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ABSTRACT

DESIGN OF A DYNAMIC OPTICAL PROPERTY
MONITORING SYSTEM: STUDYING THE EFFECT OF
TEMPERATURE CHANGE

In laser applications, it is necessary to know the tissue optical properties before
the treatment and how they change during the treatment. The optical monitoring
system with double-integrating-sphere having a special sample heating apparatus was
designed to investigate the effect of temperature on optical properties. Temperature
dependent optical property changes was investigated using lipid emulsion. It was found
that the reflectance value showed negative correlation with temperature and transmit-
tance showed positive correlation. Also, it was observed that the reduced scattering
coefficient obtained using an inverse adding-doubling method showed a negative corre-
lation with temperature, but there was no statistically significant change in absorption
coefficient. The effect of such optical property changes on the light propagation was
displayed by Monte Carlo simulation. As a result, optical properties can change with

temperature and this change must be taken into account for safer laser applications.

Keywords: Double-Integrating-Sphere, Temperature Effect, Optical Property, Monte

Carlo Simulation.



vi
OZET

DINAMIK OPTIK OZELLIK IZLEME SISTEMININ
TASARIMI: SICAKLIK DEGISIM ETKISININ
INCELENMESI

Lazer uygulamalarinda, tedaviden once ve tedavi sirasinda dokunun optik
ozelliklerinin nasil degistiklerini bilmek gereklidir. Sicakhigin optik 6zelliklere etkisini
aragtirmak icin 6zel bir 1sitma aparatina sahip cift-toplayici-kiireli optik izleme sistemi
tasarlandi. Lipid emulsiyonu kullanilarak, sicakliga bagl optik 6zelliklerin degisimi in-
celendi. Sicaklik ile yansimanin negatif, gecirgenligin pozitif bir korelasyon gosterdigi
bulundu. Ayrica, IAD yontemi kullanilarak elde edilen indirgenmis sacilma katsayisinin
sicaklik ile negatif korelasyon gosterdigi fakat sogurma katsayisinda istatistiksel olarak
anlamlh bir degisim olmadigi gozlemlendi. Optik 6zelliklerdeki bu degigimlerin 1g1k
yayilimi iizerine etkisi Monte Carlo simiilasyonu ile gdsterildi. Sonug olarak, sicaklikla
optik 6zellikler degisebilir ve daha giivenli lazer uygulamalar: icin bu degisim dikkate

alimmahdir.

Anahtar Sézciikler: Cift-Toplayici-Kiire, Sicaklik Etkisi, Optik Ozellik, Monte Carlo

simiilasyonu. .
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1. INTRODUCTION

Lasers are widely used in many medical applications, including dermatology,
ophthalmology, cardiology, etc. They can be used for diagnostic and therapeutic pur-
poses. It is important to observe the behavior of tissue without any damage in di-
agnostic applications whereas the only specific region of the tissue should be affected
in therapeutic applications such as removing of cancer tissue with laser. Better un-
derstanding of laser tissue interaction mechanisms requires to study on the optical
properties of biological tissues since these properties are prominent factors to deter-

mine the temporal and spatial distribution of light within the tissue [1, 2|.

Also, the thermal damage and its effects on tissue should be taken into con-
sideration in laser treatment. Heat generation and resultant thermal damage is de-
termined largely by absorption coefficient during the laser treatment. When photons
are absorbed by a tissue, the light energy is transformed into thermal energy and heat
transfer starts. Thermal damage can progress from denaturation and coagulation to

ablation [3].

The effect of temperature induced by laser in the tissue is necessary for accurate
and safe treatment. The optical characteristics of tissues and their dynamic behavior
during the treatment should be well known to keep the temperature under control and
make the treatment safer. Temperature field is not only dependent on laser parameters
such as wavelength, power density, beam size, laser mode, and exposure time but
also dependent on the optical properties of tissues, namely absorption coefficient p,,
scattering coefficient pg, and anisotropy factor g. These parameters determine the
temporal and spatial light distribution within the tissue and thereby the temperature

induced optical property changes should be determined |1, 2].

Optical properties are generally determined by indirect methods in room tem-

perature. Obtained optical properties are used to define the light propagation within



the tissue under the assumption that they do not change during the laser treatment.
However, microscopic and macroscopic changes occur during the laser treatment [2].
These changes alter the structure and composition of the tissue and result in the
changes in optical properties. Therefore, optical properties are the necessary param-
eters for an accurate planning of laser therapy where the optical properties exhibit a

dynamic change during the treatment.

Optical properties of tissues play an important role in laser diagnosis and treat-
ments. One should know the behavior of tissue optical properties to plan a safer
treatment. Because they are the main factors to affect the light propagation within

the tissue.

1.1 Optical Properties of Tissues

1.1.1 Refraction Index

The ratio of the velocity of the light in the vacuum to the velocity of the light

in the medium is called the refraction index and is calculated as follows
n=— (1.1)

where ¢ and v represent the speed of light in ambient and vacuum, respectively. ¢
equals to 299,792,458 m/s. In addition, the refractive index varies with wavelength
and it is responsible for the reflection and refraction rates of the light applied on a

tissue.

