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Abstract
The development of a non-invasive glucose monitoring technique is very important because it would
tremendously diminish the need to puncture the skin when taking blood samples and help diabetic
patients in controlling their blood glucose levels and in treating Diabetes Mellitus. The focus of this
thesis is on measuring the effect of glucose on the light scattering properties of a tissue-simulating
phantom and biological tissues in vitro. Optical coherence tomography (OCT), the pulsed
photoacoustic (PA) technique, and the time-of-flight (TOF) technique are used in the measurements
and their capabilities for detecting changes in the scattering properties are evaluated and compared
with each other. The theoretical background of the techniques, light propagation and PA wave
generation are briefly explained. The glucose-induced changes in light scattering are also reviewed. 

The measurement results with the OCT and the PA technique from Intralipid, pig whole blood,
and mouse skin tissue samples show that the glucose-induced changes are larger in the biological
tissues than in the Intralipid phantom. The PA measurements show that although the PA signals are
stronger at a wavelength of 532 nm than at 1064 nm, the glucose-induced change in the peak-to-peak
value of the PA signal measured from pig whole blood is larger at a wavelength of 1064 nm than at
532 nm. The TOF measurements with a streak camera show that the scattering-related changes in the
registered pulse shapes occur mainly in the rising part of the pulses. The utilization of fiber-optic
measurement heads enabled the detection of back-scattered photons at different distances from the
emitting fiber.

Although all the techniques are able to detect changes induced by large glucose concentrations
(0–5000 mg/dl) in Intralipid, the effect of glucose on the scattering properties of Intralipid is so weak
that the techniques failed to detect changes with lower (50–500 mg/dl) concentrations. The
measurements of biological samples with the PA technique and with the OCT also demonstrate
capabilities to measure glucose concentrations in the physiologically relevant range (18–450 mg/dl)
as well. The results compare well with earlier literature and also confirm some earlier findings.

Keywords: Diabetes Mellitus, glucose measurements, light scattering, optical coherence
tomography, photoacoustic measurement, time-of-flight
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 List of symbols and abbreviations 

c    speed of light in continuum 
CP    specific heat  
d     diameter of the acoustic wave 
ds     thickness of the cuvette 
D     diffusion coefficient 
E     pulse energy of the laser source 
Ea    absorbed energy 
f    frequency 
fl    focal length of the lens  
fs    femtosecond 
g     anisotropy parameter 
geff    effective anisotropy parameter 
H    function of the heat deposited in the medium per unit volume and time 
Hf    laser fluence 
I    detected light intensity 
Id(τ)   signal current at the detector 
Ir     signal intensity in the reference arm 
is     total photocurrent  
Is     signal intensity in the sample arm  
iT,sb    single back-scattered component  
iT,ms    multiple back-scattered component 
I0    incident light intensity 
k     proportional constant  
kl    wave number 
l     dimension parameter 
L(r, s, t)  radiance at position r travelling in direction s at time t  
Lp    path length between interactions 
m    dimension parameter 
mp    number of particles 
n    refractive index 
np     dimension parameter 



nJ    nanojoule 
ns    nanosecond 
p     the acoustic pressure  
Pr    power of the reference beam 
Ps    power of the input sample beam 
ps    picosecond 
p(θ)   scattering phase function 
p(s', s)   normalized phase function 
r     distance of detection  
r    position vector 
R    measure of the acoustic source radius  
ri    coordinate 
Rr    a pseudorandom number 
s    direction vector 
s’    direction vector 
S(r,t)   photon source 
t    time 
v    velocity of light in the medium 
va     velocity of acoustic waves 
V     volume 
Vtc(τ)   temporal coherence function  
w0    1/e intensity radius of light beam in the lens plane 
z    distance 
zf    border between near field and far field zones 
zi    coordinate 
z0    depth 
 
α    factor for converting power to current 
β     volume expansion coefficient 
ΔT   temperature change 
ε(r, s, t)  power radiation of the source per unit volume per unit solid angle in the 

direction s at time t 
φ (r, t)  diffuse photon fluence rate  
Γ    Grüneisen parameter  
λ      median wavelength of the light source in a vacuum 
λac    acoustic wavelength  
μa    optical absorption coefficient 
μeff   effective attenuation coefficient 
μs    optical scattering coefficient 
μs’   reduced scattering coefficient 
μt    attenuation coefficient 
μJ    microjoule 
θ    scattering angle 
θrms   root-mean-square scattering angle 
ρ     density 
ρp    radial position of the detector with respect to the source 



ρ0(z)   the lateral coherence length of the reflected sample field in the mixing plane 
σb    effective back-scattering cross section 
τ    time delay 
τa     stress relaxation time 
τc    time constant 
τh     heat diffusion time 
τL     laser pulse duration 
υl     frequency of light 
Ω     spatial angle 
 
CCD   charge-coupled device 
FWHM  full width at half maximum 
GI    graded index 
IDDM  insulin-dependent diabetes mellitus 
IR    infrared  
ISF   interstitial fluid 
LSP   least scattered photons 
MC   Monte Carlo 
MCP   microchannel plate 
MSP   multiple scattered photons 
NAD(P)H nicotinamide adenine dinucleotide phosphate (reduced) 
NIDDM  non-insulin-dependent diabetes mellitus 
NIR   near infrared 
OA   optoacoustic 
OCT   optical coherence tomography 
OLCR  optical low-coherence reflectometer 
OTDR   optical time-domain reflectometer  
PA   photoacoustic 
PVDF  polyvinylidenefluoride 
PZT   lead zirconium titanate 
RBC   red blood cell 
RTT   radiative transfer theory 
SD   standard deviation 
SI    step index 
SLD   superluminescence diode 
SNR   signal-to-noise ratio 
SPA   scattering photoacoustic 
TOF   time-of-flight  
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1 Introduction 

1.1  Overview and motivation 

Diabetes Mellitus is a disorder of glucose metabolism in which the secretion of insulin is 
prevented (insulin-dependent diabetes mellitus (IDDM), type 1) [1], or the cells of human 
tissue are unable to use insulin (non-insulin-dependent diabetes mellitus (NIDDM), 
type 2). These problems induce great difficulties in controlling the blood glucose level. 
Millions of people around the world suffer from Diabetes Mellitus [2,3]. To ensure proper 
treatment of the disorder, the blood glucose concentration has to be measured several 
times a day. At the moment, people suffering from diabetes need to puncture their skin to 
take a blood sample for measuring their blood glucose level. The current techniques use 
test strips and are based on glucose oxidation or an electrochemical method [4,5]. Also 
minimally invasive techniques, such as microneedles that utilize sweat and saliva have 
been developed [6]. In addition, implantable sensors as well as sensors based on reverse 
iontophoresis are under investigation [7,8]. Continuous glucose monitoring helps people 
suffering from diabetes monitor rapid fluctuations in their blood glucose level and 
facilitates proper treatment of the disease [9,10]. Proper control of the blood glucose level 
is the key to minimizing further complications of Diabetes Mellitus [11]. Also, infants 
and older people in hospitals need regular control of their blood glucose level. Thus, there 
is a great demand for a non-invasive blood glucose monitoring technique. 

Non-invasive measurement techniques for measuring the glucose concentration of the 
human body have been developed over the past twenty years. During the past decade, the 
focus has largely been on optical techniques based on the interactions of photons with the 
object being studied. One of the biggest advantages of optical techniques, when using 
moderate optical power, is that they are harmless to the objects being studied. 

The photoacoustic technique (PA), optical coherence tomography (OCT) and near 
infrared spectroscopy (NIR) are examples of the latest and most studied techniques for 
non-invasive glucose monitoring. These techniques have been applied both in vitro and in 
vivo. OCT has shown promising results over the past few years for continuous glucose 
monitoring. However, all these techniques need calibration with invasively taken blood 
samples.  
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1.2  Objectives 

In this thesis, three different techniques and their possibilities for non-invasive glucose 
monitoring in vitro are compared. The aim is to get information about the effect of 
changing scattering properties on the measured signal parameters with OCT, PA and 
time-of-flight (TOF) techniques at different wavelengths. These parameters are OCT 
signal slope value, PA signal peak-to-peak value, and TOF signal pulse amplitude, pulse 
width, and time of arrival of the pulse maximum. Moreover, the glucose-induced changes 
in the light scattering properties are measured with these techniques in Intralipid 
phantoms, in pig whole blood, and in cultured mouse skin samples. The content of this 
thesis will add additional information to the literature of non-invasive glucose monitoring 
with OCT, PA and TOF techniques in vitro, and will also confirm a few earlier 
observations achieved with different techniques. 

1.3  Outline of the dissertation 

The basic principles of optical and PA techniques used in non-invasive glucose 
monitoring are introduced in Chapter 2. These techniques are NIR spectroscopy, infrared 
(IR) spectroscopy, spatially resolved diffuse reflectance measurements, polarimetry, 
Raman spectroscopy, fluorescence, PA and optoacoustic (OA) techniques, and OCT. This 
chapter also contains some notes on non-invasive glucose monitoring, and a review of the 
literature concerning glucose studies with OCT, PA, and TOF techniques in vitro. 

The theoretical background of light scattering studies with TOF, PA, and OCT 
techniques is described in Chapter 3. These include the radiative transfer theory (RTT) in 
section 3.1, PA wave generation in section 3.2, and the formation of the OCT signal in 
section 3.3. This chapter also describes the basics of Monte Carlo (MC) simulation. 
Moreover, the literature concerning glucose-induced changes in scattering is reviewed in 
section 3.4. 

Chapter 4 contains a brief description of the basics of the measurement techniques 
used in this study (OCT, PA and TOF). The use of optical fibers is introduced in section 
4.3.1 and the techniques are compared in section 4.4. 

The basic results of the in vitro studies carried out during this thesis work are 
summarized in Chapter 5. Section 5.4 includes a discussion on the results and an 
introduction to some future work.  

Finally, the results are summarized and a conclusion is drawn in Chapter 6. 



