication standard (with the computer) is adopted below. 

3.2.1  PCMCIA  

National Instruments™ Data Acquisition Card 6062E Series (DAQ card) is facilitated 

mostly for measuring reference signal and detected light signal. Both are connected to 

analog input of screw board, which comes with the DAQ card. The inphase and 

quadrature components of the light signal are calculated by lock-in detection, the details 

of which are explained in Measurement section. DAQ&LockInDet2NIR.VI reads these 

two analog signals and makes the lock-in detection calculation.   
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The inputs to this VI are sampling frequency, frequency of interest (parameter 

necessary for lock-in detection), time duration of record, channel numbers and finally 

gain and polarity of channels. The outputs are AC-coupled amplitude, phase and DC 

level of reference (Ch0) and light signal, and the phase difference between them.  

 
Figure 3.9: Main Data Acquisition Program 

This DAQ card is also facilitated in controlling the gain of photo-multiplier tube 

(PMT). Generate1Pointon1Channel_NIR.VI produces a voltage between –10V and 0V 

at the analog out channel of DAQ Card.  This voltage is later converted to -1000V to 0V 

inside the PMT gain transformer. 
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Digital outputs of the DAQ card are facilitated in channeling input current to every 

laser diode. Three control lines of the Dow-Key switch Model 565-520802A are set to 

logic HIGH (+5V) one at a time by DC_switch_NIR.VI while others are kept low. The 

corresponding laser diode gets the current from the Dow-Key switch. 

3.2.2  PCMCIA-GPIB 

GPIB is a communication standard introduced by HP. This interface controls RF 

generators and the laser driver. First, a GPIB session is initiated. Then, necessary changes 

are made in these sources. The session is closed when finished this process. The main 

VI’s in this category are HP8647A Configure Amplitude_NIR.VI, HP8647A 

Configure Frequency_NIR.VI, and LDX-3200 Example Outputs_NIR.VI. The first 

one sets the amplitude of AC part of laser diode current and reference. The second one 

sets the frequency of these signals. The third one sets the DC part of laser diode current. 

They are all called in a specific order inside Current_SW_2.VI. First, it is confirmed 

that the diode input is at zero before it is turned on. Then the sources and diode are 

connected with the switch. Dc amplitude rises before Ac amplitude. One laser diode is 

turned one at a time, sequentially. 
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Figure 3.10: Laser Diode Current Control Program. 

3.2.3  SERIAL  

The controller (NP-9000) of Velmex translation stage takes commands from the 

computer by serial communication. VP9000Cmd_NIR.VI allows sending of an arbitrary 

string of characters to the controller, over the serial Port.  It is the basic VI used by most 

of the more complex VI’s described later. Online.VI starts the communication, whereas 

Offline.VI terminates it. IndexMotor_NIR.VI lets the user move the motion stage a 

specified number of steps. These steps are in a specific order, first source 3 is visited, 

then source 2, and finally source 3. 
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 SOURCE 3 SOURCE 2 SOURCE 1 

Detection 1 -2100 2390 2020 

Detection 2 -2500 -2410 -1680 

Detection 3 -2400 -2300 -2380 

Table 3.5: Steps the Stage Takes for each Laser Diode-Fiber Cable Pair 

Sending this command implements the motion only.  The Wait for Prompt_NIR.VI is 

called immediately after to have the controller signal when motion has stopped. 

InitSerP_NIR.VI initializes the host PC’s Serial Port to the parameters required by the 

VP9000. 

 
Figure 3.11: Stage Moving program 

This command is used at the very beginning of Home_Init_and_Move.VI, to ensure the 

host and the Controller’s ports’ are synchronized. The VI last mentioned is above all 

previous VI’s hierarchically.  

 There are other VI programs that do not control any instruments, but rather 

integrate other VI’s or calculate specific parameters. In the following programs, some key 

VI’s of this type are listed.  
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a) ConcFit.VI 

We know the extinction coefficients of hemoglobin, oxy-hemoglobin and water in near-

infrared spectrum. The total absorption is a linear weighted sum of these constituents. 

This VI basically performs a linear system inversion, with constraints. The constraint 

used is simply the fact that the concentrations cannot be negative. The optimization 

toolbox’s lsqnonneg.m script is made use of in this regard.  

