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SUMMARY

Photoacoustic imaging éspromisingool for disease diagnosi$he modality uses
short pulses of laser light to generate ultrasevawesfrom tissue. Photoacousticsan
take advantage of the optical properiégissueto differentiate between different tissue
types In addition, photoacoustic imagings highly complementary with ultrasound
imaging, which makes it possible to overlay photoacoustic signalsulti#sound signals
displaying anatomic information. Applications for photoacoustic imaging include
improved diagnosis and characterization ofimary tumors, cancer metastasis,
atherosclerosis, arthritisand other diseases and pathologietn this dissertation,

photoacoustic imaging as a diagnostic tool is advanced in two ways.

First, the delivery and distribution of light in tissue is adshed. Monte Carlo
simulations of light propagaticareused to optimize light deliverfChapter 3) A variety
of tissue types, light wavelengths, species characteristics, and device geometries are
considered. Optimal geometries are recommended forrcbsea depending on whether
they are imaging mice or humans. It was found #eteral times less light will be
delivered in humans, which has implications for clinical translation of imaging experiments
conducted in mice. The simulations were validatgidga set oimatchedsimulations and
experiments Next, a new technique is introduced whicbuld make it possible to
compensate for the decrease in fluence with respettsdoedepth (Chapter 4) The
viability of the technique is tested usisignulaions of a broad range of tissuAlso, a set
of simulations mimicking contrast agents in breast tissue is used to estimate the potential

benefit of the technique. The results indicate the technique could make it possible to make
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relative quantitative goparisons of photoacoustic signal from different absorbers deep in

tissue This justifiesfurther experimentex vivo

Next, the safety of intravascular photoacoustic imaging is evaluated. Intravascular
photoacoustics is a catheter basethging technique meant to identify lipid plaques
formed from atherosclerosidntravascular photoacoustic imaging can result in the same
regon of tissue being irradiated hundreds of tirbesause the artemustbe irradiated
repeatedly as the catheter is rotaded retractedo produce on@D image. This makes
safety a concern. In this dissertation, the safety of intravascular photoadoasfing is
evaluatedn vitro andin vivo. Several cell types found in healthy and diseased arteries
were irradiatedn vitro at different dosages (Chapter )he first finding is that cell death
occurs only atthe upper limitof expected light dosa&g required for intravascular
photoacoustic imaging. The second finding is that any damage from photoacoustic
imaging is likely to be from heat accumulation over many light pulses, rather than from
optical breakdowrtaused byhigh fluences from any singleulse. Next, in vivo studies
were conducted on swine (Chapter Bamage was observatithe highest light irradiation
dosagesHowever there was neessel wall damageundat dosages that have been used
to successfully image plaqure vivo in other recenstudies. These resultsndicatethat
intravascular photoacoustic imagicgn be used to identify lipid placgsithout damaging

the vessel wall.
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CHAPTER 1: SUMMARY OF SPECIFIC AIMS

1.1 Aim 1: Optimizing light delivery for photoacoustic imaging systems

The central hypothesis of this aim is that fluence delivery, and thus image quality, can be
optimized by varying the geometry of oneoés
the species andssue type of the imaging target. In this aim, Monte Carlo modeling was
conducted to investigate the effect of the light delivery angle, light delivery position,
imaging target species, tissue type, and laser wavelength on the amount of light delivered
tothe imaging plane. For each species, tissue typdigimiavavelength the fiber position
andlight emissionangle that maximized peak fluence was reported. Matoiwtkling
andexperiments were conducted to validate the model. The work in this aim is meant to
give researchers guidance on the optimal experimental geometry for a variety of
applications of photoacoustic imagingesearchers can choose the optiomical fiber
distance and angle for the tissue type and wavelength that most closely matches their
application. In addition,the workis meant to give insight into the differences in fluence
that may occur when transitioning fropreclinical studies imrmice to clinical use in

humans.

1.2 Aim 2: Fluence Compensation in Deep Tissue for Quantitative Photoacoustic

Imaging

The central hypothesis of this aim is that it is possible to compensate for fluence variations

in deeper regions of tissue by using compression to track#mgye in photoacoustic signal



of native absorbers as a function of depth. this aim, the viability of this method is
investigated using Monte Carlo simulationgsirst, it is determined that the fluence
decreases at a exponential rate for homogenaugte a wide range of optical properties.
This establishes that the technique would be viable in most tissue Types.theexpected
improvement in photoacoustic signal from using the techniquevaluatedusing a
simulation consisting of severalgiens of high intensity (contrast agents) in breast tissue
at 789 nm. The work is meant testablisnthe viability andusefulness othis technique
which would servdo motivate futureex vivoandin vivo experiments.Once developed
and implementedhetechnique would make it possible to make quantitative comparisons

of relativephotoacostic signals.

1.3 Aim 3: Safety of Intravascular Photoacoustic Imaging In Vitro Studies

The central hypothesis of this aim is that a threshold of light dosage faleedti can be
identified for cellsn vitro and that damage at higher IVPA dosages are likely to be caused
by heating of tissue. To investigate this, the viability of macrophages, smooth muscle cells,
and endothelial cell after irradiation with light dosagelevant to IVPA imaging was
evaluated. First, cells were irradiated with many pulses of light, similar to the exposure
from 3D image acquisition during IVPA imagiagdat IVPA relevantiosages. The cells
were thenevaluatedor viability. Second, cells were irradiated with fewer pulses but at
the highest optical fluen@xpectediuring IVPA imaging andgainevaluated for viability.

The first output of this aim is to indicate whether IVPA can be conducted at safe light
dosages Second, it will indicate if the damage mechanism is expected to be heat

accumulation from many laser pulses or optical breakdown from high peak fluences of



single pulses. Third, it will guide the light dosage decisions chosen fon thio

experimeng conducted for air.

1.4 Aim 4: Safety of Intravascular Photoacoustic Imaging In Vivo Studies

The hypothesis of this aim is that IVPA imaging can be conducted at safe laser dosages,
but there will be limitations on the amount of energy used for sedagons. This is the

first in vivo study on the safety of IVPA imaging the author is aware of that has been
repoted to date. The carotid arteries of two swine were irradiated usingtanmedVPA
imaging system at multiple wavelengths and energy @éssaghe tissues were evaluated

for damage by a pathologist. Tharposeof this aim is to indicate the dosages at which
IVPA can be safely conductedthout causing damage to vessel tissue, which will further

IVPA imagingonits path toward clinical apflation.



CHAPTER 2: BACKGROUND

2.1 Photoacoustic Imaging
2.1.1Physical Principals

Photoacoustic imaging isralatively recent imaging modality in the field of biomedical
research 2, although the physical effect was first discovered by Alexander Grahali. Bell
Photoacoustic signals aimeduced by the application of short pulsesetégctromagnetic
radiation, whichfor biomedical applications usually achieed using ashortlaserpulse

at a near infrared wavelengthromophores in the tissue abstrb laser light, resulting

in the sudden absorption of heat. Toasequent thermal expansiamd collapséenduces

an ultrasonic disirbance in the form of a photoacoustic wave. This photoacoustic wave
can then be detected by an ultrasound transducgrortantly, thdocation of that signal

can also be inferred from thedapsed timebetween laser irradiation and photoacoustic

signalacquisitionbased orthe speed of sound in tissue.

Efficient conversion of the absorbed laser light into photoacoustic signal requires
satisfaction of the thermal and stress confinement conditions. In practice, this means that
for biological tissuegphotoacoustic signal induction requires lasers @aplulse width on
the order of several nanometers. A more detailed description of these conditions can be

found in the literatwat¥l.



