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Optical excitation of a sample produces photothermal effects such as a 

temperature rise, pressure change, refractive index change, and thermoelastic 

displacement due to absorption of laser radiation in a short pulse or continuous 

train of pulses. Change of optical path length in tissue in response to pulsed laser 

irradiation is a photothermal response associated with refractive index change. The 

detection of laser induced optical path length change may provide useful 

information for diagnostic biomedical applications such as imaging and sensing. 

Detection of optical path length change in response to pulsed laser irradiation is 

associated with a relative strain or stress change. DP-OCT can measure change of 

relative optical path length between light backscattered from two spatially 
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separated sites. Dye and Superparamagnetic iron oxide nanoparticles (SPION) 

solutions were used in basic studies to investigate optical path length change in 

response to pulsed laser irradiation. DP-OCT detection of thermoelastic surface 

displacement and thermal wave radiometric imaging (TWRI) of arteries of SPION-

injected hyperlipidemic rabbits were conducted to detect atherosclerotic plaques. 

Studies using both DP-OCT and TWRI showed that pulsed laser irradiation of 

nanoparicles can improve detection capability of atherosclerotic plaque. Analytical 

solutions for DP-OCT experiments and TWRI were developed to investigate 

optical path length change in response to pulsed laser irradiation. Homogeneous 

planar absorbers and point heat sources in an elastic medium were assumed for dye 

solutions and SPION in a rabbit artery, respectively. Refractive index change and 

thermal expansion coefficient of dye solutions were obtained by correlating 

measured optical path length and temperature increase using the developed 

analytical solution. Measured thermoelastic surface displacements of rabbit arteries 

in response to pulsed laser irradiation were consistent with the derived analytical 

solution. Laser spot size, penetration depth, and nanoparticle distribution 

determined the rate of thermoelastic surface displacement and decay during and 

after laser irradiation respectively. In addition, magnitude and phase difference 

between plaque and background for TWRI was examined using a derived analytical 

solution. Thermoelastic surface displacement of neural tissue in response to pulsed 

Ho:YAG laser irradiation was measured by DP-OCT. Thermoelastic displacement 

does not account for optical stimulation of neural tissue.  
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Chapter 1 : Introduction 

1.1. Motivation 

Change of optical path length in tissue in response to pulsed laser 

irradiation results from refractive index change [1] and thermoelastic expansion [2]. 

Refractive index of tissue provides useful information about structure and 

physiological function. The detection of small changes in refractive index due to 

temperature change has been studied [3, 4]. The detection of laser-induced optical 

path length change may aid diagnostics of tissue health [5] in biomedical 

applications such as imaging and sensing [6]. 

Photothermal (PT) response is generated by heating a sample due to 

absorption of electromagnetic radiation in a short pulse or continuous train of laser 

pulses [7, 8]. Optical excitation of a sample produces PT effects such as 

temperature rise, pressure change [7], refractive index changes, and thermoelastic 

displacement [8]. Monitoring of PT response requires sensitive detection methods 

[7]. Several PT techniques, such as laser calorimetry, photoacoustic detection and 

pulsed photothermal radiometry, have been reported. However, existing 

photothermal techniques are limited and may not provide non-invasive optical 

detection of the photothermal response. 

Optical Coherence Tomography (OCT) was introduced as a non-invasive 

optical interferometric technique to record a cross-sectional image of subsurface 

tissue structure with micrometer-scale resolution [9]. Conventional OCT has been 
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used as a promising diagnostic modality for imaging a variety of tissues [10] and 

detecting tissue structures [11]. However, photothermal response requires a relative 

strain or stress change measurement related to light absorption in specific tissue 

chromophores [12]. The detection of laser-induced thermoelastic displacement 

requires measurement of relative displacement between two points in a sample. Use 

of conventional OCT to measure the relative displacement due to thermoelastic 

expansion is difficult because the fringe amplitude is insensitive to relative 

displacement.  

Differential phase optical coherence tomography (DP-OCT) is suggested in 

this study to overcome limitations of conventional OCT. DP-OCT is “a 

birefringent-fiber-based dual channel low-coherence Michelson interferometer that 

is capable of differential phase measurement between light backscattered from two 

spatially separated sites in a sample” [13]. Advantages of DP-OCT are high phase 

sensitivity (as low as 10-3 radians) [14] and a high SNR due to common phase noise 

rejection [13].  

 

1.2. Specific goals 

Goal of this research is the development and demonstration of a non-invasive 

optical technique to determine optical path length change in tissue in response to 

pulsed laser irradiation by phase sensitive optical coherence tomography.  

To achieve this goal, analytical solutions that describe optical path length 

change in response to pulsed laser irradiation of tissue were developed. Optical 
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path length change is a function of temperature increase. The change of optical path 

length in response to pulsed laser irradiation in tissue can be divided into refractive 

index change and thermoelastic expansion. A basic analytical solution to optical 

path length change in a transparent dye solution was developed. The analytical 

solution was composed of optical path length changes due to refractive index 

change with temperature and thermoelastic expansion. A planar geometry with 

homogeneous chromophores in a dye solution was assumed for the analytical 

solution. DP-OCT measured optical path length changes in a dye solution. The 

changes of refractive index and a linear thermoelastic coefficient with temperature 

were obtained from the measured optical path length change using the developed 

analytical solution. 

Superparamagnetic iron oxide nanoparticles (SPION) were used to 

demonstrate application of the non-invasive DP-OCT optical technique. SPION 

acted as an absorber of incident pulsed laser irradiation. Absorption spectra of 

SPION were measured by a spectrophotometer to select wavelength of pulsed 

laser irradiation. Temperature increase of a SPION solution in response to 532 nm 

pulsed laser irradiation was measured.  

Monocrystalline iron oxide nanoparticles (MION) were injected into 

Watanabe heritable hyperlipidemic (WHHL) rabbits. Temperature increase and 

thermoelastic surface displacement of the WHHL rabbit arteries in response to 

532 nm pulsed laser irradiation were measured. Thermal wave as well as 

temperature increase from pulsed laser irradiation was recorded. A thermal wave 
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image was constructed by correlating IR images and pulsed laser intensity. 

Thermal wave images were used to image nanoparticles, SPION, in laser 

irradiated rabbit artery specimens. Feasibility of using SPION to detect 

macrophages in atherosclerotic plaques in the WHHL arteries was evaluated. In 

addition, an analytical solution giving thermal wave magnitude and phase from a 

point heat source in tissue was developed. The tissue was assumed to have a 

homogeneous distribution of background absorbers and the relative signal strength 

between a point heat source and a homogeneous distribution of background 

absorbers was investigated in terms of laser modulation frequency by the 

developed analytical solution. 

The thermoelastic surface displacement of MION-injected WHHL rabbit 

arteries in response to pulsed laser irradiation was measured by DP-OCT. An 

analytical solution was developed for thermoelastic displacement due to pulsed 

laser irradiation of a point heat source in an elastic medium. Point heat sources 

were assumed to be distributed randomly within a heated volume. The combined 

effect of distributed point heat sources on total thermoelastic displacement was 

computed by superposition of the displacement due to each point heat source. The 

measured surface displacement in terms of optical path length change was 

compared to that predicted by the analytical solution.  
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1.3. Dissertation overview 

After the introduction, Chapter 2 presents measurement of optical path 

length change of dye (Brilliant Blue) solutions following pulsed laser irradiation 

(585 nm) using DP-OCT. DP-OCT was introduced to measure optical path length 

changes of Brilliant Blue dye solutions in response to the 585 nm pulsed laser 

irradiation. An analytical equation that includes thermoelastic surface displacement 

and thermorefractive index change was derived to predict optical path length 

change in response to pulsed laser irradiation for both “Confined Surface” and 

“Free Surface” model systems. The derived equation was tested by comparing 

predicted values with data recorded from experiments using the two model systems. 

Thermorefractive index change and thermal expansion coefficient was deduced 

from differential phase change ( d φ∆ ) and temperature increase ( 0T∆ ) 

measurements. The measured n(T0)β(T0) + dn/dT (= 1.74·10-4 ± 1.7·10-6 [1/K]) in 

the “Free Surface” experiment matches with the NIST data value (= 1.77·10-4 

[1/K]). Exclusion of lateral thermal expansion in the analytical model for the 

“Confined Surface” experiment may explain difference between the measured 

dn/dT (= -2.3·10-4 ± 7.3·10-6 [1/K]) and the NIST value (= -9.45·10-5 [1/K]). In spite 

of the difference in the “Confined Surface” experiment, results of our studies 

indicate DP-OCT can detect dynamic optical path length change in response to 

pulsed laser irradiation with high sensitivity and application to tissue diagnostics 

may be possible. 
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In Chapter 3, photothermal response of superparamagnetic iron oxide 

nanoparticles (SPION: SPIO and MION) were investigated to explore a new 

biomedical application of the SPION. Measured absorbance spectra of both SPION 

show absorption at 532 nm and resulted in selective temperature increase in 

response to pulsed 532 nm laser irradiation. As a further study of the photothermal 

application of SPION, thermal wave radiometric imaging (TWRI) of Watanabe 

heritable hyperlipidemic (WHHL) rabbit arteries was performed in response to 

modulated laser irradiation. Thermal wave phase demonstrated MION presence by 

a difference of 0.1 ± 0.08 [deg] over background phase values. In addition, 

analytical solutions for TWRI were derived and validated the experimental results. 

In conclusion, the thermal wave imaging using SPION photothermal responses, 

such as laser energy absorption, resulting temperature increase and thermal wave 

generation, can be investigated for biomedical imaging of vulnerable plaques. 

In Chapter 4, a novel non-invasive optical method to detect atherosclerotic 

plaques of WHHL rabbit arteries by DP-OCT is introduced. Thermoelastic normal 

surface displacement of WHHL rabbit arteries in response to pulsed 532 nm laser 

irradiation was measured by DP-OCT. The WHHL rabbits were injected by MION 

for the measurement and saline was injected for WHHL rabbits as a control. Since 

MION is very small and can be taken up by macrophages in atherosclerotic 

plaques, an analytical solution for thermoelastic displacement due to pulsed laser 

irradiation of point heat sources in an elastic medium was developed. The 

developed analytical solution described the measured surface displacement due to 
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heating of MION particles in the WHHL rabbit arteries. In the analysis, point heat 

sources were distributed randomly within a heated volume as expected with MION. 

The combined effect of distributed point heat sources on total displacement at an 

observation point was obtained by the superposition of the displacement due to 

each point heat source. The measured surface displacement in terms of optical path 

length change was compared to that computed from the analytical solution.  

Chapter 5 presents the detection of thermoelastic surface displacement of a 

neural tissue in response to pulsed Ho:YAG laser (λ = 2.1 µm) irradiation. 

Electrical stimulus has been used for a nerve stimulus [15]. However, the electrical 

stimulation of nerve is limited by direct damage from electrodes and difficulty of 

signal analysis due to multiple axon recruitment by the electrodes [16]. Optical 

stimulus by a pulsed Ho:YAG laser with low radiant exposure below a damage 

threshold was introduced to overcome the limitations of electrical stimulation [17]. 

Although neural response to electrical stimulus and opto-mechanical changes of 

nerve have been observed using optical methods [18, 19], optical detection of 

thermoelastic surface displacement in response to pulsed laser irradiation has not 

been reported. Differential phase optical coherence tomography (DP-OCT) was 

used to detect thermoelastic surface displacement in nerves in response to pulsed 

Ho:YAG laser (λ = 2.1 µm) irradiation. Sciatic nerves from Sprague-Dawley rats 

were used for DP-OCT measurement. The thermoelastic surface displacement of 

the rodent nerve bundle were characterized and reported. 
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Chapter 2 : Optical Path Length Change of Dye Solutions in 

response to Pulsed Laser Irradiation Using Differential Phase 

Optical Coherence Tomography 

2.1. Introduction Equation Chapter 2 Section 1 

Photothermal (PT) response is generated by heating of a sample due to 

absorption of electromagnetic radiation in a short pulse or continuous train of 

pulses [1]. Absorption of pulsed laser radiation in a sample generates PT effects 

including a temperature increase, refractive index change, and thermoelastic 

surface displacement [1]. Detection of PT effects and associated signal processing 

have been applied in many areas including photoacoustic spectroscopy, 

nondestructive evaluation and thermal property determination [2]. 

The detection of laser-induced optical path length change, as a photothermal 

effect, may aid tissue diagnostics in biomedical applications such as imaging [3] 

and sensing [4]. Optical path length changes in tissue in response to absorption of 

pulsed laser light result from refractive index change [5]. Thermal expansion as 

well as refractive index change results in a transient optical path length variation in 

laser-heated tissue [5]. Spatial variation of refractive index is a fundamental optical 

property of tissue and can provide useful and critical information about structure 

and physiological function.  
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Because water and protein are primary constituents of all living systems, the 

relevant optical and thermal properties are of interest in investigating optical effects 

in tissue.  Fortunately, national and international standards organizations have 

invested substantial resources in characterizing the thermophysical properties of 

water.  For proteins, substantially less data is available relating to refractive index 

and variation with temperature and pressure.  The dependence of water refractive 

index on temperature has been measured [6-8] and a formulation for the refractive 

index of water in the temperature range of -10 to 500 oC was published over the 

wavelength range of 0.2 to 2.5 µm [8]. The formulation was based on data collected 

by Thormählen et al.[9]. Most published data relates to refractive index of water in 

the visible wavelength range. Direct measurement of water refractive index in the 

near infrared (NIR) is complicated by thermal effects induced by absorption of the 

probing radiation [6]. For refractive index change in the IR, studies using 

interferometers, including Fabry-Perot, Mach-Zehnder configurations, have 

produced the most accurate data [7]. Richerzhagen used a single Michelson 

interferometer to measure refractive index of liquid water. In these experiments, 

water in a thermally isolated cell is maintained at a constant temperature by 

external circulation which allows direct refractive index measurement without 

knowledge of thermal expansion [7]. Water refractive index was measured by 

displacing a mirror positioned inside the water cell [7]. For thermal expansion 

measurement, Takenaka and Masui measured thermal expansion of pure water by 

the dilatometric method in a temperature range from 0 to 85 oC [10]. However, the 



 12

dilatometer requires a mercury bulb which is connected to the water cell covered by 

a thermostat. Therefore, a non-invasive optical interferometric technique to 

measure both refractive index change and thermal expansion with higher sensitivity 

may be useful.  

Optical Coherence Tomography (OCT) was introduced as a technique to 

record a cross-sectional image of subsurface tissue structure with micron-scale 

resolution [11]. Conventional OCT has been used as a promising diagnostic 

modality for imaging a variety of tissues and detecting tissue structures [12, 13]. 

However, photothermal response requires a relative strain or stress change 

measurement related to light absorption by specific tissue chromophores. 

Correspondingly, detection of laser-induced thermoelastic displacement requires 

measurement of relative displacement between two points in a sample to deduce 

optical path length change due to thermal expansion [14].  

Differential phase optical coherence tomography (DP-OCT) is introduced in 

this study to measure the optical path length changes resulting from absorption of 

pulsed laser radiation. DP-OCT is a birefringent-fiber-based dual channel low-

coherence Michelson interferometer that is capable of differential phase 

measurement between light backscattered from two spatially separated sites in a 

sample [15].  Advantages of DP-OCT are phase sensitivity as low as 10-3 radians 

[16] and a high SNR due to common phase noise rejection [15]. Tissue response to 

thermal, electrical, or chemical stimuli have been detected by DP-OCT. Electro-

kinetic response of cartilage [3, 17] has been measured and the optical path length 
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change due to chemical concentration change were studied for various analytes [4]. 

DP-OCT is capable of measuring relative phase change with laser irradiation to 

detect laser-induced optical path length change. The tissue response of 

atherosclerotic artery [3] and a human hair in an epoxy phantom [14] in response to 

laser irradiation has been investigated. Despite these studies, a quantitative 

investigation of optical path length change and the relative mechanisms using DP-

OCT has not been completed. In this study, quantitative laser-induced optical path 

length change is investigated by accounting for variation induced by refractive 

index change and thermal expansion.  

 

2.2. Materials and methods 

2.2.1. Theory 

Optical path length (δ ) in a sample is the spatial-integral of refractive index with 

respect to position along a path perpendicular to the wavefront. Before laser 

irradiation, the refractive index of a sample without external mechanical or thermal 

stress is assumed to be homogeneous and optical path length (δ ) can be written as 

a product of refractive index and sample thickness under isothermal conditions [5].  

 

( )
( )

( ) ( ) ( ) ( )( )2

1
0 2 0 1 0( )

z T

z T
T n T dz n T z T z Tδ = = × −∫            (2.1) 
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where ( )0n T is sample refractive index at initial temperature ( 0T ), ( )1 0z T  and 

( )2 0z T  are front and back surface locations in the sample, respectively. 

 When laser radiation is absorbed in a translucent sample, the temperature 

profile in the sample can be approximated by the Beer-Lambert law.  

 

0( ) exp( )aT z T zµ∆ = ∆ −                        (2.2) 

 

where aµ  is absorption coefficient of the material at the laser wavelength and 

0T∆  is the temperature increase at the surface.  

 

Below an analytical model is developed that requires several assumptions: 

1. Constant values of thermal expansion coefficient ( β ) and refractive 

index (n) are assumed as in a homogeneous material.  

2. The sample temperature distribution before laser heating is isothermal 

( oT T= ). 

3. Laser pulse duration ( pτ ) is shorter than thermal diffusion time 

according to the thermal confinement condition [18].  

As temperature increases, refractive index and thermal expansion 

coefficient of water change linearly over the temperature range of interest (= 293-

303 K) [6, 10].  
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( ) ( ) ( ) ( )0 0, ( ) ( )dn dn T n T T z T T T z
dT dT

ββ β= + ∆ = + ∆        (2.3) 

 

Thermoelastic surface deformation results from internal acoustic stress 

induced by laser heating. Sample deformation is given by a thermoelastic wave 

equation [19-21] 

 

2
2

2 ( ) ( )
2(1 ) 2(1 )(1 2 ) 3(1 2 )

u E E Eu u T
t v v v v

βρ ∂ −
− ∇ − ∇ ∇ ⋅ = ∇ ∆

∂ + + − −
   (2.4) 

 

where u  is displacement, E is a Young’s modulus, v  is Possion’s ratio (= 0.5 

for water) and β  is a volumetric thermal expansion coefficient.  