2 Non-invasive glucose monitoring 

2.1  Glucose in the human body 

D-glucose is a molecule with the chemical formula C6H12O6. It is the basic energy source 
for cellular metabolism. Glucose concentration varies between different anatomic regions 
and in different parts of the blood circulation. The daily variation of glucose 
concentration in the human body is in the range of 18–450 mg/dl, being typically in the 
range of 70–160 mg/dl [12]. Glucose permeates red blood cells (RBCs) via passive-
mediated diffusion, which is supported by 55-kD-glycoprotein [13]. RBCs work as a 
buffer in blood to control the plasma glucose concentration [14]. 

It is suspected that D-glucose does not need a transporter to move between blood 
plasma and interstitial fluid (ISF). This process is thought to be driven by diffusion 
gradients. When the glucose concentration of plasma increases, the initial response is 
water movement from ISF to plasma; then the glucose diffuses into the ISF, where it is 
used as an energy source by cells. Because of these gradients, the glucose concentration 
in tissues is not a constant. The glucose concentration is higher in arterial blood than in 
venous blood, and the venous glucose concentration depends on the arterial blood flow 
rate and the rate of glucose uptake by the tissue. [14]  

Unlike between blood plasma and ISF, there are many glucose transporters through the 
cell membrane. The transport process of glucose is called passive-mediated or facilitated 
diffusion. In many organelles these transporters are stimulated by insulin. The 
distribution of the transporters varies between organelles. The transport rate of glucose 
into cells is possibly limited by glucose transporters or by glucose phosphorylation. 
[13,14] 

It is not known whether there is free glucose inside the cells or only phosphorylated 
products of glucose. In muscle cells, the glucose is phosphorylated rapidly after the 
intake into the cell. [14] 

Although many body fluids and tissues have been studied for non-invasive glucose 
sensing, in the best case scenario, the blood glucose concentration would be measured 
directly from the blood vessels. To make a diagnosis of Diabetes Mellitus, the vein 
plasma glucose should be measured [15]. 
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2.2  Basics of optical and photoacoustic measurement techniques 

Optical techniques are based on analysing photon propagation and distribution inside the 
sample. Different properties of light are measured and the effect of glucose on the 
collected signals is evaluated with different techniques. Bruulsema et al. [16] and 
Heinemann et al. [17] have studied the effect of glucose on optical properties. Glucose 
affects light scattering and also, to some extent, light absorption. The most pronounced 
effect of increased glucose concentration is decreased scattering. Non-invasive 
measurement techniques have been reviewed by several researchers: Heise [18], Coté 
[19], Waynant et al. [20], Khalil [21,22], and McNichols et al. [23]. The most common 
techniques are NIR and IR spectroscopy, spatially resolved diffuse reflectance 
measurements, polarimetry, Raman spectroscopy, PA and OA techniques, and OCT. 

2.2.1  Near infrared spectroscopy 

NIR spectroscopy is based on collecting reflectance or absorption spectra of the tissue 
with a spectrometer. Continuous light is used to illuminate the tissue under study. A 
typical wavelength range is 1050–2450 nm. [24] The spectrometric techniques enable the 
study of glucose absorption bands in this wavelength range. NIR spectroscopy has been 
studied extensively in the last decade. Marbach et al. [25] used NIR spectroscopy to 
measure blood glucose from the human inner lip and Malin et al. [24] for measuring 
blood glucose. The NIR technique has also been critically examined by Arnold [26]. 
Moreover, this technique is under continuous development [27,28].  

2.2.2  Infrared spectroscopy  

IR spectroscopy uses wavelengths between 2.5–20 μm. It is based on studies of light 
absorption by glucose at a selected wavelength range. The absorption spectrums are 
collected with a spectrophotometer. [29] Zeller et al. [29], Mendelson et al. [30] and 
Klonoff et al. [31] have measured blood glucose concentration with IR spectroscopy.  

2.2.3  Spatially resolved diffuse reflectance measurements 

Glucose monitoring with a spatially resolved diffuse reflectance measurement technique 
is based on detecting changes in the tissue’s reduced scattering coefficient (μs’). In this 
technique, the incoming light beam is directed into the tissue and diffusely reflected light 
is collected at different distances from the location of the incoming radiation. The μs’ can 
be deduced by using a diffuse model to fit the measured signal profiles with the 
theoretical model. Bruulsema et al. [16,32] have studied the feasibility of this technique 
for non-invasive glucose monitoring, and this technique has been studied further by 
Heinemann et al. [17,33].  
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The recent results by Khalil et al. [34] measured with the spatially resolved diffuse 
reflectance technique show that temperature affects the cutaneous μs’ and absorption 
coefficient (μa) values. Cutaneous μs’ shows linear changes as a function of temperature 
whereas the changes in μa showed complex and irreversible behaviour. The thermal 
response of skin has been used as a basis for non-invasive differentiation of normal and 
diabetic skin [35]. 

2.2.4  Polarimetry 

Polarimetry is an optical technique based on detecting the rotation angle of linearly 
polarized light. Glucose molecules can rotate the polarization plane. The rotation angle is 
linearly proportional to the optical path length, glucose concentration and a specific 
rotation coefficient. [36] Chou et al. [37] used polarimetry to detect aqueous glucose in a 
rabbit’s eye. It has typically been used to measure the glucose content of aqueous humor 
in the eye by using a tangential optical path. Also, a different measurement scheme using 
Brewster reflection has been reported [38].  

2.2.5  Raman spectroscopy 

The basics of Raman spectroscopy can be explained as follows: part of the photons 
travelling in the sample scatter with a shift in photon energy. This shift occurs during 
inelastic collision, when photon energy transfers to or from the molecule. By analysing 
the resulting spectra of Raman scattering it is possible to get information about the 
chemical structure (including glucose) of the medium. [39] Berger et al. [40,41] and 
Goetz et al. [42] have used Raman spectroscopy to detect glucose. Data recently 
published by Enejder et al. [43] demonstrate the feasibility of Raman spectroscopy in 
monitoring blood glucose in vivo.  

2.2.6  Fluorescence 

There have been developments in the fluorescence-based glucose sensors over the past 
few years. The results in papers by Pickup et al. [10,44] show that intrinsic tissue 
fluorescence could possibly be used as a basis for non-invasive glucose monitoring. This 
technique is based on the detection of the fluorescent cofactor nicotinamide adenine 
dinucleotide phosphate (reduced) (NAD(P)H), a product of glucose metabolism. 
NAD(P)H has fluorescence at a wavelength of 440–480 nm, when exciting at 340 nm. 
Fluorescence-based sensors are very sensitive and they can even measure glucose at the 
molecular level. They have been tested in in vitro models and they need to be studied in 
in vivo conditions. Both fluorescence intensity and lifetime detection need further 
investigation. [44] 



 

 

20

2.2.7  Photoacoustic and optoacoustic techniques 

The PA technique is based on the detection of pressure waves generated by absorbing 
photons. A conventional method for studying gases and liquids is to generate pressure 
waves with a continuous wave light source and a chopper [45]. Another possibility is to 
use pulsed light, such as pulsed lasers, as an energy source. This is the case in the rest of 
this thesis.  

Nanosecond (ns) range optical pulses are used to induce a rise in temperature, and thus 
a volumetric expansion inside the studied sample. The pressure waves generated this way 
can be detected with acoustic or optical detectors. The optical detectors are based, for 
example, on a probe-beam deflection method or on an interferometer [46]. In the probe-
beam deflection method the probing light beam deflects when travelling through a region 
of refractive index change affected by the PA pulses. The interferometer, on the other 
hand, is very sensitive in detecting PA pulse-induced pressure changes on the surface of 
the sample. The detection of glucose with the PA technique is based on registering the 
changes in the peak-to-peak value of the signal, whereas the OA technique is based on 
analysing changes in the exponential curve fitted to the time-domain pulse profile. The 
PA and OA techniques have been used to measure the glucose content of the human body 
and blood vessels [47-52]. However, some additional technique or information is still 
needed to make the glucose measurements more precise [49]. 

2.2.8  Optical coherence tomography 

OCT is based on the detection of back-scattered photons with an interferometer. The 
interferometer consists of sample and reference arms, a light source and a detector. The 
scanning mechanism in the reference arm enables the detection of photons from different 
depths in the sample. The glucose sensing is based on analysing changes in the slope 
value fitted to the OCT signal depth profile. Esenaliev et al. [53] and Larin et al. [54-56] 
have used OCT for non-invasive glucose monitoring both in vitro and in vivo. 

2.3  Problems in scattering-based techniques 

Increasing glucose concentration decreases the refractive index mismatch between the 
scattering particles and the base medium, and thus changes the scattering properties. The 
scattering-based measurement techniques do not measure the glucose directly, but 
indirectly via its effect on the refractive index [33]. The increase of water concentration 
in tissue also reduces the scattering by diluting the scattering particle concentration, 
which may result in a similar change in the measured signal.  

When monitoring glucose, the changes in the registered signals have to be examined 
with great care because the daily variation of human body metabolism also affects the 
signals in in vivo measurements. Larin et al. [12] have shown that, although many body 
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osmolytes change the refractive index mismatch, the effect of glucose on the total 
refractive index is from 1 to 2 times greater.  

Temperature also affects the optical scattering measurements, which makes the 
glucose measurements more difficult. In vitro measurements show that a 1 °C change in 
temperature equals a 0.2 mM change in glucose concentration [57]. In vivo measurements 
by Khalil et al. [34] show that a 1 °C change in the temperature of the cutaneous tissue 
may increase the μs’ by a value equalling a glucose change from 5.8 to 11.6 mmol/l.  

Moreover, during long measurement periods, such as an oral glucose tolerance test, the 
probe-skin contact may induce drifts in the μs’ and μa values [34], and thereby make the 
glucose measurements difficult.  

2.4  Glucose measurements in vitro with OCT, PA, 
and TOF techniques 

Non-invasive glucose monitoring techniques have been studied a lot in vitro in different 
kinds of phantoms. Next, the focus is on the OCT, PA and TOF techniques.  