The inensity of the photoacoustic signal @t source is defined by the
photoacoustic pressure induced by the expansion and compression of the chromophore at

the location of light absorption (Eq. 1°1)

0 A0 (Eq 1.9
where
® — (Eq.1.2)

In this equation, the photoacoustic pressure is defined by the terifhE other
terms include the optical absorption coefficierd)(fihe fluencgF), and the Greneisen
parameter( G )The fluence is defined as the light energr pnit area at the site of
photoacoustic signal generation. The @risenparameters a set of physical properties
of the tissue that determines how efficiently the heat is converted into photoacoustic
pressurdEq. 1.2) Itincludesthe bulkexpansioe modul us (b), the spee

(vs), and the specific heat capacity,(C

Several observations can be made from the photoacoustic pressure equation (Eq.
1.1). First, all the terms on the rightand side are linearfgroportional to the photoacoustic
pressurgwhich can have practical implicationgirst, improved light delivery intdhe
targettissue will increasehe photoacoustic signalThis will result in improved image

quality. Secondthe dependence of the savption coefficient on light wavelength a



mechanism of contrast in photoacoustic imagingVhen irradiating at multiple
wavelengthsthe Grieneisenparametewill not change since it is a physical property of

the tissue. For small wavelength chan@es, range of wavelengthdhe fluence locally

can also be assumednstant As a resultchanges in photoacoustic pressure from the
sameabsorbein tissueusingimages taken using different but close laser wavelengths can
be attributed to the differee in the optical absorption coefficient at these wavelengths.
Since these values are widely available in the literature, this can bélas&t) certain

tissue types, or even contrast agents, in tisBlote that although fluence is not accounted

for directly when comparing between wavelersgthcreasing light delivery for each pulse

is still desirable since a greater number of imaging targets will be detected above the noise

floor.

A final benefit of photoacoustic imaging is tlilaé hardware requirements make it
a simple process to also acquire ultraso{wts]) images. Since the photoacoustic signal is
detected by an ultrasound transducer, this same transggeifor anatomical imaging
can also be used farcquiring the photoaaistic signal Thus,any photoacoustic signal
can be overlaid with the anatoraidmagesproduced by ultrasound In addition to
traditional B-modeUS which acquires the anatomical images, PA can also be combined

with flow imaging and elasticity imagiffty

Photoacoustic imaging has been developed for a wide variety of imaging
applications in the biomedical field over the last salvgears. Theseapplications have
been widely reviewed aniaiclude detection ofcances and metastasis to lymph nodes,
identifying circulating tumor cells, imaging of atherosclerotic plagues, evaluating blood

oxygeration(SQ,) levels,contrast agent imaging, and even measurement of tempé&rature



4. At least onestudyusing a photoacoustic imaging system for breast cancer diagnosis

has gone through clinical tri&i3.

2.2 Transdermal Photoacoustic Imaging Systems

Photoacoustic acquisitios most often achieved using a commercial ultrasound array with
light deliveredexternallyfrom a pulsed laser using an optical fiBér*” (Figure2.1). This

allows researchers to take advantage of ultrasound transducers developed commercially for
photoacoustic signal acquisition, rather than systems built custom in thé\$astated
prevously, these systems can also easily be used to acquire anatomical information with
B-mode ultrasound that can then be overlaid with the photoacoustic sigwalriety of
studiesserve agxamples of thisnethod® %1819, The system used clinical studies for

breast cancer imaging mentioned earlier alsd tiss approach?.

Besides hardware, weral factors affect the measured intensity of the photoacoustic
signal and thus image quality for this type of system. One is the amount of energy emitted
from the optical fiber. This is controlled directly with the laser system. In fact, the pulse
enegy will vary linearly with fluence, so an increase in the energy irradiated will result in
a proportional increase in photoacoustic signal (Eg. 1). However, there is a ceiling on the
amount of light that can be used based on safety considerations,lwhistthe fluence
that can be applied to skin. A second factor is the positioning and orientation of the optical
fiber used to deliver light. Changing these design choices would affect the path light travels
to the imaging target, and thus the amouniighft that reaches the imaging target. The

ideal geometry may be dependent on multiple factors, including the optical properties of



the tissue and the species of the imaging target. Determining the ideal geometry which

maximizes the amount of light thegaches the target for a variety of imaging scenarios

would be of value to the field.

Commercial
transducer array

Optical fiber
bundles

Figure 2.1 Representative image of the experimental setup commignused for
combined ultrasound and photoacoustic imaging. It consists of a linear ultrasound
transducer array and light delivered from the side externally with bundles of optical

fibers.



2.3 Intravascular Photoacoustics
2.3.1Atherosclerosis

The leading cause of death worldwide is cardiovascular di$®agke primary driver of
these deaths is carary artery disease, in whidipid plaques grow in the vessel Wall.
The hological progression is comple¥igure2.2). Growth in the plaque can result in
vessel occlusion, requiringn intervention toreinstate blood flow that is commonly
achieved with deployment of a stéft Alternatively, the plaques can suddenly rupfdre
29 or erod&%>?1. This exposes blood to coagulatimmucing factors, resuitg in blood
clot formation. The clot can block blood flovat thesite of the plaque It can also block
flow in downstream tissud the clot breaks away from tts#e of the plaque and tralge
with blood in the vessdiefore eventually becoming lodged in a narrower ved3ehths
from atherosclerosisommonly result from &eart attack aftea clot blocks a coronary

artely or a stroke ifaclot travels downstream and blocks vessels in the brain.
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Figure 2.2 Development of an atherosclerotic plaqueEndothelial activation leads to
chemokine production and expression of molecular markers on the surface of
endothelial cells, which cause migration and adhesion of immune cells, including
monocytes, to the endotheliumlIncreased endothelial permeabilityenables cells and
LDL to cross into the vessel wall.Monocytes differentiate into macrophages, which
take up modified LDL to form foam cells. Proinflammatory cytokines promote cell
recruitment, smooth muscle cell proliferation and neovascularizationBoth foam-
cell formation and smoothrmuscle proliferation cause a localized thickening of the
vessel wall, which becomes a plaqud.he fragile neovessels can bleed, causing
intraplaque haemorrhage that can accelerate growthHypoxia and oxidative stress
lead to foam-cell apoptosis and the formation of a lipidrich necrotic core. Calcium
is deposited within the plague and a fibrous cap forms over the top of the plaque,
shielding the thrombogenic content of the plague from the circulation As the
plaque enlages, it not only causes narrowing of the lumen, but can also lead to
outward vesseiwall remodeling, a feature of plaques at high risk of rupture.The
fibrous cap thins and the plaque eventually ruptures, which can lead to acute
thrombosis and clinical ezents. High levels of inflammatory cells are found in the
plaque at the time of rupture. Reproduced from ref[28] with permission from
Springer Nature.
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The progression of atherosclerotic plaquesm their earliest stages to those that

are vulnerable to ruptuiie biologically complex and not completely understéod!. It

is an inflammation drign process that involves a numberbadlogical factorgd. It is
initiated by endothelialactivation, which results in thenigration of immune cells,
especially monocytes, into the vessel wallhese monocytes take upw density
lipoprotein (LDL), developing into foam cells.Focal poliferation of these cells and
smooth muscle cells cause plaque growlventually,hypoxiain these regionteads to
cell death and the growth of a necrotic cofefibrous cap at the top of the plaqcen be
formed Plaque rupture or erosion arises from multiple factwithy the primary cause(s)

still being an activeubject of researdf®27 3%39

Pathohistological studies have been conducted to determine the characteristics that
differentiate ruptur@rone orivul ner abl ed pl aqu &% fToese c | i ni
studies identified lipid content, widespread inflammation, and a thin fibrous cap as
common characteristics of ruptured plaques. For example, in one histopathologic study a
fibrous cap thickness 45um and a necrotic core area of 3.45 fwere specified” as
thresholdghat differentiatdoetween ruptureroneand norruptureproneplaques. Thase
specific thresholds suggest that imaging modalities capable of measuring these ifeatures

vivo couldinform clinicians deciding on the best course of intervention

However, the concept of the vulnerable plague has recently become contré¥ersial
409 The main criticism is that while these characteristics of plaque are commonly found in
postmortem examinations of ruptured plaque, they may not predict if a given plaque will
rupture in a patient. Evidence for this is given in the PROSRE&TY, in which patients

underwent coronary angiography, gisgale ultrasound, and radiofrequency ultrasound
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imaging following percutaneous coronary intervention after an adverdewascular

event. Only 26 out of 595 plaques (< 5%) identified as thin cap fibroatheromas were sites

of recurrent events at 3.4 year follow up. Even when plaque burden (70%) and minimal
lumen area (4.0 mfhiwere included, the event rate was only 18.2Phe study indicated

that the high incidence of plhatgdnetsupturee et i ng

may make these criteria ineffective at directing clinical interventions.

