
 

 

 

 

 

 

 

 

 

Copyright 

by 

Hyunji Lim 

2011 

 



The Thesis   Committee for Hyunji Lim 

Certifies that this is the approved version of the following thesis: 

 

 

Temperature dependent refractive index of lipid tissue by optical 

coherence tomography imaging 

 

 

 

 

 

 

 

APPROVED BY 

SUPERVISING COMMITTEE: 

 

 

 

Thomas E Milner 

James E Tunnell 

 

  

Supervisor: 



Temperature dependent refractive index of lipid tissue by optical 

coherence tomography imaging 

 

by 

Hyunji Lim, B.S. 

 

 

Thesis  

Presented to the Faculty of the Graduate School of  

The University of Texas at Austin 

in Partial Fulfillment  

of the Requirements 

for the Degree of  

 

Master of Science in Engineering 

 

 

The University of Texas at Austin 

May 2011 



 Dedication 

 

To Friends in Kiteni



 v 

Acknowledgements 

 

I would like to thank to, 

All beloved BME team: Vicki Stratton, Jack Hart, Heidi Mallon, Carol Noreiga, 

Yma Revuelta, Jeffrey Hallock, Jim Pollard, Bobby Knight, and Mandy Davison 

BME: Jordan Dwell, SeungYup Ryoo, Amit Paranjape, Austin McCoy, Christ 

Condit, Jinze Zhu, Bingqing Wang, Biwei Yin, Raiyan Zaman, Linda Neiman, Dr. 

Sokolov, and Dr. Tunnell 

And very special thanks to Milner family.  

 

 

 

 

 

 

 

 

 

 

 

 

 

May 6
th

, 2011 

 



 vi 

Abstract 

 

Temperature dependent refractive index of lipid tissue by optical 

coherence tomography imaging 

 

 

 

Hyunji Lim, M.S.E 

The University of Texas at Austin, 2011 

 

Supervisor:  Thomas E. Milner 

Temperature dependent optical properties of lipid tissue verify critical 

information of tissue dynamics which can be applied to tissue treatment and diagnosis of 

various pathological features. Current methods of treating lipid rich tissues via heating 

are associated with post operation complications. Recent studies shows potential of lipid 

rich tissue removal by cooling. For monitoring cooling procedure and physical and 

chemical changes in lipid tissue, temperature dependent optical properties in subzero 

cooling need to be verified. This study designed heat transfer system estimating heat flux 

by cooling and programmed codes for image and data processing to obtain refractive 

indices of rodent subcutaneous lipid tissue. Phase transition of lipid tissue was observed 

and finally verified temperature dependent refractive index coefficient of lipid tissue 

from 24°C to -10°C.  
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1. Introduction  

 

1.1. MOTIVATION  

Temperature dependent optical properties have been one of the most investigated 

research subjects in relation to biomedical imaging and laser irradiation dosimetry. 

Optical properties including attenuation, scattering, absorption and refractive index 

coefficients are used to compensate for image deformation and develop better imaging 

modalities. With knowledge of these coefficients, light distribution within matter can be 

simulated ahead of laser irradiation and be used to prevent tissue damage resulting from 

excessive laser dosage. Alternatively, changes in optical properties provide information 

of morphological and chemical changes in tissue that are difficult to detect with the 

unaided eye. Spectroscopic imaging and polarization sensitive OCT are imaging 

modalities actively used to discover early diagnosis approaches. Non-invasive OCT focus 

tracking utilizes coherence gating properties of OCT system, but this requires large 

amount of tissue [1].  

 

1.1.1 Lipid rich tissue 

Adipose tissue or body fat consists of 20% of connective tissue and 80% of 

adipocyte. Adipocyte contains triglycerides in liquid form encased by balloon shaped 

sphere. Lipid rich tissue tells lots of things about tissue physiology, function, status of 

numerous pathologies, as well as immense interest in aesthetical improvement. Research 

has been shown that excessive abdominal fat increases risk for certain disease. 

Cardiovascular disease, for instance, is linked to excessive body fat. [2,3]. Excessive 
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visceral abdominal tissue is related to CVD with risk factors including diabetes mellitus, 

insulin resistance, hypertension, and dyslipidemia. Body fat is also correlated with cancer 

inducing metabolism which includes endocrinological, inflammatory and immunological 

changes. [4] The world cancer research international fund reports that body fat increases 

risk of six types of cancers including oesophagus, pancreas, colorectum, endometrium, 

kidney and breast.[5,6,7] The strong correlation between excessive body fat and CVD, 

cancer and many pathologies has given rise to the strong interest in invasive and non-

invasive lipolysis surgical procedures. 

 

1.1.2 LIPOLYSIS  

1.1.2.1 Invasive lipolysis 

 Invasive lipolysis involves emulsifying, dissolving, and liquefaction of excessive 

body fat. The procedure is practiced by suction-assisted lipolysis (SAL), ultrasound-

assisted lipolysis (UAL) and laser-assisted lipolysis (LAL) which accompany procedure 

called lipoaspiration removes fat from the body cavity through a tube and aspirating 

pump. 

In SAL a cannula and aspirating pump are used to remove body fat by rapidly 

moving the cannula in a back-and-forth motion while a vacuum pump transports fat out 

of the body. Since SAL is non-selective with regard to tissue type, non-specific damage is 

inflicted on nearby blood vessels, small nerves and connected tissues. [8] SAL has 

reported various complications including increased blood loss, ecchymosis, skin laxity, 

and long recovery time with elevated postoperative discomfort and even death. In laser-

assisted lipolysis (LAL), a photothermal mechanism is used to lyse adipocytes. A cannula 

equipped with an optical fiber emits radiant energy (e.g., 1064 nm) that allowvacuum 
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removal of the heated and liquefied fat. [9] In ultrasound assisted lipolysis (UAL), a 

cavitational effect is used to lyse adipocytes. Although LAL and UAL are more selective 

than SAL for removing fat, if the cannula doesn’t continuously avoid irradiation of non-

adipose tissue, severe burns can result. An additional advantage of LAL and UAL over 