 
Figure 3.12: Spectroscopy Program 

b) StageSeriesMatlab3.VI 

This VI integrates data acquisition and motion control. The aim is measuring the signal at 

three positions. This VI takes the stage to the right location, and then runs the VI that 

measures the light signal. Then, the intensity and phase data are obtained at three 

positions. This VI also calls the MATLAB® program that calculates optical properties 

from intensity and phase. The details of this program are explained in the Mathematical 

Theory section. Briefly, the program fits the slope of phase versus distance and intensity 
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versus distance to diffusion theory calculations, to iteratively solve for absorption and 

reduced scattering coefficients at each wavelength. Ultimately, the optical properties of 

the medium are obtained at a certain wavelength.  

 
Figure 3.13: Main Control Program 

 

3.3  Calibration  

Calibration is essential to accurate measurement, and in this setup there are several steps 

to complete this accurately. 

The 3 fiber cables used for propagating light to the patient have similar 

specifications and are of the same length (2m) according to the manufacturer. They differ 

in length sufficiently to introduce different phase shifts due to different fiber cables, and 
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so these differences in phase due to the fiber must be corrected for assuming that these 

are static shifts.  

In order to get the phase shifts (Table 3.6), the fibers were terminated 30 mm 

away from the source on a calibration phantom, and the measurements were taken. The 

sources were at the current settings used in actual measurements. These phase shifts were 

normalized with respect to the phase shift due to fiber 3. In other words, the third column 

in Table 3.4 is subtracted from the first and the second column in order to get the phase 

calibration values. 

 

 

 

 

 

These phase shifts are added to the measured phase shifts in order to get the actual 

phase shift due to the phantom or the tissue, corrected for fiber variation. This 

measurement is repeated for the following 2 days, and these values hold. Likewise they 

do not change when the fibers are moved around. 

The detection range is limited (0-10V) and PMT response is not linear (if 1 V is 

created by 1mW, 8V does not necessarily indicate 8 mW). The PMTs also contribute to 

phase shift non-linearly at different levels of intensity. Therefore, it is desired to keep the 

detected intensity the same to eliminate these errors, and avoid the need for further 

calibration. As also explained in the instrumentation section, the intensity from the 

closest source location is much larger that that of the furthest source location (300-400 

Phase shift FIBER 1 (degrees) FIBER 2 (degrees) 

LD1 (830nm) 3.59o 4.79o 

LD2 (747 nm) 3.15o 4.69o 

LD3 (785 nm) 4.89o 3.13o 

Table 3.6: Phase Calibration 
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times), and larger than that of the second source location (15-20 times) (Fig 2.3). First, 

the gain of the PMT is set such that the smallest intensity falls into the middle of 

detection range. Neutral density (ND) filters are inserted in front of the first and second 

collimation lenses, so that the intensity from the closest and the second source locations 

are also in the middle of detection range. The power emerging from fiber cables were 

measured with and without ND filters. These tables are shown in the instrumentation 

section.  

The detected signal intensity is multiplied by the attenuation factors of ND filters, 

that is the ratio of power measured with ND (Table 3.3) to power measured without the 

ND filters (Table 3.2), and this process allows the system to measure the large range of 

intensities across the 3 fibers, while achieving an optimal signal detection at each and yet 

still obtaining accurate representation signals. 

INTEN. CALIB. FIBER 1 FIBER 2 FIBER 3 

LD1 43.39 4.17 1 

LD2 156.71 6.04 1 

LD3 67.93 4.72 1 

Table 3.7: Intensity Calibration 

Below an example is demonstrated for first detection from LD3. 

First of all, the measurement is divided into 10 equal blocks of 50 msec, instead 

of one long time block. The averages of 10 instants of “AC amplitude” and 10 instants of 

“phase difference” are taken, and put into the calculation program.  
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Figure 3.14: Data Acquisition Program 

Intensity: 0.06877 

Phase: 296.00   are the measured values of these variables. 

The calibrated values are, 

Intensity: 0.0688 x 67.93 = 4.672 volts 

Phase: 296 + 4.89 = 296.9 degrees 

The calibration of other detection points and wavelengths are done similarly.  
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3.4 Measurement of Phase and Amplitude 

3.4.1 Lock-in Detection 

When the modulated light propagates through the medium, phantom or tissue, it is 

attenuated and its phase changes. The PMT basically converts detected photons to a 

current signal in real time, but the 150MHz signal is too rapid to measure reliably and so 

this signal is heterodyned down to a lower frequency. This is achieved by custom PMT 

housing which accept an offset frequency to be delivered to the 2nd dynode.  