It should be noted that there are limitations to this study. k®rradio frequency
intravascular ultrasound (virtual histology) has only moderate sensitivity and specificity
for identifying vulnerable plaque characteristicwivo®®. Given the high base incidence
of plaques that did not meet the criteria of a-tap fibroatheroma (only 596 thin cap
fibroatheroma out of 3160 identified less), moderate specificity would have resulted in
a large proportion of the plaques being misidentified asdaamfibroatheromas. This
could have artificially lowered the predictive rate of vulnerable plaque features. In
addition, the study authors teothat about half of the lesions responsible for recurrent
events were evaluated with angiography but not ultrasound due to the small size of the

artery, which means they also could have been misidentified at the first time point.

Other studies havené weight to the idea that more accurate characterization of
plaques could be useful in guiding clinical decisions on intervention. For examtpke i
more recent Lipid Rich Plaque stltf; nearinfrared spectroscopy was combined with
intravascular ultrasound in a prospective study involving over 1500 patients. Patients with
suspected coronary artery disease underwent imaging in segments that incluckig@mmiton
plaques. Measures of ippresence were able to improve prediction of future events in

nonculprit plaques, with a hazard ratio of 2.18 for the endpoint of major adverse
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cardiovascular events at 2 year follow up. The study authors suggest thaifraead
spectroscopy and w#tsound can be used to inform decisions on intervention, especially in
larger arteries where side effects from catheterization are less likely. These studies
illustrate thatit is still possible for improved plaque characterization to be useful for
guiding clinical interventionalthough more work is needed to identify the besturesor

differentiation and develop the imaging modalitieslétectthem.

In addition to plaque characteristicense have argued that plaque vulnerability
may need to beatnbined with other factors related to patient vulnerability. These include
characteristics of blood related to thrombosis and the vulnerability of the myocardium
based on a pat i en“. oEvaluationiobwidespread inflkaranatiohmayt or vy
also be needed, as many patients experiencing acute coronary syndrome have multiple
legions besides the culprit lesith Overall, other clinical measures may need to be
incorporated into the decision making process beyond informatenfrom intravascular

imaging methods.

Identification of clear diagnostic criteria for informing clinical interventions is
inhibited by the widespread use of retrospective studies of culprit |&8iorBiagnostic
criteria could be determined if additional prospective studies based on plaque
characterization are conducted. Howewvithe lack of imaging modalities with high
sensitivity and specificity for the characteristics of ruptured culprit lesions have made this
difficult. The development of imaging modalities that could accurately measure fibrous
cap thickness, lipid contemind area, and the presence of inflammatory markevs/o

would make it possible to rectify this shortcoming.
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2.3.2Intravascular Photoacoustimaging

Intravascularphotoacoustis (IVPA) is a cathetebased systerthat can detectipid in
plaques in vess&lalls using photoacoustic imaginghe technique takes advantage of the
unique optical properties of lipid, which has absorption peaks at 1210 and 1720 Tine
enhanced photoacoustic signal from irradiation at this wavelength can be used to
differentiatelipid from surrounding tissueThis imaging technique has the potential to
more accurately characterize pladaaturessuch adipid area, depth, ananguar extent.

In addition, the development of contrast agestitsws it may be possible &valuate the

intensity of expression of biological markénsplaqué®.

The catheter design consists of a side firing optical fiber and ultrasound
transducéf® 47 (Figure2.3). Initial designs used an optical fiber polished at an angle to
refract light outward through the catheter. Other more recent designs similarly use a
reflective mirror at a 45 dgee angle to reflect the ligfl. The photoacoustic signal
induced by the laser irradiation is detected by an ultrasound transducer oriented sideways
such that its field of view overlaps the light emission from the optical fiber. The ultrasound
transducer is also used to acquire ultrasound images. These can |a&l avién the
intravascular photoacoustic image to give anatomic information about the location of any
acquired photoacoustic signal. In this way, the size and extent of lipid in a plaque can be
imaged and mapped to its location in the artery. Cathegggrmbk reported in the literature

have steadily improved over tiffig.
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Figure 2.3 Image of a catheter used for reatime in vivo intravascular photoacoustic
imaging. The outer shell consists of a hollow housing with the side partially cut
away for delivery of light and propagation of ultrasonic signals. The housing is
welded onto a torque cabldo allow fast rotation of the catheter. The light is
delivered through anoptical fiber shown in the image, which is contained within a
class cap that is set in place witepoxy,so it does not come into direct contact with
liquid. The ultrasound transducer is located in front of the glass cap. Intravascular
photoacoustic caheters also have an additional sheath (not shown), make of a
common plastic such as polyethylene, to prevent damage to the tissue.
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Figure 2.4 (a) IVUS and (b) combined IVUS/IVPA (1210 nm wavelength) imagg of
the atherosclerotic vesselThe images were acquired at 25°CYellow arrows in
these images indicate the location of atherosclerotic plagueg&) Oil red O stain
confirmed that the imaged aorta had lipidrich plagues. The angular position of the
histological slide was chosen based on the visual correlation of the shape of the
vessel wall in histology and the IVUS image.Adapted from reference[49].

Intravascular photoacoustic imaging heeen rapid development over the last
decade. It was firstillustratedusingimaging phantomand rabbit arterié€ 7. Shortly
afterward, successful imaging id in humarP? arteries wasachieved ex vivo. An
example of an intravascular photoacoustic image of a human artery showing lipid plaque
is shown inFigure2.4. The ultrasound image does not clearlgwgiplaque Figure2.4a),
although it is detectable in the photoacoustic im&ggufe2.4b). The histology confirms
the presece of lipid in the intima and medi&igure2.4c). Other techniques were soon
developed. For examplspectroscopic imaging of lipid plaque using multiple wavelengths
of light was shown to enhanced plaque identificatior!. Contrast agents have also been
used toincrease the sensitivitpf plaque imaging andndicated the preference of

macrophage infiltratidr®. Clinical use oflVPA first required the development afreal
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time imaging systeffl. Finally, real tme intravasculaphotoacoustic imaging afor
nativelipid®® and adventitial lipid has been achie?€. The use of IVPA to identify lig
in plaque in reatime in anin vivoswinemodel of atherosclerosigas only accomplished
recently®’.

Preclinical developmentof intravascular photoacoustic imaginghas

demonstrateds potentialvalueas a clinical imaging modality.

Table 2.1: Comparison of plague imaging capabilities between IVPA and alternative
modalities.

Intravascular) \,occopy| Raman NIR ocT IVUS | IVUS/IVPA
MRI Spectroscopy| spectroscopy

Penetration/ Excellent Poor Poor Good Good Excellent Excellent
imaging depth| (10* mm) (surface) (0.3 mm) (1-2 mm) (0.51 mm) | (8-10 mm) (6-8 mm)
Depth Yes No No No Yes Yes Yes
resolved
Spatial Good Poor/Good Excellent | Very good
resolution (300 pm) Very good | Poor/Poor (depth/lateral) | (4-20@m) (150 pm) Very good
Tissue . Good Poor Excellent Very good Good Good Excellent
composition
Endogenous Good Poor Excellent Excellent Very good Good Excellent
contrast
Reattime No Yes No Yes Yes Yes Feasible

Multiple imaging modaliti€s® are currently used to assess atherosclerotic pgaque

besides IVPA | t 6 s wo r adhantabessamddimsitationgble21hokéeach to
understand the unique advantages limitationsof IVPA. Angiograph{?®®? is used to
detect luminal stenosis and does not require the insertion of a catheter into the vessel.