1.1.2 Reflection, Refraction and Transmittance

Reflection is the light reflected from the surface between two different media

having different refraction indexes (Figure 1.1). If the irregularities on the surface are



negligible compared to the wavelength, this reflection is called specular reflection. How-
ever, when these irregularities are in the order of wavelength or larger, the phenomenon
called diffuse reflection comes into play. In almost all tissues, diffuse reflection occurs
due to roughness on the surface. Reflectance is the ratio of the reflected light intensity

to the incident light intensity.

Refraction appears as a change in direction of light when it is passing through
a media having a different refractive index. It is caused by the difference in the speed

of light. The refraction angle can be calculated by the Snell law.

sinelzﬂ:@ (1.2)
sinfy vy My ’

where ¢, and 6, are the angles of incident and refracted light, v; and vy are the velocities
at the first and second medium, and n; and nsy are the refractive indices of the first

and second medium, respectively.

If no light is transmitted and all the light is reflected, this is called total internal

reflection. Also, if no light is reflected, the angle of that case is called Brewster’s angle.

Only the photons scattered in the forward direction from the refraction wave
pass to the other side of slab and form the transmitted light. The ratio of transmitted

light intensity to the initial light intensity is called transmittance.

1.1.3 Absorption

Absorption is defined as the attenuation of the electromagnetic wave when it
passes through the medium. It is a wavelength dependent. The medium is called
opaque when no transmission occurs. The transparent medium allows the transmission
of all light without absorption. The absorption coefficient is the probability of photon
absorbed per unit length.



Incident Light Reflection

Refraction

Transmitted Light

Figure 1.1 Tllustration of reflection, refraction and transmission



1.1.4 Scattering

Scattering can be analyzed as an elastic and inelastic scattering. In the inelastic
scattering, such as Brillouin and Raman, the energy of the scattered photon changes.
However, the energy of photon remains the same after scattering in the elastic scat-
tering. It is caused by the refraction index changes due to the inhomogeneities in the
tissue. Whereas Rayleigh type of elastic scattering results from that the size of inho-
mogeneities is smaller than the wavelength, Mie scattering occurs when the particle
size is in the order of the wavelength. Also, the scattering coefficient is defined as the

probability of photon scattered per unit length.

1.1.5 Anisotropy Factor

Anisotropy factor is the average cosine of scattering angles. It is denoted by g

and can be calculated as

g J1 p(0)cosOdw

1.
J4 cosOdw (1.3)

where p(0) is the probability function of a scattered photon with the angle of 6. It can
take values from -1 to 1. While the positive values of g define the forward scattering,

the negative values express the back scattering.

The reduced scattering coefficient is defined as

(1= g)us (1.4)

M



1.1.6 Turbid Media

The media in which both scattering and absorption occur is called turbid media.

Optical albedo of this media is defined as:

Hs + Ha

a (1.5)

1.2 Determination of Optical Properties

Methods for obtaining the optical properties of tissue are divided into two
groups: the approximate analytic solutions and the numerical solutions of Radiative
Transport Equation (RTE)|1, 3]. Analytic solutions which are also called non-iterative
solutions are based on the solution of RTE under some assumptions because of the
complexity of the solution. For example, Beer’s law or first order scattering is applica-
ble only to very thin tissue slabs and ignores the multiple scattering. Therefore, this
method is appropriate only for thin tissue samples having low scattering coefficient.
Another direct method is the Kubelka-Munk approach used when but it suffers from
accuracy. Diffusion approximation which contains time-resolved spectroscopy and ra-
dial reflectance spectroscopy has a poor approximation when optical albedo is close to
0.5. One of the most used numerical or iterative approach is Monte Carlo Method. Tt
is based on a random walk of photon propagation within the tissue. It has a good accu-
racy if the number of photons is large but it suffers from the computational time. The
other iterative technique is based on integrating sphere and inverse adding doubling

which will be explained in the next section.

1.3 Double Integrating Sphere Technique

Integrating spheres are used to measure the transmittance and reflectance. They
are coated with highly reflective materials. LabSphere 4P-GPS-033-SL model integrat-

ing spheres were used in this study. The internal walls of the spheres are coated with



Spectralon which is highly flat characteristics in the Ultraviolet (UV), Visible Spectrum
(VIS)and Near Infrared Spectrum (NIRS). It also shows a close response to Lambertian
behavior. When the light comes into integrating sphere, it starts to reflect from the

walls of integrating sphere and the detector measures the light intensity.