SAL is the larger volume of fat removal for a single treatment. [10] 

 

1.1.2.2 Non-invasive lipolysis: 

Non-invasive lipolysis targets adipocytes for destruction by directing radiant 

energy into the body aimed at excessive body fat. [11] During the procedure, adipocytes 

with damaged cytoplasm lose stored triglycerides and related lipids through the 

lymphatic system, the blood circulation and the liver. [12,13] Non-invasive lipolysis 

procedures available are application of high intensity focused ultrasound (HIFU), near-

infrared(NIR)laser radiation, radiofrequency(RF) or cooling to target adipocytes for 

destruction. [14] Ultrasound-based non-invasive lipolysis procedures damage adipocytes 

by focusing ultrasonic energy at a target site causing cavitation and destruction. Laser and 

radiofrequency lipolysis heat adipose tissue by absorption of radiant energy. [15] After 

irradiation, adipocytes with increased temperature exposure are either destroyed or 

undergo apoptosis. In laser and radiofrequency non-invasive lipolysis procedures, the 

skin is cooled to prevent non-specific thermal injury to the dermis while targeting the 

underlying adipose tissue and contraction of connective tissue. Cryolipolysis takes 

advantage of the higher freezing temperature of adipose compared to other water-bearing 

tissues. [16] A majority of patients seeking reduction of excessive body fat seek 

minimally-invasive surgical approach with less risk, infection, shorter downtime and a 

more rapid recovery time. 
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1.1.2.3 Cryolipolysis: 

All conventional lipolysis methods including SAL, UAL, LAL, HIFU, RF and 

NIR laser irradiation are accompanied with complications like skin burns, scarring, 

edema, and fat atrophy. [16] These methodologies also require anesthesia and aspiration 

of fat to perform the surgery. Several studies have shown that adipose cells are more 

susceptible to colder temperature than any other tissues [16,17,18]. These studies indicate 

that croylipolysis provide better solution as a non-invasive lipid tissue treatment and 

more researches on subzero adipose tissue dynamics and its optical detection are 

encouraged to perform. 

 

1.1.3 TEMPERATURE DEPENDENT OPTICAL PROPERTIES 

For light related clinical applications; treatment and diagnostic imaging 

,knowledge of optical properties is critical. Light irradiates a target region and photons 

can reflect, scatter and absorb which can be quantified by absorption coefficient, 

scattering coefficient, angular distribution of scattering, and refractive index. 

Thermodynamic treatment including heating and cooling, is one of the most basic 

approaches in tissue application, thus verification of temperature dependent optical 

properties of tissue provide chemical and structural changes in respect to temperature. 

Temperature response of adipose tissue optical properties has been explored extensively 

in relation to various laser treatments, but optical properties of tissue at subzero  

temperatures has not been investigated. 
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1.2 PROJECT OBJECTIVE 

This project proposed is to design and demonstrate a tissue cooling system to 

verify cooling characteristics of adipose tissue from room temperature(22~24°C) to 

subzero temperatures (-5 ~ -7°C) and to explore the ability to detect the temperature 

changes through OCT imaging with capability to obtain cellular level change of affected 

tissue in vivo.  The results of the experiment may support quantitative heating/cooling 

related adipose treatment for monitoring tissue conditions. 

 

1.2.1 Optical coherence tomography (OCT) 

Optical coherence tomography is a non-invasive, high resolution cross-sectional 

imaging modality used in this study. OCT has been used widely in numerous clinical 

applications including dermatology, cardiovascular imaging and ophthalmology and is 

favored for its depth-resolved 2- and 3- Dimensional images with several-micron 

resolution. Compared to other imaging modalities like X-ray, Computed Tomography 

(CT), magnetic resonance imaging (MRI), functional MRI (fMRI), and ultrasound, OCT 

has higher resolution with depth ranging to 2 millimeters. High penetration depth and 

high depth resolution imaging features enable OCT used in wide range of diagnostic 

imaging application. 

OCT operates similar to ultrasound using light instead of sound. Light emitted 

from wide-broad band light source and reflected off a reference mirror placed in the 

second reference path. Scattering centers in the tissue specimen backscatter photons. 

These backscattered photons interfered with photons reflected from a reference path. 

Interference fringes are detected only for backscattered photons that have an optical path-

length matching the reference distance to within the source coherence length (2 to 

10mm). The detected interference fringe intensity is mapped to the specimen’s 
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backscattering profile vs. depth (A-scan) giving a depth ranging map of the specimen 

being imaged. The axial resolution of OCT is inversely proportional to the source 

coherence length. Increased resolution to identify cellular and subcellular level of sample 

can diagnose neoplasias [19]. 

 

1.3 THESIS OUTLINE 

Chapter I introduces the motivation and background of the study. Three targeted 

topic: lipid tissue, cyrolipolysis and temperature dependent refractive index provides the 

motivation of conducting the research to verify lipid tissue specific characteristic in 

subzero temperature by gradual cooling that is detected by high resolution OCT system 

which is capable of acquiring cellular level information of sample. 

Chapter 2 explains experimental procedure and design of heat removal cooling 

system by verifying cooling parameters to monitor heat removed from cooling procedure. 

Background science of each cooling system components was presented and performance 

of cooling system was evaluated. 

Chapter 3 represents results and analysis of the experiment. Image and data 

processing of OCT image and computation of thermally dependent refractive index 

coefficient were explained and observed phase transition of lipid tissue while cooling was 

analyzed. 

Chapter 4 discusses the obtained result compared to previous research, possible 

source of error, future work and concludes with a summary.  
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Chapter 2. Experiment Design  

 

2.1 LIPID COOLING MEASUREMENT SYSTEM 

 

2.1.1 Sample 

2.1.1.1 Adipose tissue 

  Adipose tissue is metabolically less active than other tissues. Studies [1] have 

shown that adipose tissue has the lowest thermal conductivity; skin 0.96 [W/mk], adipose 

0.19 [W/mk], and muscle 0.64 [W/mk].  Adipose tissue has fewer blood vessels and 

lower perfusion where heat loss can be due to convection [2].  Excessive localized fat 

(e.g., abdomen fat) is associated with many metabolic pathologies [3]. Adipose tissue is 

95% composed of lipids and the majority of lipids are triglyceride (or triaglycerol). 