Although it is effective at detecting stenosis during acute cardiac events to inform
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intervention, it gives no information about plaque extent and catigros Intravascular
ultrasound(IVUS) is a cathetebased interventid?? 4. It has a penetration depth well
beyond the thickness of the artery daydusingradio frequency techniques can give some
information about plague composition. However, its spatial resolution suffatient to
characterize thin cap fibroatherorfa§4 and its sensitivity and specificity for evaluating
plaque composition imoderaté¥. Optical coherence tomography has limited penetration
depth, but excellent spatial resolution capable of detecting thin fibrou§¢dpdit often
requires the removal of blood through saline flushing or balloon occlusion, which can cause

negative side effects.

Other modalities are currently in development that could contribute to plaque
identification andcharacterization. Intravascular MB17 is being developed to assess
plaque, for example, using the diffusion coefficient of water as a surrogate for assessing
plaque presence and compositiin However, it currently suffers from poor spatial
resolution and is not conducted in real time. Raman spectrd€&d@g poor penetration
depth and spatial resolution, which would make it ineffective at assessing deep plaques.
Nearinfrared spectroscopy can be used to assess the presence of lipid along the imaging
direction of the cathetér’d. However, te modality is not depth resolved and thus cannot

assess plaque area or volume. It is also incapable of assessing fibrous cap thickness.

Intravascular photoacoustics has its own set of advantages and limitations. It has
excellent penetration depth thetn easily evaluate the deepest lesions. It achieves native
contrast directly from the presence of lipid, which is a predictor of plaque severity. Since
it is depth resolved, it can directly assess plaque area and volume. This makes it the only

modality capable of producing a 3D representation of lipid in the artery wall.
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Despite the clinical debate surrounding the potential predictors of vulnerable
plaques, the development of intravascular photoacoustics into a clinical imaging modality
would have mltiple benefits. Intravascular photoacoustics could be used in prospective
studies to more accurately assess if lipid area/volume can be used as predictors for adverse
clinical events. Additionally, intravascular photoacoustics will be effective atifgieg
plaques that have not caused extreme luminal stenosis due to compensatory vessel
expansion and remodeling. Thus, it would
in addition to the presence of a vulnerable plague. The use of contratt aguld make
it possible to assess the level of inflammation in a plaque, as has been shown in studies in
which contrast agents preferentially accumulated in activated macrofffagdso,VPA
imagingwould be able to assess the presence of adventitiglwpidh has been implicated
in plaque development in multiple studieg-or example, dventitial lipid has been
connected to the development of atherosclerotiaqumes through the release of
inflammatory factor§¥®d. In humans, the thickness and volume of coronary epicardial
adipose tissue correlates with coaoy artery disease seveli&f3. Also, the surgical
removal of adventitial lipid in swine resetl in reduced percent stenosis 3 months!#ater
indicating a possible causal relationship. The specificity of intravascular photoacoustic
imaging to the detection of lipid and its ability to resolve the signal with depth gives IVPA

a unique advantage in evaluating which plaques require clinical intenven

Beyond its unique advantages, IPVA is compatible with other imaging methods
used to characterize atherosclerotic plaquBesearchers have combined IVUS, IVPA,

and near infrared fluorescence (NIRF) imadfifig Others have combined IVUS, IVPA,
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and OCT8 8 Combining IVPA with other modalities could give clinicians more types

of actionable infomation about the characteristics of a specific plagunelltaneously

So far, the discussion of IVPA in this chapter has revolved around the diagnosis of
atherosclerotic plaque. However, it is important to consider what\Bl& could play in
treatmat. Currently, acute atherosclerotic plaques are treated by stent placement using
percutaneous coronary intervention to relieve blockages or stabilize potentially vulnerable
plaque¥3. To prevent the development of plaque in patients over longer timagerio
medications such as statins are commonly presé¢tthedHowever, other drms of
treatment for atherosclerotic plaque are in development that would be complementary with
IVPA imaging, including photodynamic and photothermal thefdpyin both techniques,
the idea is to arrest the disease state in a targeted manner by subjecting an atherosclerotic

plaque to fatal insult.

Photodynamic therapy is conducted with activation of a light sensitive druig that
delivered specifically to the plaque. The drug is referred to as a photosensitizer. Upon
activation, the drug will damage surrounding biological tissue with the formation of
reactive oxygen speci€&®¥. Photodynamic therapy is already an accepted form of cancer
treatmerif”8%, and research has naturally been conducted to determine if it can be used to
treat atherosclerotic plaque$t has been appliesuccessfully to larger animal models of
atherosclerosis, including rabbits and swine. It has been shown to eradicate ) amaes
reduce macrophage cont@€ht®d in rabbits In swine, photodynamic therapy reduced
intimal thickness at long term time points of 3 and 6 mofthsA phase | clinical trial in
humans illustrated the safety of the photosensitizer motexafin lutetium at 6 months with no

side effect8¥ after the photosensitizer was shown to be effective at treating plaque in
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rabbit$®¥. A multi-center study has been funded to conduct studies in which photodynamic
therapy is used to treat atherosclerotic plaque development in real time with follow up
monitoring, although the results have yet to be repBftedAlthough not currently an
accepted treatment method for athelestic plaque, developments in photodynamic

therapy and photosensitizers are ongéthg

Photdhermaltherapy is used to damage biological tissue in plaque from heating.
Studies in mice using contrast agents to enhance the deposition of heat have been shown
to result in macrophage delfhand to reduce plaque formation and lipid sto¥dgelt
has also been shown that gold nanorods can be directly used as temperature sensors using
photoacoustic imaging, making it possibdedeliver the therapy in a targeted marifer
Clinical trials in the NANOMFIM studies®® used photothermal therapy which
successfully reduced atheroma volume. However, the studies used contrast agents with

unknown longterm toxicity, and the resultsafie yet to be replicated.

Both these therapeutic treatments are highly complementary with intravascular
photoacoustic imaging, as they are conducted using light. Intravascular photoacoustic
imaging could be used to identify plague using a lipid speaifivelength. Once plaques
are identified and stratified based on risk, the intravascular photoacoustic catheter could be
used to deliver an alternative wavelength of light used to activate a photosensitizer or heat
the tissue for photothermal therapyf photothermal therapy is used, it may even be
possible to monitor the temperature of the tissue during application of the therapy in real
time. Thus, intravascular photoacoustic imaging has a potential role in the treatment of

atherosclerotic plaques addition to diagnosis.
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However, one area of intravascular photoacoustic imaging that has not been
explored is safety. Since IVPA imaging must be acquired with many laser pulses while
the catheter is rotatland retracted each region of tissuzan berradiatedup tohundreds
of times. The effect of this on living artery tissue, and the consequent limitations in energy
that can safely be used to achieve high image quality, are unknown. Determining if IVPA
imaging can be conducted without laser irradiation damaging vessel tissue is one hurdle to
clinical use of this technology. No prior work was found which investigated the safety of
intravascular photoacoustics directly. Investigating the safety of IVPAingas the

primary objective ofhe work described in chapte8sand 4of this dissertation.
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CHAPTER 3: OPTIMIZING LIGHT DELIVERY FOR

PHOTOACOUSTIC IMAGING SYSTEMS

3.1 Introduction

This chapter was adapted from: Sowers, T., Yoon, H., and Emelianov. S. Investigation of
light delivery geometries for photoacoustic applications using Monte Carlo simulations
with multiple wavelengths, tissue types, and species charactedisBazmed. @t., 2020.