The effect of glucose on scattering properties has been studied in polystyrene 
microspheres with OCT at a wavelength of 830 nm [56] and in polystyrene microspheres 
and milk phantoms at a wavelength of 1300 nm [56,58,59]. With the PA technique, the 
glucose-induced changes have been studied for example in an aqueous water solution at 
wavelengths of 800–1200 nm [49], 1700 nm [50], and 9676 nm [47], in gelatin-based 
tissue phantom with an immersed capillary tube with water-glucose solution at 
wavelengths of 0.75–1.75 μm [48], and in milk phantoms at a wavelength of 905 nm 
[60].  

Moreover, in vitro studies have been conducted in different kinds of biological 
samples. OCT has been used to measure the refractive index matching effect in blood, 
especially by using an immersion method [61,62]. The PA technique has been used to 
measure the effect of glucose on pork meat at a wavelength of 905 nm [60], on human 
whole blood at wavelengths of 905 nm [63] and 9676 nm [47], and on human plasma at 
wavelengths of 1180 and 1700 nm [64], whereas the OA technique has been used to 
measure the effect of glucose on aqueous water-glucose suspensions at wavelengths of 
1450 nm and 2150 nm [65], and sheep blood at wavelengths of 532 nm and 1064 nm 
[52]. TOF measurements have been taken to measure the effect of glucose on blood in 
vitro at a wavelength of 906 nm [66]. 

A study of the effect of glucose-induced changes on the optical properties of Intralipid 

has been carried out earlier with a continuous wave light and reflectance measurements 
[57], but no literature was found concerning Intralipid phantom measurements with 
different glucose concentrations with OCT, PA and TOF techniques. Because of the easy 
preparation of the Intralipid samples with different concentrations, as well as the finding 
that an increasing Intralipid concentration mainly affects the scattering properties [67], it 
serves as an appropriate medium for investigating and comparing scattering-dependent 
changes in the signals of different techniques.  

Although a study with the OA technique at wavelengths of 532 nm and 1064 nm was 
done, it was focused on the dynamic properties of glucose-induced changes in blood with 
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high glucose concentrations. No literature was found concerning measurements of 
glucose-induced changes in the peak-to-peak values of the PA signal from blood at these 
wavelengths.  

The literature concerning the OCT-based glucose monitoring technique shows that this 
technique has been applied to homogeneous sample materials in vitro as well as to animal 
and human studies in vivo. No earlier glucose studies with the OCT with biological 
samples in vitro were found. 



3 Theoretical basics 

Chapter 3 gives a short introduction to the theoretical background of light propagation in 
tissues and tissue-simulating phantoms. Some essential aspects for understanding the 
basics of the measurement techniques are highlighted. In section 3.1 the basic optical 
coefficients and the radiation transfer theory (RTT) are described. Section 3.2 explains 
the basics of PA wave generation, whereas section 3.3 describes the formation of the OCT 
signal. Next, the glucose-induced changes in scattering are described in section 3.4 and 
finally, the properties of the used materials are summarized in section 3.5. 

3.1  Light propagation in tissues and tissue-simulating phantoms 

3.1.1  Parameters describing the interaction of light with matter 

The interaction of light with matter is typically described with four parameters: 
absorption coefficient (μa), scattering coefficient (μs), anisotropy parameter (g), and 
refractive index (n). These parameters are macroscopic parameters and they provide an 
averaged description of the processes occurring in the media. These parameters are 
wavelength dependent. This allows the utilization of spectroscopic techniques to get 
information about the different components in a material.  

μa gives the probability of an absorption event occurring. The unit 1/cm describes how 
many absorption events occur in the path length of 1 cm. An absorption process requires 
an appropriate energy level in the sample, which can take the energy of a photon. 
μs gives the probability of a scattering event occurring. The unit 1/cm describes how 

many scattering events occur in the path length of 1 cm.  
g has been used to specify the direction of the scattering photons. When g = 1, it 

indicates fully forward scattering events, whereas g = -1 indicates backward scattering. 
The g can be defined as the mean cosine of the scattering angle θ  [68]: 
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( )
0

cos cos 2 sing p d
π

θ θ θ π θ θ= = ⋅∫ .  (1) 

The θ is dependent on the scattering phase function p(θ). 
The n is defined as the ratio of light velocity in a vacuum (c) and in a medium (v) [69]: 

/n c v= . (2) 

3.1.2  Radiative transfer theory 

The RTT has been developed to describe energy transfer and light scattering processes in 
a highly scattering medium. This theory does not include diffraction effects. It is assumed 
that there are non-correlating fields in the RTT, and hence, the addition of powers holds. 
[70] This theory is applicable both for continuous and pulsed light. The radiative transfer 
equation describes light propagation in a scattering sample. The exact solution of this 
equation can be achieved only in a few cases [70]; therefore different methods and 
models have been developed to solve this equation and extract the optical coefficients 
from measured signals. These methods include the Kubelka-Munk theory, the diffusion 
theory, the adding-doubling method, and the MC simulation method. [71,72] Equation (3) 
shows a non-stationary version of the radiative transfer equation [70], [I]: 
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where L(r, s, t) is the radiance at position r travelling in direction s at time t; p(s', s) is the 
normalized phase function representing the probability of scattering into direction s' from 
direction s; Ω is the spatial angle, and ε(r, s, t) is the power radiation of the source per 
unit volume per unit solid angle in the direction s at time t. 

In many cases analytical solutions to the RTT can be obtained by the diffusion 
approximation [73]:  

21 ( , ) ( , ) ( , ) ( , )at D t t S t
t
φ φ μ φ

ν
∂

− ∇ + =
∂

r r r r , (4) 

where φ (r,t) is the diffuse photon fluence rate, D is the diffusion coefficient; 
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and S(r,t) is the photon source. This approximation is valid, if μa << (1-g)μs, the sample is 
semi-infinite and homogeneous, and the distance from the light source and detector as 
well as from the boundaries is sufficiently long [73,74]. 

Diffusion approximation can also be used to describe the interaction of light pulses 
with a highly scattering material. The reflected intensity can be calculated from the 
equation (6) [73]: 

3/ 2 5 / 2 2 2
0 0( , ) (4 ) exp( ) exp( ( ) / 4 )p a pR t Dc z t ct z Dctρ π μ ρ− −= − − + ,  (6) 

where ρp is the radial position of the detector with respect to the source and z0 is the depth 
(z0 =[(1-g) μs]-1). The time-resolved diffuse reflectance profiles enable the calculation of 
μa and μs of the sample from the measured pulse profiles [73,74].  

On the other hand, the transmitted light pulses through the sample in a slab cuvette can 
be described with the equation (7), where ds is the thickness of the cuvette [73]: 
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 (7) 

3.1.2.1  Monte Carlo simulation 

The MC simulation model has been developed to describe light propagation in a tissue. In 
every interaction point of photons in the medium, the photons are assumed to deposit a 
fraction of their current weight (initial value was 1) as an absorbing energy. The direction 
of the scattering photon is selected randomly and the path length between interactions 
(Lp) is calculated with the formula: Lp = -ln(Rr)/μt, where 0 < Rr < 1 is a pseudorandom 
number with an uniform distribution and the attenuation coefficient μt = μa + μs. [75] 

The solving of RTT with the MC simulation is based on computing random pathways 
of a large number of photons injected into the sample. The MC simulation needs the 
optical parameters of the medium (μa, μs, g, and n) as input values. The number of 
photons launched affects the signal-to-noise ratio (SNR) of the results as well as the 
simulation time. 
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3.1.3  Distribution of photons in the sample 

3.1.3.1  Spatial distribution  

The shape of the spatial photon distribution depends on the optical properties of the 
sample, especially μs and g. In homogeneous and non-scattering material, the energy 
density is highest in the center of the light beam, whereas the scattering broadens the 
photon distribution and decreases the light intensity in the center of the beam.  

The light spatial intensity distribution is at a maximum beneath the sample surface in a 
turbid medium with conditions of μa << μs. This maximum originates from the diffuse 
reflection of the radiation scattered from deeper layers in the medium and also recycling 
of photons in the sample, and is located at a depth of ~ 1/μs’. [76-78] 

Information on the spatial distribution of photons is needed in photodynamic therapy 
to guide the optical energy directly into tumors [79]. This information is typically based 
on the estimated optical coefficients and simulated light distributions. For a more 
accurate and direct estimation of optical coefficients, digital video cameras have been 
used to take light distribution images and to compare with MC simulations [80].  

3.1.3.2  Temporal distribution 

When a light pulse is entered into the sample, some of the photons are able to travel 
straight through the sample. These photons form the ballistic or coherent component of 
the transmitted pulse [81,82]. Some of the photons scatter a few times and form a snake 
or partially coherent component of the photons’ TOF distribution. Most of the photons 
scatter many times and they form a diffuse component of the photons’ TOF distribution. 
Temporal laser pulse shapes have been used to develop imaging techniques. [81] Some of 
the photons are absorbed into the sample and cannot be detected at all. Fig. 1 [VII] shows 
the different components of a transmitted laser pulse. Changes in the optical properties of 
the material affect the photons’ flight time and the lengths of the photon trajectories, 
changing the shape of the photons’ TOF distribution. The back-scattered photons, 
detected in reflectance measurements, have their own temporal distribution in which the 
ballistic component is absent. 
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Fig. 1. Effect of scattering and absorption on the transmitted laser pulse shape [VII]. 

3.2  Photons as an acoustic source 

3.2.1  Photoacoustic effect 

The formation of PA waves can be described by the wave equation (8) [83], when heat 
conduction time is long compared with the transit time of sound across the acoustic 
source, and when viscous effects can be neglected. 

( )( ) ( ) ( )2 2 2 21/ * / / * /a pv t p C H tβ∇ − ∂ ∂ = − ∂ ∂ ,  (8) 

where H is a function of the heat deposited in the medium per unit volume and time, p is 
the acoustic pressure, β is the volume expansion coefficient, Cp is the specific heat at 
constant pressure, and va is the velocity of acoustic waves in the medium. This equation 
does not consider the scattering effects. The exact theory of the PA effect is described in 
Refs. [46] and [83]. 

The most common mechanism for producing PA waves in biomedical applications is 
the thermal-elastic mechanism. In this mechanism, the energy of photons is converted 
into heat by a non-irradiative relaxation. The temperature increase causes a volumetric 
expansion in the heated region, and further, pressure waves. Next is an explanation of the 
basic concepts of PA wave generation via a semi-quantitative description. 