 

A quasi-steady state equilibrium occurs after the transient acoustic stress 

has passed, and remains until thermal diffusion occurs [19]. Therefore, the first 

term in the thermoelastic wave equation can be ignored. Additionally, displacement 

only in depth (z) is taken into consideration assuming the sample is homogeneous 

and radial thermal gradient is small [20] consistent with assumption 3. 

 

2

2 ( )
2(1 ) 2(1 )(1 2 ) 3(1 2 )

z zE u E u E T
v z v v z z v z

β∂ ∂ ∂ − ∂⎛ ⎞− − = ∆⎜ ⎟+ ∂ + − ∂ ∂ − ∂⎝ ⎠
    (2.5) 
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Integrating each side of the equation with respect to depth (z), the 

thermoelastic displacement ( zu ) within the heated sample is 

 

2

1

(1 )
3(1 )

z

z z

vu Tdz
v

β +
= ∆

− ∫                       (2.6) 

This equation describes a general thermoelastic displacement without 

considering boundary conditions and a thermoelastic displacement from traction 

free surface condition will be addressed in Equation 4.16. 

Laser-induced optical path length change ( δ ) including the 

thermorefractive (dn/dT) and the thermoelastic contributions ( ( ) ( )0 0n T Tβ⋅ ) are: 

 

( )
( ) ( )

( ) ( )2 2 0 2 0

1 1 0 1 0

( )

( )
( ) ( , ) ,s s

s s

z T z T z T

z T z T z T
T n T z dz n T z dzδ

+ ∆

+ ∆
= =∫ ∫       (2.7) 
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∫

∫
  (2.8) 

where ( )01sz T∆ and ( )02sz T∆  are displacement of the front and back surface 

locations in response to laser irradiation. 
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The first integral represents the thermorefractive contribution while the 

second integral represents optical path length change by thermal expansion. When 

temperature increase ( T∆ ) in the sample is given by the Beer-Lambert law, an 

analytical expression for the laser-induced optical path length change may be 

written,  

( ) ( ) ( ) ( )( )

( ) ( ) ( ) ( )( ) ( )( )

( ) ( ) ( )
( )( ) ( )( )

( )
( )( ) ( )( )

0 2 0 1 0

2 0 1 0
0 0 0

2 0 1 0 2
0 0 0

2 0 1 0 3
0

0 1 0

exp exp1
3 1

exp 2 exp 21
3 1 2

exp 3 exp 31
3 1 3

s s

a s a s

a

a s a s

a

a s a s

a

T n T z T z T

z T z Tdnn T T T
dT

z T z Td dnn T T T
dT dT

z T z Tdn d T
dT dT

C C T C

δ

µ µν β
ν µ

µ µβ νβ
ν µ

µ µν β
ν µ

⎡= −⎣
− − −⎛ ⎞+

+ + ∆⎜ ⎟− −⎝ ⎠
− − −+⎛ ⎞+ + ∆⎜ ⎟ − −⎝ ⎠

⎤− − −+
+ ∆ ⎥

− − ⎥⎦

= + ⋅ ∆ + 2 3
2 0 3 0T C T⋅ ∆ + ⋅ ∆

(2.9) 

 

where 0C , 1C , 2C  and 3C  are constant, linear, quadratic and cubic temperature 

dependence terms in optical path length change due to laser heating and given 

explicitly in Equation (2.9).. 

 

2.2.2. Differential phase optical coherence tomography system 

The differential phase optical coherence tomography (DP-OCT) system 

used in this study is a polarization maintaining (PM) fiber-based Michelson 

interferometer and has been previously described [3, 4, 14-17, 20].  DP-OCT is 
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capable of measuring an optical path length difference between back-scattered light 

from two spatially separated sites in a sample.  

 

Figure 2.1 Differential Phase sensitive optical coherence tomography (DP-OCT) 

system with a flash-lamp pumped excitation laser (LS), lens (L), rapid scanning 

optical delay (RSOD) line, grating (G), detector (D), Wollaston prisms (W), and 

sample (S).  

 

Partially polarized light in a single spatial mode is emitted from an optical 

semiconductor amplifier (AFC Technologies, λo = 1.31 µm and FWHM of ∆λ = 60 

nm) and delivered into the DP-OCT system through polarization-maintaining (PM) 

fiber [15]. The partially polarized incident light is depolarized and decorrelated into 

two independent linearly polarized modes by the PM fiber [16]. A Lithium Niobate 

(LiNbO3) electro-optic waveguide phase modulator projects out components of the 
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two depolarized modes along a single axis. The rapid scanning optical delay 

(RSOD) line [22] compensates material and waveguide dispersion introduced by 

the LiNbO3 phase modulator. Interference is formed in a 2 x 2 PM coupler when 

optical path lengths of back-scattered light from reference and sample arms are 

equal [16]. Detected light intensity in horizontal (H) and vertical (V) channels 

formed by interference between the sample (s) and reference (r) paths is given by, 

 

( ) 2 2 *
, , , ,( ) ( ) 2 Re ( ) ( )H H r H s H H r H s H HI t t t tτ τ τ= Ε + Ε − + Ε Ε −     (2.10) 

 

( ) 2 2 *
, , , ,( ) ( ) 2 Re ( ) ( )V V r V s V V r V s V VI t t t tτ τ τ= Ε + Ε − + Ε Ε −       (2.11) 

 

where E in the first and second terms are electric field amplitudes from the 

reference (r) and sample (s) and τ is the relative time delay. Here τH,V  are the time-

delays introduced in horizontal and vertical channels by a birefringent calcite prism 

pair in the sample arm of the DP-OCT system. The birefringent calcite prism 

allows a user-selectable time delay (τΗ − τV) between horizontal and vertical 

channels. Interference fringe signals from front and back surfaces of a sample are 

obtained by adjusting τΗ − τV introduced by the calcite prism pair. 

 

 



 20

2.2.3. Sample preparation 

A 25 µM dye solution (Brilliant Blue, Sigma-Aldrich Co. St. Louis, MO) 

was used as a sample in this study. The dye has peak absorbance at 585 nm 

wavelength was placed in a glass container to measure the laser-induced optical 

path length change between the air-solution and solution-glass interfaces. A 

transparent plastic cover was positioned over the glass container and used to 

diminish phase variations induced by evaporation of the dye solution. The optical 

and physical thickness of the dye solution between the air-solution and solution-

glass interfaces was 1.61 mm and 1.22 mm, respectively. The optical thickness of 

the dye-solution was measured by DP-OCT. Because the air-solution interface was 

free to move, experiments involving this model are referred to as “Free Surface”. 

 

 

Figure 2.2 Sample configuration. (A) dye solution confined in a glass chamber; (B) 

dye solution with one surface exposed to air. 
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The optical path length variation due to thermo-refractive change (dn/dT) is 

measured using another model system. For this experiment, the dye solution is 

placed between two glass surfaces. The top glass surface was loaded with weights 

to prevent movement resulting from longitudinal thermal expansion of the dye 

solution. In addition, the dye solution was allowed to expand laterally to minimize 

longitudinal movement of the top glass surface.  Since DP-OCT measures 

longitudinal optical path length change, contributions due to longitudinal thermal 

expansion of the confined dye solution are eliminated in this model system. The 

optical and physical thicknesses of the dye solution were 0.88 mm and 0.67 mm, 

respectively. Because the glass-solution interfaces were fixed, experiments 

involving this model are referred to as “Confined Surface”. 

Absorbance of the dye solution was measured by a spectrometer (DU 7400, 

Beckman) with a 1 cm path length sample holder. The absorbance (A) was 

measured 20 times and found to be 0.7197 ±  0.0016. The optical absorption 

coefficient (µa) was calculated from the absorbance (A) as 

 

( ) 2.3026 (585 )585a
A nmnm
L

µ ⋅
=                 (2.12) 

 

where L is physical thickness of the dye solution. As a result, the measured 

absorption coefficient of the dye solution at 585 nm wavelength was 0.165 (mm-1). 
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2.2.4. Signal processing for differential phase calculation  

A phase-invariant bandpass type II Chebyshev filter is used to de-noise 

fringe signals and a Hilbert transform is used to calculate phase. The phase change 

is unwrapped to avoid phase jumps and differential phase (∆φ = φ2 - φ1) is obtained 

by subtracting two channel phases [16]. Schematic of the signal processing is 

shown in Figure 2.3. 

 

 

Figure 2.3 Signal processing scheme for differential phase calculation. 
 

The optical path length change ( ( )Tδ ) determined from differential phase 

change ( d φ∆ ) is calculated by: 

( ) 0

4
T dλδ φ

π
= ∆                        (2.13) 
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where 0λ  is center wavelength of the DP-OCT source 

 

2.2.5. Laser irradiation and temperature increase measurement 

A flash-lamp pumped pulsed dye laser (SPTL-1, Candela Corporation, MA) 

was used to irradiate the dye solution at a range of energies. Determination of 

temperature increase at the surface of the dye solution is required to compare 

measured optical path length changes with predicted values using thermophysical 

properties of water.   

For a range of temperature increases, laser irradiance with different laser 

energies is required. Reflected laser intensity from a cover slip, positioned in the 

sample arm of the DP-OCT system, was detected by a photoreceiver (Model 1623, 

NEW FOCUS) during the laser pulse (pulse duration: 400-500µs). Simultaneously, 

laser energy at the surface of the dye solution was measured by an energy-meter 

(EPM 2000, Molectron).  

The laser intensity was integrated with respect to time and the time-

dependent pulsed laser energy with different powers was measured. A conversion 

ratio (κ ) from the integrated laser intensity to pulsed laser energy was determined 

to calculate temperature change in the dye solution (Equation 2.14).  
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Figure 2.4 The schematic of laser-induced surface temperature change 

measurement. 

 

Furthermore, the mirror reflectivity and angle of incident light on the dye 

solution were measured. Fresnel reflection (R) from the glass and plastic covers 

were measured, for “Confined Surface” and “Free Surface” experiments, 

respectively. 

The laser energy irradiating the sample was calculated by the product of the 

measured laser energy and the net transmission coefficient ( netT ). The net 

transmission coefficient of the laser energy is the product of mirror reflectivity 

( mirrorR ) and the Fresnel transmission coefficient (1-R). The temperature increase 

( 0T∆ ) at the surface of the dye solution was calculated as: 

 

0
0

( )a

p

I t dt Area
T

C

τ
µ α

ρ

⋅ ⋅
∆ =

⋅
∫                   (2.14) 
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where aµ is the measured absorption coefficient of the dye solution, α ( netTκ= ⋅ ) 

is a net conversion ratio which is a product of the conversion ratio (κ ) and the net 

transmission coefficient ( netT ), Area is a spot area (=16.6 mm2, Diameter = ~4.5 

mm), ρ is density and Cp is heat capacity at constant pressure. 

 

2.3. Results  

2.3.1. Laser-induced temperature increase  

The measured laser intensities for both “Confined Surface” and “Free 

Surface” cases use 400-500 µs pulse durations, which is shorter than thermal 

diffusion time (= 11.5 s), and increase linearly with higher laser energy (Figure. 

2.5). The conversion ratio (κ , mJ/V-s) between the intensity integral and laser 

energy is 8491[ ]mJ V s− . Computed net transmission coefficients are; 

 

( )
( )

,

,

1 0.684

1 0.66
net confine mirror glass

net free mirror plastic solution

T R R

T R T R

= ⋅ − =

= ⋅ ⋅ − =        (2.15) 

 

where ,net confineT  and ,net freeT  are net transmissions for “Confined Surface” and 

“Free Surface” experiments, respectively.  
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(A) Laser Intensity (“Confined Surface”) 

 

(B) Laser Intensity (“Free Surface”) 

Figure 2.5 Detected laser intensity for surface temperature increase measurement 

(A): Measured laser intensities for the “Confined Surface”, (B): Laser intensities 

for the “Free Surface” case. 
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Moreover, mirrorR (= 0.74) is mirror reflectivity, glassR (= 0.076) and solutionR  

(= 0.023) are Fresnel reflection coefficients [23] from the glass lid and the dye 

solution, respectively and plasticT (= 0.913) is measured transmission through the 

plastic cover. The net transmission is included in the conversion ratio to obtain 

irradiance at the surface of the dye solution. The net conversion ratio (α ) for 

“Confined” and “Free Surface” experiments are 5808 [ ]mJ V s−  and 5604 

[ ]mJ V s− , respectively.  

 

2.3.2. Differential phase change 

The measured differential phase changes for “Free Surface” and “Confined 

Surface” experiments are shown in Figure 2.6. For the “Confined Surface” 

experiment, the thermorefractive change governed the measured differential phase 

change. In the “Free Surface” experiment, the thermoelastic and thermorefractive 

changes contributed to the differential phase change. The corresponding optical 

path length decreases for the “Confined Surface” case and the optical path length 

for the “Free Surface” case increases in response to laser irradiation.  
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(A) Confined Surface 

 

(B) Free Surface 

Figure 2.6 Differential phase change during a pulse duration for “Confined 

Surface” case (A) and “Free Surface” case (B). Averaged pulsed laser energy is 

shown in legend. 
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Larger differential phase changes were detected in response to greater 

absorbed laser energy in the dye solution. The differential phase decreases for the 

“Confined Surface” case and increases in the “Free Surface” case. The differential 

phase increase due to thermal expansion is stronger (2 times) than that due to water 

refractive index decrease (Figure 2.6).  

 

2.4. Discussion 

The optical path length change due to thermorefractive change and 

thermoelastic surface displacement of a dye solution in response to pulsed laser 

heating was investigated by correlating detected differential phase change ( d φ∆ ) 

and temperature increase ( 0T∆ ). Values for dn/dT and n(T0)β(T0) + dn/dT, for 

“Confined Surface” and “Free Surface” experiments, respectively, were obtained 

using the curve-fitted linear temperature dependence term ( 1C ) in Equation (2.9).  

A linear differential phase decrease observed in the “Confined Surface” 

experiment (Figure 2.7) is due to refractive index decrease of water in the dye 

solution.  
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Figure 2.7 Differential phase change due to temperature increase in the “Confined 

Surface” case. 

 

The measured dn/dT is -2.3·10-4 ± 7.3·10-6 [1/K]. The only available data 

to validate our result is the temperature-dependent water refractive index estimated 

by National Institute of Standards and Technology (NIST) formulation that gives 

dn/dT (= -9.45·10-5 [1/K]) at 1.31 µm at constant atmospheric pressure (= 0.1 MPa) 

from 20 to 30 oC. The measured dn/dT is about two times greater than the NIST 

value. Difference between the values is believed to be due to lateral thermal 
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expansion of the dye solution which is not properly accounted for in our one-

dimensional model. The lateral thermal expansion decreased the density and 

resulted in a lower dn/dT value than that given by NIST data. In addition, the 

geometry (Figure 2.2) does not hold constant pressure during pulsed laser 

irradiation. A different kind of cell that provides constant pressure is required.  A 

"Constrained Surface" experiment with a larger spot diameter and a cell that 

restricts volumetric expansion at constant pressure that better matches the one-

dimensional model will provide a measured dn/dT closer to the NIST value. 

 The differential phase change in the “Free Surface” experiment shows a 

cubic dependence on temperature increase due to both thermal expansion and 

refractive index change (Figure 2.8). The n(T0)β(T0) + dn/dT was obtained by a 

curve fit to differential phase change data. The measured n(T0)β(T0) + dn/dT 

(=1.74·10-4 ± 1.7·10-6 [1/K]) closely matches the NIST value (= 1.77·10-4 [1/K]).  
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Figure 2.8 Differential phase change due to temperature increase in the “Free 

Surface” case.  

 

 We have derived an analytical equation that includes thermoelastic surface 

displacement and thermorefractive index change that predicts optical path length 

change in response to pulsed laser irradiation for both confined and free surface 

model systems. Validity of the derived equation was tested by completing 

experiments using free and confined surface model systems. Results of the 

experiments allowed us to deduce values for the thermorefractive index change and 

thermal expansion coefficient with comparison to published data (NIST). 

Difference in measured value of dn/dT with that given by NIST may be due to 

lateral thermal expansion of the heated dye solution that is not accounted for in the 
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one-dimensional model. A higher power laser that gives a larger spot size is 

necessary to test DP-OCT data within the context of the one-dimensional model 

presented here. In addition, a beam profile is required to be considered in case of 

Gaussian beam profile. Since DP-OCT can detect dynamic optical path length 

change in response to pulsed laser irradiation with high sensitivity, application to 

tissue diagnostics may be possible. 

Quantitative interpretation of optical pathlength changes in tissue in 

response to pulsed laser irradiation, however, will require knowledge of changes 

resulting from thermoelastic and thermorefractive changes of specific tissue 

constituents. Because tissues consist principally of water and proteins, results 

reported here are expected to have value in understanding the response of protein-

water composite systems such as tissue. Application of DP-OCT to tissues will 

require additional studies that investigate the thermoelastic and thermorefractive 

responses of proteins. In addition, effect of water-protein interfaces on the 

thermoelastic and thermorefractive response will require further study for 

quantitative application of DP-OCT to tissues. Experiments to investigate the 

thermoelastic and thermorefractive response of protein-water systems are underway 

in our laboratory and will be reported in the future. 
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Chapter 3 : Detection of Vulnerable Plaque by Thermal Wave 

Imaging in response to Pulsed Laser Irradiation of MION-laden 

Rabbit Artery 

3.1. Introduction Equation Chapter 3 Section 1 

Atherosclerosis is a coronary artery disease that represents a hardening of 

arteries [1], variation in temperature [2], and a chronic buildup of plaque [3]. A 

resulting narrowing of blood flow and reduced blood supply to heart tissue can lead 

to a myocardial infarction [4]. Coronary angiography has been a major modality of 

recognizing atherosclerosis for 40 years [5]. However, due to the lack of correlation 

between luminal narrowing and vulnerable plaque rupture, detection of vulnerable 

plaques, featuring a large lipid core and a thin fibrous cap [6], requires information 

about cellular composition.  