In order to perform simultaneous measurements of transmittance and reflectance,
double-integrating-sphere technique is used. The main advantage of this technique is
that the measurements can be performed at the same time. In this technique, sample is
placed between two integrating spheres and diffuse reflectance and total transmittance
measurements could be performed. Total transmittance includes diffuse transmittance
and collimated transmittance. Also, the total reflectance is equal to diffuse reflectance
and specular reflectance. Moreover, the value of u, and the value of the reduced scat-
tering coeffcient u, = (1 — g) could be calculated from the measurements which will
be explained in the next section. If the value of g is need to be calculated, collimated
transmittance should be to be measured. Collimated transmittance could be measured

by placing a third detector to the second integrating sphere exit port.

1.4 Inverse Adding Doubling Method

Inverse Adding Doubling (IAD) developed by Prahl et al. is a method to obtain
scattering and absorption coefficient from the transmittance and reflectance measure-
ments [4]. Tt is fast and has a good balance between speed and accuracy. The inverse
in the name of TAD refers to the reversal process of calculating the transmittance and
reflectance from optical properties. Doubling method depends on that if the reflection
and transmission of a thin slab of tissue at a certain angle is known, total reflection and
transmission of the same tissue which is twice in thickness can be calculated by adding
the contributions of two thin layers. Thus, the total reflection and transmission of a
tissue sample can be calculated by doubling the thickness of a thin slab tissue whose
optical properties are known until reaching the desired thickness. The adding refers
to the doubling of different tissue slabs and provides to calculate optical properties of

layered tissues with different optical properties|1].



IAD is an iterative method which includes the following steps:

e Defining the below sample geometry and sphere parameters:

— Thickness of sample

— Thickness of slides

— Diameter of illumination beam

— Reflectance of Calibration Standard

— Number of Spheres

— Reflection and Transmission Sphere Diameters

— Reflection and Transmission Sphere Sample Port Diameters
— Reflection and Transmission Sphere Entrance Port Diameters
— Reflection and Transmission Sphere Detector Port Diameters
— Reflectivity of the sphere walls

— Index of refraction of sample

— Index of refraction of slides
e Calculation of the reflections and transmissions
e Comparison of calculated and measured reflectance and transmittance

e Repeating the same procedure until the estimated value converges to measured

value with a desired accuracy

One of the problems should be considered when taking a measurement with a
double-integrating-sphere is the light loss coming out of the sample edges. This error
can result in an overestimation of absorption coefficient. This problem was solved by
adding a Monte Carlo code to TAD to predict the light loss effect. Another problem

which is the non-linear effect of the integrating sphere also solved in IAD [5].

In this study, the value of p, and the value of ,u; were estimated by using

a double-integrating-sphere technique. The optical measurements were performed by



irradiating the sample between integrating spheres. The diffuse reflectance is measured
in the first integrating sphere by collecting the reflected and back-scattered light while
the total transmittance is measured in the second sphere by integrating the transmitted

and forward scattered light.

The measured reflectance and transmittance values are not directly used in TAD
program. The measured values should be normalized with the incident light|6]. The

normalized reflectance Mp is calculated as

(Ry(rdirect p tdivect ¢y — Ry(0,0,0,0))

Mp = r4q. 5 1.6
B Ry (ratas 7ora 0, 0) — R(0,0,0,0)) (1.6)
and the normalized transmittance Mr is calculated as
T direct < tdirect ts —T5(0.0.0.0
MT _ ( 2(T5 yTsy Ug 9 ) 2( s Uy Yy )) (17)

(72(0,0,1,1) — 75(0,0,0,0))

where 744 is the value of the reflectance standard, Rg(r;“mt, T, t;“’"ect, ts) is the diffuse
reflectance measurement with the sample, R5(0,0,0,0) is the background noise of the

reflectance sphere, Ro(7sa, 7sta, 0,0) is the maximum diffuse reflectance value with the

direct

direct . tdirect 1) is the total transmittance measurement,

reflectance standart, To(r
T5(0,0,1,1) is the maximum transmittance value and 75(0,0,0,0) is the background
noise of the transmittance sphere with the sample. The necessary measurements to

calculate Mz and Mr are shown in Figure 1.2

1.5 Dynamic Optical Property Measurements with Integrating
Sphere Technique

Temperature related optical property measurements suffer from insufficient ex-
perimental setup. In most of the studies, tissue is thrown into hot water bath before
the measurements and then the measurements are taken in room temperature. This
system avoids to investigate the temperature dependent optical property changes. It

only helps to find the thermal damage effects on optical properties.
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The studies having a double-integrating-sphere setup to measure the direct re-

lationship between optical properties and temperature are limited.

Agah et al. designed a two-port plastic tissue holder which was connected to
a water bath |7]. The tissue was heated by pumping a heated saline to the tissue
holder. They observed that the reduced scattering coefficient increased and absorption

increased with temperature.

Laufer et al. performed the optical measurements in neonatal incubator to study
the temperature dependence of optical properties of human dermis and subdermis [8].
The measurements were performed from 25°C to 40°C. They found that the normalized
scattering coefficient increased for dermis and decreased for subdermis as the tempera-
ture increased. A significant difference in absorption coefficient could not be found for

both tissue samples.