Triglyceride forms three major polym×orphic structures; α, β, and β’ depending on 

exothermal transition point, packing density and stability [4,5,6]. In solid states, 

triglycerides are in α form, α  β form in endothermic stage from solid to liquid 

transition state, and in β form at liquid state. Polymorphic transitions of lipids were 

heavily investigated, the verification of limits of melting ranges, however, still is 

challenging due to succession of melting and solidification of different triglyceride 

groups.[7] Furthermore, phase transition of mammal adipose tissue at cooling 

environment has yet been explored compared to heating of adipose tissue.   
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2.1.1.2 Sample preparation 

Seven tissue specimens including skin and adipose were harvested from abdomen 

of seven different rodents immediately after sacrifice.  Skin samples (2 × 2 cm
2
) with 

adipose intact were cut and stored at 5°C until measurement.  All measurements were 

completed within 24 hours of animal sacrifice. Subcutaneous adipose was removed from 

the dermis just prior to measurement. Sample volumes per measurement reported in the 

experiments was minimized (1ul), so that heat distribution within a lipid tissue sample 

was uniform and temperature measured by a thermocouple in the sample holder was 

equivalent to that of the lipid tissue sample.  Adipose samples were placed in a 

temperature controlled aluminum sample holder (15 × 15 × 1.5mm
3
) within a 

1.0mm(width) × 6.35mm(length) × 1.2mm (depth) cavity.  Two cavity surfaces (side and 

bottom) allowed for efficient conduction of heat and rapid temperature control. 

 

2.1.2 Swept Source OCT system 

 

For imaging, a swept source Fourier domain OCT (SS-OCT) system was used.  

Fourier domain OCT has higher sensitivity and acquisition speed over time domain OCT 

(TD-OCT).  In this approach spatially coherent light is incident on a tissue and applied to 

measure distances by backscattering spectral interferometry. [4, 5, 6] [Fig 1] 
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Figure 1: SS-OCT system 

 

The swept-source Fourier domain OCT system is similar to time-domain OCT 

incorporating a broadband light source and a two-beam Michelson interferometer. The 

Michelson interferometer acts as a periodic frequency filter where the periodicity is a 

function of the path length difference between the sample and reference. The reference 

mirror in SS-OCT system is static and doesn’t require a CCD camera to integrate pixels 

thus reducing total data acquisition time. Instead of a point detector, swept source OCT 

sweeps the frequency of narrow band, continuous wave (CW) laser light and collects the 

time dependent interference signal. [5] Therefore, the SS-OCT system has a fixed 

reference path but sweeps a narrow-band laser source over a wide optical frequency 

range. Difference in sample and reference path lengths create variations in detected fringe 

frequency, and depth profile of sample reflectance is given by the power spectrum of the 

interference fringe intensity. [7] When optical frequency of source light is swept in time, 
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fringe response versus frequency based on offset between sample and reference arm is 

detected with a balanced detector. Different echo delays at different depths produce 

different fringe frequency modulation. The Fourier transformed signal contains a depth-

reflectivity profile from which a cross-sectional image is reconstructed.  

 

The SS-OCT system utilized in experiments reported here has a center 

wavelength of 1060nm and bandwidth of 80nm [Fig 1]. Axial resolution in air was 20um. 

The working distance in the sample path was 3 ± 0.5cm in air and depth of focus was 

5.93cm.  A single OCT data set consisted of 250 B-scans each with 256 A-scans and was 

recorded by laterally scanning the probe beam to form a two-dimensional (2D) cross-

sectional image of each adipose sample. Each A-scan consisted of 256 depth points.  

OCT data were acquired using a customized LabView
®
 software program. The OCT 

fringe amplitude was digitized and stored in a computer for processing. 

 

2.1.3. Cooling system 

2.1.3.1 Overview 

The cooling system consisted of three elements: 1) an aluminum sample holder 

with two cylindrical cavities (diameter: 2mm, depth: 1mm); 2) a Peltier thermoelectric 

(TE) cooler; and 3) an Air-Metal heat pump designed to cool a computer CPU [Fig 2][Fig 

3].  Although the aluminum sample holder contained two cylindrically shaped cavities, 

only one cavity was used for imaging adipose samples. To prevent water condensation 

while decreasing temperature of the adipose sample, a hydrophobic Tefzel
®
 film (water 

absorption, 24hrs (%) < 0.001, circular shape, D = 1.5mm, t = 0.025 mm) covered the 

adipose sample while being imaged.  Between the two cylindrical cavities, a groove (6.35 
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×1.3×1.2mm
3
) was made in the aluminum sample holder to position a thermocouple to 

measure temperature.  Sample holder temperature measured by the thermocouple was 

assumed to be equivalent to that of the adipose sample. The thermocouple was connected 

to a digital readout and sample temperature was recorded manually. The TE cooler was 

powered by a variable current source to adjust adipose sample temperature. 

 

a)  

 

b)     

Figure 2: Cooling system schematic: a) cooling and FD-OCT imaging system, b) 

top view of sample holder, Peltier cooler, and thermocouple  
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Figure 3 Experiment apparatus; cooling system (a) with sample holder (b) and 

thermocouple(c), SS-OCT system (d) 

 

2.1.3.2 Heat Pump (Peltier Thermoelectric Cooler, Heat Sink and Sample Holder) 

 

A Peltier thermoelectric cooler (15 × 15 × 3.8 mm
3
) is constructed of two ceramic 

substrates (plates) - hot and cold sides. Cold side of the cooler sinks heat from the sample 

holder (aluminum) to act as a heat pump. Between these plates, semiconductor doped 

pellets are connected electrically in series, but thermally in parallel. On the heat sink side 

is a low thermal resistance, typically less than 0.5C/W, whereas on the cooling side the 

thermal resistance is typically an order of magnitude greater. [8] 

 

a

) 

c

b

d
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To dissipate heat accumulated in the hot plate of the Peltier cooler, a CPU heat 

sink (copper, 82 (L) x 65 (W) x 37.5 (H) mm) was interfaced to the hot plate of the 

Peltier cooler.  The heat sink has eighty 0.5mm thick aluminum fins under the top plate 

that mainly transfers heat to the surrounding air. When operating voltage is restricted, one 

can control maximum Peltier current (Imax), the area of each element and the number of 

elements to obtain target power transported (Qc). Although Qc increases as Ip increases, 

the efficiency of power transport (Qc*100/Vp*Ip*n) increases and then decreases at higher 

Ip. Thus, Ip within a range of 50~70% of Imax was used to obtain satisfactory efficiency 

and power [8]. 