Detection of inflammation in atherosclerotic plaques by MRI using 

superparamagnetic iron oxide nanoparticles (SPION) has been a topic of great 

interest [3, 4, 7]. Intravenously injected SPION are taken up by inflammatory cells 

(macrophages) of major phagocytic systems, such as liver, spleen, bone marrow 

and lymph nodes [6, 7]. SPION can be categorized in terms of particle size as SPIO 

(superparamagnetic iron oxides nanoparticles, > 50 nm) and USPIO (ultrasmall 

superparamagnetic iron oxides nanoparticles, < 50 nm) [8]. SPIO have been used 

for imaging of liver, spleen and the gastro-intestinal tract [8]. However, USPIO has 
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been used as blood pool agents due to a longer half-life in blood [8]. USPIO with a 

size as small as low-density lipoproteins (LDLs) can be used to detect endothelial 

leakage and/or inflammatory response of vulnerable plaque.  

Absorption of incident pulsed laser energy by nanoparticles, act as discrete 

point heat sources, generate photothermal (PT) responses such as temperature 

increase, refractive index change and thermoelastic expansion [9, 10]. Furthermore, 

short pulse laser irradiation of nanoparticles can result in a rapid temperature rise 

and micro bubble formation [9] that may be utilized therapeutically to kill 

surrounding malignant cells [11]. Detection of temperature increase and optical 

path length change in response to pulsed laser irradiation of SPION may improve 

detection and treatment efficacy for biomedical applications.  

Moreover, temperature heterogeneity in human coronary atherosclerotic 

plaques, an interesting characteristic of inflammation in atherosclerotic plaque, has 

been observed using a thermography catheter in several researches [2, 12, 13]. The 

temperature heterogeneity in plaques was found to be correlated to vulnerable 

plaques which have high density of macrophages [14]. Since USPIO and MION 

accumulate in macrophages of vulnerable plaques, non-invasive pulsed laser 

irradiation of MION was studied to enhance sensitivity in detection. Amplified 

temperature heterogeneity in response to selective pulsed laser irradiation was 

hypothesized and optical path length change was detected by differential phase 

optical coherence tomography (DP-OCT).  
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The objective of this study is to evaluate the temperature increase of SPION 

solutions and, thermal wave imaging of Watanabe heritable hyperlipidemic 

(WHHL) rabbit arteries for detection of vulnerable atherosclerotic plaques in 

response to pulsed laser irradiation.  

 

3.2. Thermal Wave Generation of Nanoparticles Embedded in an Elastic 

Medium  

An expression for one-dimensional thermal wave signals in response to 

modulated laser irradiation in a test material is derived. In our analysis we assume 

that the test material is composed of plain heat sources in a superficial layer, and 

background heat sources with a temperature increase that decays exponentially in 

depth (z) (Figure 3.1). SPION were regarded as plain heat sources in a superficial 

layer and homogeneous distribution of SPION was assumed. An insulating 

boundary condition (Q(heat flux) = -kd∆T/dz = 0 ) at surface (z = 0) in a semi-

infinite half-space was also assumed. Heat loss due to free convection at the air-

material boundary was neglected. Thermal Green’s function with insulating 

boundary condition (GdT/dz=0) is 

( ) ( ) ( ) ( )2 2

0
1, , exp

42
o o

dT dz o o

z z z z
G G z z t G z z t

DtDtπ=

⎛ ⎞− + +
⎜ ⎟= − + + = −
⎜ ⎟
⎝ ⎠

 (3.1) 
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Here zo is depth of a superficial plane heat source, D is thermal diffusivity, and t is 

time. One-dimensional initial temperature distribution (∆T(z, t)) of a test material at 

a specific depth (z) and time (t) is written using the Green’s function. 

 

( ) ( )2 2

0

1( , ) ( , 0) exp
42

o o
o o

z z z z
T z t T z t dz

DtDtπ
∞ ⎛ ⎞− + +

⎜ ⎟∆ = ∆ = −
⎜ ⎟
⎝ ⎠

∫      (3.2) 

 

Instantaneous PPTR signal ( )S t∆ in response to laser irradiation is 

determined by integrating ( , 0)T z t∆ =  along depth (z).  

_ 0
( ) ( , ) exp( )d a IR aS t C T z t z dzµ µ

∞
∆ = ∆ −∫                (3.3) 

where µa_IR is an infrared absorption coefficient, aµ  is an absorption coefficient of 

a sample and Cd is a normalized proportionality constant of an infrared camera.  

 

Initial temperature distribution ( , 0)oT z t∆ =  in response to laser 

irradiation can be expressed by superposition of temperature increases due to two 

different kinds of heat sources: (1) nanometer-size point heat sources (SPION) 

uniformly distributed in a superficial layer. (2) background heat sources in bulk of 

the test material.  
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Figure 3.1 Geometry for analysis of a thermal wave problem where ( )S t∆  is a 

magnitude of pulsed photothermal radiometry (PPTR) signal.  

 

A constant temperature ( ( ) _, 0np np oT z t T∆ = = ∆ ) distribution was assumed 

for a superficial nanoparticle area and an exponentially decayed initial temperature 

distribution ( ( ) _ _, 0 exp( )BK BK o a BKT z t T zµ∆ = = ∆ − ) was assumed for a background 

where _a BKµ  is an absorption coefficient of a background (BK).  

_np oT∆  can be expressed as a function of nanoparticle concentration ( npC , 

number of particles/volume). 

_
_

_ _

a np np np
np o

np p np np p np

C
T

C C
µ σ

ρ ρ
Φ Φ

∆ = =                  (3,4) 
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where _a npµ  is an absorption coefficient, Φ  is energy, _p npC  is heat capacity 

and npρ is density of nanoparticles, respectively. 

 

By completion of the integral in Equation 3.3 using a Green’s function 

(Equation 3.1) for insulating boundary condition, 

( ) ( ) ( )
( ) ( )

_ 2

0

exp
( ) ( ,0)exp

2 exp
ad a IR

a
a

z erfc uC
S t T z Dt dz

z erfc u

µµ
µ

µ
∞ +

−

⎧ ⎫⎪ ⎪∆ = ∆ ⎨ ⎬
− −⎪ ⎪⎩ ⎭

∫    (3.5) 

where ( )efrc u±  is a complementary error function where u± .is 

_ 2a IR Dt z Dtµ ±  and Cd is a proportionality constant determined by the 

infrared detection system 

 

Laplace transformation of ( )S t∆  produces an analytical expression for the 

thermal wave signal ( ( ), 2S s s j fπ∆ = ). _np oT∆  (Equation 3.4) is considered for 

( ,0)T z∆  and a corresponding thermal wave signal is,  

 

( )
_

__

( ) sinh *d a IR np np
np

np p npa IR

C CD sS s z
s C Ds Ds

µ σ
ρµ

⎛ ⎞Φ
∆ = ⎜ ⎟⎜ ⎟+ ⎝ ⎠

        (3.6) 

where z* is the thickness of a nanoparticle (np) layer. 

 

Thermal wave from the background (BK),  
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  ( )
_ _ _

2
__

( ) d a IR BK o a BK
BK

a BKa IR

C T
S s

s Ds Ds

µ µ
µµ

∆
∆ =

−+
                (3.7) 

where _a BKµ is optical absorption coefficient of the background at the laser 

radiation wavelength. 

 
  

The total thermal wave signal is a sum of each contribution. 

 
( ) ( ) ( )total SF BKS s S s S s∆ = ∆ + ∆  

( )2 2 2( ) ( ) ( ) 2 Re ( ) ( ) *total SF BK SF BKS s S s S s S s S s∆ = ∆ + ∆ + ∆ ⋅ ∆    (3.8) 

( ) ( )( ) ( ) ( )total SF BKS s S s S s∠ ∆ = ∠ ∆ + ∆              (3.9) 

 
3.3. Materials and Methods 

3.3.1. Superparamagentic iron oxide nanoparticles 

Superparamagnetic iron oxide nanoparticles (SPION) consist of a small (< 

10 nm) [15] iron oxide core coated with silicon or dextran [8]. Iron oxide cores are 

water soluble and both magnetite (Fe3O4) and maghemite (γ-Fe2O3) have been used 

as a core material [8]. FERIDEX (AMI-25, ENDOREM®) was used as SPIO in this 

study. FERIDEX is composed of a 5 nm iron oxide core [8] and nanoparticle size is 

150 nm including a dextran coating [8]. Concentrations of SPIO solutions in our 

studies were 1.4, 2.8, 5.6 and 11.2 mg/mL. Mono crystalline iron oxide 
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nanoparticles (MION) [16] were used as an USPIO in this study. MION is a 

superparamagnetic intravascular contrast agent with an average core size of 4 - 7 

nm and has a 30 nm diameter including the dextran coating [8]. Concentration of 

MION in our studies was 11.34 mg/mL. Core diameter ( < 10 nm) of SPIO and 

MION are less than the size of a single magnetic domain (15 nm for Fe [17]) and 

thus both nanoparticles are superparamagnetic [18, 19]. 

 

3.3.2. Absorbance measurements 

Absorption spectra for SPIO and MION from 400 nm to 700 nm 

wavelengths were measured by a spectrophotometer (Varian Cary 5E UV-Vis-NIR 

Spectrophotometer). For each measurement, 5 µL of a stock solution was mixed 

with 4 mL of water and placed in a 1-cm path length cuvette. Water absorbance 

was used as a baseline. Absorbance per particle for each nanoparticle solution was 

obtained by normalizing measured absorbance by the solution concentration 

(number of nanoparticles / 5 µL solution volume). Number of nanoparticles in the 

solution volume was calculated by Equation 3.10.  

s s
p

pc

C VN
Vρ
⋅

=
⋅

                        (3.10) 

where Np is number of nanoparticles in a nanoparticle solution, Cs is solution 

concentration (mg/mL), Vpc is a particle core volume, Vs is a solution volume and ρ 

is density of an iron oxide core. 
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3.3.3. Temperature measurements 

3.3.3.1. Iron oxide nanoparticle solutions 

10 µL SPIO and MION solutions were placed on a plastic petri dish. 532 

nm pulsed laser light (Fluence rate = 141.5 W/cm2, power: 400 mW, pulse 

duration: 100 ms, spot diameter = 600 µm) irradiated each droplet (diameter = 2.5 

mm and thickness = 2 mm) of SPIO and MION solutions. Temperature increase in 

response to pulsed laser heating was measured by an infrared focal plane array (IR-

FPA) camera (Phoenix model, Indigo Systems, Santa Barbara, CA). The IR-FPA 

camera imaged a 1.5 X 1.5 cm2 area with 60 µm/pixel spatial resolution. IR 

emission from laser-heated iron oxide nanoparticle solutions was converted to 

temperature increase assuming a unit emissivity. Temperature increase of each 

nanoparticle solution was normalized by nanoparticle concentration (number of 

nanoparticles / 10µL solution volume). 

 

3.3.3.2. Watanabe heritable hyperlipidemic (WHHL) rabbit artery 

Twenty pulses of 532 nm laser light (Fluence rate = 1.9-5.7 W/cm2, power: 

300-400 mW, pulse duration: 50 ms, spot diameter: 3-4.5 mm) irradiated WHHL 

rabbit arteries (inner surface of artery wall) during 2 seconds with 10 Hz 

modulation frequency. Temperature change in response to laser irradiation was 

measured by an infrared focal plane array (IR-FPA) camera (Phoenix model, 

Indigo Systems, Santa Barbara, CA). The IR emission from the irradiated area (7-
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16 mm2) was imaged (Area: 1.5 X 1.5 cm2) with a spatial resolution of 60 µm per 

pixel. Calibration of IR emission was conducted to obtain temperature change 

assuming a unit emissivity of the rabbit arteries. Maximum temperature increase 

within the irradiated artery surface was measured. MION (2.96 cc)-injected WHHL 

rabbit arteries were compared with control WHHL rabbit arteries in terms of 

maximum temperature increase during 2-second modulated laser irradiation.  

 

3.3.4. Thermal wave radiometric imaging  

MION in macrophages of WHHL rabbit arteries were examined by thermal 

wave imaging. Thermal wave radiometric imaging used modulated laser 

irradiation. The modulation frequency (fm) of 532 nm laser light was determined by 

computing a characteristic thermal-wave attenuation distance (LD). A 10 Hz 

modulation frequency corresponded to LD (60 µm). 

2m
D

f
L
χ

π
=                        (3.11) 

where  fm is laser modulation frequency,  χ is thermal diffusivity (0.11 mm2/s) of 

the tissue.   

A large area visible photoreceiver (New Focus, Model 2032) detected 

modulated laser intensity. A sinusoidal signal in-phase with the detected laser 

intensity was generated using a low pass filter. The sinusoidal signal was Hilbert 

transformed and quadrature reference signals (real and imaginary) were generated. 

The reference signals were used to compute amplitude and phase for thermal wave 
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imaging. An IR focal plane array (FPA) camera (Pheonix model, Indigo Systems, 

Santa Barbara, CA) recorded IR images (256 X 256 pixels, 1.5 X 1.5 cm2, 60 

µm/pixel) at 100 frames per second (FPS) from the irradiated rabbit artery. An 

individual image was low pass filtered by a 2-D convolution with a 3 X 3 pixels 

rectangular image block to increase a signal-to-noise ratio by removing a shot noise 

and repeated for all recorded image frames. The filtered sequential array of 

modulated IR emission intensity at each pixel was multiplied by the real or 

imaginary quadrature reference signals and averaged in time. Finally, the real and 

imaginary values of the processed IR emission at each pixel were obtained for 

thermal wave imaging. Magnitude and phase at each pixel were calculated and the 

thermal wave image was constructed. 

 

3.4. Results 

3.4.1. Absorption measurements  

Measured absorbance of SPIO and MION nanoparticle solutions were 

normalized by nanoparticle concentration (numbers of nanoparticles/5µL). 

Numbers of nanoparticles calculated by Equation 3.10 were 170 1012 for both SPIO 

and MION solutions. Absorbance spectra of SPIO and MION showed highest 

absorption at 400 nm and decreased monotonically through visible wavelengths up 

to 700 nm (Figure 3.2). In comparison to MION, SPIO showed higher absorbance 

within the wavelength range of interest. 
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Figure 3.2 Normalized absorbance of superparamagnetic iron oxide nanoparticles 
in water solutions.  
 

3.4.2. Temperature measurements 

3.4.2.1. Iron oxide nanoparticle solutions 

SPIO and USPIO have absorption at 532 nm and produce temperature 

increase in response to pulsed laser irradiation. Since laser pulse duration (100 ms) 

was much longer than thermal relaxation time of an individual nanoparticle (τρ = 

d2/32D = 0.535 ps, d(diameter): 5 nm, D(thermal diffusivity) = 1.46 mm2/s), 

temperature rise due to light absorption rapidly diffuses from heated nanoparticles 

[9].  



 48

The higher temperature increase observed in SPIO over MION solutions 

might be due to: (1) longer thermal relaxation time in SPIO because of lower 

thermal diffusivity possibly related to a thicker dextran coating or (2) higher 

absorbance of SPIO over MION or possibly some combination to the two. 

High temperature increase, which is sufficient for therapeutic biomedical 

applications, may be obtained by adjusting pulsed laser parameters (laser power, 

pulse duration and fluence rate) and nanoparticle concentration. Determination of 

nanoparticle concentration and measurement of thermal diffusivity of nanoparticle 

solutions are required for development of therapeutic biomedical applications [11].  

 

 

Figure 3.3 Thermal wave images of SPIO (Top) and MION (Bottom) solutions 

(core sizes = 5 nm [8]). I: Before laser irradiation, II: Onset of laser pulse (Fluence 

rate = 142 W/cm2, power: 400 mW, pulse duration: 100 ms, spot diameter = 600 

µm), III: End of laser pulse. IV: Enlarged images of III with pseudo-colored 
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intensity. The faint white linear feature in each figure was the delivery optical fiber. 

The scale bar indicates 1 mm. 

 

Radial and longitudinal thermal relaxation times for the nanoparticle 

solutions were 200 ms (Spot diameter: 600 µm) and 230 ms (penetration depth: 100 

µm), respectively. Pulse duration (100 ms) was shorter than relevant thermal 

relaxation times and allowed temperature to increase during pulsed laser irradiation 

without excessive diffusion. In Figure 3.3, IR images showed laser-induced heating 

of SPIO and MION solutions during laser irradiation.  Enlarged images with 

pseudo-colored intensities indicate that the temperature increase of SPIO (71 °C) 

was greater than that for MION (44 °C). IR emission intensity measured by the 

infrared camera was calibrated to temperature in a separate measurement using a 

thermocouple in contact with a black body.   

Measured temperature increase of SPIO and MION nanoparticle solutions 

were normalized by nanoparticle concentration (number of particle/10 µL) of each 

solution. Normalized temperature increase for SPIO showed a 3 times higher value 

compared to MION.  
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Figure 3.4 Normalized (by a number of nanoparticles in a 10 µL solution) laser-

induced temperature increase of nanoparticle solutions. Each nanoparticle solution 

was irradiated by a 532 nm laser light (Fluence rate = 142 W/cm2, power: 400 mW, 

pulse duration: 100 ms, spot diameter = 600 µm). 