R2 (rsdirecz‘,rs ’tgt'irect ,ts) T ) (rsdirect’rs ,tgiirecz‘ ,ts)

detector

detector

incident
light

sample

Rz(rstd’rstd’oao ) TZ(O,O,I,I)

detector detector detector

incident

standard light

open port

R,(0,0,0,0) T,(0,0,0,0)

detector detector

—>

open port blocked
beam

open port

Figure 1.2 Measurements needed for Mg and Mr when two integrating spheres are used (Image
taken from IAD manual).
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Skinner et al. designed a metallic sample holder system to measure the optical
property changes of ex vivo rat prostate due to heating [9]. The sample was heated by
circulating constant temperature water through the sample holder. They found that

the reduced scattering and absorption was altered.

Basu et al. created a sample holder by sandwiching cartilage tissues between
aluminum plates [10]. Then, tissue was heated by hotplate by using single sphere.
They found that diffusely transmitted light decreased, then stayed almost constant
and increased during temperature increase. However, diffusely reflected light showed

an opposite trend.

Soogeun et al. studied the effect of temperature dependent changes on the
fluence rate [11]. They took the measurements inside the styrofoam box whose tem-
perature was adjusted by heating gun. They observed that the reduced scattering

coefficient decreased when temperature increased from 25°C to 40°C.

If tissues are subjected to high temperatures, its physical and optical properties
can alter. Therefore, there is a need for the study to investigate how the optical

properties due to temperature change.

The aim of the thesis is to develop a new temperature adjustable optical mea-
surement system and to investigate how the optical properties of lipid emulsion change

with the temperature.
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2. SYSTEM DESIGN

The system design is based on double-integrating-sphere technique. A new tem-
perature adjustable optical measurement with double-integrating-sphere was designed

to explore the effects of temperature on the optical properties of samples.

Temperature-dependent optical measurements were performed using the de-
signed system shown in Figure 2.1. It has an ability to perform sequential reflectance
and transmittance measurements. A 635-nm diode laser (VA-1-400-635, Optotron-
ics, USA) was used as the light source. The beam focused on the sample and its
size reduced to 2.3 mm by using lenses and diaphragms. A double-integrating sphere
(4P-GPS-033-SL, LabSphere) was used to measure the reflected and transmitted light
detected by silicon detectors denoted as R and T (SDA-050-P-RTA-CX, Lab-Sphere),
respectively. Reflectance and transmittance measurements were performed sequentially
at 5 s intervals. Port sizes were adjusted by adaptors. Chopper (SR540, Stanford Re-
search Systems) and lock-in amplifiers (SR510, Stanford Research Systems) were used
to eliminate the background noise by modulating the incoming light and to extract the

detected modulated signals coming from the detectors.

In order to measure the temperature dependence of transmittance and reflectance,
a new sample holder and a control unit was designed and LabVIEW based user interface

program was prepared.

2.1 Sample Holder Design

The cuvette shown in Figure 2.2 was designed to take measurements from the
liquid samples. First, a frame was formed by cutting acrylic plate. Then, the cuvette
was constructed by gluing the coverslips to acrylic frame. Two ports were opened for

lipid injection and temperature sensor insertion. The cuvette was sandwiched between
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Chopper Sample Holder

e A D
Source w I V I

Lensl Diaphragm Lens2 Diaphragm

Double Integrating
Sphere

—l Computer I

Control Box

Figure 2.1 Experimental setup.

Figure 2.2 Sample cuvette with temperature sensor.

two copper plates and the peltier modules (TEC1-4905, 4.5V, 17W, 25x25 mm) were
added to control the temperature as shown in Figure 2.3, Figure 2.4 and Figure 2.5.

Fans also included to increase the efficiency of the peltier modules.

2.2 Control Unit

Control unit is consisted of a data acquisition (DAQ) device, a bilateral analog
switch and temperature control circuit. National Instruments (NI) myDAQ was used
as a DAQ device. It is a compact data acquisition device has two analog inputs, two
analog outputs and eight digital input and outputs. It can also be combined with NI
LabVIEW program to control and analyze the signals.
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Figure 2.3 Top view drawing of the sample holder.

Figure 2.4 Front view drawing of the sample holder.

Figure 2.5 The picture of sample holder.
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The light come from the source enters the first integrating sphere and reaches
the sample placed between the double integrating spheres. Then, the light is reflected
from the sample, absorbed by the sample and passes through the sample. The reflected
light intensity is measured by the first detector denoted by R and the transmitted
portion is measured by the second detector denoted by T (Figure 2.1). However, the
detectors have no wavelength selectivity and operate in a certain wavelength range. In
this study, silicon detectors (SDA-050-P-RTA-CX, Lab-Sphere) were used. They can
operate in visible spectrum (380-780nm). Therefore, it should be eliminated the effect
of wavelengths other than the applied one against the possibility of entering light into
the spheres from another source. Lock-in amplifier and chopper duo are well suited for
this job. The chopper is a device which blocks the incoming light periodically. The
period or the frequency is controlled by the chopper controller. Lock-in amplifier is a
device which is used to extract the signal embedded in a noisy environment. It has a
reference input, signal input and output. It recovers the amount of useful signal in the

input signal modulated by the reference signal.