The temperature rises according to: 
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where ρ is density in the optically absorbed volume V, and Ea is the absorbed energy. The 
temperature rise induces changes in the pressure as follows: 
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The expression βva
2/CP is a temperature function that depends on the produced thermal 

energy that is being converted into mechanical stress, known as the Grüneisen 
parameter Γ. Ea/V is the absorbed optical energy density and equals the product of the 
laser fluence Hf and μa. 

The PA amplitude can be described by [84]:  

( ) ( )/pn m l
a a pP k E v C r Rμ β= , (11) 

where E is the pulse energy of the laser source, R is a measure of the acoustic source 
radius, r is the distance of detection and k is a proportional constant. l is in the region 0–2 
and m is in the region 0–1 relating to the shape of the acoustic source. np is in the region 
of 0.5–2 relating to the duration of the laser pulse.  

The conditions for stress confinement have to be met in PA wave generation. In 
scattering-dominated media, these include the following requirements: a) stress has to be 
limited to the thermal elastic expansion volume and must not be allowed to relax during 
irradiation, b) τa >> τL and τa >> τh (τa is the stress relaxation time (the time it takes for 
sound to propagate through the thickness (1/μeff) of the irradiated region), τL is the laser 
pulse duration and τh is the heat diffusion time) or μeffvaτL << 1. [51,85] μeff is the 
effective attenuation coefficient ( '3 ( )eff a a sμ μ μ μ= + ). Fig. 2 shows an example of a PA 
signal. 
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Fig. 2. Normalized photoacoustic signal. 
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Zhao et al. [86] have studied the scattering effects on laser pulse shape and acoustic 
wave generation. They found that optical scattering decreases the pulsed acoustic 
intensity in a weakly absorbing media. Optical scattering has a smaller effect on the 
pulsed acoustic signal than on the optical signal. Scattering broadens the PA source, 
decreases the energy density, and increases the duration of the PA signal in strongly 
scattering and weakly absorbing media.  

3.2.2  Shape of the acoustic source 

The shape of the acoustic source depends on the optical absorption and scattering 
properties of the sample. In strongly absorbing materials, such as blood, the photons are 
absorbed quickly. If the penetration depth is much shorter than the diameter of the laser 
pulse radiation, the acoustic source is plane wave-like. If the laser beam penetration depth 
equals the laser beam diameter, the shape of the acoustic source is spherical. In a weakly 
absorbing suspension, the light penetration depth is much greater than the beam diameter 
of laser pulse radiation, and hence the shape of the sound source is more cylindrical. [84] 
If the laser pulse duration is much shorter than the transit time of an acoustic wave, the 
pressure profile of the PA or OA signal mimics the spatial distribution of the heat sources 
in the medium [76,77]. 

3.2.3  Propagation of acoustic waves 

Acoustic waves attenuate when they propagate in a scattering and absorbing material. 
Many times absorption and scattering coefficients are combined into an attenuation 
coefficient [85]. The viscosity and thermal conductivity affect the sound attenuation in a 
liquid. [51,87] The absorption coefficient of acoustic waves in liquids is proportional to 
the frequency by ~f2 [84,85,87], being slightly higher at frequencies smaller than 3 MHz. 
The acoustic attenuation is quite moderate in the frequency range from 10 kHz to 1 MHz 
[84,85], and does not limit the usability of the PA technique.  

In the pulsed PA technique, the laser pulses generate a wide spectrum of ultrasonic 
waves. The acoustic pulses expand during propagation due to the larger absorption of the 
high-frequency components [87]. Diffraction, too, affects the acoustic pulses, and may 
distort the temporal pulse shape [88]. The diffraction effects are the most pronounced for 
the low frequency acoustic waves [85].  

In the near acoustic field (z < zf, where zf =d2/4λac and d/2 > λac (zf is the border 
between near field and far field zones, λac is the acoustic wavelength and d is the diameter 
of the acoustic wave)) the pressure waves are assumed to be plane waves, whereas in the 
far acoustic field (z > zf) the pressure waves can be modelled as spherical waves [87].  
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3.3  Formation of the OCT signal 

In OCT, the interference signal is formed at the detector by photons arriving from the 
sample arm and from the reference arm if the path length difference of the photons is 
shorter than the coherence length of the light source. The signal current at the detector 
can be derived to the form [89]: 

1/ 2( ) 2( ) ( ) cos(2 )d s r s r tc lI I I I I Vτ τ πυ τ= + + ,  (12) 

where Is and Ir are the signal intensities in the sample and reference arms, respectively, 
Vtc(τ) is the temporal coherence function, υl is the frequency of light, and τ is the time 
delay. By changing the length of the reference arm, it is possible to get information from 
different depths from the sample. 

3.3.1  Single and multiple scattering 

The OCT signal consists of single and multiple scattered photons [90]: 
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where is is the total photocurrent, iT,sb is the single back-scattered component, iT,ms is the 
multiple back-scattered component, and mp is the number of particles. (ri,zi) denotes the 
coordinates of the ith particle. The single or least scattered and multiple scattered 
components can be referred to as LSP and MSP, respectively [91]. The LSP signal 
contains both single back-scattered photons and MSPs with very small angle forward 
scattering [91]. The LSPs mainly form the real information of the OCT signal whereas 
MSPs degrade contrast and resolution [91].  

The modelling of the OCT signal has been developed by several researchers 
[89,90,92-95]. A simple model, which takes into account only the single or least scattered 
photons, is based on the attenuation of ballistic photons and can be described with the 
Lambert-Beer law [72]: 

0
t zI I e μ−= ,  (14) 

where I0 is the incident light intensity, and I is the detected light intensity. In a strong 
scattering case, when μa << (1-g)μs, μt can be replaced with μs.  

The latest advancements, using the extended Huygens-Fresnel principle [92-94], take 
into account both the LSP and MSP parts. In this model, the mean square heterodyne 
signal current can be expressed in the form [92]: 
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The first term ( 2
R S bP Pα σ / 2

Hwπ ) is the mean heterodyne signal current in a non-scattering 
medium, where α is a factor for converting power to current, PR is the power of the 
reference beam, PS is the power of the input sample beam, and σb is the effective back-
scattering cross section. The first term in the brackets is a single scattering term, the 
second term is a cross term, and the third term is a multiple scattering term. The 
following equations hold true in cases where the focal plane coincides with the tissue 
discontinuity [92]: 
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where fl is the focal length of the lens in the sample arm, kl=2π/λ (where λ is the median 
wavelength of the light source in a vacuum), w0 is the 1/e intensity radius of the light 
beam in the lens plane, and ρ0(z) is the lateral coherence length of the reflected sample 
field in the mixing plane.  

The OCT signal attenuation has been studied by several researchers [90,96] both with 
experiments and with MC simulation. The measurement and MC simulation results show 
that in the medium with higher scattering the OCT signal attenuates quicker than with 
lower scattering. The multiple scattering also affects the collected signal at lower depths 
in a higher scattering medium. [91] 

3.4  Glucose-induced changes in scattering 

Glucose increases the n of the bulk material [97]. At the same time, the refractive index 
mismatch between scattering particles and the bulk material decreases, and hence the 
scattering properties of the material decrease. This well-known effect has been studied in 
different kinds of tissue-simulating phantoms, such as Liposyn-glucose solution and 
polystyrene microspheres with different diameters [98-100]. Typically a continuous wave 
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light source and a spectrometer have been used in the measurements. The effect of 
glucose both on the light absorption and scattering depends on the wavelength [99].  

Intralipid has also been used as a sample medium. Glucose decreases the values of the 
μs’ and the μa of Intralipid, the change being larger in scattering than in absorption [57]. 
In addition, the scattering is influenced by the size of the scattering particles relative to 
the wavelength. Increasing the n also decreases the light velocity in the sample. In the 
NIR spectral region, scattering dominates absorption, which is an advantage in scattering-
based glucose monitoring [98]. 

The photon path lengths become shorter when the glucose concentration increases and 
scattering decreases [101]. At the same time, the shape of the photons’ spatial distribution 
and the acoustic sound source becomes more cylindrical and the radius of the laser beam 
in the sample decreases [86]. This change in the energy density of the sample can be seen 
as an increased peak-to-peak value of the PA signal. 

Glucose-induced changes in light transport were studied by Qu et al. [102] with MC 
simulations. They studied the effect of glucose on diffuse transmittance and reflectance 
and found increasing transmittance and decreasing reflectance as a function of glucose 
concentration [102]. The glucose-induced change has a maximum in transmittance near a 
wavelength of 950 nm. This maximum correlates with the high value in the absorption 
spectrum of water at the same wavelength range. Increasing glucose concentration 
decreases μs, but at the same time it increases the g value. [100] At lower optical 
scattering conditions, less light can be absorbed because the photons have a smaller 
probability of meeting an absorber. The effect of glucose on the optical absorption 
properties of tissue is mainly caused by the displacement of water by dissolved glucose 
molecules [100,102].  

Glucose has been shown to induce larger changes in μs in vivo than in vitro [98]. Liu et 
al. [101] have shown that changes in the scattering properties of tissues depend not only 
on the change in the extracellular n. Changes in the extracellular osmolarity and cell sizes 
also play an important role in determining changes in the scattering properties of tissues. 
The effect of glucose on the scattering properties should be greater in a sample where the 
refractive index difference between the scattering centers and the bulk material is smaller 
[100].  

Glucose increases the n of blood plasma. It may also induce changes in osmolarity, 
and hence in the shape and size of RBCs. [52] The change in the blood plasma osmolarity 
may induce changes in the scattering properties of blood [61,103]. Also the predisposing 
of RBCs to different osmotic conditions influences their shape [61,104]. The changes in 
their size and shape induce changes in the photons’ spatial distribution and in the shape of 
the acoustic sound source. This is seen as a change in the PA response, i.e. pulse 
amplitude and pulse shape. The PA measurements show that glucose-induced changes in 
whole blood originate more from the changes in scattering than in absorption [66]. This 
was further studied also with a TOF measurement setup and a streak camera. These 
results show that glucose affects the arriving time of the pulse maximum and the width of 
the pulse [66], which are indicators for changes in scattering [105].  