To evaluate Peltier cooler’s performance, the following parameters are defined: 

maximum voltage (Vm), maximum current (Im), Seeback coefficient (S), and Seeback 

voltage (Vm). [Table 1] 

 

Table 1: Parameters of Peltier Cooling System 

Im(A) Maximum current   Maximum voltage 

Qc(W) Heat removed  Seebeck voltage 

S(mV/K) Seebeck coefficient  Temp of hot side of Peltier 

R(Ώ) Electrical resistance  Temp of cold side of Peltier 

K(W/mK) Thermal conductivity  h cT T T  
 

 

Seebeck effect creates a temperature gradient between two junctions in response 

to an applied voltage difference. The Seebeck voltage (Vs) is defined as: 

 

sV S T 
      [1] 
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And measured Vs across the Peltier cell is: 

 

sV V IR 
      [2] 

 

s m mV V I R 
      [3] 

 

 

Kraftmakher et al [10] defined heat flow (Qc) through both plates as: 

 

21

2
c cQ S I T I R K T     

    [4] 

 

Differentiation of Eq (4), 

cdQ

dI gives the Im at maximum Qc 

 

c
m

ST
I

R


     [5] 

 

With Eqs. (1) and (3), the Seebeck coefficient is: 

 

m

h

V
S

T


     [6] 

 

Electrical resistance (R) of the Peltier cooler becomes: 
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m c

m h

V T
R

I T


     [7] 

 

With Eq (1), (5), (6), and (7), thermal conductivity of the Peltier cell under 

thermal equilibrium (Eq(1)=0) is derived as: 

 

2

c
m m

h

T
k V I

T T



    [8] 

 

Parameters of the Peltier cooler were taken from the manufacturer’s data sheet 

[Table 2] 

 

 

Table 2 Commercial Peltier thermoelectric cooler parameters 

 Vm(V) Im(A) dT(°C) Th(C) S(mV/K) (Ω) Qc(W) K(W/K) 

CUI Inc 

CP8513 
2.1 8.5 68 27 7.0 0.22 10 0.0202 

 

2.1.3.3 Thermocouple 

The thermocouple measures the temperature at the junction of two different metal 

wires. Connection of these wires creates a voltage when these two junctions are at 

different temperature and this conversion of temperature difference to electrical charge is 

called the Seebeck effect.[9] A thermocouple element was positioned in a channel 

between two sample chambers with same distance from bottom of sample holder or the 
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Peltier’s cold plate. Thermal grease (GC electronics, silicon (Z9)) containing zinc oxide 

filled open space in the channel to maximize sensitivity of the temperature measurement.  

 

2.1.3.4 Heat Transfer System Design 

A model of the heat transfer system was constructed to predict heat removed (Qc) 

at an applied current and a target temperature [Fig 4].  

 

 

 

Figure 4: Heat transfer system: thermal resistance of each component of heat transfer 

system is represented by an electrical circuit. 

 

Thermal resistance of each element is calculated as: 

 

L

k A
 

  

K

W

 
 
       [9] 
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Where L is thickness, k is thermal conductivity and A is an area of sample. 

Thermal conductivity values are either referenced previously or obtained through a 

manufacturer’s data sheet. [Table 3] Dimensional specifications of each element are 

given in the Appendix. 

 

 

Table 3 Thermal Conductivity of Elements 

 Sample(aluminum) Peltier cell Heat sink(copper) Thermal grease 

k 
W

cm K

 
    

200 0.0202 400 0.0027 

 

Thermal conductivity of the lipid sample is 0.19(

W

cm K ) and thermal 

conductivity of the sample holder (aluminum) is 200(

W

cm K ). Here, however, only 

thermal conduction from the sample holder was considered since the sample volume is 

less than 1ul.  Thermal junction resistance between sample holder and Peltier cooler (θsp), 

and Peltier cooler and heat sink (θph) are defined from resistance of thermal paste placed 

in the contact area between adjacent elements.  

 

Table 4 Circuit Parameters 

Thermal resistance θ Value(K/W) 

Sample (θsample) 4.44×10
-4
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Junction between sample and Peltier(θsp) 3.29 

Peltier cell (θp) 8.35 

Junction between Peltier and heat sink(θph) 3.29 

Heat sink(θhs) 2.35×10
-5

 

Heat sink web(θweb) 1.32×10
-3 

 

Tsample is 24°C and corresponds to measured room temperature. Adipose tissue 

samples were stored in a tube for over 30 minutes at room temperature to reach 

equilibrium.  From the heat transfer model, heat flux (Qc) from the cold plate is derived 

as: 

 

0c c effT T Q   
     [10] 

 

0 ( )h c p p effT T Q V I     
     [11] 

 

Effective thermal resistance, θeff is the sum of resistance from the sample to cold 

plate of the Peltier cooler: 

 

eff s sp   
      [12] 

 

Using Eqs [9] - [12] with experimentally obtained values for Tc, T0, Vp, Ip and 

calculated θeff, we can estimate Qc and temperature of the Peltier hot plate during cooling: 

 

0( )c
c

eff

T T
Q




       [13]  
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Estimated Qc for temperature window from 25 to -5.9C was calculated as 9.3939 

watt and the value was compared with Peltier cooler performance at next section. 