In the experimental setup, there is only one lock-in amplifier. Therefore, a
bidirectional analog switch of 74HC4066 was used to switch the signals coming from
the R and T detectors sequentially. Hence, it gives us to opportunity to measure the

reflectance and transmittance with 5 sec intervals.

2.2.1 Temperature Control Circuits

H-bridge is generally used in servo motor control. In this project, it was used
as a Peltier control circuit. The operation principle is shown in Figure 2.6. ON/OFF
switch is used to turn on or off the heater and cooler mechanism. When it is ON state
and H1 and H2 switches are closed, the peltier starts to heat up the tissue. When C1
and C2 switches are closed, the polarity of voltage and the direction of the current

flowing through the peltier will be reversed and it will cool down the tissue.

In the first version of the circuit, the switch function was implemented by
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voD Voo

H1: - \fm H1\L, - ic'l
+ + %

PELTIER || PELTIER [ ___ |

c2'\ IH? -::21 b .\;H2

(a) 1 OM/OFF B I OMIQOFF

Figure 2.6 H-bridge circuit as a heater (a) and a cooler (b).

IRF530 N-channel power Metal-Oxide-Semiconductor Field Effect Transistors (MOS-
FETs) considering the high current drawn by Peltier (Figure 2.7). Optocoupler (4N26)
isolates DAQ and power supply parts to prevent any damage. It consists of LED and
phototransistor. When no voltage is applied to the input of R1 resistor, no current
flows through the LED, the phototransistor is in cut-off region. So, no current flows
the R2 resistor. Gate-source voltage of N-MOS transistor is equal to zero and the M1
transistor is in cut-off region. In short, if the input of the circuit is 0, MOS transistor
will act as an open switch. However, if a positive voltage is applied to R1 resistor,
LED emits a NIR light and the light falls upon the base of the transistor makes the
phototransistor conducting and there will be a positive voltage across R2 resistor. This
enables MOS transistor to act as a closed switch. The schematic of the H-bridge circuit
is shown in Figure 2.8. While M3 transistor acts as an ON-OFF switch, M1-M5 and

M2-M4 couples act as a heating and cooling switches, respectively.

The P-Spice simulation of this circuit is shown in 2.9. There are three digital
input voltages denoted by ON-OFF, H-C and PWM as shown at the top of the graph.
R11 symbolizes the Peltier. Therefore, the signal at the bottom symbolizes the current
flowing through the Peltier. When the ON-OFF signal is at low level, the current
passing through R11 resistor is zero. When it is ON state, the direction of the current
changes with the state of H-C signal and it is modulated by PWM signal.
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Figure 2.9 The P-Spice simulation of Peltier control circuit.
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However, this circuit was burned out because of a huge amount of power con-
sumption. In the second version of the circuit, H-bridge was constructed by replacing
MOS transistor and optocoupler structure with relays. In this version, the Peltier is

not modulated by PWM.

2.3 LabVIEW based Programming

LabVIEW is a visual programming language developed by National Instruments.
There are two pages to design the user interface and the program run behind the

interface which are called Block Diagram and Front Panel.

In this study, LabVIEW based user interface was designed to monitor the real
time changes in diffuse reflectance and total transmittance. The designed user interface

program has a capability

e to save the optical setup parameters and tissue geometry parameters

e to perform and save the measurements to be needed for the normalization
e to monitor and to save the sample temperature

e to decide Peltier working mode (heater or cooler mode)

e tosend the data coming from T and R detectors to lock-in amplifier by controlling

the analog switch

e to save the reflected and transmitted light information coming out from lock-in

amplifier
e to calculate and monitor the normalized reflectance and transmittance

e to prepare the TAD file which is needed to calculate pu, and u " values
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The front panel view of the code is shown in Figure 2.10. The section denoted
by A includes the information about experimental setup geometry and sample geome-
try. The normalization measurements explained in Section 1.4 are performed with the
control buttons in the section denoted by B. C section includes the file name, run and
stop button and run time indicator. In D section, the initial measurement time adjusts
the time required to take measurement in room temperature. The final temperature
input determines the final temperature that sample will reach. The temperature indi-
cator and graph help to monitor the temperature changes. There are two led indicators
which show the heating or cooling periods. In section E, the normalized transmittance

and reflectance values can be monitored.
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3. EFFECT OF LIPID CONCENTRATION ON
TEMPERATURE RELATED OPTICAL PROPERTIES

In laser applications, optical properties of the tissues should be known before
the treatment since they are the prominent factors to determine the interaction of
light with the tissue. Tissue type and its lipid content can affect the tissue optical
properties. Temperature related changes in optical properties could be different for the
same kind of tissues having different lipid content. In order to simulate this effect, the
transmittance and reflectance measurements were performed with the lipid emulsions
having different lipid concentration. The correlation of transmitted and reflected light

with temperature and the effect of lipid concentration were investigated.