 

3.4.2.2. Temperature increase of WHHL rabbit arteries in response to 532 nm 

pulsed laser irradiation 

Temperature increase of WHHL rabbit arteries were measured from both a 

MION-injected and control rabbit. MION-injected rabbit arteries showed higher 

temperature increase than that in control rabbit arteries. In Figure 3.5, the 

temperature increase (19 oC) of a MION-injected rabbit artery in response to 2-
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second pulsed laser irradiation (Repetition rate = 10 Hz) was much higher than the 

temperature increase (3 oC) of a control rabbit artery.   
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Figure 3.5 Effect of MION on ∆T of WHHL rabbit in response to modulated laser 

irradiation (wavelength: 532 nm, fluence rate: 1.89-5.66 W/cm2, power: 300-400 

mW, pulse duration: 50 ms and spot diameter: 3-4.5 mm). (A): Temperature 

increase of a WHHL rabbit with intravenously injected MION, (B): Temperature 

increase of a control WHHL rabbit. The dotted line shows normalized reference 

signal of modulated laser irradiation.  

 

Maximum temperature increase of MION-injected WHHL rabbit arteries 

and control WHHL rabbit artery were measured by calibrating IR intensity to 

temperature within irradiated area. The average of maximum temperatures of 

MION and control rabbits (n = 9) was calculated. The average maximum 
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temperature increase of MION-injected rabbit arteries was 5.99 ± 5.4 oC while 

that of control rabbit arteries was 4.18 ± 1.29 oC. The higher temperature increase 

may be due to additional heating due to absorption of laser energy by MION. 

However, temperature did not provide a statistically significant difference between 

MION and control rabbits due to low p values (p = 0.25).  

 
Figure 3.6 Comparison of maximum temperature increase between control and 

MION-injected WHHL rabbits (n = 9) in response to 2-second laser irradiation 

(wavelength: 532 nm, power: 300-400 mW, pulse duration: 50 ms, spot diameter: 

3-4.5 mm, modulation frequency: 10 Hz). 
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3.4.3. Thermal wave radiometric imaging 

Thermal wave magnitude image allowed observation of the heated zone, 

four metal pins, and fiber tip. In comparison to the control artery, magnitude of a 

WHHL rabbit artery that was injected by MION showed higher temperature 

increase within irradiated area. However the thermal wave magnitude image was 

not able to show spatial magnitude variation within the radiated area to indicate 

location of MION probably due to heat diffusion from the nanoparticles. 

Magnitude is closely related to temperature increase and limited to distinguish 

statistically MION from background (p = 0.25). 

 

Figure 3.7 Normalized magnitude (A and B) and phase (B and D) images of 

thermal wave from a WHHL rabbit arteries, injected with MION (A and C) and 

saline (B and D). 
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The thermal wave phase image was more sensitive to indicate spatial 

variation within the radiated area than magnitude images. The dark areas in WHHL 

rabbit artery phase images corresponded to bright areas in magnitude images 

(Figure 3.7). Dark discrete dots in the phase image may indicate location of heated 

MION nanoparticles in WHHL rabbit artery. 

 

3.5. Discussion 

3.5.1. Absorption measurements  

Turro et al [20] observed a broad absorption spectrum of iron oxide 

nanoparticles, with a maghemite (γ-Fe2O3) core, that extended from the UV to 

around 700 nm. Bulk maghemite has a band gap of around 2 eV (620 nm). The 

absorption spectra of SPIO and MION used in this study also showed a broad band 

of absorption between 400 to 700 nm. An absorption peak near 480 nm super-

posed on broad absorption bands in the visible range for both SPIO and MION 

absorption spectra is due to indirect bandgap or phonon-assisted electron transitions 

[18]. Other metal oxide nanoparticles, such as TiO2 and ZnO, have been reported to 

exhibit broad and extended absorption spectra [21, 22]. 

Higher absorbance of SPIO compared to MION (after normalization) is 

thought to be due to scattering from dextran. Measurement of dextran attenuation 

(absorption and scattering spectra) as a control is required to better compare and 

interpret SPIO and MION absorbance data. In addition, dependence of the 
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attenuation coefficient of dextran coated iron oxide on thickness of the dextran 

coating is also required. 

 

3.5.2. Temperature measurements 

The higher temperature increase observed in SPIO over MION nanoparticle 

solutions might be due to: (1) longer thermal relaxation time in SPIO because of 

lower thermal diffusivity possibly related to the dextran coating or (2) higher 

absorbance of SPIO over MION. 

High temperature increases of more than 100 °C, sufficient for therapeutic 

biomedical applications, may be obtained in both SPIO and MION nanoparticle 

solutions by adjusting pulsed laser parameters (laser power, pulse duration and 

fluence rate) and nanoparticle concentration. Determination of the nanoparticle 

concentrations that can be delivered to specific tissues will require further studies 

involving animal models.  In addition, measurement of thermal diffusivity of 

nanoparticle solutions is required to determine pulsed laser duration to match 

thermal relaxation time in accordance with the principle of selective 

photothermolysis [11].  

A WHHL rabbit develops atherosclerotic plaques in the inner layers of the 

artery wall [7]. As MION were intravenously injected to WHHL rabbit arteries, the 

uptake of MION by macrophages was expected considering reports of USPIO 

uptake by WHHL rabbit macrophages [7]. MION are as small as USPIO and can be 

infiltrated into the rabbit artery wall. When a pulsed 532 nm laser irradiated the 
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surface of MION-injected WHHL rabbit arteries, absorbance of MION at 532 nm 

resulted in a higher temperature increase than control WHHL rabbit arteries. In 

addition, the higher standard deviation of the temperature increase of MION-

injected rabbit arteries indicated a discrete MION presence within heated area. The 

results also indicated that the amount of MION within the irradiated area was 

different and was probably dependent on the number of macrophages in each rabbit 

artery.  

Temperature heterogeneity in human coronary atherosclerotic plaques, an 

interesting characteristic of inflammation, has been observed using a thermography 

catheter in several researches [2, 12, 13]. The temperature heterogeneity in plaques 

was found to be related to vulnerable plaques which have high density of 

macrophages [14]. Macrophages may have absorption at 532 nm wavelength and 

caused the temperature increase for control WHHL rabbit arteries (see Appendix 

A.4). Hemoglobin and residual hemoglobin staining of artery wall can contribute to 

the background signal due to strong absorption of hemoglobin in 400 to 600 nm. 

Ideal wavelength of pulsed laser irradiation is near infrared (NIR) wavelengths 

(800-1300 nm) to avoid competing chromophores such as water and hemoglobin. 
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3.5.3. Thermal wave radiometric imaging: comparison of experiments and 

theory 

Analytical solutions for magnitude and phase of a thermal wave were 

derived (Equations 3.8 and 3.9). Measured thermal wave is a sum of thermal waves 

from nanoparticles and background absorbers. The effect of nanoparticle 

concentration on magnitude and phase of a total thermal wave was investigated by 

the derived analytical solutions. In analytical solutions, the surface temperature 

increase of a nanoparticle layer was varied in comparison to that of background 

absorbers. The ratio (=∆To-np/∆To-BK) between nanoparticle and background 

surface temperature increase was varied from 0.01 to 0.15 (0.01, 0.05, 0.1 and 

0.15). At a specific modulation frequency of pulsed laser irradiation, as surface 

temperature of a nanoparticle layer increases, magnitude of a total thermal wave 

increases, however, phase decreases.  

Phase of the thermal wave image was more sensitive to change in 

nanoparticle concentration than magnitude as shown in Figure 3.8 and decreased 

quickly as concentration of nanoparticles (∆To-np) increased. The dark dots in 

thermal wave phase image for a MION-injected rabbit artery (Figure 3.7) can be 

explained by a lower phase with higher nanoparticle concentration in Figure 3.8.  
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Figure 3.8 Magnitude and phase (‘Ang’ in Figure) of thermal wave (∆S(s)): µa _Bk 

= 18 [1/mm], µa _IR = 50 [1/mm], ∆To-np = 0.01, 0.05, 0.1, and 0.15 [oC], ∆To-Bk 

= 1 [oC]. Legends show ratios (∆To-np / ∆To-BK) between initial temperature 

increase of superficial nanoparticles area (∆To-np) and background (∆To-BK).  

 

Careful selection of a laser modulation frequency must be completed to 

observe both magnitude and phase difference between nanoparticle and background 

areas. In this study, a 10 Hz modulation frequency was selected to target 

nanoparticles at 60 µm depth (Equation 3.11) in the rabbit artery. In this theoretical 
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analysis, magnitude and phase at 10 Hz in analytical solutions (Figure 3.8) looked 

feasible to screen nanoparticles for thermal wave imaging. The initial surface 

temperature increase ratio (∆To-np / ∆To-BK) based on measured temperature 

increase (Figure 3.5) of MION-injected and control WHHL rabbit arteries was 

from 0.33 to 2. Therefore, 10 Hz modulation frequency of 532 nm pulsed laser 

irradiation is sufficient to detect MION from the background area of a rabbit artery 

for both magnitude and phase. An approximate upper limit of concentration of 

MION was calculated by measured temperature increase of MION-injected and 

control rabbit arteries. The upper limit of MION concentration was 4.54 1012 (see 

Appedix A.3.) 

The magnitude and phase of thermal waves from nanoparticles embedded in 

a WHHL rabbit artery and background absorbers were simulated and comparable. 

The modulation frequency dependence of thermal wave magnitude and phase also 

was investigated and the results are shown in Figure 3.9 and 3.11, respectively.  

Magnitude of thermal waves from both discrete nanoparticles and 

background absorbers decrease as modulation frequency increases. However 

magnitude of thermal wave from background absorbers decreases much faster than 

that from discrete nanoparticles. Since the nanoparticle thermal wave magnitude 

reached minimum magnitude after initial fast decrease and increases as modulation 

frequency increases, contribution of background absorbers to total thermal wave 

magnitude becomes weaker at higher modulation frequencies.  
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Figure 3.9 Magnitudes of thermal waves (dS-np(s) and dS-bk (s)): µa _BK = 1 

[1/mm], µa _IR = 100 [1/mm], ∆To-np = 0.0001-1 [oC], ∆To-BK = 1 [oC]. Legends 

for nanoparticles (np) show ratios (∆To-np / ∆To-BK) between initial temperature 

increase of superficial nanoparticles area (∆To-np) and background (∆To-BK). BK 

represents background. 

 

Thermal wave magnitude due to nanoparticles embedded in a rabbit artery 

was assumed to be very small compared to that generated from background 

absorbers. In simulation, background absorbers were assumed to be distributed 

homogeneously in a semi-infinite layer.  Nanoparticles were homogeneously 
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distributed in a thin (60 µm) layer. Therefore, the ratio with regard to thermal wave 

magnitude, or initial temperature increase, between nanoparticles and background 

absorbers is less than 1.  

The phase change of thermal wave interference term in Equation 3.8 with 

different modulation frequency was shown in Figure 3.11. The interference term of 

the total thermal wave indicates phase difference between two thermal waves from 

nanoparticles and background absorbers. Figure 3.10 showed phase of the total 

thermal wave. 

 

Figure 3.10 Phase (φt) of total thermal wave in complex number plain vector 

domain. |np| and φnp: magnitude and phase of thermal wave from nanoparitcles, 

|BK| and φBK: magnitude and phase of thermal wave from background absorbers.  

 

It seemed nanoparticle presence in background absorbers of the rabbit 

artery does not affect phase change pattern but it does decrease phase values at a 
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specific modulation frequency as nanoparticle thermal wave strength (dTo-np) 

increased.  

 

Figure 3.11 Phase of interference term of thermal wave. Legends for nanoparticles 

(np) show ratios (dTo-np/ dTo-BK) between initial temperature increase of 

superficial nanoparticles area (dTo-np) and background (dTo-BK). BK represents 

background. 

 

Although the interference phase difference is small (< 0.01 degree), the phase 

difference in thermal wave imaging was amplified by multiplication by the 

modulated laser intensity. Theoretically, if a thermal wave is exactly in-phase with 

the modulated laser intensity, the phase is lower than the phase of a thermal wave 

which is out of-phase with the modulated laser intensity. 
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In a thermal wave phase image of a MION-injected WHHL rabbit, a pixel 

index of discrete dark dots was selected and phase grayscale value was obtained by 

converting to a 8-bit intensity. Phase from a background region within a heated 

area was also collected and phase difference was calculated. This procedure was 

repeated three times per each image and five images for control rabbits and five 

images for MION rabbits were chosen for phase difference measurements. The 

phase difference between a nanoparticle embedded region and a background was 

measured and shown in the following figure.  
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Figure 3.12 Phase difference between MION embedded region and background. 

Control: artery of rabbit which was injected by saline solution, MION: Artery of 

rabbit which was injected by MION. 
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The MION-injected rabbits showed greater phase difference (p = 0.0014) 

than control rabbits probably due to MION presence. In detail, phase difference of 

MION-injected rabbit (n=9) was 8.08 ± 4.46 [Degree] while phase difference of 

control rabbits (n=9) was 1.53 ± 0.28 [Degree]. The phase difference was related to 

surface temperature increase. Higher temperature increase of a MION-injected 

rabbit artery than control rabbit artery also indicated MION presence within 

radiated area.  

Selection of nanoparticles which have absorption in “water window” 

wavelengths (Near IR: 800-1300 nm) is required to avoid a competing 

chromophore such as hemoglobin, water, or protein. The absorption of gold nano-

shells was reported to shift optical resonance from visible to near IR [23]. 

Therefore, pulsed NIR laser irradiation, such as 1064 nm, of gold nano-shell may 

improve the detection of atherosclerotic plaque by using thermal wave imaging.  

 

3.6. Conclusions 

SPIO and MION solutions have absorption at 532 nm and induced selective 

heating by pulsed laser irradiation. Imaging of thermal wave phase showed MION 

presence in a WHHL rabbit artery and derived analytical solutions for the thermal 

wave is consistent with thermal wave imaging results. Consequently, our results 

suggest that thermal wave imaging of MION is capable of enhancing 

atherosclerotic plaque detection by detecting phase difference due to MION 
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presence in atherosclerotic plaque. However, selection of optimal nanoparticles and 

laser wavelengths can enhance detection of macrophage.  

 

3.7. References 

[1] Tyagi SC. Homocysteine redox receptor and regulation of extracellular 
matrix components in vascular cells American Journal of Physiology Cell 
Physiology 1998;274:396-405. 

[2] Verheye S, Meyer GRYD, Langenhove GV, Knaapen MWM, Kockx MM. 
In vivo temperature heterogeneity of atherosclerotic plaques is determined 
by plaque composition. Circulation 2002;105:1596-601. 

[3] Rogers WJ, Basu P. Factors regulating machrophage endocytosis of 
nanopraticles: Implications for targeted magnetic resonance plaque 
imaging. Atherosclerosis 2005;178:67-73. 

[4] Litovsky S, Madjid M, Zarrabi A, Casscells SW, Willerson JT, Naghavi M. 
Superparamagnetic iron oxide–based method for quantifying recruitment of 
monocytes to mouse atherosclerotic lesions in vivo Circulation 
2003;107:1545-9. 

[5] Pulido MA, Angiolillo DJ, Costa MA. Imaging of atherosclerotic plaque. 
Int J Cardiovasc Imaging 2004;20:553-9. 

[6] Schmitz SA, Coupland SE, Winterhalter S, Wagner S, Kresse M, Semmler 
W, et al. Superparamagnetic iron oxide-enhanced MRI of atherosclerotic 
plaques in watanabe hereditable hyperlipidemic rabbits. Investigate 
Radiology 2000;35:460-71. 

[7] Ruehm SG, Corot C, Vogt P, Kolb S, Debatin Jf. Magnetic resonance 
imaging of atherosclerotic plaque with ultrasmall superparamagnetic 
particles of iron oxide in hyperlipidemic rabbits. Circulation 2001;103:415-
22. 

[8] Bonnemain B. Superparamagnetic agents in magnetic resonance imaging: 
physicochemical characteristics and clinical applications. A review. J Drug 
Target 1998;6:167-74. 



 66

[9] Pitsillides CM, Joe EK, Wei X, Anderson RR, Lin CP. Selective cell 
targeting with light-absorbing microparticles and nanoparticles. Biophys J 
2003;84:4023-32. 

[10] Sell JA. Photothermal investigations of solids and fluids. London: 
Academic Press, 1989. 

[11] Anderson RR, Parrish JA. Selective photothermolysis. Science 
1983;220:524-7. 

[12] Schmermund A, Rodermann J, Erbel R. Intracoronary thermography. Herz 
2003;28:505-12. 

[13] Stefanadis C, Diamantopoulos L, Vlachopoulos C, Tsiamis E, Dernellis J, 
Toutouzas K, et al. Thermal heterogeneity within human atherosclerotic 
coronary arteries detected In vivo. Circulation 1999;99:1965-71. 

[14] Moreno PR. Macrophage infiltration in acute coronary syndromes: 
implications for plaque rubtures. Circulation 1994;90:775-8. 

[15] Jung CW, Jacobs P. Physical and chemical properties of superparamagnetic 
iron oxide MR contrast agents: ferumoxides, ferumoxtran, ferumoxsil. 
Magn Reson Imaging 1995;13:661-74. 

[16] Weissleder R, Heautot JF, Schaffer BK, Nossiff N, Papisov MI, Bogdanov 
A, et al. MR Lymphography: Study of a high-efficiency lymphotrophic 
agent. Radiology 1994;191:225-30. 

[17] Dormann JL, Fiorani D, Tronc E. Advances in chemical physics. New 
York: Wiley, 1997. 

[18] Cherepy NJ, Liston DB, Lovejoy JA, Deng H, Zhang JZ. Ultrafast studies 
of photoexcited electron dynamics in γ- and α-Fe2O3 semiconductor 
nanoparticles. J Phys Chem B 1998;102:770-6. 

[19] Zhang L, Papaefthymiou GC, Yinga JY. Size quantization and interfacial 
effects on a novel γ-Fe2O3/SiO2 magnetic nanocomposite via sol-gel 
matrix-mediated synthesis. J Appl Phys  1997;81:6892-900. 

[20] Turro NJ, Lakshminarasimhan PH, Jockusch S, O'Brien SP, Grancharov 
SG, Redl FX. Spectroscopic probe of the surface of Iron oxide nanocrystals 
Nano Lett 2002;2:325-8. 