RBCs have been found to induce acoustic scattering (originating from mismatches 
between acoustic impedances) at the ultrasonic frequency of 30 MHz. [106,107] 
However, the frequency bandwidth of our PA measurement system was 150 kHz–3 MHz, 
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and acoustic scattering is significantly lower at this frequency range than at the frequency 
of 30 MHz. [106] Hence, the effect of ultrasound scattering may be neglected [85]. 

3.5  Properties of studied samples 

3.5.1.1  Water 

Water is the main component of the human body. Hence the absorption of water is quite 
dominating in many tissues over a wide range of wavelengths. In the so-called tissue 
optical window (wavelength range 600–1100 nm), there is an absorption minimum in the 
water absorption spectra (Fig. 3, [108]). For that reason, the visible and NIR spectral 
ranges have become very popular in biomedical diagnostics [68]. 

 
Fig. 3. Absorption spectrum of water [108]. (© [1987] IEEE) 
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3.5.1.2  Intralipid 

10% IntralipidTM (Fresenius Kabi AB, Uppsala, Sweden) was used in the measurements. 
Intralipid is an intravenous nutrient and it consists of phospholipid micelles and water 
[109]. According to the manufacturer, the constituents of Intralipid are glycerin, lecithin, 
soybean oil and water. The phospholipid micelles are spherical in shape and their size 
varies between 25–675 nm, the average size of the scattering particles being 97 ± 3 nm 
[110]. Intralipid is a multiple scattering, homogeneous phantom medium, and its 
scattering properties resemble those of skin tissue [109,111]. The n of the scattering 
soybean particles is about 1.46 [100,110]. The results in [112] and [113] show that the μs 
and μs’ have nonlinear dependency as a function of Intralipid concentration. The μa is 
assumed to be the same as for water. The values for μs and g are shown as a function of 
wavelength in Fig. 4 ([110]) and Fig. 5 ([110]), respectively. The Fig. 6 ([112]) shows the 
μs’ value of Intralipid as a function of concentration at a wavelength of 532 nm. 

 
Fig. 4. Calculated scattering coefficient curve (solid line) and the experimental 
values (crosses) of Intralipid-10% [110]. (© [1991] Optical Society of America) 
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Fig. 5. Calculated anisotropy coefficient (solid line) and experimental values 
(crosses) of Intralipid-10% [110]. (© [1991] Optical Society of America) 

 
Fig. 6. Reduced scattering coefficient of Intralipid as a function of concentration at a 
wavelength of 532 nm [112]. (© [2003] Optical Society of America) 
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3.5.1.3  Blood 

Blood is a vital substance circulating in the human body and in animals. Its task is, 
among others, to bring oxygen and nutrients to the extremities, head and various organs. 
Human whole blood consists of 45 vol% cells and about 55 vol% plasma. 99% of the 
cells are erythrocytes, and the remaining 1% are leukocytes and thrombocytes; whereas 
plasma consists of 90% water and 10% proteins. Red blood cells have a biconcave, flat 
shape and their diameter is about 7 to 8 μm. [114] Fig. 7 ([115]) shows the absorption 
spectrum for whole blood in the visible and NIR spectral ranges. The velocity of sound in 
blood is 1560 m/s [116]. 

Fig. 7. Absorption spectrum of tissues [115]. (© [1996] Optical Society of America) 

There are some discrepancies between human and pig blood. In pig whole blood, the 
size of the red blood cells varies between 4 to 8 μm, the average being 6 μm [117]. The 
hematocrit value of pig whole blood is lower than that of human blood. [V] 

3.5.1.4  Skin tissue 

Skin tissue has a layered structure, consisting of the epidermis, the dermis and 
subcutaneous fat. The thickness of the epidermis is typically between 75–150 μm, and 
that of the dermis between 2–3 mm. The epidermis consists of epithelial cells, whereas 
the dermis part consists of collagen fibers, elastic fibers, and an interfibrillar gel, and it 
contains blood vessels, lymphatic vessels and nerves. The epidermis can be subdivided 
into four different layers: stratum corneum, stratum granulosum, stratum spinosum, and 
basal cell layer, whereas two different layers can be found in the dermis: papillary and 
reticular dermis. The micro-vessel network is located in the papillary dermis area. 
[118,119] 
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Many different tissue components affect light scattering in skin tissue, the most 
effective scatterers being mitochondrias [68] and collagen fibers [119]. The absorption 
properties depend mainly on the oxy-hemoglobin and deoxy-hemoglobin of blood and 
water content in the illuminated region [103].  

About 5% of the incident radiation is reflected backwards in the tissue surface due to 
the high n of the stratum corneum (1.55). The effect of the epidermis on the radiation is 
mainly attenuating because the epidermis layer is small, and the scattering is forward 
directed and plays a minor role. In contrast to the epidermis, the dermis layer is highly 
back-scattering. [119] 

The thickness of mouse skin differs from that of human skin. The thickness of the 
epidermis and dermis are a few dozen micrometers and between 170–500 μm, 
respectively [120,121]. Moreover, the thickness of the dermis is greater in male than in 
female mice [121]. The n of mouse skin tissue is 1.40 [68]. 



4 Three techniques for glucose monitoring 

The basics of the measurement techniques used are explained in this chapter. The OCT 
devices used are described in section 4.1, the PA device in section 4.2, and the TOF 
measurement system in section 4.3. The properties of these three techniques are briefly 
compared in section 4.4. 

4.1  Optical coherence tomography 

Optical time-domain reflectometers (OTDR) and optical low-coherence reflectometers 
(OLCR) are based on a Michelson interferometer and correlation detection [122]. They 
are able to detect scattering centers in the sample at different depths. OCT is an extension 
of OLCR for measuring tomographic images of tissues with a micrometer scale depth 
resolution, and it was first introduced by Huang et al. [123]. 

OCT uses a low coherence light source with a broad spectral bandwidth, such as a 
superluminescence diode (SLD) or short laser pulses with femtosecond (fs) pulse 
duration. The interferometer consists of the light source, an object arm and a reference 
arm, and a detector. The length of the reference arm is changed with a scanner, which 
enables the photons coming from different depths from the sample to interfere with the 
photons coming from the reference arm, and to generate the interference signal at the 
detector. The light beam has to be focused on the sample. There is a collimating and a 
focusing lens in the sample arm. Fig. 8 [VII] shows an example of the OCT setup. 
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Fig. 8. Open-air optical coherence tomography system [VII]. 

The path length difference between the photons coming from the sample and reference 
arms has to be smaller than the coherence length of the light source. Thus, this detection 
technique mainly collects the coherently back-scattered photons. Multiple scattered 
photons may also reach the detector if the path length is suitable, but they distort the 
resolution and contrast of the OCT image. A more detailed description of the OCT can be 
found in Refs. [124,125] and in Papers II, III, and VI. 

Different scattering-related parameters, including μs and g, can be extracted from the 
OCT signal profiles. The first approximation in determining μs involves utilizing the 
Lambert-Beer law, if μs >> μa, and μt is approximated by μs. Also the root-mean-square 
scattering angle (θrms) (and hence the effective anisotropy parameter geff) have been 
determined [126]. In addition to the mean scattering angle, Knüttel et al. [127] have 
developed a method for obtaining the n of materials. [VII] 

Two different OCT devices were used in the work of this thesis. The technical 
specifications of the open-air system are described in Paper II, and the commercial OCT 
system (manufactured by the Institute of Applied Physics, Nizhny Novgorod, Russia) is 
described in Paper VI. The open-air system uses a wavelength of 832 nm, whereas the 
commercial OCT device operates at a wavelength of 910 nm. The commercial OCT 
system has the advantage of using a fiber optic probe with a scanner with a lateral 
scanning direction along the sample surface inside it. This enables the taking of 2 
dimensional images of the object being studied. The depth resolution of the open-air 
measurement system is much better than that of the commercial OCT device. [II,VI] 

4.2  Pulsed photoacoustic technique 

The pulsed PA technique is based on the detection of pressure waves, generated by short 
laser pulses injected into the sample, with an acoustic transducer. An Nd-YAG laser with 
ns range pulse duration is typically used as an optical energy source. The Nd:YAG laser 
with 10 ns long pulses at wavelengths of 1064 nm and 532 nm (with an energy of 2 µJ 
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and 1 µJ, respectively) was used in the measurements. The laser pulses injected into the 
sample increase the temperature in the illuminated region and induce volume expansion 
and thus pressure waves.  

Piezoelectric detectors with different film materials are typical detectors in biomedical 
applications. Polyvinylidenefluoride (PVDF) and lead zirconium titanate (PZT) materials 
are examples of polymer and ceramic film materials, respectively. Optical detection 
methods are also possible, but the piezoelectric ones are better in biomedical applications. 
[III] The position of the detector in relation to the studied object affects the measured 
signal. When measuring perpendicularly to the incoming laser beam in the scattering 
material, some photons scatter directly to the transducer. A gel can be used between the 
transducer and the target to improve the contact and to diminish the mismatch of acoustic 
impedances. Fig. 9 shows an example of a PA measurement setup for phantom 
measurements. The samples were put in the cuvette and the transducer was immersed into 
the liquid. The PA measurement setups used are described in more detail in Papers IV 
and V. 
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Fig. 9. Photoacoustic measurement system. 1: Laser unit, 2: Laser resonator, 3: 
Collimating lens, 4: Filter, 5: Cuvette, 6: Acoustic transducer, 7: Photoacoustic 
preamplifier, 8: Main amplifier, 9: Power unit, and 10: Oscilloscope. [V] 

The PA technique enables the measurements of the optical absorption coefficient (μa), 
and sound velocity (va). The stress profile of the PA signal can be matched with an 
exponential function including parameters for the μa, va and time constant (τc). In turbid 
materials, μa can be replaced with μeff. To measure the optical parameters accurately, 
consideration of acoustic wave diffraction and attenuation is needed. [85] One recent 
development, the scattering photoacoustic technique (SPA), makes it possible to 
determine the μs’ of the sample in vitro in addition to the μa and va [128,129]. [VII] 
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4.3  Laser pulse time-of-flight technique 

In photon migration measurements with the TOF technique, short laser pulses are injected 
into the sample. The photons of the pulse undergo many absorption and scattering events 
when travelling in the sample. The scattering processes make the photon path lengths 
longer. Useful data can be obtained about the optical properties of the sample (μs and μa) 
by observing the TOF distributions of the photons and by analysing their shapes. The 
calculation of different pulse parameters, such as mean time-of-flight, full width at half 
maximum (FWHM), integral of the pulse, center-of-gravity, and moments may help in 
this analysis. [81,105,130, and 131] Fig. 10 shows an example of a TOF measurement 
system. 
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Fig. 10. Time-of-flight measurement system. 1: Picosecond laser module, 2: Blanking 
unit, 3: Fast speed sweep unit, 4: Streak camera, 5: Digital camera, 6: PC, 7: 
Camera controller, 8: Power supply unit, and 9: Delay unit. 