The resulting output of the PMT is set to a low frequency (1000 Hz) current by 

this heterodyne process. The product of two high frequency signals (150.000 MHz and 

150.001 MHz) produces the frequency component. The former of these signals has 

traveled through the medium, and the latter has not but comes directly from a signal 

generator. The reference signal is utilized in order to determine the phase shift. The 

method provides a continuous signal and allows a software implementation of lock-in 

detection between the signal and reference measurements. 

In the next paragraph, the mathematical formulation of how the amplitude and 

phase shift are calculated from the two signals is described. 

Let m(t) be the message signal. The power of m(t) at a radial frequency ω is of 

interest. The component of m(t) which has the same phase with sin(ωt)  is called the 

inphase component, In, and the component that is 90o out of phase is called the 

quadrature component, Qu, of m(t).  

:= ( )m t + In ( )sin ω t Qu ( )cos ω t     (3.4.1) 
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The linear combination of sinusoids of same frequency is another sinusoid. When 

m(t) is divided by 
2 2In Qu+ , the following is reached. 

 + 
In ( )sin ω t

 + In2 Qu2

Qu ( )cos ω t
 + In2 Qu2

     (3.4.2)
 

Let θ be the angle, whose sin and cos are defined as follows. 

 = ( )cos θ
In
 + In2 Qu2

,
 = ( )sin θ

Qu
 + In2 Qu2

    (3.4.3) 

Then, m(t) can also be expressed as,
 

 := ( )m t  + In2 Qu2 ( )sin  + ω t θ     (3.4.5)
 

where 2 2In Qu+ is the amplitude and θ is the phase of m(t). This representation is 

useful for determining θ.  

∑
 = t 0

2 π
ω

( )sin  + ω ti θ ( )cos ω ti ∆ t
=

π ( )sin θ
ω , and    (3.4.6)

 

∑
 = t 0

2 π
ω

( )sin  + ω ti θ ( )sin ω ti ∆ t
 =

π ( )cos θ
ω      (3.4.7) 

 

So the ratio 
∑
 = t 0

2
π
ω

( )m t ( )cos ω t

∑
 = t 0

2
π
ω

( )m t ( )sin ω t

 is the tangent of θ. The sum of the squares of the last 

two summations, In2+Qu2, is the square amplitude of m(t). 

The detected light signal and the reference signal are each a message signal. The 

LabVIEW® program DAQ&LockInDet2NIR.VI performs the calculations explained 
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above. The amplitude and phase are calculated with respect to the time frame of the 

computer. These parameters are shown in the above figure.  

Ch0Amp (V): amplitude of reference 

Ch0Phase (rad): phase of reference 

ACAmp (V): amplitude of light 

Phase (rad): phase of light 

 Afterwards, the phase of reference is subtracted from phase of light signal in 

order to determine the phase shift solely due to the medium. The signals that appear on 

the chart of the data acquisition software are before lock-in detection (Figure 3.8).  
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Chapter 4 

RESULTS 

4.1 TESTS 

The system needed to be validated for accuracy and variance before it could be reliably 

used on human tissue. First, the repeatability test was performed.  

4.1.1 Repeatability Test 

For this purpose, two homogeneous phantoms were used, composed of soft silicon 

phantoms with a cylindrical shape. The top surface was flat and made good contact with 

the flat patient fiber interface. The following charts show standard deviation, where it is 

for 10 measurements performed with a homogeneous soft phantom, scaled by mean in the 

case of DC and AC fluence, and absolute standard deviation in the case of phase shift.  
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Figure 4.1: Variability of DC Light Signal from different detection locations. D1 is the closest, D3 
is the furthest. Plotting the % standard deviation for 10 repeated measurements. 

 
 

Repeatibility of Detected AC Fluence
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Figure 4.2: Variability of AC Light Signal, the result of lock-in detection. Max 1.3 % Standard 

Deviation. 