 67

[21] Cavaleri JJ, Skinner DE, Colombo DP, Bowman RM. Femtosecond study 
of the size-dependent charge carrier dynamics in ZnO nanocluster solutions. 
J Chem Phys 1995;103:5378-86. 

[22] Colombo DP, Roussel KA, Saeh J, Skinner DE, Cavaleri JJ, Bowman RM. 
Femtosecond study of the intensity dependence of electron-hole dynamics 
in TiO2 nanoclusters. Chem Phys Lett 1995;232:207-14. 

[23] Loo C, Lin A, Hirsch L, Lee M-H, Barton J, Halas N, et al. Nanoshell-
enabled photonics-based imaging and therapy of cancer. Technology in 
Cancer Research & Treatment 2004;3:33-40. 

 
 



 68

Chapter 4 : DP-OCT Detection of Thermoelastic Surface 

Displacement of MION-injected WHHL Rabbit Arteries in 

response to Pulsed Laser Irradiation. 

4.1. Introduction Equation Chapter 4 Section 1 

Atherosclerosis is a coronary artery disease that can result in myocardial 

infarction by the thinning of a fibrous cap [1] associated with a chronic plaque 

build up [2]. Macrophages play an important role in preceding and accelerating 

progression of atherosclerosis. Detection of macrophages in atherosclerotic plaques 

by MRI using intravenously injected superparamagnetic iron oxide nanoparticles 

(SPION) has been of great interest and investigated by many researchers [1-3].  

Most SPION are taken up by macrophages of major phagocytic systems 

(MPS) such as liver or spleen [3, 4]. However, small SPION such as 

monocrystalline iron oxide nanoparticles (MION) can have reduced uptake in the 

MPS due to a small particle size comparable to low-density lipoproteins (LDLs). 

For example, MION has been utilized for detection of inflammatory response of 

vulnerable plaque [5].  

Objective of this study is to evaluate use of differential phase optical 

coherence tomography (DP-OCT) and pulsed laser irradiation of SPION for 

detection of vulnerable atherosclerotic plaques of Watanabe heritable 

hyperlipidemic (WHHL) rabbit arteries. Absorption spectra of SPION (SPIO and 
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MION) solutions were measured to select a pulsed laser wavelength. The 532 nm 

pulsed laser irradiation of SPION solutions and MION-injected WHHL arteries 

were conducted and optical path length changes in response to pulsed laser 

irradiation were measured by differential phase optical coherence tomography (DP-

OCT). An analytical solution for thermoelastic surface displacement due to MION 

in the arteries was developed to investigate measured thermoelastic displacement at 

the surface of a laser irradiated WHHL rabbit. 

 

4.2. Theory 

4.2.1. Thermoelastic displacement of a point heat source in a semi-infinite 

half space due to instantaneous heating  

4.2.1.1. Instantaneous heating of a point heat source 

Thermoelastic displacement due to a nonuniform temperature distribution in 

a semi-infinite half space is of significant importance and several researches have 

been undertaken to develop an analytical solution [6, 7]. Mindlin and Cheng 

developed a basic analytical solution for thermoelastic displacement [8]. Elastic 

potential of sources in a semi-infinite half space (z > 0) is assumed to be free of 

traction at the surface. Image sources (z < 0) and the derivatives of sources are 

applied for a traction free semi-infinite half space. The elastic field (u) at a center 

of dilation is in a semi-infinite half space may be written in terms of the elastic 

potential,  
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( )2 2
1

4
u ϕ ϕ

π
= − ∇ + ∇                      (4.1) 

 
Here ϕ  and 2ϕ  are elastic potentials in an infinite space without boundaries. 

Elastic potential ϕ  is due to a point dilation source in the space occupied by the 

tissue while 2ϕ  is due to point sources in the space complementary to the tissue.  

2∇  in Equation 4.1 is defined as, 

 
( ) ( ) 2

2
ˆ3 4 2 / 4(1 )z z v k zν∇ = − ∇ + ∇ ∂ ∂ − − ∇             (4.2) 

 
where v  is Poisson’s ratio and k̂  is a unit vector in the z (depth) direction. 

Elastic potentials ( ϕ  and 2ϕ ) are formed by integrating the distribution of 

dilatation centers in a volume of interest [9]. The strength of a dilation center is 

4β π−  where ( ) ( )1 1T v vβ α= + − . α is a linear thermal expansion 

coefficient, v  is Poisson’s ratio, and T is temperature increase. 

In our analysis, thermoelastic surface displacement ( ( )3 , ,0,u x y t ) due to a 

point heat source released at (0, 0, c) in a semi-infinite half space (0 < z < ∞) with 

an insulating boundary was considered. The point heat source resulted in a 

temperature distribution ( ˆ( , )T tξ∆ ), where ξ̂  represents a position vector in 

cartesian coordinates for a heat source located at (0, 0, c) in a semi-infinite half 

space.  
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Figure 4.1 Surface displacement ( 3u ) of semi-infinite half space resulting from a 

point elastic potential ( )0,0,cϕ . We assume a thermally insulating boundary 

condition at the surface ( ( )0 0d T dz z∆ = = ) and the arrow indicates normal 

surface displacement along the z-direction ( 3u ). 

 

Seo and Mura solved for the thermoelastic displacement caused by an 

inclusion of uniform dilatational eigen strains, ˆ* ( , )tε ξ , in a semi-infinite half 

space [7]. ˆ* ( , )tε ξ  can be replaced by linear thermal expansion, ˆ( , )T tα ξ⋅ ∆ , 

assuming a traction free boundary in a semi-infinite half space [6].  Liu et al [10] 

used Seo and Mura’s approach to derive an integral equation for thermoelastic 

displacement for an arbitrary temperature distribution ( ˆ( , )T tξ∆ ) in the half-space.  

The integral expression for normal surface displacement ( )3 , , 0,u x y z t=  

at lateral position (x, y) is [10],  
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Temperature increase [ ˆ( , )T tξ∆ ], due to instantaneous heating of a point heat 

source at ( )0,0,c , in a semi-infinite half space with an insulating boundary 

condition may be written as a sum of two Green’s functions, 
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(4.4) 

 
where ρ 3C mm⎡ ⎤°⎣ ⎦  is density, pC [ ]J Kg K⋅  is heat capacity, Q [ ]J  is absorbed 

laser energy, and D 2mm s⎡ ⎤⎣ ⎦  is thermal diffusivity. 

 

The thermoelastic displacement due to instantaneous heating of a point heat 

source at (0, 0, c) can be written in terms of 1ξ , 2ξ  and 3ξ  integrals by 

substituting ˆ( , )T tξ∆ given in Equation (4.4) into the integral expression for 

normal thermoelastic surface displacement, 
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where (0,0, )c  is location of the point heat source. 

A Hankel transform (HT) is applied to Equation (4.5) to simplify the ( 1ξ , 

2ξ ) integral. Hankel transforms are routinely used in acoustics, optics and 

electromagnetics [11] to transform a radial space (r) domain quantity into the 

corresponding spatial frequency ( ( )1 / 22 2
1 2k k k= + ) domain. A shift theorem of HT 

is applied to the 1ξ , 2ξ  integrals in Equation (4.6).  

 

( ) ( )( )
( )( )

( )
( )( ) ( )

3 3
2 1 1 2 2 23/ 2 3/ 22 2 2 22

31 2 3

1 1 2 2 3

exp 2

exp 2 2 exp 2

D DHT i k k HT
rx y

i k k k

ξ ξπ ξ ξ
ξξ ξ ξ

π ξ ξ π πξ

⎡ ⎤ ⎡ ⎤
⎢ ⎥ ⎢ ⎥= − +⎢ ⎥ ⎢ ⎥+− + − +⎢ ⎥ ⎣ ⎦⎣ ⎦

= − + ⋅ −

 (4.6) 

 
As a result, the ( 1ξ , 2ξ ) integral is the product of two 1ξ  and 2ξ  integrals. The 

thermoelastic displacement in the spatial frequency domain (k) was simplified by 

combining all 3ξ  components into one integral.  
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(4.7) 

 
where (0, )c is the location of the point heat source in cylindrical coordinates. 

 

By completing the 1ξ , 2ξ  and 3ξ  integrals, we find 

( ) ( ) ( ) ( )
( ) ( )3

exp 2 2 21
,0, ;(0, )

exp 2 2 2p

kc erfc k Dt c Dtv Q
u k t c

C kc erfc k Dt c Dt

π πα
ρ π π

⎡ ⎤− −− + ⎢ ⎥=
⎢ ⎥⋅ + +⎢ ⎥⎣ ⎦

    (4.8) 

 
Finally in the spatial (r) domain, the normal surface displacement is,  

 

( ) ( ) ( ) ( )
( ) ( )3

exp 2 2 21
,0, ;(0, )

exp 2 2 2p

kc erfc k Dt c Dtv Q
u r t c IHT

C kc erfc k Dt c Dt

π πα
ρ π π

⎡ ⎤⎧ ⎫− −− + ⎪ ⎪⎢ ⎥= ⎨ ⎬⎢ ⎥⋅ + +⎪ ⎪⎢ ⎥⎩ ⎭⎣ ⎦

 (4.9) 

 
where IHT represents an inverse Hankel transform 

( ) ( ) ( ) ( )3 3 3
0

,0, ; (0, ) ,0, 2 ,0, 2ou r t c IHT u k t u k t J kr kdkπ π
∞

⎡ ⎤= = ⋅ ⋅⎣ ⎦ ∫    (4.10) 

 
here ( )oJ r  is the zero-order Bessel function [11]. Unfortunately, no analytical 

solution for the inverse Hankel transform for Equation 4.9 was found. 
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To compute the IHT , a quasi-discrete numerical Hankel transform [11] 

modified by Guizar-Sicairos et al [12] was applied and the numerical solution was 

adapted to obtain thermoelastic surface displacement ( 3u ) in the space (r) domain.  

 

4.2.2. Thermoelastic displacement of a point heat source in a semi-infinite 

half space due to pulsed laser heating  

For thermoelastic surface displacement of a point heat source (0, 0, c) due 

to pulsed laser heating during pulse duration ( pt ), the time-integral of the 

displacement due to instantaneous heating is computed.  

( ) ( ) ( ) ( )
( ) ( )3

0

exp 2 2 ' 2 '1
,0, ;(0, ) '

exp 2 2 ' 2 '

t

p
p

kc erfc k Dt c Dtv
u r t t c IHT Q dt

C kc erfc k Dt c Dt

π πα
ρ π π

⎡ ⎤⎧ ⎫− −− + ⎪ ⎪⎢ ⎥≤ = ⎨ ⎬⎢ ⎥⋅ + +⎪ ⎪⎢ ⎥⎩ ⎭⎣ ⎦
∫  (4.11) 

where Q [ J/s] is the rate of absorbed energy. 

 

At a time after pt , an integral for the thermoelastic surface displacement is 

obtained by substitution of 't t−  into 't  in Equation (4.11).  

( ) ( ) ( ) ( )
( ) ( )3

0

exp 2 2 ( ') 2 ( ')1
,0, ;(0, ) '

exp 2 2 ( ') 2 ( ')

t

p
p

kc erfc k D t t c D t tv
u r t t c IHT Q dt

C kc erfc k D t t c D t t

π πα
ρ π π

⎡ ⎤⎧ ⎫− − − −− + ⎪ ⎪⎢ ⎥> = ⎨ ⎬⎢ ⎥⋅ + − + −⎪ ⎪⎢ ⎥⎩ ⎭⎣ ⎦
∫ (4.12) 

 
 

Unfortunately, the analytic integral solution to solve this equation integral 

does not exist to our knowledge and a numerical integration scheme was 

developed. 
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Figure 4.2 Sub-pulses during pulse duration ( pt ). pN ( /pt t∆ ) is number of sub-

pulses. Sub-pulse amplitude indicates constant ( )Q Q=  during the pulse. 

 

During a pulse (pulse duration: pt ), thermoelastic displacement ( 3
pu ) of a 

point heat source due to pulsed heating at time ( it ) can be approximated by the 

summation of thermoelastic displacement ( 3
ou ) due to instantaneous heating up to a 

time 1it − , and the summed 3
ou  is multiplied by time interval ( t∆ ).  

 

( ) ( )
1

0
3 3

0
, 0, ; (0, ) , 0,

i
p

i j
j

u r t c u r t t
−

=

= ⋅ ∆∑               (4.13) 

where superscript p represents pulsed laser heating. It is noted that Q  in Equation 

(4.12) during a subpulse has a constant energy of (Q t⋅∆ ). 

 

For thermoelastic displacement ( 3
APu ) at the kth time intervals after pulse 

duration, two different procedures for computing a numerical solution were 

undertaken: (1) the integral of a displacement due to instantaneous heating until the 



 77

time (
pN kt + ) was computed assuming that the pulse continued to 

pN kt +  after 

pulse duration. (2) the integral of displacement due to instantaneous heating until 

the kth time intervals after the onset of a pulse was subtracted to account for surface 

displacement decrease just after the pulse. An iterative scheme was employed to 

speed up the numerical solution. 

 

( ) ( )
( ) ( )

3 3 1

3 3

, 0, ;(0, ) , 0, ;(0, )

, 0, ;(0, ) , 0, ;(0, )

p p

p

AP p
N k N k

o o
k N k

u r t c u r t c

u r t c u r t c

+ + −

+

=

− +
      (4.14) 

where 
pN kt +  is the kth time interval after the pulse duration ( pt ) and pN (= /pt t∆ ) 

is the pulse duration ( pt ) divided by the discrete time interval ( t∆ ). 

 

4.2.3. Thermoelastic displacement of point heat sources distributed in a semi-

infinite half space due to pulsed heating  

When the number of point heat sources in a heated volume in tissue is 

greater than one and the point heat sources are distributed in tissue, we used linear 

superposition to find the normal surface displacement. 
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Figure 4.3 Normal surface displacement due to heating of a distribution of point 

heat sources in a semi-infinite half space due to pulsed heating. An insulating 

boundary condition at a surface (z = 0) is assumed and the arrow indicates normal 

surface displacement along the z-direction.  

 

Thermoelastic displacement of point heat sources which are distributed in a 

semi-infinite half space is the linear superposition of thermoelastic displacements 

due to each point heat source.  

 

( ) ( )3 3
1

, 0, ;( , ) , 0, ;( , )
N

D p
i i i i

i
u r t b c u r t b c

=

= ∑              (4.15) 

where superscript D represents the distribution of point heat sources and N is a 

number of nanoparticles. For an arbitrary observation point, D is specified by 3N 

coordinates giving location of each nanoparticle. 
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4.2.4. One-dimensional thermoelastic displacement in a semi-infinite half 

space 

One-dimensional thermoelastic displacement in a semi-infinite half space 

can be obtained by substituting x and y in Equation (4.3) by 0. The normal surface 

displacement in Equation (4.3) is,   

( ) ( ) ( )3 3 3
0

0, 2 1 ,u z t v T t dα ξ ξ
∞

= = − + ∆∫               (4.16) 

 This equation corresponds to Equation 2.6 for water ( v = 0.5) by 

substituting a volumetric thermal expansion coefficient ( β ) in Equation 2.6 into 

the linear thermal expansion coefficient (α ). Equation 4.16 considers a traction 

free surface boundary condition.  

 
4.3. Materials and Methods 

4.3.1. Materials 

4.3.1.1. Superparamagnetic iron oxide nanoparticles (SPION)  

Superparamagnetic iron oxide nanoparticles (SPION) have been recognized 

as MRI contrast agents [3, 5, 13-15]. SPION are composed of an iron oxide core, 

magnetite (Fe3O4) or maghemite (γ-Fe2O3), with a dextran coating [5]. The iron 

oxide core material is water soluble and the core size is small (10 nm) [13]. SPION 

can be categorized into two types of particles with regards to a particle size. 

Superparamagnetic iron oxide nanoparticles (SPIO) have a particle size larger than 

50 nm including the dextran coating. However, ultrasmall superparamagnetic iron 

oxide nanoparticles (USPIO) are smaller than SPIO [5]. SPIO have been utilized 
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for detecting liver or spleen disease. SPIO are easily trapped by liver or spleen in a 

human body [5]. However, USPIO are small enough to escape the uptake and can 

be used as blood pool agents due to a longer half-life in blood [5].  

FERIDEX (ENDOREM®, particle size: 150 nm [5]) and MION were used 

as SPIO and in this study. MION were used for screening macrophages in WHHL 

rabbit arteries. MION have a particle size of 30 nm including the dextran coating 

[5], small enough to be a blood pool agent for this WHHL rabbit artery experiment. 

The stock solution concentration of MION was 11.34 mg/mL. Various SPIO 

solutions with different concentrations (1.4, 2.8, 5.6 and 11.2 mg/mL) were used 

for DP-OCT measurements.  

 

4.3.1.2. WHHL rabbit arteries 

Experiments were conducted on three WHHL rabbits. Two WHHL rabbits 

were injected by MION and a WHHL rabbit without MION injection was used as a 

control. For MION-injected WHHL rabbits, the rabbits were sedated with inhaled 

Halothane and 2.96 cc of MION was injected into the rabbit ear vein. The 

administered dose was 200 µmol Fe/kg [4]. For a control WHHL rabbit, 2 cc of 

saline was injected into the rabbit ear vein. Three days after injection, rabbits were 

sacrificed with a lethal dose of phenobarbitol after being sedated with inhaled 

isoflurane. Heparin (2 cc) was injected into the rabbit ear vein to prevent blood 

clotting. The rabbit artery was extracted and stored in a polymer enclosure wrapped 

with ice. A section of rabbit artery was cut and placed to expose plaque area on the 
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artery wall. Four metal pins were used to flatten the artery specimen to minimize 

spatial variation of IR emission from the artery surface. The surface of a WHHL 

rabbit artery was flushed by a saline solution again to remove any residual blood 

and pulsed laser irradiation was carefully directed to minimize effect of pins on IR 

emission.   