2.1.3.5 Performance 

Performance of the Peltier cooler was verified over 25 to -8.8°C [Fig 4] while 

performing lipid sample cooling experiment.  For each of the four adipose samples, 

sample holder temperature was measured. Applied current (Ip) was measured to compute 

electric power input into the Peltier cooling element.  
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Figure 5: Electric power (W) input to Peltier cooler vs. temperature (C) 
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The fitting in figure 5 is represented by an exponential equation: 

 

( / 1) ( / 2)1 2 0.3716x t x ty Ae A e        [13] 

 

Where y is input Peltier power and x is the target temperature. A1 = 0.8851, A2 

=0.8851, t1 = 13.1599, t2 = 13.1605. Applied current from the estimated curve (Eq (13)) 

at each target temperature was consistent over the 12 measurements. Here only sample 4, 

which was measured at constant time interval (every 50 second) was used to compare 

calculated Qc (9.39W) from 24C to -5C. Its experimentally measured sum generated 

power was 10.284(W) which gives us 91.4% efficiency of designed cooling apparatus for 

the experiments. 

 

2.2. PROCEDURE  

 

Two adipose samples were imaged at room temperature (22°C) without a Tefzel
®

 

film cover.  For the subsequent four adipose samples, the hydrophobic Tefzel
®
 was 

positioned on top of the sample holder to prevent water condensation during cooling.  

Care was taken to insure that the lower surface of the Tefzel
®
 film contacted the top 

portion of the adipose sample.  [Fig 6] 
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Figure 6: Adipose tissue in sample holder 

 

Focus of the OCT sample beam was adjusted to provide a strong reflection from 

the air-aluminum interface of the sample holder. First, a hydrophobic Tefzel
®
 film was 

placed over an empty cavity on the aluminum sample holder and OCT data was recorded 

to provide a reference location of the bottom air-aluminum surface of the cavity.  The 

Tefzel
®
 film was removed to allow placement of the adipose sample in the cavity. Next, a 

small volume (~1 ul) of adipose tissue sample was dissected from the tissue and 

immediately placed in the cavity in the aluminum sample holder. The hydrophobic 

Tefzel
®
 film was placed on top of the sample and temperature was measured. Once 

temperature of the sample reached equilibrium at room temperature (24°C), cooling was 

initiated by turning on the current supply.  Current applied to the Peltier cooler was 

increased stepwise (from 0 to 3.3A) resulting in decreased temperatures from 24 to -5°C. 

At approximately 45 second intervals, OCT sample data and corresponding temperature 

were recorded giving 7-9 OCT data sets for each sample. Each OCT data set consisted of 

250 B-scans each with 256 A-scans. Current into the Peltier cooler was reduced to zero 

when a target temperature (-5°C) was reached. After measurement, the aluminum sample 

holder was cleaned and allowed to equilibrate to room temperature. The steps above were 
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repeated for four adipose tissue samples. Data were acquired and processed to images via 

using LabView
®
 Program. Images were then processed to extract temperature dependent 

refractive index characteristic by MATLAB
®
. 
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Chapter 3. Temperature dependent refractive index measurement 

 

3.1 TEMPERATURE DEPENDENT OPTICAL PROPERTIES 

3.1.1 Review 

Measurement of tissue optical properties including refractive index, attenuation 

coefficient, scattering coefficient, and absorption coefficients can uncover the physiology 

and dynamics of tissue in one of the most efficient, fast and non-invasive ways. In 

development of imaging modalities, knowledge of optical properties of various tissue 

type aids a better imaging experience for accurate diagnosis using light based imaging 

techniques and has played important role in predicting appropriate laser dosimetry to 

prevent non-specific tissue damage in laser assisted treatments. Studies have shown that 

optical properties are temperature dependent [1,2,3,4]. Angular distribution of light 

scattered at small angles (-30~0°, 0~30°) and light intensity passed through an adipose 

tissue sample increased, while angular distribution of light scattered at wider angles (-

60~-30 and 30~60) decreased with higher temperature [5]. Also intensity of collimated 

light in adipose tissue didn’t change in temperature between 3 to 25°C but sharply 

increased in temperature between 25 and 30°C [5]. Efforts to compensate attenuation in 

OCT imaging has been made to improve image quality by verifying scattering coefficient 

[6,7]. However, use of optical properties which contain tissue information is considered 

to be a potential diagnostic approach for OCT. [8] 

 

3.1.2 Phase transition 

Adipocytes are mostly composed of triglycerides in semi-liquid form. Thereby as 

temperature changes, physical state of triglycerides varies and affects the chemical and 
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morphological properties of the cell which can be reflected through changes in optical 

properties of lipid tissue. Lipid rich tissue goes through phase transitions when 

temperature varies; melting on heating and crystallization and solidification on cooling 

due to thermodynamic properties of triglycerides. Former studies [6] have shown results 

of phase transitions during lipid heating used in various types of food treatment including 

oil, milk, and lard. Phase transition of triglycerides and cholesteryl esters within a lipid 

droplet from temperature variation was not verified either in cooling or heating treatment.  

 

3.2 IMAGE PROCESSING & VISUALIZATION 

Recorded images were processed to extract the optical information with three 

customized filterings.[Fig 7(a)] Quantitative estimation of refractive index requires a pair 

of images: 1) an empty sample holder; and 2) a sample holder with lipid tissue within 

[Fig 7(b),(c)]. Firstly, an OCT image of an empty cavity was recorded and secondly an 

adipose tissue sample was placed in the same cavity imaged to secure fixed A-scan 

position with respect to the first scan. Position of A-scans for both images thus were 

registered and optical path length of fat which is a distance between film-fat interface and 

fat-metal interface (Fig 7(c)), and physical path length, a distance between film-fat 

interface (Fig 7(c)) and air-metal (Fig 7(b)) were compared.   
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(a)  

(b)  

(c)  

 

Figure 7: OCT image pair to acquire refractive index of tissue at room temperature (a) 

intensity profile of A-scan (b) empty cavity with Tefzel
®
 film (c) cavity with 

lipid tissue and Tefzel
®
 film on top  

 

Metal Metal 

Air 

AAir 
Lipid 

Tefzel top 

Tefzel bottom 
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A software program was written to detect three boundaries: Tefzel-lipid, lipid-

metal, and air-metal (reference) which were later used in refractive index computation. 