25(1), 016005, doi: 10.1117/1.JB0.25.1.016003.

3.1.1 Abstract

Combined ultrasound and photoacoustic imaging systems are being developed for
biomedical and clinical applications. One common probe configuration is to use a linear
transducer array with extaal light delivery to produce coregistered ultrasound and
photoacoustic images. The diagnostic capability of these systems is dependent on the
effectiveness of light delivery to the imaging target. In¢h&pter Monte Carlo modeling

is usedo investgate the optimal design geometry of an integrated probe. Simulations are
conducted with multiple tissue compositions and wavelengths. The effect of a skin layer
with the thickness of a mouse or a human is also considered. The model was validated
using atissuemimicking gelatin phantom and corresponding Monte Carlo simulations.
The optimal illumination angle is shallower with human skin thickness, whereas

intermediate angles are ideal with mouse skin thicknd3se effect of skin thickness
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explains diferences in the results of prior work. The simulations also indicate that even
with identical hardware and imaging parameters, light delivery will be up to 3x smaller in
humans than in mice due to the increased scattering from thickeM$laadindings have

clear implications for the many researchers using mice to test and develop imaging methods

for clinical translation.

3.1.2Background

Photoacoustic imagify> 14 1°+103 js an emergent area of research in biomedical imaging.
The technique uses nanosecond pulses of light to induce ultrasonic waves from imaging
targets in tissue, which can then be detected by an ultrasound transducer. The ultrasonic
wave is induced by rapid expansion of the target as a result of heat generated from the
absorbed laser light. The strength of the ultrasonic wave is dependémt quantity of

light delivered, a set of physical properties referred together as tieagBenparameter

and the optical absorption coefficient of the imaging tégeSince the optical absorption
coefficient is wavelength dependent and has been characterized for a wide variety of tissue
types, imaging targets can be identified by imaging a single region at multiple wavelengths
and then comparing the changes in phataatic signal intensity with what would be

predicted based on the known optical absorption coefficients.

As explained previously, lotoacoustics (PA) is being widely developed for
applications in the biomedical field, including, for example, the deteadf various
cancers and lymph node metastasis, detection of circulating tumor cells, identification of

atherosclerotic plaques, evaluation of muscle oxygenation, identification of contrast

24



agents, and temperature senkity A significant benefit of PA is that it can be used
synergistically with other imaging techniques, including cotieeal B-mode ultrasound,

flow imaging, and elasticity imagify One common technique for PA image acquisition

is to use a commed linear ultrasound array with laser light delivered by an optical
fiber'® 11, This method takes advantage of developments in commeitiasaund
transducer arrays to detect the ultrasonic PA waves, while making it possible to overlay
the PA signal with anatomical information obtained from an ultrasound (U@pde
image. Examples of studies that specifically use commercial ultrasousgs awith
external light delivery can be found in the literat®fe'® 1% 194 including one application

currently in clinia@l trials for breast cancer diagndsis

Since the photoacoustic pressure generated at the imaging target is proportional to
the laser fluence at that location, increased light delivery into the tissue will result in
strongemphotoacoustic signals from native absorbers. In addition, improved light delivery
can enhance the use of photoacoustic contrast agents, which are being developed for
contrastenhanced imaging and sugesolution imaging® 1°d. Various research groups
have conducted studies to elehine the optimal geometrical layout of the fiber bundle and
transducer to increase light delivery. Haisch ét%aproposed the use of a fiber bundle
and commercial transducer. They determined experimentally thab@ d8gree angle
between the fiber bundle and transducer is best for mgatgpths from 125 mm, while
smallerangles are better at greater depthig artificial tissue phantomsrhe modeling
of Wang et al'°? indicatesthat decreasing the distance between the fiber bundle and the
transducer imaging plane will increase light delivery. However, in contrast to the results

of Haisch et at¥, they found that decreasing the angle between the fiber bundle and
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transducer will monotonically increase fluence alongiti&ging plane at depths of3®

mm. Sivasubramanian et#3 modeled different combinations of the fiber bundle to
transducer distance, fiber bundle to transducer angle, and the transducer to tissue distance
to optimize the signaio-noise ratio (SNR), and tested the results experimemtatlyicken

breast tissuavithout a skin layer It was found that different combinations of these
parameters can result in large differences in SNR. Finally, Sangh&%tdgsigned a
motorized system in which the angle of the fiber bundle can be changed on demand during
an experiment. This system was used to vary the light emission angle to separately
optimize imaging of subcutaneous fat and periaortic fat in rmceivo. They found
differences between the optimal angle in their phantom, which had no skin mimicking

layer, and experiments conducted in mice.

In this chapter these studies are furtherbyg investigating the differences in the
optimal design that arise from the presence of skin with the thickness of a human or mouse.
The hypothesis ithat the high scattering in this layer explains differences in the results of
Haisch et al'¥, Wang et at°?, and Sangha etl&f!. The effect of changing the thickness
of the skin layer at multiple wavelengths and with multiple soft tissue compositions below
the skin using Monte Carlo simulations of photon propagascevaluated This is of
particular interest to researchesince the use of mice fior vivo validation of preclinical
techniques is commoriexperimentsare conducteth a phantom at 1064 nm atie results
arecompared with simulations from the Monte Carlo software for validatidrne results
show thatifferent light emission and transducer configurations maximize fluence delivery
when using the skin thickness of a mouse versus the skin thickness of a human.

Furthernore, dfferences in the optimal geometries between species can explain variability

26



in the results of prior work. Importantly, the results indicate that significant variations in
fluence can be expected between mice and humans using an identical imagranse
imaging parameters, which serves as a cautionary message to researchers expecting to

directly translate results in mice to the clinic.

3.2 Materials and Methods

3.2.1Monte Carlo Modeling Software

MCXLAB, a package within Monte Carlo eXtreR"€1!3 that has been developed fse

with MATLAB and GNU Octave, was used to simulate photon transport. The software
simulates photon propagation from a defined source through a volume consisting of cubic
voxels. The optical properties at each voxel are defined by the absorptioniengffic
scattering coefficient, glanisotropy, g, and index of refraction, n. In these simulations, all
voxels were cubic with a length of 50 um. The Monte Carlo software output makes it
possible to attain the fluence in each voxel, normalized to the total energy from the light

source. Thus, the output of the Monte Carlo simulation is the normalized fluence.
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Figure 3.1 Diagram of the (a) (b) model and (c), (d) experimental setup. (a) A side
view diagram of the tissue model geometry shwing the location and orientation of

the optical fibers used for light delivery. (b) A top view diagram of the tissue model
geometry. The optical fibers have a rectangular footprint with dimensions of 25 mm
x 1.4 mm. In general, two cables of optical fils are used for light delivery during

PA imaging experimentally, although only one was needed for our model and
experiment due to the geometrical symmetry. (c) The experimental setup with the
location of light emission from the optical fibers separated fro the transducer
array by a di st an c &hedidlance B oodersaistaneerfromathreg | e, d
center of the transducer to the center of the rectangular opticdiber contained in

the metal housing. If the angles changed, thdocation of themetal housingis
adjusted horizontally as neeédto keep D constant(d) Graphite rods at various
depths in the gelatin phantom were used as PA absorbers. The rods all had a length
of 2 cm and a diameter of 0.5 mmReproduced from Sowers et alt°d
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Combined US/PAystems that use a commercial ultrasound transducer with optical
fibers for delivery of laser irradiation generally illuminate the imaging target with the distal
end of the optical fibers positioned on each side of the transducer. In these simulations,
the light emission from the distal end of the optical fibers was simulated as a light source
of uniform fluence with an area of 25 x 1.4 fainThe center of the light emission area was
offset from the center of the simulation space (in practice, the imadamg of the
transducer array) by a distance,Figure3.1a,b). The light was emitted into the simulated
vol ume at a uniform angl e,ansalcer arra@ setup &8 t h e
symmetrical across the imaging plane of the ultrasound transducer only one light source
needed to be simulated. After the simulation, the average of the fluence output and its
mirror across the imaging plane was used as the finahde output. The boundary
condition at the edge of the simulation volume was set such that any photons that crossed

the boundary permanently escaped the simulation volume.