 

4.3.2. Absorbance measurement of SPION solutions 

Absorbances of SPIO and MION solutions from 400 nm to 700 nm 

wavelength range were measured by a UV-Vis-NIR spectrophotometer (Varian 

Cary 5E). Each stock solution was diluted with 4 mL of water and placed in a 1-cm 

path length cuvette. The measured absorbance was normalized by number of 

nanoparticles divided by solution volume (5 µL). Number of nanoparticles in the 

solution was calculated by Equation (4.17).  

s s
p

pc

C VN
Vρ
⋅

=
⋅

                          (4.17) 

 
where Np is the number of nanoparticles in a solution volume, Cs is a stock solution 

concentration (mg/mL), Vpc is a particle core volume, Vs is the solution volume and 

ρ (= 5.16 g/cm3 [16]) is density of the iron oxide nanoparticle core (magnetitie: 

Fe3O4). 
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4.3.3. Measurement of optical path length change by differential phase optical 

coherence tomography (DP-OCT) 

Optical path length change of SPIO solutions and surface displacement of 

WHHL rabbit arteries in response to 532 nm pulsed laser irradiation were measured 

by differential phase optical coherence tomography (DP-OCT). DP-OCT is a 

polarization maintaining (PM) fiber-based Michelson interferometer [17] that can 

measure optical path length change between light reflected from two interfaces 

with a nanometer resolution [17]. 

 

Figure 4.4 DP-OCT system with an optical semiconductor amplifier light source 

(LS), lens (L), rapid scanning optical delay (RSOD) line, grating (G), detector (D), 

Wollaston prisms (W), and iron oxide nanoparticle solution (S).  

 

The light was filtered by a phase-invariant bandpass type II Chebyshev 

filter. After Hilbert transforming the filtered light signal, phase was calculated and 
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unwrapped to prevent a phase jump. Differential phase (∆φ = φ2 − φ1) between two 

light signals was obtained and converted to an optical path length change (d(T)) by 

( ) 0

4
d T dλ φ

π
= ∆                         (4.18) 

where 0λ  is a center wavelength (1.31 µm) of a DP-OCT light source. 

Sample geometries for measurement of optical path length change by DP-

OCT are shown in Figure 4.5. For measuring thermoelastic surface displacement of 

WHHL rabbit arteries, backscattered light from a glass-air interface and an air-

artery interface was detected by DP-OCT. A pulse (Duration: 100 ms) of 532 nm 

laser irradiation (Power: 250 mW, fluence rate: 2.26 W/cm2 and spot diameter: 3.75 

mm) was applied. Comparison of thermoelastic surface displacement between 

MION-injected and control WHHL rabbit arteries were conducted. 

 

 

Figure 4.5 Experimental setup for measurement of change in optical path length 

change in response to 532 nm pulsed laser irradiation. (A): measurement of 

thermoelastic surface displacement of a WHHL rabbit artery, (B): measurement of 

Spacer 
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change in optical path length between top and bottom surfaces of a SPIO solution 

droplet. 

 

The change of optical path length of a SPION solution in response to 532 

nm pulsed laser irradiation was measured by DP-OCT. Effect of solution 

concentration and the laser power on optical path length was considered. Four 

different concentrations of SPIO solutions, 11.2, 5.6, 2.8 and 1.4 mg/mL, were 

obtained by dilution of a stock solution with distilled water. Different powers (0.5, 

1, 2 and 5 W) of a pulsed laser irradiation (fluence rates: 64, 127, 255 and 637 

W/cm2, pulse duration: 100 ms and spot size: 1 mm) were applied. 

 

4.4. Results 

4.4.1. Absorbance spectra of SPIO and MION solutions  
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Figure 4.6 Normalized absorbance spectra of SPION solutions. Numbers of 

nanoparticles in 5 µL were 170*1012 for the solutions and core diameter was 

assumed to be 5 nm. 

 

Absorbance spectra of SPIO and MION showed highest absorption at 400 

nm and decreased monotonically through visible wavelengths up to 700 nm. In 

comparison to MION, SPIO showed higher absorbance within the wavelength 

range of interest. 

 

4.4.2. Measurement of optical path length change in response to pulsed laser 

heating by DP-OCT  

Change of optical path length between air-solution and solution-glass 

interfaces of a SPIO solution was measured by DP-OCT (Figure 4.5-B). Effect of 

concentration of SPIO solution on the optical path length change was investigated 

with various concentrations (11.2, 5.6 and 2.8 mg/mL). A constant laser power 

(power: 5 W and fluence rate: 637 W/cm2) was used. Optical path length change in 

response to pulsed laser irradiation showed a linear increase with SPIO 

concentration (Figure 4.7). As SPIO concentration increased two to four times from 

2.8 mg/mL, optical path length change increased approximately two (642 nm) to 

four (1014 nm) times from 330 nm.  
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Figure 4.7 Optical path length change of SPIO nanoparticle solutions with different 

concentrations (11.2, 5.6 and 2.8 mg/mL) in response to pulsed laser irradiation 

(Wavelength: 532 nm, fluence rate: 637 W/cm2, pulse duration: 50 ms, spot 

diameter: 1 mm).   

 

Effect of laser power on optical path length change of SPIO solutions with 

constant SPIO concentration (1.4 mg/mL) was studied. Laser power varied from 

0.5 to 2W and corresponding fluence rates were 64, 127 and 255 W/cm2. The pulse 

duration was 100 ms and a spot size was 1 mm. Optical path length change in SPIO 

solutions increased during laser irradiation and showed a consistent increase (41.8, 

60.3 and 84.5 nm) with higher power during pulsed laser irradiation. 
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Figure 4.8 Optical path length change of SPIO nanoparticle solutions with 

different laser powers (0.5- 2 W, fluence rates: 64-255 W/cm2). The concentration 

of SPIO was fixed as 1.4 mg/mL.  

 

Thermoelastic surface displacement of a WHHL rabbit artery in response to 

pulsed laser irradiation (wavelength: 532 nm, pulse duration: 100 ms, fluence rate: 

1.77 W/cm2, spot diameter: 1mm) was measured by DP-OCT. A MION-injected 

WHHL rabbit artery showed greater thermoelastic surface displacement in 

comparison to that of a control WHHL rabbit artery. The surface displacement of a 

MION-injected WHHL rabbit artery was approximately 1270 nm while the surface 

of the control WHHL rabbit was 3 times smaller.  
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Figure 4.9 Thermoelastic surface displacement of a WHHL rabbit artery in 

response of 532 nm pulsed laser irradiation.  

 

4.5. Discussion 

4.5.1. Absorption measurements  

A broad absorption spectrum of iron oxide nanoparticles with a maghemite 

(γ-Fe2O3) core from UV to visible wavelengths was reported by Turro et al [18]. 

Other metal oxide nanoparticles, such as TiO2 and ZnO, also have broad and 

extended absorption spectra [19, 20]. Since iron oxide core materials such as 

maghemite have a 2 eV (620 nm) band gap, lasers that emit shorter than 620 nm 

can be used for selective heating of SPIO. In our experiment, 532 nm (2.33 eV) 

pulsed laser light was used to heat the nanoparticles. An absorption peak near 480 
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nm superposed on broad absorption bands in the visible range for SPIO and MION 

absorption spectra (Figure 4.6) might be due to an indirect band gap or phonon-

assisted electron transitions [21].  

 

4.5.2. DP-OCT thermoelastic displacement measurement 

Optical path length can be expressed as the product of refractive index and 

physical distance of a sample along a light ray under assumptions of an isothermal 

condition [22] and homogeneous refractive index distribution,. For SPIO solutions, 

as temperature increases, thermoelastic surface expansion dominates optical path 

length decrease due to decrease of water refractive index [23]. The optical path 

length increase due to thermal expansion is 2 times larger than decrease due to 

refractive index decrease [24]. Therefore, measured increase in the optical path 

length of SPIO solutions in response to pulsed laser irradiation is believed to be due 

to the thermoelastic expansion.  

In DP-OCT measurements of optical path length change of SPIO solutions 

in response to pulsed laser irradiation (Figure 4.8), the pulsed laser spot size and 

penetration depth were 1 mm and 700 µm, respectively. The penetration depth (700 

µm) was determined from the measured absorbance (Figure 4.6). Homogeneous 

SPIO distribution in the solution was assumed. The temporal change of 

thermoelastic surface displacement detected by DP-OCT was mainly determined by 

SPIO just below the DP-OCT detection site.  
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In the developed analytical solution, point heat sources were distributed 

within an area (50 µm radius X 35 µm depth) at 5 µm intervals. For a fast 

simulation, the laser spot size and the area of interest were scaled down to a small 

area and assumed to overlap. As shown in Figure 4.10, the profile of thermoelastic 

surface displacement generated by the analytical solution was very close to the 

measured surface displacement (Figure 4.8). The maximum displacement in the 

analytical solution was scaled to fit the measured displacement. The analytical 

solution with homogenously distributed heat sources reasonably described the 

thermoelastic surface displacement of a SPIO solution in response to pulsed laser 

irradiation.  
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Figure 4.10 Thermoelastic displacement due to pulsed heating (pulse duration: 100 

ms) of point heat sources in a semi-infinite body. Point heat sources (n =70) were 

distributed homogeneously at every 5 µm intervals (Area: 50 µm by 35 µm). The 
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maximum thermal displacement at the end of a pulse was scaled to match 

displacement measured by DP-OCT (Figure 4.8). 

 

For the measurement of thermoelastic surface displacement of WHHL 

rabbit arteries, larger surface displacement of the MION-injected WHHL rabbit 

artery relative to a control rabbit artery (Figure 4.9) was measured by DP-OCT due 

to MION presence in the rabbit arteries. MION can be taken up by macrophages in 

a WHHL rabbit artery and measured higher temperature increase of the MION-

injected arteries resulted in greater thermoelastic surface displacement.   

The thermoelastic surface displacement measured by DP-OCT showed a 

thermal diffusion effect after pulse duration (Figure 4.9). The point heat sources for 

an analytical solution were located at least 100 µm radially away from the DP-OCT 

detection site.  Point heat sources (n =100) were distributed randomly within a 

radial range of 100 µm to 2 mm, and a depth range of 0 to 430 µm. The depth 

distribution was determined by the modification of published penetration depth 

(620 µm) at 532 nm for atherosclerotic aorta [25]. The absorption coefficient for 

MION-injected rabbit arteries was assumed to be 1.5 times higher than the 

absorption coefficient (2.87 [cm-1]) of the artery at 532 nm [25]. The rate of 

increase was determined by the ratio of average temperature increase in response to 

pulsed 532 nm laser irradiation on WHHL rabbit arteries (Chapter 3, Figure 3.6). 
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The maximum thermoelastic displacement at the end of a pulse (Figure 

4.11) was scaled to match the displacement measured by DP-OCT (Figure 4.9). 

The measured surface displacement by DP-OCT (Figure 4.9) was represented 

efficiently by the analytical solution. The increase of measured thermoelastic 

surface displacement after pulse duration (100 ms) implied that few MION existed 

directly under the detected surface area compared to laterally distributed MION. 

Laterally distributed MION radially away from the DP-OCT measured site resulted 

in an increase after the laser pulse and a slower decay of the thermoelastic 

displacement.  
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Figure 4.11 Thermoelastic displacement due to pulsed laser heating (pulse duration: 

100 ms) of point heat sources. Point heat sources were randomly distributed an area 

(100 µm to 2 mm in radius, and 0 to 430 µm in depths).  
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However, finding exact distribution of nanoparticles from the thermoelastic 

surface displacement detected by DP-OCT is difficult because the tissue problem is 

ill-posed based on a point detection of thermoelastic surface displacement by DP-

OCT. In Equation 4.15, distribution of point heat sources have large number of 

variables (3N) with unknown number (N) of MION and a location of a point heat 

source ( , )i ib c . Therefore, phase-sensitive spectral domain optical coherence 

tomography to record three-dimensional thermoelastic change is required to 

develop for determining MION distribution in a WHHL artery.  For a clinical 

purpose, only a fast scanning of two-dimensional recording might be required. 

 

4.6. Conclusions 

The detection of thermoelastic displacement by DP-OCT increases 

sensitivity and specificity in the detection of macrophages. The linear increase of 

optical path length with respect to SPIO concentration and pulsed laser power 

provides preliminary data to interpret a DP-OCT measurement to detect 

atherosclerotic plaque more efficiently. 

Our results suggest that DP-OCT measurement of optical path length 

change following pulsed laser heating of SPIO and MION is capable of detecting 

thermoelastic changes with nanometer scale resolution without MRI or fluorescent 

labeling. Exploration of the range of doses that may be delivered to specific target 

tissue sites, laser dosimetry necessary to obtain sufficient heating, optimal laser 

wavelength(s) to heat the nanoparticles will be required.  
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The developed analytical solution can be applied to interpret the 

thermoelastic displacements measured by DP-OCT for both SPIO solutions and 

MION-injected WHHL rabbit arteries. The distribution of point heat sources 

affected time evolution of thermoelastic displacement. As point heat sources such 

as SPIO or MION were located closer to a surface area of interest and fewer point 

heat sources were distributed laterally, the thermoelastic displacement showed a 

sharper decay after pulsed heating.  

The rate of thermoelastic displacement decay depends on lateral distribution 

of point heat sources. As more heat sources were laterally distributed around the 

DP-OCT measurement site, the decay was slower due to thermal diffusion from 

those heat sources.  

 Several further studies including (1) Derivation of an integral equation for 

the strain resulting from instantaneous heating of a point heat source, (2) 

Development of a spectral domain phase sensitive instruement to measure the 

volumetric strain field in tissue, (3) Investigation an ill-posedness of thermoelastic 

displacement in response to pulsed laser irradiation of point heat sources in tissue, 

(4) Development of an algorithm and implement to determine the location of 

nanoparticles from a measurement will be required. 
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Chapter 5 : Detection of Thermoelastic Surface Displacement of 

Infrared Stimulation of Neural Tissue by DP-OCT 

5.1. Introduction Equation Chapter 5 Section 1 

Stimulation of neural tissues can trigger action potentials in neurons by 

electrical, chemical, magnetic, or thermal stimuli [1]. Inasmuch as neurology is a 

central research area, development of novel stimulation approaches is important in 

clinical researches.  

Electrical stimulus has been a standard method for triggering action 

potentials in neurons [2]. An action potential is triggered in response to electrical 

stimulus above a threshold current. When a stimulus is applied at a nerve site, its 

energy causes a temporary reversal of the nerve cell membrane potential. As a 

result, a negative potential of 70 mV across the membrane becomes positive at 40 

mV and the nerve cell is depolarized [3]. Electrical stimulation of neural tissues is 

limited due to damage resulting from direct contact of electrodes and a poor spatial 

specificity associated with recruitment of multiple axons by electrodes [4]. Optical 

stimulus by a pulsed infrared laser with low radiant exposure well below ablation 

or permanent damage was recently introduced by Wells et al [1] to overcome the 

limitations associated with electrical stimulation.  Although optical stimulation of 

action potential in nerves is novel, the mechanism is not well understood. Studies 

reported in this chapter were undertaken to provide additional quantitative data that 
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may aid in understanding the mechanism of optical stimulation of action potentials 

in nerves. 

Optical detection of neural activity has also been investigated by our group 

and others [5, 6]. Change in optical (scattering, birefringence) and mechanical 

properties (swelling, shortening, and initial shrinkage) in response to electrical 

stimulation has been observed by optical methods [5, 6]. However, optical 

detection of thermoelastic surface displacement in response to optical stimulation 

has not been reported. Understanding the mechanism(s) of optical stimulation of 

neural tissue is important to develop the approach for human applications.  Laser 

irradiation of a neural tissue initiates an action potential through absorption and 

possibly scattering of incident light.  Light interactions with the nerve can be 

categorized into photochemical, photothermal, and photomechanical effects.  

Temperature change in the membrane can affect transmission of an action potential 

due to conductance change of sodium and calcium ion channels and may be one 

mechanism for triggering an action potential.  Temperature increase and resulting 

thermoelastic expansion in response to short pulse laser irradiation may 

mechanically stimulate nerve fibers to trigger an action potential by opening the ion 

channels in the membrane.  

Measurement of thermoelastic surface displacement of neural tissue in 

response to Ho:YAG pulsed laser irradiation by differential phase optical 

coherence tomography (DP-OCT) is designed to investigate further the mechanism 

of optical stimulation. DP-OCT may provide a novel optical tool to detect 
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characteristic response of neural tissue to optical stimulation with nanometer-scale 

sensitivity. A primary goal of this paper is to characterize thermoelastic 

displacement of the rodent sciatic nerve in response to Ho:YAG pulsed laser light 

absorption.  Experiments completed by Wells et. al. indicate radiant exposure 

threshold for stimulation of an action potential in a rodent sciatic nerve is 

0.32J/cm2[1].  Differential phase optical coherence tomography (DP-OCT) was 

used to detect changes of surface thermoelastic displacement in nerves in response 

to optical stimulation below and above the radiant exposure threshold with sub-

nanometer resolution and microsecond temporal resolution [7]. Results of this 

study may provide important data that will aid in the understanding of optical 

stimulation of action potentials.  

 

5.2. Materials and Methods 

5.2.1. Nerve Preparation 

Sciatic neural tissues of Sprague-Dawley rats were extracted. A nerve was 

immersed in a saline solution to prevent dehydration before experiments. A plastic 

ring was placed inside a plastic Petri dish and the rat nerve was placed inside the 

ring. A cover glass (thickness = 220 µm) was placed on top of the ring and optical 

path length difference between the bottom of the cover glass and neural surface and 

was set between 200 to 300 µm to be measured by DP-OCT. 
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5.2.2. Thermoelastic surface displacement of rat neural tissues by DP-OCT in 

response to Ho:YAG laser irradiation 

A Ho:YAG laser ((λ = 2.1 µm, 1-2-3 laser, Schwartz Electro Optics, Inc.) 

was utilized for optical stimulation of nerve [1]. Ho:YAG laser light was focused 

by a CaF2 lens (f = 25 mm) and coupled into a 600 µm core multimode optical fiber. 