3.1 Sample Preparation

OLICLINOMEL N7-1000 with 20% lipid density was used as a lipid emulsion.
Oil concentration is 20% olive oil and 80% soybean oil. In the experiments, the emulsion

was diluted with a distilled water to prepare five different sample concentrations of 20%,

10%, 5%, 2.5% and 1.25%.

3.2 Experimental Setup

A double integrating sphere system was used to measure the amount of light
reflected and transmitted light by the tissue. The system design explained in Section 2
was used. The first version of the control unit was used. The output power of the laser
(VA-1-400-635, Optotronics, USA) with a wavelength of 635nm was set at 2mW. LM35
(Texas Instrument) temperature sensor was used. The experimental setup parameters

and sample geometry parameters are shown in 3.1.



Table 3.1
Experimental setup and sample parameters.

Parameters Value
Wavelength (nm) 635
Thickness of sample (mm) 5.5
Diameter of illumination beam (mm) 2.3
Top Slide Thickness (mm) 1.15
Bottom Slide Thickness (mm) 1.15
Reflectance of the calibration standard 0.99
Number of spheres used during each measurement 2
R-Sphere Diameter (mm) 83.8
R-Sample Port Diameter (mm) 12.7
R-Entrance Port Diameter (mm) 12.7
R-Detector Port Diameter (mm) 12.7
R-Reflectance of the sphere wall 0.992
T-Sphere Diameter (mm) 83.8
T-Sample Port Diameter (mm) 12.7
T-Entrance Port Diameter (mm) 25.7
T-Detector Port Diameter (mm) 12.7
T-Reflectance of the sphere wall 0.992

23
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Figure 3.1 Change of normalized reflectance with temperature. The blue line shows temperature,
the red line shows the normalized reflectance and the black line shows the fifth order polynomial fitted
normalized reflectance.

3.3 Experimental Protocol

After five minutes of measurement at room temperature, the samples were
heated to 50°C and were expected to return to room temperature again. The re-
flected and reflected light values measured at this time were normalized as explained

in Section 1.4.

3.4 Results and Discussion

Figure 3.1 and Figure 3.2 show the normalized reflectance-temperature and nor-
malized transmittance-temperature relationships for a 5% lipid emulsion. As the tem-
perature increased, the reflectance decreased but the transmittance increased. Similar

behavior was also observed for the other lipid concentrations.

Table 3.2 shows the correlation of the normalized reflectance and transmittance
with temperature for different lipid-density emulsions. The correlation coefficients for
all reflectance and transmittance values with temperature were statistically significant
(p <0.05). As the lipid concentration decreased, the correlation of reflectance with

temperature negatively increased. All transmittance measurements showed a positive
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Figure 3.2 Change of normalized transmittance with temperature. The blue line shows temperature,
the red line shows the normalized transmittance and the black line shows the fifth order polynomial
fitted normalized reflectance.

correlation with temperature. The highest correlation of transmittance with tempera-

ture was found at %5 concentrated emulsion as 0.9535.

Figure 3.3 and Figure 3.4 shows the time versus transmittance and reflectance
measurements for the all lipid concentrations. It was observed that the normalized
reflectance value increased and the normalized transmittance decreased with increasing
concentration ratio. It is understood that as the concentration decreases, the light can

pass more easily through the sample.
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Correlation coefficient of reflectance and transmittance with temperature for different concentration

values.

Concentration Correlation Coefficient
Value
Reflectance | Transmittance

20% -0.1716 0.9285
10% -0.2484 0.8163

5% -0.7721 0.9535
2.5% -0.8594 0.8913
1.25% -0.8615 0.7880
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Figure 3.3 Normalized reflectance variations for emulsions having different lipid concentration.
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Figure 3.4 Normalized transmittance variations for emulsions having different lipid concentration.
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4. EFFECT OF TEMPERATURE ON OPTICAL
PROPERTIES OF LIPID EMULSION

Lipid emulsions are generally used to simulate the light interaction mechanisms
within the tissue [12, 13, 14, 15, 16, 17, 18, 19]. Such emulsions mainly consist of oil,
glycerol, and phospholipid. The absorption spectrum of these emulsions is attributed
to water and the scattering is mainly due to scattering particles within the emulsion

12, 17, 18].

In this study, the direct relationship between the optical properties of the lipid
emulsion and temperature will be investigated by the designed temperature-controlled

system.