3.2.2Modeling Parameters

The mouse and human modelingere simulated using multipletissue types and
wavelengthgTable 3.). Simulations were conducted using both fibFods!4 and fatty
tissuét'd. Fibrous tissue is among the least scattering of the tissue types whereas fatty
tissues are highly scattering. Thus, both extremes of light scattering, which often dominate
absorption effets in tissue, are represented. Simulations were conducted at 700, 800, and
900 nm, which are commonly used for photoacoustic imaging. In addition, simulations

were conducted at 1064 nm which is commonly used due to the ubiquity of the Nd:YAG
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laser. To ample the space between tissue types, we also ran simulations at 800 nm in
which the tissue composition was a linear combination of the fibrous and fatty tissue types
in 20% increments.This combination of wavelengths and tissue compositions will allow
other researchers to use our results as a general guide for their own photoacoustic
applicatiors. For example, a researcher evaluating plaque in the carotid artery would likely
use results from more fibrous tissue, since the neck contains a large propbntioscle.

A researcher building a system to diagnose breast cancer, on the other hand, would use
results from simulations using fatty tissuis suggested in the literature, all tissues were

simulated with an anisotropy coefficient of &'8 and a refractive index of 1:4>119,

Species gecific variations in the fluence distribution between mice and humans
arising from differences in the thickness of their skin, which is highly scattering, was also
investigated. The absorption and scattering properties of skin were taken from Bashkatov
et all**9 as the optical properties between the species have been shown to b&'Similar
120 The thickness of epidermis and dermis in humang i4 tnni*'9, while in mice it is
only 0.37 0.5 mnm'?% 121 Each issue type and wavelength combination were simulated
with a 2 mm skin layer to mimic human skin and a 0.3 mm skin layer to mimic the skin of
mice. It was assumed that the fiber bundle was pressed flush with the skin, so neither

ultrasound gehor anothercoupling medium was included in the simulation volume.
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Table 3.1 List of optical properties for all tissue type and wavelength combinations
that were simulated. Reproduced from Sowers et al:°%

Human and Mouse Geometry Simulations
Absorption Scattering
Wavelengths Coefficient Coefficient Anisotropy Index of
Tissue Type (nm) (1/mm) (1/mm) Coefficient () | Refraction () References
700, 800, 0.042, 0.035, 14.3, 15.9,
Skin 900, 1064 | 0.031,0.031 | 16.8,16.8 0.9 1.4 (115119
700, 800, 0.099, 0.095, 12.2,11.3,
Fatty Tissue | 900, 1064 | 0.096,0.097 | 10.2, 9.09 0.9 1.4 (115119
700, 800, 0.010, 0.016, 2.31,1.91,
Fibrous Tissue| 900, 1064 | 0.064,0.076 | 1.63,1.30 0.9 1.4 [113114 116 118 119
20%  Fatty,
80% Fibrous
Tissue 800 0.032 3.80 0.9 1.4
40% Fatty,
60% Fibrous
Tissue 800 0.048 5.68 0.9 14
60% Fatty,
40% Fibrous
Tissue 800 0.063 7.56 0.9 14
80% Fatty,
20% Fibrous
Tissue 800 0.079 9.44 0.9 1.4 (113119
ExperimentalValidation
Absorption Scattering
Wavelengths Coefficient Coefficient Anisotropy Index of
Tissue Type (nm) (1/mm) (1/mm) Coefficient () | Refraction () References
Milk 1064 0.02 7 0.7 1.338 (122129
Gelatin 1064 0.012 0.05 0.85 15 (126,127

For each species, tisstype, and wavelength combinatidwo sets of simulations
were conducted. In the first set, the distance between the location of light emission and the
center of the transducer, D, was held constant while the angle was varied. The distance,
D, was set t& mm. This was chosen because it is close to the minimum possible given
the size of the transducer used in our experiment and because many other transducers
would be similarly sized. The angles were sampled from 20 to 70 degrees in 12.5 degree

incremens, which spans the range of angles likely to be used. In the second set of
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simulations, the angle was held constant while the distance between the fiber bundle and
the center of the transducer was varied. The angle was set to 45 degrees since it is
intemmediate in the angles used in the prior simulation and because we found from initial
simulations that it commonly results in the highest fluence in the imaging plane. The
distance, D, was varied from 5 to 13 mm. We used these distances because most
tranglucers have a width greater than 10 mm and because we found that the fluence drops
off significantly beyond 13 mm. The reported fluence for each simulation was the fluence
averaged over a 0.5 mm x 20 mm rectangular region at the center of the imaging#lan
cubic volume with a length of 36 mm on each side affgph6tons were used to simulate

each condition. Finally, we compared the fluence delivered to the imaging plane when the
mouse skin thickness was used and when the human skin thickness wa$hiseslas
conducted to determine the extent to which the difference in skin thickness contributes to
lower fluence when translating from mice to humans, even before other factors such as
greater imaging depth are considered. The maximum fluence abeaallaingles for the
simulations in which the distance was held constant was calculated for each tissue type,
wavelength, and species combination. The ratio of the maximum fluences between each
mouse and human skin thickness simulation pair is calculategafth tissue type and

wavelength combination.
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3.2.3Experimental Validation

3.2.3.1Experimental Setup and Analysis

The Verasonics system (Vantage 2$6Verasonics, Inc., Kirkland, WA) was used for
ultrasound and photoacoustic signal acquisition. The previoesiglaped acquisition
sequence, which incorporates a laser, the Verasonics system, and motoriz€d®stiyes

was used for acquisitiorf the US and PA data. The ultrasonic signals were acquired with

a 128element linear array transducer (Verasonics, Inc.;-4d)1with a frequency
bandwidth from 411 MHz. For ultrasound imaging, the center frequency was at 8 MHz
and planewave compoundip with 15 angles was utilized. Photoacoustic excitation was
achieved with a Nd:YAG pumped optical parametric oscillator laser (Opotek Phocus). The
laser operated at 10 Hz with 7 ns pulses. The laser irradiation was delivered to the phantom
by opticallycoupling the laser output to a 9 mm diameter optical fiber bundle. The optical

fiber bundle terminated in two rectangular bundles with dimensions of 25 mm x 1.4 mm.

The phantom used for the experimental validation consisted of multiple 0.5 mm
diametergraphite rods embedded in a 6% gelatin (Sigxttaich, G25001KG) phantom.
Eleven rods were spaceeb5mm horizontally at depth increments of approximately 2 mm
(Figure3.1d). The phantom was irradiated at 1064 nm with 40 mJ per pulse measured out
of the single optical fiber bundle used in the experiméigufe3.1c). The transducer and
optical fiber bundle were scanned across the graphite rods using a 3D positioning system
(Newport; Model ESP301) in 0.2 mm steps, with 1 US and 1 PA image taken at each
location, which was meated four times for statistical analysis. The translation distance

for threedimensional scanning was 50 mm, so a total of 251 steps were required. One
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optical fiber bundle was sufficient to deliver laser irradiation to the féidsi(e3.1c), due

to the symmetry of the dual optical fiber bundle setup commonly found in the literature.
This acquisition was repeated with the optical fiber bundle at each combinatiore®f
angles (20°, 40°, and 60°) and at three horizontal distances (7.5, 11.5, and 15.5 mm) from
the transducer, resulting in a total of 9 acquisitiolishe angle was changed, the optical
fiber was translad such that the distance, D, between the ereot the transducer array

and thecenter of theoptical fiber remained constanBoth the ultrasound transducer and

the optical fiber bundle output were located 2 mm above the gelatin phantom and coupled
to the phantom using milk, which approximatesghbattering and absorption coefficients

of skin at 1064 nf?2123,

Imagesweretaken directly above each of the eleven graphite. radsesewere
used to determine the PA intensity fremchrod by averaging the PA signal across the rod
in each image. The stdard deviation for each of those PA intensities was calculated using
the four acquisitions taken at each location. Since the absorption coefficient and
Grueneisenparametemwould be the same for each of the graphite rods, the measured PA
signal is direct} proportional to the fluence at each rod. Thus, the PA intensity can be

compared to the average fluence at the depth of each rod in the model.