A picosecond (ps) laser module with an approximately 30 ps pulse length at a 
wavelength of 906 nm was used as a light source and a streak camera was used as a 
detector in the laser pulse measurements. The energy of a pulse is 1 nJ. The detection of 
photons in the streak camera is done with a photocathode of the streak tube. The light of 
the photocathode is converted into electrons. The electrons travel through sweep 
electrodes, which direct them to the microchannel plate (MCP). The electrons are 
multiplied by the MCP and are eventually converted into light on a phosphor screen. The 
image on the phosphor screen, containing intensity information as a function of time, is 
captured with a CCD camera and shown on a computer screen. [132] 
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4.3.1  TOF measurements with optical fibers 

Optical fibers are very important in modern optical measurement systems because they 
are flexible and facilitate the guidance of light from the light source to the sample. They 
enable the detection of transmitted or reflected (back-scattered) light from several points 
at different distances from the incident light beam simultaneously. The optical fibers also 
have some drawbacks, such as losses in coupling the optical power into the fiber, and 
induction of pulse shape distortions. The optical fibers may affect the determination of 
the optical properties of the sample with the TOF technique [133].  

Step index (SI) fibers with 300 μm core diameters and graded index (GI) fibers with 
100 μm core diameters were used in the TOF measurements. Paper I shows the figures of 
the measurement probes used. 

4.4  Comparison of the techniques 

The OCT, PA, and TOF techniques are different in origin. Each technique has its own 
technical parameters both for the light source and the detector, such as the operation 
wavelength, energy of the light source, type of light (continuous wave or pulsed), etc. 
These parameters have been optimized for different applications.  

In TOF measurement the scattering changes are collected as an integral across the 
whole path length of photons. Thus, all the absorbing and scattering particles at an 
adequate depth in the sample affect the signal. In OCT, the signal is collected from the 
same point as the incident light beam. The slope value can be matched to a specific depth 
of the media, and therefore, the collected information is more localized. The PA technique 
is more sensitive than TOF and OCT in detecting strongly absorbing targets, such as 
blood vessels.  

OCT has better spatial and depth resolutions than the PA and TOF techniques, but a 
smaller imaging depth. One difference between the TOF technique and the PA technique 
is that the PA technique has a better resolution in detecting deeper targets because the 
acoustic waves are not influenced by optical scattering. The PA technique can also give 
information directly from absorbing targets. In addition to the optical properties, the PA 
technique is also capable of detecting changes in thermal and acoustic parameters. Both 
the PA and the TOF technique can also be used to measure signals from a different side of 
the object than that of the incoming laser beam. The OCT and PA measurement 
techniques are quite quick, whereas the TOF technique with a streak camera takes a long 
measurement time. More comprehensive comparisons of the techniques can be found in 
Papers III and VII. 

 



5 Scattering measurements with TOF, OCT, and PA 
techniques 

This chapter presents the results achieved during the thesis work. The TOF, OCT, and PA 
measurement results with different Intralipid concentrations are described in sections 5.1, 
5.2, and 5.3, respectively. Some of the TOF and OCT measurements are compared with 
MC simulations. The results in section 5.1 show the effect of glucose on the laser pulse 
shapes in Intralipid, the OCT measurements in section 5.2 show the effect of glucose on 
the OCT signal slope value in Intralipid and mouse skin tissue samples, and the results in 
section 5.3 show the effect of glucose on the PA signal measured in Intralipid and pig 
blood samples. Section 5.4 contains a more detailed discussion of the results. 

5.1  TOF measurements 

Photon migration measurements with the TOF technique and streak camera provide an 
opportunity to detect changes in the transmitted or back-scattered laser pulse shapes. The 
increased scattering is evident as a broadening of the pulse and delaying of the arrival 
time of the pulse maximum in Fig. 11 [I] when the Intralipid concentration increases. The 
measurements in Fig. 11 [I] were taken in a slab cuvette without optical fibers. The 
changes in the scattering mainly affect the rising part of the pulse. The pulse intensity 
decreases because the increased scattering broadens the photons’ spatial and TOF 
distributions, resulting in fewer photons arriving at the detector, and also more photons 
being absorbed in the sample due to their longer traveling paths.  
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Fig. 11. Effect of Intralipid concentration on the transmitted laser pulse shapes [I]. 

Phantom measurements provide a rather easy way to compare theoretical models with 
reality. This helps in optimizing the measurement setup, and in further developing the 
simulation models, including into more complicated in vitro and in vivo applications. The 
results obtained with a MC simulation model (Fig. 12, [I]) show rather good 
compatibility with the measurements (Fig. 11, [I]).  
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Fig. 12. Simulation results obtained with the time-of-flight technique in Intralipid 
phantoms [I]. 

The results in Paper I also show the reflectance profiles measured for different 
Intralipid concentrations with two different fiber-optic probes utilizing SI and GI fibers. 
Increasing Intralipid concentration and scattering indicates increasing back-scattering 
intensity.  
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Increasing the glucose concentration increases the transmitted pulse amplitude and 
shifts the pulse maximum to that of earlier times. The use of fiber-optic probes limited 
the optical power directed on the sample, resulting in lower sensitivity for detecting 
glucose-induced changes in the Intralipid phantoms than in the transmittance 
measurements [I]. The effect of glucose could be seen in the back-scattered pulse 
intensity both with SI and GI fibers when using a high glucose concentration 
(8,000 mg/dl). The glucose measurements also compared well with the simulations. 

The results in Paper IV show that it is possible to see glucose-induced changes only in 
the pulse amplitude with 10 ns long pulses. This differs from the results with ps pulses, 
where changes can also be seen in the arrival time of the pulse maximum as well as in the 
pulse width when measuring transmitted laser pulses [I,IV]. The results in Fig. 13 [IV] 
show that the effect of glucose on the transmitted pulse amplitude in 1% Intralipid is 
larger at a wavelength of 1064 nm than at a wavelength of 532 nm. These results are in 
good comparison with the results in Ref. [100], which were measured with continuous 
wave light. Glucose changes the sample’s scattering properties [57]. Moreover, the 
calculations in the Ref. [100] show that a larger relative change in transmittance can be 
produced at the wavelengths with high background absorption, (0.115 cm-1 [134] and 
4.28 × 10-4 cm-1 [135] for water at wavelengths of 1064 nm and 532 nm, respectively), 
than at wavelengths with lower absorption values. 

 
Fig. 13. Effect of glucose on the transmitted optical pulse amplitude in 1% Intralipid 
at wavelengths of 1064 nm and 532 nm [IV]. 
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5.2  OCT measurements 

Intralipid samples with concentrations of 2%, 5%, 7%, and 10% were measured with the 
open-air OCT system. These results showed large differences in the slope values between 
the measurements and simulations. [II] 

The effect of glucose on the scattering properties was also studied. The simulations for 
5% Intralipid indicate greater glucose-induced change (7% / 1,000 mg/dl) than the 
measurements (4.4% / 1,000 mg/dl) (Fig. 14, [II]). Moreover, the simulations show a 
decreasing OCT signal slope value as a function of glucose by 13% / 1,000 mg/dl [II] for 
2% Intralipid. These results are discussed in greater detail in Paper II.  

 
Fig. 14. Simulation and measurement results with OCT in 5% Intralipid phantom 
with different amounts of added glucose [II]. 

Due to the discrepancy between the measurements and simulations in Fig. 14 [II], the 
measurements were continued with another OCT device. The OCT signal depth profile 
can be recorded from deeper in the sample with the commercial OCT than with the open-
air OCT. The increasing Intralipid concentration increases the scattering, which can be 
seen as increasing back-scattering intensity and an increasing OCT signal slope value 
(Fig. 15 (a) and (b), [VI]).  
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(b) 

Fig. 15. OCT signal intensity profiles (a) and slope values as a function of Intralipid 
concentration (b) [VI]. 
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Fig. 15 (a) [VI] demonstrates that the most pronounced effect on signal intensity is very 
close to the surface of the sample, and the increase is not so clear deeper in the sample. 
Fig. 15 (b) [VI] shows that the slope value changes nonlinearly as a function of Intralipid 
concentration. Quadratic fitting gives a good correlation. This change reflects the 
nonlinear property of μs and μs’ of Intralipid [112,113]. The slope values in Fig. 15 (b) 
[VI] are determined from the linear fits to the profiles in Fig. 15 (a) [VI] at a depth of 
0.269–0.389 mm. 

The change in the slope value is different when fitting the slope at different depths. 
Fig. 16 shows OCT signal slope values fitted to the profiles in Fig. 15 (a) [VI] at depths 
of 0.192–0.336 mm and 0.625–0.769 mm. The sensitivity for detecting changes in the 
scattering properties is better at a depth of 0.192–0.336 mm than at 0.625–0.769 mm. In 
the depth range of 0.625–0.769 mm the multiple scattering and low SNR limit detection 
sensitivity. The coherent detection of back-scattered photons decreases the number of 
MSP at lower depths.  
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Fig. 16. Differences in the OCT signal slope values fitted to the profiles in Fig. 15 (a) 
at depths of 0.192–0.336 mm and 0.625–0.769 mm. 