 It is worthwhile to note that there is a significant noise floor. Although all the 

measurements have been performed in dark, the AC amplitude is known to have recorded 

non-zero values, average 5x10-5 V. A small test was performed with the laser diodes off 

and the data acquisition was continued. Very small DC amplitudes, -0.001V 

approximately, indicate that the laser diodes were off, but the integration with the 

reference signal produces nonzero AC amplitude, as explained in Lock-in Detection 
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section. These amplitudes are small compared to the detected signal, but result in a 

standard deviation mean 0.7% of the average signal and 1 degree in phase shift.  
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Figure 4.3: Standard Deviation of Detected Phase Shift. Maximum 1.6o. 

The previous charts indicated the measurement system works and measures 

optical properties of the phantom with sufficient precision, but it did not indicate if the 

measurements were accurate enough or repeatable over extended periods of time. The 

same procedure was applied on the second phantom and similar results were observed. 

The corresponding optical properties were as calculated and are graphed for repeated 

samples in Figures 4.4 and 4.5. 
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Figure 4.4: Measured Absorption Coefficients of Two Homogeneous Phantoms, taken on two 

separate weeks for each phantom to assess the repeatability of qualifying absorption. 
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Reduced Scattering Coefficients
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Figure 4.5: Measured Reduced Scattering Coefficient of Two Homogeneous Phantoms. 

In order to see if the measurements would still hold after a while, these tests were 

performed a week later.  

The repeatability test indicated that the system was repeatable within to an 

acceptable measurement error (5 % standard deviation) in a wide range of optical 

properties.  

4.1.2 Accuracy test 

Another test employed was the assessment of the accuracy in optical properties 

estimation. This test was performed with a solution of known optical properties. This 

solution consisted of 1.1% Intralipid®, water and pig blood. The optical properties of 

Intralipid® were measured exhaustively by van Staveren et. al. [24]. The optical 

properties of solutes, where used, are in varied concentrations to represent tissues of 

varying properties. The blood concentration was varied over 0%-1.2%. The blood 

concentration increment was 0.l%, and was systematically increased in a series of 

measurements, and the test was repeated 4 times on different days. 
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The measurements were taken at room temperature, and repeated 10 times. The 

scattering coefficients measured are shown in Figure 4.6.  
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Figure 4.6: Measured Reduced Scattering Coefficient of Intralipid® and Water Solution 

According to Van Staveren et.al. , the scattering coefficient and albedo of Intralipid® is 

approximated as  µs (λ) = 0.016 λ2.4 mL-1 L mm-1    (4.1.1) 

g (λ) = 1.1-0.58λ,   where λ is in units of microns [24]. 

The Intralipid® concentration was 11mL per 0.2L of solution. The purple line in 

the chart is calculated using these formulas and the definition of reduced scattering 

coefficient, µs’=µs (1-g). The other points are µs’ measured with the current system. 

Although the results are similar between wavelength dependence, there is a positive 

offset in the reduced scattering coefficients, µs’, of mean 0.18 mm-1. 

 The only coefficient that was used in calculating concentrations of oxygenated 

and de-oxygenated hemoglobin was absorption coefficient and so errors in the scattering 

coefficient were not thought to be too problematic.  
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Figure 4.7: Measured  µa of Intralipid®, Water and Blood Solution at Different Wavelengths. 

 

Figure 4.7a:   µa of Blood Solution at 747 nm
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Figure 4.7b:   µa of Blood Solution at 785 nm
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Figure 4.7c:   µa of Blood Solution at 830 nm
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The wavelengths of the NIRS system are 747 nm, 785 nm and 830 nm. µa of the 

blood solution is measured by the system on four different days of at least two weeks 

apart. There are more data points in the 13-Aug test than tests on other tests. At all 

wavelengths, the tests proved µa to be linearly increasing as the blood concentration 

linearly increased. The positive offsets at 0% blood concentration are due to absorption of 

100% water (Table 2.1). The offset at 1-Jun is slightly larger than those of other tests.  

The slopes of increase versus wavelength are plotted in Figure 4.8. The 

hematocrit levels of the blood samples are not known. If hematocrit levels were known, 

the extinction coefficients of the dominant chromophore, HbO2 could be calculated by 

dividing the slope of increase of µa versus concentration curve.  
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Figure 4.8 Slope of Increase of µa vs Concentration 

The next step is calculating concentrations of oxy-hemoglobin (HbO2), deoxy-

hemoglobin (Hb), and water as explained in the Spectroscopy section. First, the 

concentrations were calculated from the set of µa values shown in Figure 4.7 for three 

chromophores, without correcting the error due to offset. It has been observed that the 

calculated water concentrations were zero in the result. This cannot be the case in a living 
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tissue, and also the total hemoglobin concentration was not consistent with the results 

found. Then the absorption coefficients were corrected by subtracting the offset such that 

the absorption due to Hb and HbO2 was zero at 0% blood concentration, eliminating 

absorption of water. The concentrations of HbO2 and Hb were fitted with extinction 

coefficients of these at three wavelengths.  
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Figure 4.9 Measured HbT in all Accuracy Tests 

 

Addition of blood to the solution increased total hemoglobin concentration, HbT, 

linearly as expected. The trend did not change for blood concentration as high as 2.3%. 