Before locating boundaries, key information and observation used were:  

 Feature: Tefzel film and metal interfaces give the strongest light reflection 

intensity which are placed in the top third and bottom third part of the whole 

image (horizontal division).[Fig 8] 

 

 

Figure 8: Feature assignment 

 

 Adipocyte cytoplasm reflects the light (bright), contents of the lipid droplet: 

triglyceride and cholesteryl ester which are in semi-solid state absorbs light 

(dark).  

 Intensity of outlier pixel is weaker than that of tefzel film, and metal interfaces 

but can be stronger than adipocyte cytoplasm.(Icytoplasm<Ioutlier<Ifat-metal, Itefzel-fat, 

Itefzel-air, Iair-metal) 

 

A program was written to detect three boundaries based on the greatest three 

signal intensities as strong light reflection occurs at interface of different matters due to 

1
st
 section: tefzel film 

2
nd

 section: lipid tissue 

3
rd

 section: metal bottom 
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refractive index difference. Connective tissue and adipocyte cytoplasm, however, are the 

sources of strong signal reflection. Significant image deformation can occur when water 

droplets formed on top of Tefzel
®
 film that affects light propagation under the water 

droplets. 

 

Therefore, filters made are: 

1. Signal filter: Light reflections corresponding to the three highest peaks were 

located in each A scan in the OCT B-scan image with an adipose sample in the 

cavity.  Three peaks with greatest intensity were also detected from A-scans of an 

empty cavity B-scan but only one longitudinal position (air-metal interface) is 

used in refractive index calculation. Centered from each peak location, FWHM of 

signal reflected from the boundary was observed to be two to three pixels wider 

than that of outlier pixels due to stronger reflection from the interfaces. 

Differences in FWHM of reflection signal and noise intensity signals were used to 

differentiate speckle noise from the actual signal.  When applying the second 

intensity filter, A-scans with three strong intensity signals with certain widths(set 

to be 3~4 pixels wide) were rated to be good candidates for locating boundaries. 

  

2. Intensity filter: threshold pixels with intensities lower than a selected value which 

were determined in the previous section. Only pixels in an A-scan pair (empty 

cavity and sample cavity) with intensity higher than a threshold (air-metal: 200, 

Tefzel-air: 180, Tefzel-fat: 150, fat-metal: 80) were used in refractive index 

computation.  
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Figure 9:  Sample pixel control a) original image with unclear Tefzel-fat interface, b) 

inset from a) is enlarged, c) intensity gray scale d) pixel used for data 

processing with intensities over the set value (left) and disqualified pixel due 

to low signal intensity(right) 

 

3. Template filter: After intensity filter is applied, average location for each interface 

was obtained and high reflectivity pixels in second section [Fig 8] were discarded. 

 

After data filtering, two pixel locations in a sample cavity B-scan (Tefzel-fat and 

fat-metal) and one pixel location in the empty cavity B-scan (air-metal) were 

obtained.[Fig 10] Surface features of boundaries, la-t, lt-l, ll-m  were visualized with a high 

resolution texture image of the interface.[Fig 11] Process to compute refractive index 

from the data is presented in next section.  
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Figure 10: OCT cross section and en face images of three interfaces at temperature 24C 

and -7.5C. En face images were created via locating axial depth of each 

interface. Dots on b) are water droplets formed on top of tefzel film due to 

rapid cooling which affected light transfer through tefzel film at image d) 

 

a) b)  

d 

 

 

 

 

f

c) 
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d) 

3.3 DETERMINATION OF GROUP REFRACTIVE INDEX 

3.3.1 Group Refractive Index 

All acquired OCT A-scan data were transformed into B-scan image files and 

processed to estimate group refractive index (Ng) of adipose tissue at each recorded 

temperature.  A pair of OCT B-scan images of the air-filled cavity (Figure 6a) and cavity 

with adipose tissue sample (Figure 6c) was utilized to compute group refractive index 

from recorded A-scans. The air-metal interface in the empty cavity provided a reference 

location which was used with Tefzel-lipid interface to determine physical path length of 

Figure 11: a), b) En-face images of Tefzel_air interface and fat_metal interface; c), d) 3D surface 

reconstruction of a) and b) respectively 
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the adipose sample. Optical path length of the adipose sample was given by the distance 

between the Tefzel-lipid interface and lipid-metal interface. 

 

 

Figure 12:  (a) OCT B-scan image (13C°) of cavity with adipose tissue.  Hydrophobic 

Tefzel film overlies cavity in each OCT B-scan image. Dashed-line 

indicates single A-scan (170
th

) depicted in figure4b; (b) A-scan intensity 

showing Tefzel-lipid interface (It-l) and lipid-metal interface (Il-m) of cavity 

with adipose tissue.(c) OCT B-scan image (13C°) of air-filled cavity, 

dashed-line indicates a single A-scan (170
th

) depicted in figure4d;  (d) A-

scan intensity showing position of the air-metal interface (Ia-m);  
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Positions of the air-metal (Ia-m), tefzel-lipid (It_l), and lipid-metal (Il_m) interfaces 

were determined from recorded A-scans by identifying the depth corresponding to peak 

intensity in respective A-scans. The air-metal interface (la_m) was identified in B-scan 

images of the empty cavity while the Tefzel-lipid and lipid-metal interfaces were 

identified in B-scan images of the cavity containing adipose tissue. Peak intensity labeled 

in figure 6(b) corresponded to the bottom of the chamber as light reflected off on Ia-m and 

two peaks in figure 6(d) correspond to the Tefzel-lipid interface and lipid-metal interface.  