The glucose-induced decrease in the scattering can be seen as a decrease in the OCT 
signal slope value. Fig. 17 (a) and (b) [VI] show the results obtained from 5% and 2% 
Intralipid suspensions, respectively. The average glucose-induced change was found to be 
1.6% / 1,000 mg/dl in 5% Intralipid and 3.9% / 1,000 mg/dl in 2% Intralipid. These 
values differ from the values obtained by MC simulations in Paper II. However, the 
change is larger in the 2% Intralipid than in the 5% Intralipid, as indicated by the 
simulations [II].  
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(b) 

Fig. 17. Effect of glucose on the OCT signal slope value in 5% Intralipid (a) and 2% 
Intralipid (b) [VI]. 
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5.2.1  Mouse skin tissue samples 

Intralipid is not a very optimized model of skin [136]. Therefore, the measurement of 
tissue samples is a better way to study glucose-induced changes with the goal of non-
invasive glucose monitoring in mind.  

Mouse skin tissue samples were taken from the back of mouse embryos. The tissue 
samples were placed on a cell-culture dish with a nutrition media, and cultured in a CO2 
incubator before measurements. The samples were measured in vitro on a warming plate 
and in a warm room (37 ºC). Glucose concentrations were added on the dish with a 
pipette. The measurement procedure is described in more detail in Paper VI. The results 
in Fig. 18 (a) and (b) [VI] show that increasing the glucose concentration reduces the 
scattering properties of mouse skin tissue samples. The glucose-induced change was 
0.67%/mM in Fig. 18 (a) and 1.69%/mM in Fig. 18 (b) [VI]. The standard deviation (SD) 
also was quite large in the measurements. Various reasons may influence the differences 
between the samples and the large SD, including inhomogeneities between the samples, 
changes in the shape and structure of the tissue specimens, and possible fluctuations in 
the temperature and moisture.  

 
 
 
 
 
 
 
 
 
 
 
 
 



 

 

51

* 	 � + � � � � � �  

� � �

� � 


� � �

� � �

�

� � �

� � 	

� � � 	 �  �

� � � � 
 � � � � 
 � � � � � � � � � 
 � � � � � �

�
�
�
��


��

�
�
��
�

	
�
��
�
��
�

 
(a) 

*
	
� + � � � � � 	 !

�

� � 	

� � �

� � �

� � �

�

� � 	

� � �

� � �

� � � 	 �  �

� � � � 
 � � � � 
 � � � � � � � � � 
 � � � � � �

�
�
�
��


��

�
�
��
�

	
�
��
�
��
�

 
(b) 

Fig. 18. Effect of glucose on the OCT signal slope value in two different mouse skin 
samples (a) and (b) in vitro [VI]. 1 mM equals 18 mg/dl, and hence the measurement 
range 0–30 mM equals 0–540 mg/dl. 

The average change in the 5 different sets of measurements was about 1.37%/mM 
[VI]. The change in the scattering properties of mouse skin tissue is more pronounced 
than the change in Intralipid phantoms (0.07%/mM in 2% Intralipid and 0.029%/mM in 
5% Intralipid, [VI]). These results show that OCT is capable of detecting much smaller 
changes in glucose concentrations in a biological tissue (values in a physiological range 
(3–30 mM)) than in the Intralipid phantom medium. 
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5.3  PA measurements 

The increasing Intralipid concentration broadens the photons’ spatial distribution and 
lowers the energy density in the PA sound source, which can be seen as a decreased peak-
to-peak value of the PA signal. Fig. 19 [VII] shows PA signals from 1% Intralipid and 2% 
Intralipid suspensions. The peak-to-peak value is 14.4% lower in 2% Intralipid than in 
1% Intralipid [VII]. 
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Fig. 19. Effect of Intralipid concentration on the PA signal [VII]. 

The first peak in Fig. 19 [VII] originates from the scattering photons hitting the PA 
transducer. The absorption properties of the transducer surface material and the optical 
properties of the sample affect the height of the first peak. The measurement geometry 
also has its own effect on the first peak. The bipolar waveform is produced by the PA 
effect in the sample. 

In the PA measurements, a glucose-induced decrease in the scattering changes the 
photons’ spatial distribution, and increases the energy density in the PA sound source. 
This can be seen as an increase in the peak-to-peak value of the PA signal (Fig. 20, [IV]). 
The glucose-induced change of 5,000 mg/dl is a little bit larger in 1% Intralipid (21.3%) 
than in 2% Intralipid (15.8%) [IV]. These values differ from those shown in Paper V 
(13.69% / 5,000 mg/dl for 1% Intralipid). Possible reasons may be different measurement 
distances, as well as changes in the measurement geometry. In addition to the glucose-
induced changes in scattering, increasing glucose concentration also increases the sound 
velocity [51,65]. 
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Fig. 20. Effect of glucose on the PA peak-to-peak value in 1% and 2% Intralipid 
suspensions [IV]. 

Because the absorption of Intralipid is assumed to be the same as that of water, the PA 
response is lower at wavelengths where the absorption of water is lower. This explains 
the strong and weak PA responses in Intralipid at wavelengths of 1064 nm and 532 nm, 
respectively [IV,V].  

5.3.1  Pig blood samples  

Pig whole blood was used as a sample material for studying the effects of glucose on the 
PA signal from blood at wavelengths of 1064 nm and 532 nm. The blood samples were 
poured through a cuvette using a circulating system. Due to the different optical 
properties of blood and Intralipid at a wavelength of 1064 nm, the shape of the acoustic 
sound source is more flat in blood than in Intralipid. [V] 

The results in Fig. 21 [V] show that the PA signals are stronger at a wavelength of 532 
nm than at 1064 nm. This is due to the higher optical absorption coefficient of blood at 
532 nm. As a result, the light penetration depth is smaller at a wavelength of 532 nm. 
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Fig. 21. The effect of glucose on the PA pulse profiles at wavelengths of 1064 nm and 
532 nm. Modified from [V]. 

However, the measurement results show that glucose has a greater effect on the PA signal 
peak-to-peak value at a wavelength of 1064 nm (11.4% / 500 mg/dl, Fig. 22 (a), [V]) than 
at 532 nm (6.0% / 500 mg/dl, Fig. 22 (b), [V]). These values are significantly higher than 
the changes measured in Intralipid phantoms (Fig. 20, [IV]). The measurement results in 
Fig. 22 (a) and (b) were fit nicely with quadratic polynomials. 

 
 
 



 

 

55

 
(a) 

 
(b) 

Fig. 22. The effect of glucose on the PA signal peak-to-peak value at a wavelength of 
1064 nm (a) and at a wavelength of 532 nm (b) from pig whole blood [V]. 
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5.4  Discussion of the results 

The comparison of the OCT, PA, and TOF techniques shows that OCT is the most 
capable of detecting changes in the scattering properties of Intralipid [VII]. Each 
technique studied demonstrated the potentiality to detect glucose-induced changes in 
scattering. Although OCT can determine the changes in scattering at a specific depth, it 
does not specify where the changes in the scattering originate. It is also not very clear 
where the slope of the OCT signal profile should be fitted, and what is the optimal range 
for fitting. It depends on the sample being studied. When fitting the slope to detect 
changes in scattering, a single scattering model with an exponential attenuation is 
typically assumed to be valid. The use of this model results in inaccuracies when used 
deep in the sample. In addition, it is difficult to adjust the place of the focus of the fiber 
optic probe in the sample. 

The PA technique needs a probe contact to the sample with piezoelectric detectors. 
The acoustic impedance mismatch between the sample and the transducer induces 
reflections of the acoustic waves, and therefore an impedance matching gel is typically 
used. In the liquid phantoms, the immersion of the probe into the sample makes the use of 
impedance matching gel unnecessary. The measurement geometry, e.g. the position of the 
transducer in relation to the incoming laser beam and the shape of the cuvette, affect the 
results. To study the low absorbing samples with higher accuracy, a more powerful laser 
is needed. The detection electronics also have to be improved. 

The use of optical pulses with ps pulse duration makes the detection of changes in the 
shape of the photons’ TOF distribution possible. To distinguish tiny glucose-induced 
changes, a more powerful laser is needed. The MC simulations in Intralipid have shown 
that the use of shorter laser pulses with fs pulse duration would provide the sensitivity to 
detect changes in the pulse amplitude and pulse area at the physiologically relevant 
glucose concentrations as well [137,138]. A longer measurement time with the photon-
counting mode of a streak camera would improve the SNR, but it is a drawback when 
aiming towards in vivo measurements. 

The Intralipid samples with different amounts of glucose were prepared as follows in 
Papers IV, V, and VI: First the total volume of the Intralipid needed was prepared by 
diluting it with distilled water. Then different amounts of glucose were added to different 
bottles and finally the bottles were filled up with the diluted Intralipid. The amount of 
scattering Intralipid particles was evaluated to decrease by 0.6% / 1,000 mg/dl, which 
induces a systematic error. The systematic error affects a slightly larger change in the 
signals than should be induced by glucose. There may also be slight variation in the 
Intralipid concentration between the samples, which results in small inaccuracies in the 
results. 

Table 1 shows the glucose-induced changes in the measured signals obtained with 
different techniques. The effect of glucose is shown with a concentration of 1,000 mg/dl 
in Intralipid samples, whereas in the results from blood and skin measurements the 
glucose-induced changes are shown with a concentration of 500 mg/dl. Large glucose 
concentrations with Intralipid were used (0–5,000 mg/dl) because the effect of glucose on 
the scattering properties of Intralipid is very weak. The results in Fig. 22 [V] and Fig. 18 
[VI], and in Table 1 show that the effect of glucose on the scattering properties of 
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biological materials are much larger than on the scattering properties of Intralipid, and 
hence changes in the physiological range (about 18–450 mg/dl) are also detectable.  

Table 1. Comparison of the glucose-induced changes in the measured signals. 