The system performed linearly in 747-830 nm NIR spectrum for a range of blood 

concentrations. Different slopes are due to different hematocrit levels. 
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The hematocrit level of the blood sample used on 13-Aug was 99 gm/L. It was 

measured by Bayer Rapidlab 845 at DMS Radiology. Measured HbT and true HbT can be 

compared for this sample and the comparison is shown in Figure 4.10.  

Accuracy Test 4 (Aug-13)
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Figure 4.10  Measured HbT versus True HbT for 13-Aug 

The NIRS system underestimated HbT of this sample by 10%, but had linearty, 

which indicated good repeatability. The true HbT concentration in 1% blood solution of 

with 99gm/L hematocrit (0.99gm Hb / 64500 gm/mole in 1 L solution = 1.54x10-5 M) is 

15.4 µM. 

 Only accuracy of the system in determining the total concentration of Hb has been 

discussed up to this point.  Now, the ability of the system to discern between two kinds of 

Hb is examined in oxygen saturation studies. 

 The following three charts (Figure 4.11-13) show the results of one blood test. 

The concentration of blood in 9-Jul test was increased by addition of blood. After the 

final addition of blood, the yeast was added to the solution and the concentrations were 

measured immediately and an hour later.  
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Measured Hb and HbO2 concentrations (9-Jul)
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Figure 4.11: Hemoglobin Concentration. Deoxygenation Test I  
 

HbO2 increased with the addition of blood for the first points of the data set and 

Hb stayed constant. The solution was in contact with air, so 100% StO2 was expected for 

the first 9 measurements, when blood was added. Yeast was added at the 10th data point, 

and measured immediately (Fig 4-11). HbT did not change as expected (Figure 4.12). The 

measurement was repeated an hour later and it has been observed that the solution was 

deoxygenated except for an offset (Figure 4.13). 
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Figure 4.12: Measured HbT in Deoxygenation Test 1 
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StO2 of the Blood Solution (9-Jul)
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Figure 4.13: Oxygen Saturation of the Blood Solution. Deoxygenation Test 1 

 StO2 for the systems stayed at 100% for most of the tests. This was expected since 

the solution was in contact with air. StO2 was 100% right after yeast was added and 

dropped to zero one-hour after the yeast was added, since the yeast has consumed the 

oxygen in the solution.  

 The test with yeast was repeated on 17-Jul. The results are shown in Fig 4.14-15. 

The concentrations were measured one hour after yeast was added. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 4.14 Concentrations of Chromophores on 17-July. Deoxygenation Test II 
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Oxygen concentration in the solution is shown in Figure 4.15. The solution was in 

contact with air and most of the time oxygen concentration was 21% as in air. O2 

concentration was measured by Diamond General’s Chemical MicroSensor 1201. It can 

be seen from Figure 4.15 that yeast consumed O2 in the solution after an hour. The 

system measured StO2 as almost 5% instead of 0% at that moment. 

Figure 4.16 demonstrates oxygen saturation, StO2 in all accuracy tests.  
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Figure 4.16 Oxygen Saturation in All Accuracy Tests 
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yeast added

0
20

40
60

80
100

120

0.00% 0.50% 1.00% 1.50%

blood concentration (%)

µM
StO2
O2 conc.

Figure 4.15 Oxygen Saturation and Concentration on 17-Jul. Deoxygenation Test II 
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 The first points in the tests were the most erroneous (Figure 4.16). The solution 

with minimum blood concentration, 0.1%, was mainly water, which was assumed 

constant and did not come to the spectroscopy equation as a variable. The absorber 

concentration was so small that the attenuation due to it was not measured precisely by 

the hardware and thus likely led to the higher error observed. The examples of this can be 

seen from some points close to 0% blood concentration in Figure 4.10,13,16. As the 

blood concentration was increased, the absorption due to blood was considerably higher. 