A pulse of Ho:YAG laser radiation (radiant exposure: 0.25-1.15 J/cm2, spot size: 

1.2 mm2 [1], pulse duration: 250-300 µs, fluence rate: 830-3830 W/cm2) was 

delivered to rat nerve surface.  

Differential phase optical coherence tomography (DP-OCT) was used to 

measure thermoelastic surface displacement of a rat sciatic nerve in response to 

Ho:YAG pulsed laser irradiation.  
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Figure 5.1 DP-OCT systems with an optical semiconductor amplifier light source 

(LS), lens (L), rapid scanning optical delay (RSOD) line, grating (G), detector (D), 

Wollaston prisms (W), and nerve (S).  

 

 DP-OCT is a birefringent-fiber-based dual channel low-coherence 

Michelson interferometer. DP-OCT is capable of measuring optical path length 

difference between light backscattered from two spatially separated sites in a 

sample with sub-nanometer spatial resolution [8]. A cover glass was placed above a 

nerve surface using a spacer for thermoelastic surface displacement of a rat nerve in 

response to a pulsed laser irradiation. Backscattered light from a glass-air interface 

and an air-nerve interface was detected by DP-OCT. 

 

5.3. Results and discussion 

5.3.1. Optical path length change of rat neural tissues in response to pulsed 

Ho:YAG laser irradiation 

Optical path length decreased due to thermoelastic displacement of the 

nerve surface. In Figure 5.2, neural thermoelastic surface displacement during a 

pulse is illustrated with the pulsed laser intensity profile.  When the laser intensity 

increased, the nerve surface expanded and rebounded back to approximately half of 

the maximum displacement as pulsed laser intensity decreased. After pulse 

duration, the surface expanded again and then decayed at later times.  
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(A) 

 
(B) 

 
Figure 5.2 (A) Time variation of nerve surface displacement (nm) in response to 

Ho:YAG pulsed laser irradiation, measured by DP-OCT. Legend indicates radiant 

exposures (J/cm2). (B) Early-time nerve surface displacement in response to 

Ho:YAG pulsed laser irradiation. 
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At radiant exposures below threshold for action potential stimulation, 

amplitude of measured thermoelastic displacement was decreased relative to 

displacements above threshold.  Interestingly, no distinct differences were noted 

in the form of the nerve response to radiant exposures below (0.25 J/cm2) and 

above (0.35 – 0.55J/cm2) the threshold (0.32 J/cm2).   

Since measured thermoelastic surface displacement of the rat nerve in 

response to Ho:YAG pulsed laser irradiation included an oscillatory component as 

well as typical thermoelastic displacement, the analytical solution developed for 

thermoelastic surface displacement in response to pulsed laser irradiation (Section 

4.2, Equation 4.15) was used to extract the oscillatory component. 

In the analytical solution, a rat nerve was assumed to contain 

homogeneously distributed point heat sources. A heated volume in response to 

Ho:YAG laser irradiation was determined by a spot size and penetration depth of 

the laser light. The spot size of 1.2 mm2 [1] and penetration depth (δ ) of 370 µm 

were used for the analytical solution. An energy rate ( [ / ]Q J s ) of point heat 

sources was assumed to be exponentially decreased in depth direction by Beer’s 

law.  

The ratio between spot size ( 2rπ , where r is a radius) and cross sectional 

area ( 2rδ ) in experiments with rat nerves is πr/2δ=2.63. Number of point heat 

sources in radial and depth directions was determined from the ratio.  After 
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scaling the maximum displacement, measured surface displacement decay after 

pulsed laser irradiation matched simulated values.  

In Figure 5.3, the nerve showed a characteristic oscillatory motion which is 

unexpected in a typical pulsed photothermal response of tissue.  

 

Figure 5.3 Measured (solid) and simulated (dotted) thermoelastic neural surface 

displacement in response to Ho:YAG pulsed laser irradiation. The radiant 

exposures for the top, middle, and bottom curves have 0.25-0.35 2J cm⎡ ⎤⎣ ⎦ , 0.35-0.45 

2J cm⎡ ⎤⎣ ⎦  and 0.45-0.55 2J cm⎡ ⎤⎣ ⎦ , respectively.  

 

Measured 

Simulated 
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In Figure 5.3, the oscillatory components extracted from measured 

thermoelastic nerve displacement are shown. Larger oscillatory surface 

displacement was observed with higher radiant exposures.  

 

Figure 5.4 Difference between measured and simulated surface displacement of a 

rat nerve (up) in response to Ho:YAG pulsed laser irradiation (Bottom). The initial 

time (t = 0) indicated the start of pulse. Difference was made by subtraction of 

simulated surface displacement from measured surface displacement (Figure 5.3). 

  

Since most of radiant exposures that we used in this experiment is higher than 

the reported average threshold radiant exposures [1], the observed oscillatory 

component may be a significant factor for an initiation of action potential. In this 
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case, optical stimulation of shorter pulse duration would be more efficient to trigger 

an action potential. However the insignificance of pulse duration for optical 

stimulation of neural tissue was reported by Wells et al and is based on comparison 

between 5 µs and 350 µs pulse duration at same wavelength (2.1 µm) [1]. 

Therefore, the mechanism for IR optical stimulation of neural tissue may be more 

thermal rather than acoustic.  

The other possible mechanism for the optical stimulation of neural tissue is 

mechanical stretch in a neural membrane pore of an ion channel due to 

thermoelastic displacement. If ion channels open wide due to thermoelastic 

displacement, conductance is increased and an action potential might initiate. 

The mechanical stretch ( pAδ ) of ion channel pore area is 2 L pAε  where Lε  

is a lateral strain and pA  is a pore size (diameter: 3.1 nm [9]) of ion channel in 

nerve. Lε  is calculated by using Poisson ratio of nerves ( v = 0.34 [10]) and normal 

strain ( Nε ). Nε  is approximately measured thermoelastic displacement multiplied 

by nerve absorption coefficient at 2.1 µm ( aµ =2.693 [1/mm] [11]). For measured 

thermoelastic displacement (120 nm) with medium radiant exposure (0.35-0.45 

J/cm2) in Figure 5.2, Nε  is 3.2 10-4 and Lε  is 1.1 10-4.  As a result, the 

calculated pAδ (=1.6 10-3 nm2) is insignificantly small and thermoelastic 

displacement due to opening of the ion pores is not expected to trigger an action 
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potential.  Alternative mechanisms such as a thermal-driven osmotic effect that 

can increase ion flux may be considered in future work. 

 

5.4. Conclusions 

Thermoelastic displacement of a rat nerve in response to Ho:YAG pulsed laser 

irradiation was measured by DP-OCT.  The measured displacement appeared to 

be a superposition of thermal and oscillatory components. Neither oscillatory nor 

thermal component of measured thermoelastic displacement can account for optical 

stimulation of neural tissue. Further investigations are required to explain the 

dominant mechanism(s) of optical stimulation of nerves such as a thermal osmotic 

effect. 
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Appendix 

 
A.1. Numerical Method (Coherent Detection) for Thermal Wave Imaging  

 

MATLAB © code (modified for better understanding) 

% Starting and end file numbers for For loop 

Ni = 1; % First File 

N_end = 30; % End File 

------------------------------------------------------------------------------------------------ 

Thermal Wave Image Generation   %% 

------------------------------------------------------------------------------------------------ 

for kk = Ni:N_end  

% clear Variables to prevent memory problems 

clear Im A Pi Reref Imref Va Vb MuVa MuVb temp path time ... 

filt_In_phase_Ch3 analy_ref Reref3D Imref3D... 

Re_ref Im_ref Ch3 Ch Atophat dA dPi  

------------------------------------------------------------------------------------------------ 

------------------------------------------------------------------------------------------------ 

Modulated Intensity was acquired by Labview Code for DP-OCT  %% 

Load Modulated Laser Intensity, fm=10Hz,     %% 

------------------------------------------------------------------------------------------------ 

path='C:\Jihoon\Rabbit_normalization_Feb16';  % Directory of a folder 

------------------------------------------------------------------------------------------------ 

File name (Define name of files containing data) 

NOTE: here only 2 files are shown as examples 

------------------------------------------------------------------------------------------------ 

% Control WHHL Rabbit Arteries, Feb 16 2006 Experimental Data   

if kk == 1; fd='Feb16_scan08'; end;  

if kk == 9; fd='Feb16_scan016'; end; 
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% Mion-injected WHHL Rabbit Arteries, Jan 16-17 2006 Experimetal DATA  

if kk == 10; fd='scan02'; end;    

if kk == 19; fd='scan017'; end;   

% Mion-injected WHHL Rabbit Arteries, Jan 48 2006 Experimental DATA  

if kk == 20; fd='Jan18_scan01'; end;  

if kk == 30; fd='Jan18_scan011'; end;  

------------------------------------------------------------------------------------------------ 

File Extension % 

------------------------------------------------------------------------------------------------ 

file = [fd '.dat'];  % Extension of saved file is 'dat' 

------------------------------------------------------------------------------------------------ 

Format determined by a Labview code 

------------------------------------------------------------------------------------------------ 

[sample_rate,fringe_frequency,number_samples,galvo1_freq,galvo2_freq,galvo1_a

mp,galvo2_amp,comments,header_length] = ... 

textread([path '\' file],'%u %u %u %u %u %f %f %s %u',1,'delimiter',','); 

fid=fopen([path '\' file],'r','b'); 

fseek(fid,header_length+length(num2str(header_length))+1,0); 

last=0; 

------------------------------------------------------------------------------------------------ 

Extract Channel information 

------------------------------------------------------------------------------------------------ 

Ch3=Ch(:,3); 

Modulated Laser Intensity was stored as Ch3 with 100 Hz sampling frequency 

------------------------------------------------------------------------------------------------ 

Make Sinusoidal Reference Signal with 10 Hz Modulation Frequency (fm = 10Hz) 

1. Make a rectangular pulse train with constant amplitude from measured Light 

Intensity  
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2. Find index when modulated laser Irradiation starts 

3. Cut sinusoidal reference signal from 10 index before the start index to 299 

frames after the start index which makes 3 second reference signal almost matched 

the laser modulation. The 10 index gaps was introduced to compensate time delay 

between modulated laser irradiation and IR camera image acquisition. IR camera 

acquistion starts slightly earlier than modulated laser irradiation. Convert the 3 

second rectangular reference signal to a sinusoidal signal by low pass filtering. 

------------------------------------------------------------------------------------------------ 

scale = 2550; % Arbitrary Scale 

% Make a rectangular pulse train with constant amplitude from measured Light 

Intensity 

In_phase_Ch3 = scale*(Ch3>round(max(Ch3)/2));  

% Find an index when modulated laser irradiation starts 

Index = min(find(In_phase_Ch3>0))+1;  

------------------------------------------------------------------------------------------------ 

% Adjust phase accurately %% 

------------------------------------------------------------------------------------------------ 

Nframes = 300; 

% Cut 300 frames(3 second) from the start index 

In_phase_Ch3 = In_phase_Ch3(Index-10:Index-10+Nframes-1);  

plot(In_phase_Ch3,'.-'); % show a rectangular reference signal 

 

% Filter the rectangular reference signal to convert the rectangular reference signal  

% into sinusoidal 

% Low pass filter, cheby1 LPF, 100 Hz fs, 10 Hz cut off frequency 

[b,a] = cheby1(2,3,10/50);  

freqz(b,a,512,100); % See frequency response of the LPF 

dt=1/sample_rate;  

filt_In_phase_Ch3 = filtfilt(b,a,In_phase_Ch3); % Low pass filtering 
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% Analytic signal for low pass fitered In_phase laser intensity signal 

analy_ref = hilbert(filt_In_phase_Ch3);  

------------------------------------------------------------------------------------------------ 

Normalize real and imanginary analytic reference signal  

These real and imaginary reference signal will be  

mutiplied to temporally changed IR intensity of rabbit artery IR images  

------------------------------------------------------------------------------------------------ 

Re_ref = real(analy_ref); Re_ref=(Re_ref-min(Re_ref));  

Re_ref=Re_ref./max(Re_ref);  

Re_ref = Re_ref'; % Real part of Reference signal 

Im_ref = imag(analy_ref);  

Im_ref=(Im_ref-min(Im_ref));  

Im_ref=Im_ref./max(Im_ref);  

Im_ref = Im_ref'; % Imaginary part of Referece signal 

 

% Figure  

time = dt:dt:dt*length(filt_In_phase_Ch3);            

subplot(4,1,1), plot(time,In_phase_Ch3,'b'); axis([0 5 0 3500]) 

subplot(4,1,2), plot(time,filt_In_phase_Ch3,'r'); axis([0 5 -2000 2000]) 

subplot(4,1,3), plot(time,Re_ref,'m'); axis([0 5 0 1]) 

subplot(4,1,4), plot(time,Im_ref,'G'); axis([0 5 0 1]) 

% figure, plot(time,In_phase_Ch3,'b'), hold on, plot(time,filt_In_phase_Ch3,'r'); 

------------------------------------------------------------------------------------------------ 

Nano particle detection program, DEFINE parameters, 

Aorta Mion object locationStframe should be larger than 0     

------------------------------------------------------------------------------------------------ 

NOTE: The first and last files are shown here. 

 

if kk==1  



 114

% adjust start frame of IR image sequence to make in-phase with  

% modulated laser intensity 

% Starting Frame for IR image sequence to match with modulated laser intensity 

Stframe = 7;  

 

obx1 = 1; oby1 = 1; obx2 = 256; oby2 = 256; % set a range of IR image  

fname = [path '\Feb16_RabbitAorta8.tif']; 

% location index of a bright dot in an IR image 

px = 110-obx1+1; py =104-oby1+1;   

% location index of background 

nx = 112-obx1+1; ny = 68-oby1+1;  

end 

 

if kk==30  

Stframe = 4; 

obx1 = 1; oby1 = 1; obx2 = 256; oby2 = 256; 

fname = [path '\Jan18_RabbitAorta11.tif']; 

px = 114-obx1+1; py =134-oby1+1; 

nx = 124-obx1+1; ny = 70-oby1+1; 

end 

 

% Tiff Image Read 

Nframes = 300; % number of frames 

Enframe = Stframe+Nframes; 

 

% Extract Images around target area defined by (obx1,oby1) and (obx2, oby2) 

for i=Stframe:Enframe-1 

temp = double(imread(fname, i)); % Read image named by fname frame by frame 

% save the area of interest 
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im(:,:,i-Stframe+1) = temp(oby1:oby2, obx1:obx2); 

end 

------------------------------------------------------------------------------------------------ 

%% plot an Intesity temporal profile of IR image sequence %% 

------------------------------------------------------------------------------------------------ 

x =squeeze(im(py,px,:));   % Get temporal profile of IR image sequence 

x = x-min(x); % Normalize by minimum of x to see IR intensity change 

t = 0:0.01:1.99; 

figure; plot(t,x,'k.-',t,400*Re_ref(1:Enframe-Stframe),'k--'); 

title(['Thermal Wave and Laser Intensity']); 

legend('Thermal Wave','Laser Intensity') 

xlabel('Time(second)'), ylabel('Thermal Wave Intensity (a.u.)'); 

axis([0 2 0 1200]); 

 

% Maximum   

IR_I_max(kk) = max(x); 

 

------------------------------------------------------------------------------------------------ 

lowpass filtering of a IR images to remove salt-and-pepper noise %% 

------------------------------------------------------------------------------------------------ 

lpf = 1; % select 1 to perform lowpass filtering 

if lpf == 1 % perform lowpass filtering 

for i=1:Enframe-Stframe 

% Moving average by a 3 X 3 block 

Im(:,:,i) = conv2(im(:,:,i), ones(3)/9, 'valid');  

end 

else 

Im = im; 

end 
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clear im; 

[N M D] = size(Im); % size of images x, y, and time directions 

 

% Create a 3D referece block using constructed real/imaginary reference signals 

Reref(1,1,:) = Re_ref(1:Enframe-Stframe);  % In case that we want to cut a real 

reference signal 

Imref(1,1,:) = Im_ref(1:Enframe-Stframe);  % In case that we want to cut a 

imagninary reference signal 

 

% replicate a constructed time-domain reference to make a 3-D referece block. 