 

By locating the three peak locations in the two OCT A-scans, optical path length, 

physical path length and group refractive index of A scan (Ng_a) were estimated. [Eq. 1,2, 

and 3] 

 

Optical path length = Il-m – It-l     (1) 

 

Physical path length = Ia-m – It-l    (2) 

 

_

Optical path length
Group refractive index(N ) = 

Physical path length
g a    (3) 

 

Eighty to a hundred Ng-a’s within one B-scan were computed and averaged to 

produce a mean refractive index of B-scan (Ng-b). Eighty of 250 B-scans which cover the 

central 80% of the sample holder were used in data processing, and eighty Ng-b were 

averaged to give Ng of the sample [Eq. 4, 5]. 
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3.3.2 Weighted data processing 

Group refractive indices from the previous section were processed with two data 

weighting schemes: light intensity and number of A-scans used in computation. Noise 

pixels in OCT images were not filtered other than ones removed by feature and intensity 

filters. To prevent misreading of the boundary location in each A-scan, processed group 

refractive index values were weighted by signal intensities of each pixel. Based on 

observation, signal intensity of outlier pixels; image pixel deformed by water droplet due 

to rapid cooling was found to be lower than that of boundaries. Thus refractive index 

computed from OCT images with higher signal intensity was weighted more and 

refractive index determined from low signal intensity B-scans were weighted less 

comparatively by this method. Weighted mean refractive index of each A-scan and 

standard deviation are presented below: [Eq 6 and 7] 
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k is the total number of A-scans in Jth B-scan 

 

   (7) 

 

Where ni is refractive index of ith A-scan, wi is the weight given by multiplication 

of four intensities over each intensity limit (intensity minimum of air_tefzel, intensity 

minimum of tefzel_lipid, intensity minimum of lipid_metal, and intensity minimum of 

air_metal). Intensity of signal works as credible indicator for evaluating pixels. Low 

intensity limits give large number of A-scans but with high standard deviation. Whereas 

higher intensity limits gives relatively less number of A-scans but with lower standard 

deviation, which confirms stronger intensity signals. Intensity limits were set 

appropriately in consideration of trade off in number of A-scans and accuracy.   

 

Representative refractive index values of a specific data set were then weighted 

by number of A-scans with verified refractive indices to mirror the statistical difference 

in each individual data. Mean refractive index of jth B-scan with higher number of A-

scans were weighted more than B-scan refractive index with fewer number of A-scans. 

(Eq 8) 
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l = total number of B scan 

3.3.3 Temperature dependent refractive index 

Weighted group refractive indices were obtained from four samples (temperature 

vs. refractive index) for 28 measurements [Fig 7]. Profiles of each measurement are listed 

below. [Table 5]  

 

 

 

All measurements were started from room temperature 22~24C to -5~10C while 

performing continuous cooling. Polynomial approximation was made for data from 24C 

to -10C by least square approximation [Eq 9].  

 

Table 5: Sample profile 
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~
21 2f B B t B t           [9] 

 

From the Eq [9], temperature dependent refractive index coefficient of lipid tissue 

can be calculated: 

 
~

( )d f

dt

t
 

      [10] 

 

= B1+2 2B t        [11] 

 

Note that temperature dependent refractive index coefficient is an integral 

property of mainly thermal contraction coefficient in terms of temperature and 

crystallization coefficient of adipocyte. Temperature dependent refractive index 

coefficient () is also varied by initial conditions like temperature and ratio of solid and 

liquid fat in the subject.[13] 

 

 

3.3.4 Result and analysis 

Three polynomial fits to the group refractive index vs. temperature data were 

made: before and after the 5°C and overall cooling temperature range. [Fig 7] Exothermic 

transition temperature at 5°C was chosen after several iterations of fitting approximation. 

Data and fittings (f(x-5), f(x<5), f(x>5)) are plotted at +5C shifted axis. 
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Figure 13: Variation of group refractive index with temperature decrease from 24°C to -

10°C (solid), 5 to -10°C (left dashed line), 5 to 25°C(right dashed line)  

 

Polynomial fitting equations and temperature dependent refractive index 

coefficient for all temperature ranges, less than 5C, higher than 5C are represented below. 

[Eqs. 12 - 17] By comparing linear and quadratic factors, B and B1, refractive index data 

for temperature below 5C and over 5C suggests change in group refractive index may be 

due to a phase change in lipid tissue.  
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Overall temperature range (-17 – 20°C): 

 
~

5 2( 5) 1.4916 0.0017( 5) 3.7123 10 ( 5)f T T T         [12] 

 

57.4( 5) 0.0017 10 ( 5)246T T           [13] 

 

Temperature range below 5C: 

 
~

5 2(T<5)=1.4983 0.0011( 5) 8.8194 10 ( 5)f T T        [14] 

 

517.6(T<5 388)= 0.0011 10 ( 5)T         [15] 

 

 

Temperature range over 5C: 

 
~

4 6 2( >5)=1.4913 8.4415 10 ( 5) 7.4815 10 ( 5)f T T T         [16] 

 

4 6( >5)= 8.4415 1 15.620 10 ( 5)90T T          [17] 

 

 

 

 

 

 

 



 46 

3.4 References 

1. Gourgouliatos Z. F. : Behavior of Optical Properties of Tissue as a 

function of Temperature, M.S. Thesis, University of Texas, Austin, Texas, 1986. 

2. Spears JR, James LM, Leonard BM, Sinclair IN, Jenkins RD. Motamedi 

M, and Sinofsky E, 'Plaque-Media Rewelding With Reversible Optical Property Changes 

During Receptive CW Nd:YAG Laser Exposure ", Lasers in Surgery and Medicine, 

8:477-485, 1988. 

3. Jacques SL, Gaeeni MO, "Thermally induced changes in optical 

properties," Proceedings of 11th International Conference of IEEE Engineering in 

Medicine and Biology Conference, Seattle, Washington Nov. 9-12, 1989. 

4. Agah R, Pearce A, and Welch AJ: "Quantitative Characterization of 

Arterial Tissue Thermal Damage," Seventh Annual Meeting of the American Society for 

laser Surgery and Medicine, April 10-12, 1987, San Francisco. 