So, the hardware detected the change in the absorption accurately.  

The following is deduced from these charts. The NIRS system can calculate the 

concentration of two chromophores, Hb and HbO2, given the third absorber, water, is 

constant. Wildman et. al. suggested that the water concentration is 73% in human skeletal 

muscle [6]. In this system, the water concentration is set to 73 % to be used in arm 

measurements. Overall in assessing the system performance, the accuracy of HbT is 

thought to be 10% under predicted and StO2 is thought to be accurate to within 20%.  
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4.2 HUMAN SUBJECT RESULTS 

Tests were performed on the forearms of three 

female subjects as an initial in vivo assessment 

study. The optical properties and hemoglobin 

concentrations were measured on brachioradialus 

muscle (Figure 4.17). The patient interface was 

placed on the forearm about midway between the 

elbow and the wrist. It was hold in place with a Velcro strap that went around the arm. 

This maintained good contact with the skin and the tips of the fiber cables. The 

measurement was repeated 10 times in a row for one subject. The average and standard 

deviations were calculated. The results are as in Figure 4.18-20. 
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Figure 4.18: Human Subject Results. Absorption Coefficient. 

 

Figure 4.17  Measurement on the Arm
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Reduced Scattering Coefficient
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Figure 4.19: Human Subject Results. Reduced Scattering Coefficient. 

These values are within the range previously published by Gratton et.al. [25]. The 

concentrations of Hb and HbO2 are represented in terms of oxygen saturation (StO2) and 

HbT, which are defined previously. The values for the same subjects are shown below. 
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Figure 4.20: Human Subject Result. Total Hemoglobin Concentration and Oxygen Saturation 

These charts suggest that the average HbT in female subjects is 58±21 µM, and 

average StO2 is 80±22 %.  
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4.3 PRESSURE TESTS 

Different pressures were applied with a blood pressure cuff to the upper forearm 

of one female human subject. The subject, while sitting on a chair, placed her non-

dominant arm on the table at 90o angle to the floor. She held a soft object with a constant 

force, trying to eliminate movement artifacts as much as possible. The test started with 

relaxed arm. The pressure was applied for 5 minutes, and then released. It is repeated 5 

min later. The pressures of 70 mmHg, 100 mmHg and 140 mmHg were applied. The 

results were obtained as shown in Figure 4.21. 

During the lower pressure, venous blood is occluded but arterial blood is free to 

flow. Consequently blood volume increases, so does HbT. During the highest pressure, 

both arterial and venous blood is blocked and HbT did not change much.  

 

Figure 4.21: Pressure Test. HbT and StO2 of Occluded Arm 
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Vertical dashed lines indicate the instances when the pressure was applied or 

released. The largest amount of blood accumulated in the forearm when the applied 

pressure was smallest, 70mmHg. At this pressure, venous flow was cut, but the arterial 

blood should still be pumping in. The maximum amount of blood accumulated decreased 

by the increase of pressure. 120 mmHg is the pressure that slows down arterial flow as 

well. So, there was no blood flowing into the arm, as well as coming out of the arm. The 

blow flow into the arm was further decreased when the applied pressure went up to 

140mmHg. They all came back to the same baseline of about 50 µM HbT. The 

vasodilation effect can easily be seen from HbT plot of 140 mmHg. The second peak is 

higher than the first. This is due to the fact that vessels become more elastic under high 

pressure applied, and can withhold more blood in its capacity.  

StO2 decreases faster with higher pressure (Figure 4.21). Comparing the first 

cycles in StO2 plots in Figure 4.21, it is seen than decrease per unit time is smallest in 70 

mmHg case (from 85% to 50 % in 4 min) and largest in 140 mmHg case (from 95% to 40 

% in 5 min). The minimum StO2 obtained in this study was 37.8% even after 5 min of 

arterial occlusion. This is further discussed in the Conclusion chapter. 
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Chapter 5 

Conclusion 

5.1 Optical properties of Human Forearm 

In this project, the measurement target is assumed to be homogeneous.  Although, this 

might be the case for a blood solution test, the human arm consists of optically different 

layers. It has been published that µa and µs’ of human dermis is 0.27 mm-1 and 3.55 mm-1 

at 633 nm when it is prepared as a thin slab between glass [17]. Also µa and µs’ of human 

muscle at the same wavelength is 0.04mm-1 and 0.55 mm-1 respectively prepared as a 

thick slab in vitro.  