However, in these experiments the effect of ultrasound attenuation, obliquity, and
the depth dependent trahger focus would vary from rod to rod due to their placement at
different depths in the phantom. To account for this, the US images of each rod were used
to normalize the PA images in a manner similar to the work of Ranasinghesagat¥ et al.
131 Given that the rods are nearly identical, the same magnitude of ultrasound should be

measured at each rod once the ultrasound attenuation, obliquity, and depth dependent
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transducer focus are taken into account. Thus, the PA intensities ovaralined using

the US data. The US intensity for each rod was calculated by averaging the ultrasound
signal over the rod in each of the eleven images. The US intensities were then normalized
so that the maximum US intensity had an intensity of oneceSire attenuation, obliquity,

and depth dependent transducer focus would affect the ultrasonic signal twice during US
acquisition (one for each direction of travel) the square root of the normalized ultrasound

intensity for each rod was calculated. HAwyahe PA intensity of each rod was normalized

rod to rod by these values. These adjusted PA intensities, with their standard deviations,

were plotted for each combination of angle and fiber distance.

3.2.3.2Experiment Matched Modeling Parameters

To simulate the experiment, modeling was performed with parameters chosen to emulate
the materials used in the experiméhable 3.1). Thus, the volume for the Monte Carlo
simulation consisted of a 2 mm layer with the optical properties of milk while the remainder
of the volume was assigned the optical properties of water to approximate the optical
properties of the gelatin phantom. 2264 nm, milk has an absorption coefficient near
0.02 1/mm and a scattering coefficient of 7.0 1L/H#?4. It has a lower anisotropy
coefficient of 0.#2% 123 and an index of refraction of 1.3% 123, The absorptidi?? and
scattering coefficients® 111 of gelatin were approximated with that of water. At 1064
nm, gelatin has an anisotropy coefficiendd5 and a refractive index of 3. A cubic

volume with a length of 36 mm on each side antpt®tons were used to simulate each

condition.
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The model was evaluated to determine the fluence as a function of depth along the
imaging plane of the transducer. The average fluence across voxels in a 0.5 mm x 20 mm
area was used for comparison toélxperiment sinchis is equivalent to the crossction
of the rods. These values were plotted for each combination of fiber bundle angle and fiber

distance.

3.2.4Model Convergence

Across the imaging plane for each simulation, a 0.5 mm x 0.5 mm kernel was used to
evaluate the SNR (average fluence divided by the standard deviation of fluence) at each
voxel. The SNR values were averaged across the imaging plane for each experimental

condition to determine the average SNR for each simulation.

3.3 Results

3.3.1Modeling Parameters

The fluence versus depth along the center of the imaging plane for several simulations with
the mouse skin and human skin thickness is displayBdyure3.2 andFigure3.3. Only

the plots for the 40% fat tissue at 800 niag(re 3.2a,b andFigure 3.3a,b), the purely
fibrous tissue at 700 nririgure3.2c,d andrigure3.3c,d), and fat tissue at 1064 nRFigure

3.2e,f andFigure3.3e,f) are showin the body of the texalthoughthe results for all tissue

types and wavelengths are luded in Appendix A The results with the mouse skin

thickness are shown on the lefidure 3.2a,c,e and-igure3.3a,c,e) and results with the
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human skin thickness are shown on the rigigyre3.2b,d,f andFigure3.3b,d,f). They

axis is defined as the averaged normalized fluence. It is averaged because the fluence was
calculated by averaging across the voxels in a rbx20 mm area at the center of the
imaging plane. Itis normalized because the MCXLAB software automatically normalizes
the fluence output by the amount of energy irradiated into the simulation volume. Fluence
drops significantly as a function of depthall simulations. For the fibrous tissue, it drops

to zero near 35 mm at the end of the simulation volume, whereas for the highly scattering
fatty tissue it decreases to nearly zero at a depth of only 15 mm. As would be expected,
the depth at which dience reaches zero decreases monotonically as the fatty tissue
component increases for the mixed tissue type simulations conducted at 800 nm. Fatty,
and thus more highly scattering, bulk tissue results in lower fluences at the imaging plane.
The peak omaximum fluence occurs between 2 and 6 mm for the majority of conditions

that were simulated, no matter the angle of the fiber bundle.

For nearly all simulations, the fluence as a function of depth decreases by over an
order of magnitude as the distarafethe fiber bundle from the imaging plane increases
(Figure3.2). The decrease was smaller in a few simulations (fibrous tissue at 700 and 800
nm) although the fluencstill decreased by at least a factor of 5. The likely cause is that
in these simulations, the scattering coefficient of the soft tissue is still low relative to other
simulated tissue types and the absorption coefficient in fibrous tissue is smalker368n

or 1064 nm.

Varying the light emission angl€&igure 3.3) while holding the distance constant
had a more complex effect on the peak fluence. For simulatibhghe fatty tissue, 45

degrees was optimal for both humans and mice, with 32.5 degrees giving a fluence within
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several percent of the maximum for all wavelengths. In fibrous tissue, 45 degrees was
optimal with the mouse skin thickness while 20 degvesessoptimal when the skin had the
thickness of a human. For skin with the human thickness, 20 degrees was also the optimal
angle for most mixed tissue types at 800 nm. The exception was for 80% fatty tissue, in
which the optimal angle transitioned to.32legrees. The variation between 20 degrees

and 32.5 degrees was only a few percent at these conditions. For simulations with skin the
thickness of a mouse, 45 degrees and 32.5 degrees were optimal and gave almost identical
peak fluences. Across alldlsimulations in which angle was changed, the peak fluence
varied by 1650% between the angle with the optimal fluence and the angle with the least
light delivery. The variation was greatest when the scattering coefficient of the soft tissue

was small.

Perhaps most importantly, there is significant variation in the fluence at the imaging
plane between simulations with different skin thicknesses when all other conditions are
held constant. Using the simulations in which angle was varied, the ratioxohuoma
fluence delivered when the mouse skin thickness was used versus the human skin thickness
varied from 0.68 to 3.58Table 32). The ratio is greatest for the most fibrous tissue and
increased with greater fibrous tissue content in the simulatiors thaét mixed tissue
composition. For the fatty tissue, the ratio dropped below 1 at wavelengths fre@dd00
nm. Given the optical properties of tissue types commonly used for photoacoustic
applications, ratios between 1.5 and 2 can be expected. Thikaasnplications for the
translatability of photoacoustic studies conducted in mice, even before other factors, such