4.1 Sample Preparation

OliClinomel is a triple chambered bag parenteral nutrition bag which is consisted
of lipid emulsion, amino acid solution and glucose solution. In this study, a 10% lipid
emulsion bag of OliClinomel N4-550E (Baxter) was used. The emulsion contains 80%
to 20% olive and soybean mixture, egg phosphatide, glycerol, sodium oleate, sodium
hydroxide for pH adjustment and water. The content of the emulsion is given in Table

4.1. It was diluted with distilled water to obtain a 2.5% concentrated sample.

4.2 Experimental Setup

A cuvette was prepared by gluing a 2.7-mm-thick acrylic frame and 1-mm-thick
glass coverslips. Two ports were opened in the frame to inject the sample into the
cuvette and to insert a temperature sensor (LMT84, Texas Instruments). The sample
holder design described in Section 2.1 was used. The system design with double-
integrating-sphere shown in Figure 2.1 was used. A 635-nm diode laser (VA-1-400-635,
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Table 4.1
OliClinomel ingredients.

OliClinomel N4-550E
Volume 300 ml
Refined Olive Oil + Refined Soy Oil 30 g
Purified Egg Phosphatide 1.80 g
Glycerol 3.38 g
Sodium Oleate 0.05¢g
Sodium Hydroxide gs, pH

Optotronics, USA, 1 mW) was used as the light source. Optical chopper reduced the
power to 0.5mW and the irradiance became 0.012W /cm2. The second version of the

control unit was used. The setup and sample parameters are listed in Table 4.2.

4.3 Protocol and Optical Property Calculation

The experimental period includes a period of 5-minute measurement at room
temperature, a period of heating up to 50°C, and then a period of cooling down to room
temperature. Normalized transmittance and normalized reflectance were measured.
The reduced scattering and absorption coefficient values were computed by the TAD
program. The IAD input parameters were the normalized total transmittance and
reflectance, the refractive index of the sample, and the anisotropy factor in addition to

the double-integrating-sphere setup and sample parameters.

Glycerin in the sample is dissoluble in water. Oil and phosphatides, also called
phospholipids, in glycerin-water solution creates small vesicles that are the main scat-
tering factors of the lipid emulsion [17]. The density of the olive oil, soybean oil and
phospholipid are 0.91 g/ml, 0.917 g/ml and 1.097 g/ml, respectively. The refractive

index of the lipid emulsion is determined by the formula



Table 4.2
Experimental setup and sample parameters.

Parameters Value
Wavelength (nm) 635
Index of Refraction of the Sample 1.34
Index of Refraction of the top and bottom slides 1.52
Thickness of sample (mm) 2.7
Top Slide Thickness (mm) 1.0
Bottom Slide Thickness (mm) 1.0
Diameter of illumination beam (mm) 2.3
Number of spheres used during each measurement 2
R-Sphere Diameter (mm) 83.8
R-Sample Port Diameter (mm) 12.7
R-Entrance Port Diameter (mm) 12.7
R-Detector Port Diameter (mm) 12.7
R-Reflectance of the sphere wall 0.992
Number of Measurements 2
T-Sphere Diameter (mm) 83.8
T-Sample Port Diameter (mm) 12.7
T-Entrance Port Diameter (mm) 12.7
T-Detector Port Diameter (mm) 12.7
T-Reflectance of the sphere wall 0.992
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Nemulsion = Nwater T 014¢p (41)

where ¢, is the volume concentration of the scattering particles [12, 17, 19]. The

refractive index was calculated as 1.34.

It is known that refractive index is dependent on temperature. When tempera-
ture rises, the value of refractive index is expected to decreases. Cletus et al. modeled
the changes of the refractive index with temperature and found the temperature sen-
sitivity of the refractive index of intralipid as -3.54x107*K~! [16]. In our study, tem-
perature varied about 30°C. The refractive index change due to temperature variation

would be 0.01. We assume that it is negligible for this temperature range.

Also, the anisotropy factor was calculated by

g=1.1-0.58\ (4.2)

where X is wavelength in micrometers|17]|. g was calculated as 0.73.

Multi Layered Monte Carlo simulation program developed by L. Wang and S. L.
Jacques was used to observe the effect of optical property changes due to temperature
on the light propagation. The obtained scattering and absorption coefficients at 21°C
and 50°C were used to calculate the corresponding fluence rates by using one million

photons.

4.4 Results and Discussion

Temperature dependence of the reflectance and transmittance of a 2.5% con-

centrated lipid emulsion is presented in Figure 4.1. The normalized diffuse reflectance



32

J

# I Reflectance
Fitted Crve | 50
;| e Ternperatire

=
o

= 2
-1 -]
o| (1=
=

i ]

=
-]
~i

Temperature (°C)

=
=)
=1

Normalized Reflectance (au

=
o
o
iy
=

[ER

EY

=]

-

=

o
T

: SR I Treremmitane 1
AT oo B TR R | o Bt e H
0.172 R L T e deiii .| e TETOpETailTe L

0.17
0.168
0.166 : \
DAL = o u ...... _
0462 [Frmmm m . KA P

:.L
=
Temperature (°C

Mormalized Transmittance

Time(min

Figure 4.1 Normalized transmittance, normalized reflectance, and temperature measurements as
functions of time.

and total transmittance data are indicated by blue stars. The blue and orange lines
show the fourth-order polynomial fitted to the data and the sample temperature over
time, respectively. The reflectance showed a negative correlation and the transmit-
tance showed a positive correlation with temperature. The correlation coefficients for
transmittance and reflectance were found to be 0.8586 and -0.4896, respectively. They
are statistically significant for both cases. It may be speculated that the volume varia-
tions of the sample due to the temperature change have an effect on the reflection and

transmittance behaviors.