Intralipid* Measured signal parameter λ (nm) 
1% 2% 5% 

Blood** Skin** 

OCT, slope value 832 
910 

  
3.9% [VI] 

4.4% [II] 
1.6% [VI] 

  
38% [VI] 

PA, peak-to-peak value 1064 5.5% [IV] 
2.7% [V] 

4.7% [IV]  11.4% [V]  

PA, peak-to-peak value 532    6% [V]  
TOF, pulse amplitude 906  5.8% [I] 

> 30% [IV] 
   

TOF, pulse width 906  -1.3% [I] 
-12% [IV] 

   

TOF, pulse arriving time 906  -1.1% [I] 
-25.6% [IV] 

   

*Glucose concentration = 1,000 mg/dl. **Glucose concentration = 500 mg/dl. 

The Intralipid measurements with the TOF technique show changes in the pulse 
amplitude, the pulse width, and in the arrival time of the pulse maximum. Changes in the 
profile can also be seen with high glucose concentrations [I,IV]. The possible reasons for 
different results in Papers I and IV may be in the use of the cuvettes with different shapes 
and in the use of optical fibers to guide the transmitted light from the cuvette to the streak 
camera in Paper IV. However, the use of optical fibers in IV had the advantage of 
measuring the reference pulse at the same time, which makes it easier to correct the 
walking error of the measurement device. The Intralipid measurement results obtained 
with different techniques are compared in Paper VII. 

The glucose measurements with OCT show that the effect of glucose is in the same 
range in the Intralipid phantoms (0.07 and 0.029%/mM for 2% and 5% Intralipid 

respectively) as in polystyrene microsphere suspension (0.023%/mM) and in 3% fat milk 
(0.032%/mM) [59].  

The measurement results from 5% Intralipid (Fig. 23 (a) and (b)) show that the 
specificity of the OCT technique in glucose measurements is poor deep in the Intralipid 
phantom due to the low SNR and the MSPs. A clear trend can be found in the slope 
values as a function of glucose in the A range, but not in the B range (Fig. 23 (b)). The 
SD is greater in the B range than in the A range at every different glucose concentration.  

The measurements of mouse skin tissue samples at a wavelength of 910 nm show 
larger glucose-induced change in the slope value (0.67–1.74%/mM) than the Intralipid 
measurements, whereas the effect in these samples is smaller than in the in vivo animal 
studies at a wavelength of 1300 nm [12]. Possible reasons for the difference between the 
results from Intralipid and skin tissue samples may be the different sizes and shapes of 
the scattering particles, as well as their refractive indices. In the mouse skin samples, 
there was no blood in the samples in the in vitro measurements, and scattering was 
mainly induced by mitochondria [68],[VI]. 
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(b) 

Fig. 23. The effect of depth on slope determination. (a) Depth profile from 5% 
Intralipid, and (b) the slope values fitted to the A and B ranges in Fig. 23 (a). 

The PA measurements show varying results in 1% Intralipid (2.7 and 5.5% / 1,000 
mg/dl) and a change of 4.7% / 1,000 mg/dl in 2% Intralipid. These results highlight the 
importance of the stabilization of the measurement conditions. However, these are in the 
same range as the results obtained from 3% fat milk (5.4%) [51].  
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The different values for glucose-induced changes in 1% and 2% Intralipid with the PA 
technique and in 2% and 5% Intralipid with OCT can be explained by the fact that when 
the initial scattering and the mean refractive index are higher, more glucose is needed to 
achieve the same effect in the registered signal as in a low-scattering case.  

The PA measurement results in blood in Ref. [63] show a 7% increase in the peak-to-
peak value when glucose increases from 88 mg/dl to 500 mg/dl at a wavelength of 905 
nm. The corresponding increase in Fig. 22 [V] shows an increase of 10.2% at a 
wavelength of 1064 nm and 5.3% at a wavelength of 532 nm, which are good in 
comparison to Ref. [63]. The glucose-induced change is clearly dependent on the 
wavelength, and it is much greater in blood than in Intralipid. The possible reason for 
different glucose-induced changes in blood and in Intralipid may originate from different 
refractive indices of the scattering particles, but also from the possible changes in the 
shapes of red blood cells [V]. 

Temperature is an important factor which may affect the sample’s optical parameters 
in non-invasive glucose monitoring in vitro. Increasing temperature has been shown to 
decrease scattering. [57] In Intralipid measurements, the stabilizing of room and sample 
temperature ensures better results. Several other parameters have to be taken into account 
when measuring biological samples such as blood and skin. These include e.g. variation 
in humidity, pH-level, and the CO2 level in skin tissue measurements and blood 
oxygenation in blood measurements [V,VI]. Possible problems in glucose measurements 
in vivo are discussed in Paper III. 

The results of this thesis show that although OCT, PA, and TOF techniques are capable 
of detecting glucose-induced changes in different samples, no method was found which 
would make invasive calibration unnecessary by combining different techniques. This 
problem needs to be studied further in the future, and could possibly be approached by 
measuring glucose-induced changes in a sample using several methods simultaneously. 

5.4.1  Future work 

Optical measurement techniques are developing continuously. Even during the time 
period of this thesis project, the number of measurement devices in our laboratory 
increased. Moreover, new measurements with biological samples are possible. Future 
studies include in vivo glucose monitoring with OCT from mice. This is the next step 
following the measurements conducted in Paper VI.  

The sensitivity of the PA and TOF techniques will be improved with a more energetic 
laser source in the PA technique, and with a pulsed Ti-Sapphire laser with fs pulse 
duration in the TOF technique. The Intralipid measurements with the TOF technique will 
be continued with a fiber-optic probe with GI fibers with core diameters of 300 μm.  

 



6 Summary 

This thesis reviewed the relevant literature concerning non-invasive glucose monitoring 
techniques. Three techniques, optical coherence tomography, the pulsed photoacoustic 
technique and the time-of-flight technique were studied in greater detail. Intralipid was 
used as a tissue-simulating phantom to compare these techniques. In addition, glucose-
induced changes in the optical properties of Intralipid were measured with these 
techniques. For biological samples, pig whole blood was used in the PA measurements 
and mouse skin tissue in the OCT measurements. All the measurements were taken in in 
vitro conditions. 

Increasing the Intralipid concentration has the following effects on the signals 
measured: 1) the number of back-scattering photons increases and the OCT signal 
intensity increases, 2) the mean flight time of photons through the sample and the width 
of the transmitted pulse increases and the pulse intensity decreases, 3) the shape of the 
photons’ spatial distribution change, and hence the energy density in the sample (and in 
the PA sound source) decreases and the peak-to-peak value of the detected PA signal 
decreases.  

Increasing the glucose concentration increases the refractive index of the Intralipid 
bulk material, and hence the refractive index mismatch between the scattering centers and 
the bulk material decreases. This results in the following changes in the signals: 1) The 
OCT signal slope value decreases; 2) The detected TOF distribution becomes narrower, 
and the number of earlier arriving photons increases. The decrease in scattering mostly 
affects the rising part of the pulse. The travelling speed of light decreases too. 3) The 
decreased scattering changes the shape of the photons’ spatial distribution, increases the 
energy density in the PA sound source, and also the peak-to-peak value of the PA signal. 
The increasing glucose concentration also displaces water in the sample and slightly 
affects its absorption properties and sound velocity. 

The glucose-induced changes in the signals measured from Intralipid depend on the 
measurement setup and the technique. The signal processing has its own effects too. The 
effect of 1,000 mg/dl glucose on 2% Intralipid was recorded as inducing a 3.9% change 
in the OCT signal slope value, a 4.7% change in the PA signal peak-to-peak value and a 
5.8% change in the TOF pulse amplitude. In the OCT measurements, the effect of glucose 
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was larger in 2% than in 5% Intralipid, and in the PA measurements, the effect of glucose 
was larger in 1% than in 2% Intralipid. 

The effect of glucose on the peak-to-peak value of the PA signal in blood was recorded 
to be 6.0% / 500 mg/dl at a wavelength of 532 nm and 11.4% / 500 mg/dl at a wavelength 
of 1064 nm, and on the OCT signal slope value 1.37%/mM (38%/500 mg/dl) in a mouse 
skin tissue sample at a wavelength of 910 nm. The wavelength affects the changes 
detected with the PA technique. The PA technique is good for measuring blood due to the 
high optical absorption of blood, whereas OCT is more suitable for measuring changes in 
the scattering properties directly. 

OCT is a good tool for medical imaging of, e.g. skin and eye tissues, due to its high 
depth and axial resolutions. It is a potential technique for non-invasive glucose 
monitoring because of its ability to detect glucose-induced changes in the scattering 
properties in different layers of the sample. The problems in glucose monitoring arise 
from the indirect nature of the measurements because OCT is not specific for single 
glucose molecules. Only relative changes can be found when analysing the interference 
signal. The PA technique is good for imaging absorbing targets due to the photoacoustic 
effect. The TOF technique has the ability to detect changes both in absorption and in the 
scattering properties of the sample by analysing the detected laser pulse shapes. The long 
measurement time with a streak camera restricts the applicability of the TOF technique 
for continuous non-invasive glucose monitoring.  

In conclusion, it is not possible to detect the accurate glucose level with the OCT, PA, 
and TOF techniques, although each technique shows changes in the signals in in vitro 
measurements, at least with high glucose concentrations. All these techniques are 
dependent on invasive calibration. OCT is the most sensitive of these three techniques in 
detecting changes in the scattering properties of Intralipid. The in vitro measurements 
with OCT at a wavelength of 910 nm show that the effect of glucose on the scattering 
properties of cultured mouse skin tissue samples is greater than on the scattering 
properties of an Intralipid phantom. The PA measurements show that although the PA 
pulses are stronger at a wavelength of 532 nm, the glucose-induced change in the pig 
whole blood is greater at a wavelength of 1064 nm than at 532 nm. The detection of 
optical pulses showed that glucose-induced changes were larger in the transmitted pulse 
amplitude in a 1% Intralipid phantom at a wavelength of 1064 nm than at a wavelength of 
532 nm. The duration of nanosecond range optical pulses was too long to distinguish 
small glucose-induced changes in the detected temporal TOF distribution of photons. The 
TOF measurements with picosecond laser pulses and a streak camera were only taken in 
the Intralipid phantoms. These results show that glucose mainly affects the rising part of 
the pulse. 
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