Francheshini et. al. investigated how a superficial layer thickness ranging from 

0.08 to 1.6 cm affects the effective optical properties obtained from optical data collected 

at source-detector separations in the range 1.5-4.5 cm [26], and found the following 

result. For layer thickness less than ~0.4 cm the frequency-domain multi-distance method 

based on the diffusion theory for semi-infinite, homogeneous media yields effective 
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optical coefficients that coincide with those of the underlying block. The multi-distance 

method is one of the less affected by systematic errors due to layer structures [25].  

The average values of µa and µs’ in the forearm measured in this study and those 

published by Gratton et. al. are shown in the table below [25]. 

mm-1 GRATTON et. al. (715 nm) NIRS Spect.. (747 nm) 

µa 0.018 0.014±0.03 

µs’ 0.37 0.37±0.6 

Table 5.1 Comparing Optical Properties at Short Wavelengths 

 

mm-1 GRATTON et. al. (825 nm) NIRS SPECT. (830 nm) 

µa 0.024 0.015±0.03 

µs’ 0.30 0.35±0.6 

Table 5.2 Comparing Optical Properties at Longer Wavelengths 

Both studies agree on the optical properties of the forearm. Same study shows 

HbT as 120 µM and 79% StO2 for forearm. In this study, the average HbT is 58±21 µM, 

and average StO2 is 80±22 %.  

The measurements on human subjects have artifacts due to pulsations. The 

pulsation of the vascular system, and in particular of large and medium arteries, that is 

associated with the systolic activity of the heart produces relatively large changes in the 

transmission of light through tissue transmission [27]. 

Finally, diffusion theory is only applicable in cases where µs’» µa and the optode 

spacing is » 1/µs’, which are almost always true [28]. The minimum µs’ in this study is 

0.3 mm-1 and the maximum µa is 0.018 mm-1. The smallest optode distance was 10 mm. 

The parameters satisfy the first condition but optode distance is only 3 times greater than 
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1/µs’. Farrell et. al. have indicated that if the distance is greater than 3/µs’ then this should 

be sufficient for accurate matching of intensity data, yet the match to phase is unknown 

still [29]. 

 

5.2 Occlusion of Human Forearm 

The ischemic muscle studies have been performed for some time now [25, 28, 30, 31]. It 

is argued to be a way of determining sick from healthy. It was reported by Ferrari et. al. 

that during a study by De Blasi et. al., a plateau was reached when StO2 decreased about 

20% [27]. This indicated O2 sources have not been depleted. A similar study by Matcher 

et.al. reported this plateau at 30% [32]. In this current study, it has been observed that 

StO2 did not decrease below 37%. The unexpected high saturation values found during 

prolonged ischemia might be explained by several factors, such as (i) incomplete 

occlusion; (ii) wrong assumptions (homogeneous medium, tissue geometry); and (iii) 

interference from myoglobin in the spectrum [27, 28]. A recent study about muscle 

oxygen consumption reports having applied 230 mmHg [33]. Ferrari et. al. achieved 

vascular occlusion by inflating the pressure cuff to 240-260 mmHg [27]. Although, the 

StO2 data is reproducible, the results are controversial. Ferrari et. al. observed 20 µM 

increase in HbT and attributed this result to blood volume increases in the capacity of the 

venous vessels [27]. This result is also observed in the current study as different numbers 

under different pressures. The average increase in HbT is 30 µM when forearm is 

occluded. This result can be used to investigate the vascular compliance in healthy 

subjects and patients. One supportive finding in the current study is that the vessel is 
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dilated under high pressure in the 140 mmHg pressure. The max HbT reached is 71 µM in 

the second application whereas it is 64 µM in first application.  

 

5.3 Future Study 

The venous occlusion method can be easily repeated and clinically more acceptable. This 

method offers the advantage of measuring the blood flow and mean tissue saturation 

simultaneously. Blood flow can also be estimated from changes in NIR signals from 

forearm muscle in response to the fractional inspired O2 concentration [27].  

The reduced scattering coefficient of tissues can carry physiologically important 

information, being possibly related to blood glucose saturation [27]. In diabetic patients, 

this approach can be easily applied, measuring HbT, StO2 and glucose concentration 

simultaneously. 
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