Figure 4.2 shows the temperature-dependent absorption and reduced scattering
coeflicients of 2.5% lipid emulsion. As in the previous figure, the normalized diffuse re-
flectance and total transmittance data are denoted by blue stars. The blue and orange
lines show the fourth-order polynomial fitted to the data and the sample temperature
over time, respectively. The correlation coefficient between the absorption coefficient
and temperature is 0.0633 but it is not statistically significant (p > 0.05). The absorp-
tion characteristics of lipid emulsion is attributed to water spectrum. However, the

absorption of water and its temperature dependence at 635nm is very low|[20, 21, 22]|.
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Figure 4.2 Absorption coefficients, reduced scattering coefficients, and temperature as functions of
time.

This could explain the low correlation coefficient and low statistic.

The reduced scattering coefficient showed a statistically significant negative cor-
relation of -0.7039 with temperature. Egg phospholipid in the emulsion forms small
vesicles having monolayer and bilayer membranes[17]. The number and geometry of
these small vesicles in lipid emulsion are the main factor affect the scattering coefficient.
The sample volume increases with increasing temperature and the number scattering
particles per volume decreases. This might result in a decrease in the scattering coef-

ficient.

The change in lipid emulsion could be irreversible because the values of both
the absorption and reduced scattering coefficients are different after the sample heated.
Cletus et al. found that the absorption coefficient at 840 nm was higher and the reduced
scattering coefficient at 740 nm was lower during the cooling period than heating period
[16]. We observed these effects for both the absorption and scattering coefficients at
635 nm. It can be concluded the physical structure of lipid might be changed due to

temperature.
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Figure 4.3 Monte Carlo simulation results: (a) fluence rate at 21°C, (b) fluence rate at 50°C, and
(c) difference in the fluence rates between 21°C and 50°C.

In order to observe the effect of temperature on light propagation, we performed
a Monte Carlo simulation by using the absorption and the scattering coefficients ob-
tained previously at 21°C and 50°C. The fluence rates at these two temperatures and
the difference in logarithmic scale are shown in Figure 4.3. The positive colors show
that the fluence rate at 50°C is higher than that at 21°C. Alterations in the fluence
rate was observed and it showed that the optical property changes due to temperature

can change the fluence rate and the light propagation within the tissue.
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5. CONCLUSION

In this thesis, a new optical measurement system with a heating-cooling mecha-
nism was designed to monitor temperature-dependent optical property measurements
using a double-integrating sphere. The studies having a double integrating sphere
setup to measure temperature dependent optical properties can be categorized into
three groups. The first group contains the water bath connected sample holder designs
|7, 9]. The hot water is pumped from the hot water bath through a custom made
sample holder. Tt can be difficult to change the temperature quickly with such designs.
Also, it can be quite troublesome to set up a water-controlled system next to the optical
system. The second group contains temperature controlled boxes [8, 11]. In addition to
the difficulty of installing optical setup in a closed box, integrating spheres and detec-
tors will be heated together with sample. Although the coating material of integrating
spheres has a low temperature sensitivity, heating of detectors will cause an increase
in the noise at detectors. The last group includes the designs with hot plates [10]. The
size restrictions of the hot plate make it difficult to perform the optical measurements
with double integrating sphere because there is no enough space to put it between two
spheres. The sample holder design with Peltier allows us to realize a compact sample

holder with no moving parts and no circulating fluids.

The system was tested with a lipid emulsion which is generally used as an
optical tissue-mimicking phantom in literature. The absorption coefficient showed a
positive correlation whereas the scattering coefficient showed a positive correlation
with temperature. The obtained results imply that temperature variations can change
the optical properties and it may be due to the physical changes of the scattering
particles. Also, Monte Carlo simulation showed that the variations in the coefficients
change the light propagation within the tissue. Therefore, temperature-dependent
dynamic changes especially in tissues having high lipid content should be taken into

consideration for a safe laser treatment.
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The direct relationship between optical properties and temperature were inves-
tigated by the designed experimental setup. The optical properties of the sample were
measured by increasing and decreasing the temperature. As a future work, the sample
can be heated to a high constant temperature and how the optical properties change
over time could be observed under the constant temperature. Also, lipids may un-
dergo the phase transitions when its temperature increases. The effect of the phase

transitions on the lipid optical properties may be investigated with this system.
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