5. A.V.Belikov, C.V. Prikhodko, O.A. Smolyankaya, “Study of thermo-

induced changes resulted in optical properties of fat tissue”, Proc. of Spie, Vol. 5066,  pp. 

207-212, 2003 

6. G.J. Tearney, S.A. Boppart, B.E. Bouma, M.E. Brezinski, N.J. Weissman 

7. Lars Thrane et al., “Extraction of optical scattering parameters and 

attenuation compensation in optical coherencetomography images of multilayered tissue 

structures,” Optics Letters 29, no. 14 (July 15, 2004): 1641-1643 

8. Wolfgang Drexler, Optical Coherence Tomography: Technology and 

Applications (Springer, 2008).   



 47 

9. J.F. Southern, J.G. Fujimoto, Opt. Lett. 21, 543 (1996)Leo M.L. Nollet, 

Handbook of food analysis: Methods and instruments in applied food analysis (CRC 

Press, 2004).   

10. Viktor N Bagratashvili et al., “Structural changes in connective tissues 

caused by a moderate laser heating,” Quantum Electronics 32, no. 10 (10, 2002): 913-

916. 

11. M Le Meste, G Cornily, and D Simatos, “Temperature-induced phase 

change in a fat. A study by electron spin resonance,” Lipids 20, no. 5 (May 1985): 296-

302.   

12. Barbara H Stuart et al., “Characterization of the triacylglycerol crystal 

formation in adipose tissue during a vehicle collision,” Journal of Forensic Sciences 52, 

no. 4 (July 2007): 938-942.   

13. Yoed Rabin and Joseph Plitz, “Thermal expansion of blood vessels and 

muscle specimens permeated with DMSO, DP6, and VS55 at cryogenic temperatures,” 

Annals of Biomedical Engineering 33, no. 9 (September 2005): 1213-1228.   

 

 

 

 

 

 

 

 

 

 



 48 

Chapter 4. Discussion and Conclusion 

 

4.1 DISCUSSION 

 

Thermo-induced changes in optical properties of adipose tissue were investigated. 

Research is motivated by many related interests for lipolysis. Compared to other optical 

properties, little research has been done on refractive index of adipose tissue. Tearney et 

al [1] proposed refractive index measurement of several types of tissues in two methods; 

1) measuring optical and physical path length for mesenteric adipose tissue and 2) non-

invasive OCT focus tracking for human skin. Acquired refractive index of mesenteric 

adipose tissue was 1.4676 ± 0.008. Refractive index of rodent subcutaneous adipose 

tissue at room temperature 24°C from this study was 1.4766±0.006. Through the cooling 

of adipose tissue, one to three phase transitions were detected by differentiating refractive 

indices in between temperatures for individual samples [Fig 8]. 
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Figure 8: Figure 8: Differential refractive index vs. temperature of four adipose samples 

studied 

 

As observed in the shaded window superimposed on the Figure 8, first exothermic 

transition occurs at a temperature between 2.5~12.5°C (3~4°C for sample 1’, 2’ and 

11~12°C for sample 3’,4’). For composite analysis with all data collected, 5°C was 

chosen to be exothermal transition temperature of rodent subcutaneous lipid tissue in this 

study [Fig 7]. Therefore, further studies should include qualitative analysis of lipid 
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sample to be used in the experiment, including solid/liquid fat ratio, plasticity, and mass 

to verify relationship between lipid tissue with 1) phase transition and 2) refractive index 

variation. Heat removed (Qc) by the cooling system and phase transition versus time, and 

role of refractive index as an indicator of changes should be explored. Temperature 

monitoring via real-time OCT imaging would be implemented after these issues are 

addressed. 

Visualization of texture analysis of interfaces became available through OCT 

imaging with accurate interface detection [Fig 5]. This analysis can enable observation of 

changes in texture not only on the surface but also at subsurface interfaces. 

The cooling system utilized in the study provided a stabilized performance with 

heat removed nearly equal to predicted values. Utilizing lipid tissue specific features with 

high resolution OCT imaging system, one should further explore temperature dependent 

refractive index of lipid tissue without locating subsurface boundaries. Boundary 

detection in refractive index measurement only can be applied invasively in static mode. 

But by locating each adjacent adipocyte cytoplasm group, one can possibly measure 

refractive index non-invasively even in dynamic movement of sample.  

  

4.2 CONCLUSION 

 

Lipolysis of lipid tissue by varying temperature has extensive applications. Lipid 

tissue plays an important role in human physiology constituting many different organs 

and tissues in the matter of adipocyte contents amount and types. And thermo-varying 

approach to excite tissue triggers gradual changes in relatively safe and non-invasive 

ways. 
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This study was designed and performed to address three things. 1) To verify 

temperature dependent refractive index coefficient of lipid tissue, 2) to demonstrate real-

time heat removed monitoring by engineering cooling system, 3) to achieve quantitative 

and qualitative data processing by fully realizing OCT images.  Experiments were 

performed to obtain refractive indices of rodent subcutaneous fat while cooling sample 

from temperature between 25C to -10C. Cooling system consists of Peltier thermo-

electric cooler and heat sink, thermocouple that measures the temperature of sample 

holder and sample are designed and cooling parameters of the system was verified and 

evaluated. OCT imaging system recorded the data during cooling procedure of lipid 

sample from room temperature down to -10°C. Data were later processed to produce 250 

B-scans, and each B-scan contains 256 A-scans for each four samples measured. Image 

filters to detect interface location were designed for rapid processing of data with high 

accuracy and each interface was visualized to observe texture changes with temperature 

variation. Observed refractive index of rodent subcutaneous adipose tissue increased 

from 1.4766± 0.0055 at room temperature 24°C to 1.514± 0.0277 at -11°C. Exothermal 

phase transition was observed for four samples at 5°C, and polynomial approximations 

were made for data below and after 5°C and for overall temperature. Finally by 

differentiating polynomial approximation, temperature dependent refractive index 

coefficient β was obtained. 
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