Reref3D = repmat(Reref, [N M]);             

Imref3D = repmat(Imref, [N M]); 

 

Va = Im.*Reref3D; % Image X Real reference 3-D block 

Vb = Im.*Imref3D; % Image X Imaginary reference 3-D block 

 

MuVa = mean(Va,3); % Compute time averaged real value (Low Pass Filtering) 

MuVb = mean(Vb,3); % Compute time average imaginary value (Low Pass 

Filtering) 

 

% Magnitude and Phase 

A = sqrt(MuVa.^2+MuVb.^2);            % Make Magnitude Image 

Pi = unwrap(atan(MuVb./MuVa));     % Make Phase Image 

------------------------------------------------------------------------------------------------ 

Data Store for Normalization of A and Pi  %% 

------------------------------------------------------------------------------------------------ 

% A:  remove DC and remove negative values 

A = A-min(A(:)); 

A_t{kk} = A; 



 117

 

% Pi: remove DC and remove positive values 

Pi = Pi + max(Pi(:)); 

Pi_t{kk} = Pi; 

 

% Store dA, magnitude range, for each images 

maxA(kk) = max(A(:)); 

minA(kk) = min(A(:)); 

dA(kk) = maxA(kk)-minA(kk); 

dA_store(kk)=dA(kk); 

 

% Store dP, phase range, for each images 

maxPi(kk) = max(Pi(:)); 

minPi(kk) = min(Pi(:)); 

dPi(kk) = maxPi(kk)-minPi(kk); 

dPi_store(kk)=dPi(kk); 

end 

 

% Biggest dA and dPi will be converted to a 8-bit gray scaled level (0-255) 

scale_factor = 1; 

dA_max = max(dA); 

dA_max = (dA_max*scale_factor); 

 

dPi_max = max(dPi); 

dPi_max =(dPi_max*scale_factor); 

 

------------------------------------------------------------------------------------------------ 

%%  Normalization of A and Pi   %% 

------------------------------------------------------------------------------------------------ 
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for kk=Ni:N_end 

% normalize A 

A = A_t{kk}; 

A = 255*(A-minA(kk))/(dA_max-minA(kk));  

A_t{kk} = A; 

% normalize Pi 

Pi = Pi_t{kk}; 

Pi = 255*(Pi-(maxPi(kk)-dPi_max))/(maxPi(kk)-(maxPi(kk)-dPi_max));  

Pi_t{kk} = Pi; 

end 
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MATLAB © code for Thermal Wave Thoery 

f = logspace(-1, 4);  % Frequency range   

w = 2*pi*f;           % w = 2*pi*f  

s = j*2*pi*f;         % Definition of s = jw 

% parameters 

alpha_IR = 100;       % IR emission absorption coefficient(1/mm) 

u_a_bk = 1;           % background absorption coefficient(1/mm)   

D = 0.11;             % thermal diffusivity(mm2/s) 

% varying nanoparticle thermal wave signal power in terms of dTo_np 

dTo_np = [0.0001,0.01,0.05,0.1,0.5,1]; % dTo_np 

dTo_bg = 1;           % dTi for background absorber (oC) 

dTo1 = dTo_np;        % dTo1 = dTo_np 

dTo2 = dTo_bg;        % dTo2 = dTo_bg 

dz = 0.04;            % nanoparticle region (mm) 

z_np = dz;            % z_np = dz   

z_mean = z_np/2;      % z_mean = half of z_np (= dz) 

z1 = z_mean-dz/2;     % z1 = z_mean - dz/2 = 0;  

z2 = z_mean+dz/2;     % z2 = z_mean + dz/2 = z_np = dz;  

 

for i = 1:length(dTo1) 

    % z1<= z <= z2 

    dS_np =alpha_IR*dTo1(i)./(sqrt(s).*(s+alpha_IR*sqrt(D*s))).*... 

        (sinh(sqrt(s/D)*z2)-sinh(sqrt(s/D)*z1)); 

    dS_np_all(:,i) = dS_np'; 

     

    % 0<= z <= INF 

    dS_bk=alpha_IR*dTo2./(2*sqrt(s).*(sqrt(s)+alpha_IR*sqrt(D))).*... 

        (2*u_a_bk)./(u_a_bk^2-s/D); 
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    % dS total array 

    dS_all(:,i) = dS_np'+dS_bk';  

end 

 

% Angle(dS_np X dS_bk*) 

for i = 1:length(dTo1) 

    % dS interfere 

%     dS_itfr_ang(:,i) = unwrap(angle(dS_np_all(i).*conj(dS_bk))); 

    dS_itfr_ang(:,i) = angle(dS_np_all(i))' - angle(dS_bk)'; 

end 

 

% magnitude in dB 

% dS1_dB=10*log10(abs(dS1));  

dS_np_dB=10*log10(abs(dS_np_all));  

dS_bk_dB=10*log10(abs(dS_bk)); dS_bk_dB = dS_bk_dB'; 

dS_all_dB=10*log10(abs(dS_all));  

 

% phase in angle 

% dS1_angle = 180/pi.*angle(dS1);  

dS_np_ang = 180/pi.*unwrap(angle(dS_np_all));  

dS_bk_ang = 180/pi.*unwrap(angle(dS_bk));  

dS_all_ang = 180/pi.*unwrap(angle(dS_all));  

 

% figure showing the effect of nanoparticle in terms of  

% ratio intial suface temperature. 

figure, subplot(2,1,1) 

plot(f, dS_all_dB,'x-'), grid on 

title('|dS-total| with dTo-np/dTo-BK') 

xlabel('Frequency[Hz]'), ylabel('|S-total|[dB]') 
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legend('0.0001','0.01','0.05','0.1','0.5','1') 

axis tight; 

axis([0 20 -100 50]); 

 

subplot(2,1,2) 

plot(f, dS_all_ang,'x-'), grid on 

title('Ang(dS-total) with dTo-np/dTo-BK') 

xlabel('Frequency[Hz]'), ylabel('Ang(S-total)[dB]') 

legend('0.0001','0.01','0.05','0.1','0.5','1') 

axis tight; 

axis([0 20 -100 50]); 

 

% figure showing ds_total_angle with angle-np and angle-bk 

figure (2) 

plot(f, dS_np_ang,'*-', f, dS_bk_ang)%,'x-', f, dS_all_ang,'<-'), grid on 

title('ang(dS-np), angle(dS-bk)') 

xlabel('Frequency[Hz]'), ylabel('ang(S)[Degree]') 

legend('np', 'bK', 'total') 

axis tight; 

axis([0 20 -60 50]); 

 

figure(3) 

plot(f, dS_np_dB,'*-', f, dS_bk_dB,'x-'), grid on 

title('Mag(dS-np), mag(dS-bk)') 

xlabel('Frequency[Hz]'), ylabel('Mag(S)[K]') 

legend('dS-np', 'dS-bK') 

axis tight; 

axis([0 200 -60 0]); 
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figure(4) 

plot(f, dS_itfr_ang(:,1),'*-'), grid on 

title('Ang(ds-interfere(s))') 

xlabel('Frequency[Hz]'), ylabel('Ang(ds-interfere(s))[deg]') 

% legend('dS-np', 'dS-bK') 

axis tight; 

axis([0 200 -1.5 -1.15]); 

 

save dS_itfr_ang.txt dS_itfr_ang -ascii; 

% mag in dB 

save dS_np_dB.txt dS_np_dB -ascii;  

save dS_bk_dB.txt dS_bk_dB -ascii;  

save dS_all_dB.txt dS_all_dB -ascii;  

% phase in angle 

save dS_np_ang.txt dS_np_ang -ascii;  

save dS_bk_ang.txt dS_bk_ang -ascii;  

save dS_all_ang.txt dS_all_ang -ascii; 
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A.2. Numerical Method for Computing Thermoelastic Surface Displacement 

 An analytical solution for thermoelastic surface displacement due to pulsed 

heating of point heat sources are used with Inverse Hankel transform (see chapter 

4.2.3, Theory) 

 

* MATLAB© code (modified for better understanding) 
 

---------------------------------------------------------------------------------------------------- 

In this model, Heat source location changes. This routine implements Hankel 

transforms of integer order based on a Fourier-Bessel series expansion. The 

algorithm is based on a recently published research work: M. Guizar-Sicairos and J. 

C. Gutierrez-Vega, Computation of quasi-discrete Hankel transforms of integer 

order for propagating optical wave fields, J. Opt. Soc. Am. A 21, 53-58 (2004). 

The m-th order Bessel function of the first kind (m: transformation order). "c.mat" 

array: an array of the first 3001 Bessel functions(order: zero to four). 

Hankel trasnforms and inverse transforms of order 0-4 with 3000 maximum 

sampling points were used. 

---------------------------------------------------------------------------------------------------- 

 

-------------------------------------------------- 

Input parameters for Hankel Transforms  

-------------------------------------------------- 

 

R = 1;         %Maximum sampled radius in mm 

N = 300   ;    %Number of sampling points 

ord = 0 ;       %Transformation order 
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-------------------------------------------------- 

Matrix and vectors computing   

-------------------------------------------------- 

 

%% Parameters %% 

nu = 0.5;             % nu = Poission Ratio 

alpha = 76E-6;     % alpha = the coefficient of linear expansion[1/K]  

D = 0.11;             % Thermal diffusivity(mm2/s) 

 

----------------------------------------------------------------------------------------------- 

Make Q/(rho*cp)= 1 C/s, it will multiply scale factor to match with dp 

measurement. [Ref]:http://webmineral.com/data/Magnetite.shtml 

----------------------------------------------------------------------------------------------- 

rho = 5.15e-6; % Density of Fe304 (Magnetitie)= 5.15e-6[kg/mm3] 

cp = 650;  % Heat capacity 649.17 [J/KgK], heat capacity: 150.31 J/molC, 

231.54gm/mol 

Qo =  (rho*cp);            % Heat source(J/s)=6*100*298.7304 

----------------------------------------------------------------------------------------------- 

 

%% An array of  Bessel functions  

load C:\jihoon\2006spring\Phd_defence\Ch4\c.mat; 

c = c(ord+1,1:N+1); 

 

V = c(N+1)/(2*pi*R);    % Maximum frequency 

r = c(1:N)'*R/c(N+1);    % Radius vector 

dr = r(2)-r(1);           % dr 

v = c(1:N)'/(2*pi*R);     % Frequency vector 

 

[Jn,Jm] = meshgrid(c(1:N),c(1:N)); 
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C =(2/c(N+1))*besselj(ord,Jn.*Jm/c(N+1))./… 

(abs(besselj(ord+1,Jn)).*abs(besselj(ord+1,Jm)); 

 

%% m1 prepares input vector for transformation 

m1 = (abs(besselj(ord+1,c(1:N)))/R)';  

 

%% m2 prepares output vector for display 

m2 = m1*R/V; clear Jn 

clear Jm 

 

-------------------------------------------------- 

Evaluate Hankel transform of function     

-------------------------------------------------- 

dt = 1000e-6;          % time resolution 100 micro-second 

tp = 100e-3;           % pulsed duration = 50ms 

t_end = 1000e-3;       % end time = 100 ms 

t = dt:dt:t_end;         % time to evalaute: 50ms for pulse duration,  

 

HS_n_r = 5;%10;       % number of positions in r direction 

HS_n_z = 3;%7;        % number of positions in z direction 

 

c_z_rng = 50e-3;        % range of heat sources in depth: 50 micron 

c_r_rng = 50e-3;        % range of heat sources in radius: 50 micron 

 

dc_z = c_z_rng/HS_n_z;   % Heat source interval in depth 

dc_r = c_r_rng/HS_n_r;    % Heat source interval in radius 

 

---------------------------------------------------------------------------------------------------- 
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For heat sources which are distributed homogeneously, constant spatial resolution 

for depth and radius are used. However, the distribution of heat sources can be 

adjusted depends on a sample condition, For example, a random number generator 

(rand()) can be used for a random distribution of point heat sources.  

---------------------------------------------------------------------------------------------- 

c_z =  dc_z:dc_z:c_z_rng   % locations of heat sources in depth 

c_r =  0:dc_r:c_r_rng       % locations of heat sources in radius 

c_r_idx =  round(c_r/dr)+1;  % Making radial index, starting from 1 

 

alpha = 269.3; % water absorption coefficient at 2.1 um, Hale and Query 

% Energy absorbed by Heat Sources in depth is assumed to be decreased by Beer's 

Law 

Q = Qo*exp(-alpha*c_z);  

 

---------------------------------------------------------------------------------------------------- 

Space frequency(v) domain thermoelastic displacement u3_v(r,0,t) at Each v, 

u3_v(r,0,t) is calculated and saved as u3_v at different v, and repeat u3_v(r,0,t) 

calculation save all results into an array u3_v_t (total array).  

i:space-frequency index, ii: depth index                              

u3_v_total includes all thermoelastic surface displacements due to heat sources 

located at different depth positions 

---------------------------------------------------------------------------------------------------- 

for ii = 1:length(c_z) 

for i = 1:length(v) 

u3_v = -alpha*(1+nu)*Q(ii)/(rho*cp)*... 

(exp(-2*pi*c_z(ii)*v(i))*erfc((2*pi*v(i)*sqrt(D*t)-c_z(ii))*1./(2*sqrt(D*t)))+... 

exp(2*pi*c_z(ii)*v(i))*erfc(2*pi*v(i)*sqrt(D*t)+c_z(ii)./(2*sqrt(D*t)))); 

u3_v_t(:,i)=u3_v'; 

end 
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u3_v_tot(:,:,ii)= u3_v_t; 

end 

---------------------------------------------------------------------------------------------------- 

---------------------------------------------------------------------------------------------------- 

Inverse transformed u3_r: converting Space-frequency(v) domain to 

Space(r) domain thermoelastic displacement 

---------------------------------------------------------------------------------------------------- 

Instantaneous Heating 

Inverse transform the u3_v_t at each time to get u3_r   

Repeat the transform at different time 

j is time index 

u3_r = Time X Space 

---------------------------------------------------------------------------------------------------- 

for ii = 1:length(c_z) 

for j = 1:length(t) 

Fretrieved = C*u3_v_tot(j,:,ii)';      %% Inverse hankel transform 

fretrieved = Fretrieved.*m1;          %% Prepare vector for display 

u3_r(j,:) = fretrieved';                   %% Make array for u3_r 

end 

u3_r_tot(:,:,ii)=u3_r; 

end 

---------------------------------------------------------------------------------------------------- 

---------------------------------------------------------------------------------------------------- 

Pulsed Heating:  

Integration of thermoelastic displacement due to Instantaneous Heating  

u3_cumsum, Time X Space,   

---------------------------------------------------------------------------------------------------- 

for ii = 1:length(c_z) % ii: Heat source depth index 

for k = 1:length(r) % k: Radius Index 
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------------------------------------------------ 

%% (1) During Pulse, 0<t<tp     %% 

------------------------------------------------ 

r_index = k; % radial index is k 

---------------------------------------------------------------------------------------------------- 

At each radial position, thermoelastic displacement due to instantaneous heating 

was integrated during pulsed duration. start time is same to the beginning of pulse 

---------------------------------------------------------------------------------------------------- 

u3_tp(:,k,ii) = cumsum(u3_r_tot(1:tp/dt,r_index,ii),1);  

% 1: Integration in Time(column) 

end 

 

for k = 1:length(r) 

for m = 1:(length(t)-tp/dt)-1   

% m: time index after pulse duration, -1 is for size of time 

 

------------------------------------------------ 

(2) After Pulse, t>tp  

------------------------------------------------ 

% Initial thermoelatic surface displacement after tp is same to u3_tp  

% at the end of tp. 

u3_tp_af(1,k,ii)= u3_tp(tp/dt,k,ii);   

---------------------------------------------------------------------------------------------------- 

After tp, at time index m, first integration of thermoelastic surface displacement 

due to instantaneous heating is subtracted from u3_tp at the end of tp and the 

thermoelastic surface displacement due to instantaneous heating at the time index 

tp/dt+m is added,  for further time, this computation is repeated 

---------------------------------------------------------------------------------------------------- 

u3_tp_af(m+1,k,ii) =  u3_tp_af(m,k,ii)-u3_r_tot(m,k,ii)+u3_r_tot(tp/dt+m,k,ii); 
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end 

end  

% combine u3(r,0,t) during and after a pulse duration 

% 1e6 is multipled to make displacement in nm 

u3_tot(:,:,ii) = 1e6*[u3_tp(:,:,ii)' u3_tp_af(:,:,ii)']'*dt;   

end 

--------------------------------------------------------------------------------------------------- 

Superpose all effects from each heat source to obtain thermoelastic surface 

displacements at an observation point (r=0, z=0). Thermoelastic surface 

displacement at (r=0,z=0) due to heat sources (r=r1,z=c) off from a depth axis (r=0) 

is same to the thermoelastic surface displacement at (r=r1,0) due to heat sources 

(r=0,z=c) located at a depth axis. That can be obtained by selecting radial index of 

interest, c_r_idx, for thermoelastic displacement due to pulsed heating, u3_tot,  

---------------------------------------------------------------------------------------------------- 

for k = 1:length(c_r_idx)-1 

u3_sp_o = zeros(length(t),1); % Initialization of displacement array 

u3_sp(:,1) = u3_sp_o;           % Initial displacement array 

% superpose all thermoelastic surface displacements 

u3_sp(:,k+1) = u3_sp(:,k)+sum(u3_tot(:,c_r_idx(k),:),3);  

end 

------------------------------------------------------------------------------------------------ 

Display results(1)  %% show u3_r at individual time and radius 

------------------------------------------------------------------------------------------------ 

figure(1) 

plot(t,sum(u3_sp,2),'k') 

title('u3(r,0,t)') 

xlabel('Time(t) [s]') 

ylabel('u3(r,0,t) [nm]') 
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A.3. Cross section (σ
np

), ∆T
np /∆T

BK
, Concentration (C

np
) of MION in Rabbit 

Arteries   
 

Number of nanoparticles in MION solutions (5 µL MION solutions diluted by 4 

mL water) is calculated by Equation 3.10. 

 
Sol. Conc. 

Cs [mg/mL] 

Sol. Vol.

Vs [mL]

NP. Density

ρ [Kg/m3]

Particle 

Core Vol. 

Vpc [m3] 

# Particles in 

Sol./Vol. 

[1/mm3] 

MION 11.34 5 5150 6.5 X 10-26
168 1012/4005

= 4.19 1010 

 

1. Cross section ( npσ ) 

( )
_ _

12 3

2

ln(10) (532 )

ln(10)(0.06) / 168 10 4005

0.33

np a sol sol np sol solC A nm C

mm

nm

σ µ= =

= ⋅

=

 

2. ∆T
np /∆T

BK
 

Measured ∆T by a Pulse 

 0.3 <= ∆Tnp+BK <= 0.57 

0.21 <= ∆TBK <= 0.27 

0.09 <= ∆Tnp <= 0.42 

0.33 <= ∆Tnp /∆TBK <= 2 

 

3. npC  of MION in a MION-injected rabbit artery 

3

1 np p
np

np

T C
C

mm E
ρ

σ
∆ ⋅ ⋅⎡ ⎤ =⎢ ⎥ ⋅⎣ ⎦
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Measured E(J/cm2): 0.094 <= E <= 0.28 

Cp = 650 J/KgK 

 

@ E=0.094 
9.72 x 10

11
<=Cnp <= 4.54 x 10

12 
 
@ E=0.28 
3.26 x 10

11
<=Cnp <= 1.52 x 10

12 
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A.4. Histology 

 
Macrophages locations are matched with MION locations 
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