as the greater imaging depth required in humans, are taken into consideration.
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Figure 3.2 Plots of average normalized fluence versus depth. Simulations with a
mouse skin thickness are on the left [(a), (c), and (e)], while simulations with the
human skin thickness are on the right [(b), (d), and (f)]. Results ford)), (b) the 40%
fat tissue at 800 nm; (c), (d) the purely fibrous tissue at 700 nm; and (e), (f) the
purely fat tissue at 1064 nm are shown for the mouse and human skin thickness.
Simulations were run with a constant angle of 45 deg and a variety of disteges
between the location of light emission from the optical fibers and the center of the
transducer array. As expected, smaller distances between the location of light
emission and the transducer result in higher fluences. Fluences are noticeably larger
when the mouse skin thickness is used for the simulation, rather than the human
skin thickness.Reproduced from Sowers et al*°d
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Figure 3.3 Plots of average normalized fluence versus depth. Simulations with a
mouse skn thickness are on the left [(a), (c), and (e)], while simulations with the
human skin thickness are on the right [(b), (d), and (f)]. Results for (a), (b) the 40%
fat tissue at 800 nm; (c), (d) the purely fibrous tissue at 700 nm; and (e), (f) the
purely fat tissue at 1064 nm are shown for the mouse and human skin thickness.
Simulations were run with a constant distance of 7 mm between the location of light
emission and the center of the US transducer, while varying the angle of light
emission. In additian, shallower angles appear to deliver higher fluence across all
depths for the human skin, while the optimal light emission angle is usually 45 deg
when the simulations are run with the mouse skin thicknesdg-luences are
significantly higher when the moue thickness is used instead of the human skin

thickness. It is also highest for the least fatty tissuesReproduced from Sowers et
al.loa
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Table 3.2 Ratios of maximum fluence between the simulations with mouse and
human skin thicknesses, for simulations in which the distance was held constant at 7
mm. Reproduced from Sowers et &l

Fluence Ratios of Fatty and Fibrous Tissues by Wavelength

700 800 900 1064
Fatty tissue 0.68 0.81 0.92 1.05
Fibrous tissue 2.49 2.74 3.18 3.53

Fluence Ratios of Mixed Fatty and Fibrous Tissues by Fat Content
20% fat 40% fat 60% fat 80% fat
Mixed Tissue, 800 nm 2.09 1.74 1.41 1.10

3.3.2Experimental Validation

Results of the experimental validation and matching simulation are shdwgure 3.4.

In both the experiment and the model, fluence varies significantly across all depths as the
distance between the location of light emission and transducer center is increased.
However, the change in the fluence is generally greater for the model dhahef
experiments. For the model, peak fluences between 20 and 60 degrees varied by only about
25%, with the maximum peak fluence arising at the shallower angle of 20 degrees. A
similar difference for peak fluence with respect to light emission angler@d when the

location of light emission was farther from the transducer.

However, for the experiment the maximum fluence occurred at 40 degrees. In
addition, variations in fluence were more significant. There was a 25% decrease in fluence
when changing the light emission angle from 40 degrees to 20 degrees in the experiment

with a 7.5 mm distance between the light emission and transducer center. At larger
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distances, the change generally ranged fror8%. A light emission angle of 60 degrees
resulted in fluences two times smaller than at a 40 degree angle when the dvsmiice

mm, although this dropped closer to being two thirds lower at 11.5 and 15.5 mm.
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Figure 3.4 Comparison between (&)(c) the experiment matched model and (dl)f)

the experimental results using thegelatin and graphite rod phantom. Simulations
were conducted at 60 deg [(a) and (d)], 40 deg [(b) and (e)], and 20 deg [(c) and (f)].
In general, a smaller distance between the location of light emission and the
transducer center results in higher fluencesn both the experiment and simulations.
Meanwhile, an angle of 20 deg or 40 deg is optimal for the model and experiment,
respectively. Reproduced from Sowers et allt%?
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3.3.3Model Convergence

The average SNR across the imaging plane was evaluated for each simfatidhe

position and angle dependence studies in mice and humans, the average SNR across the
imaging plane was 14.7. The minimum SNR for all conditions was 4.3. For the
experimental phantom simulations, the average SNR was 28.8, with a minimum SNR of
150 for any single condition. The SNR values indicate that the photon count used for these

simulations was sufficient. The smoothness of the processed data is evident i8.Fig. 2

3.4 Discussion

In this chapter a series of simulationkave been conductedith different system
geometries, tissue types, wavelengths, and species characteristics to optimize fluence
delivery for a photoacoustic imaging system. The difference in fluence distributions when
either a nouse or human skin thickness is used indicate that there are differences in optimal
design as well as the quantity of fluence that can be expected at a given depth depending
on the skin thickness. First, in both models the distance between the localiigint of
emission from the optical fibers and the center of the ultrasound transducer has the most
significant effect on the fluence delivered to the imaging plavi@imizing this distance
increases light delivery to the imaging plane. Variations of salyeral millimeters can

result in changes in fluence of nearly tiadd.

Variations in the optimal angle were found to be dependent on the skin thickness
and tissue composition. Angle had the greatest effect on fluence when the bulk tissue was

more filrous, and thus had a scattering coefficient several times smaller than the skin layer.
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For simulations with the mouse skin thickness, a 45 degree angle was optimal for most
conditions with 32.5 degrees often giving almost identical fluence. However, tivden
human skin thickness was used in the simulations, the optimal angle was instead 20
degrees, with 32.5 degrees sometimes giving similar results. The difference is due to the
more complete scattering of light as it passes through the thicker 2 mtayskin For the
human skin thickness, light is completely scattered such that the light propagation is
diffusive rather than ballistic. This is illustratedrigure3.5, which depicts a cross section
perpendicular to the imaging plane. Light propagating through the 2 mm thick skin layer
has lost its directionality despite having an angle of illumination of 60 dedgrapsd

3.5a). However, when the skin scattering coefficient is decreased by a factor of 10, the
angle of illumination is still evident, resulting in more light delivery to the imaging plane
(Figure3.5b). The mouse skin thickness is about 10 times smaller than the human skin
thickness, so in the simulations the light maintains some of the directionality associated
with the originalillumination angle. As a result, the 45 degree angle, which directs the

light closer to the imaging plane, is optimal.
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Figure 3.5 Color map of the fluence in a cross section of thr@mulation volume
perpendicular to the center of the imaging plane.(a) A simulation with light

emitted at a 66deg angle through skin with a human skin thickness(b) An

identical simulation geometry with the human skin scattering coefficient decreased
by a factor of 10. The difference in the fluence map clearly indicates the scattering
effect of normal human skin thickness, which causes the photons to lose much of
their ballistic directionality and instead have a more diffusive transport behavior.
Reproduced from Sowers et al°d

Importantly, the extreme scattering in the thicker human skin layer results in lower
fluences when the human skin thickness is used, even when using the optimal distance and
angle configurationsHigure 3.2 andFigure3.3). The modeling results indicate that the
fluence will commonly be 50 to 100% higher in mice than in humans, and over 200% as
high in fibrous tissue at 900 or 1064 nm. While this does ndéenfat imaging techniques
developed for valuable preclinical applications, this should be strongly considered by
researchers conducting techniques that are meant to be translated to humans, as most
preclinical work is done in mouse models. While altemeatethods for light delivery,

such as using catheters or endoscopes, have been suggested that could circumvent this
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issue, they are not comnmi&i. The simulations were conductading a variety of bulk

tissue compositions and wavelengths, so that researchers can approximate the extent to
which this will affect their specific apightions. Researchers should expect that when
translating their results to the clinic, fluences in human tissue may be several times smaller
using the same equipment and pulse energies, simply because of the increased scattering

in human skin.

The expemental validation was used to validate the trends found in the model.
This was done by producing a gelatin phantom containing discrete absorbers at different
depths and covered by a thin layer of milk which approximates the optical properties of
human &in. Then, the results of the experiment were compared to simulations of the
experiments conducted on this phantom. In the model, there wakx aliference in
fluence when the distance between light emission from the optical fiber and the center of
theultrasound transducer was changed from 7.5 to 15.5. In the experiment, changing this
distance also had the largest effect, with fluence decreasing by a fact@xof\®hen
changing the light emission angle, the model indicated that the fluence woyldywao
more than 25% across the angles tested. In the experiment, the difference between 40 and
20 degrees was 25%. For th@ and 60degreetess, the change in angle had a larger
effect on fluence at two fold. One potential source of error in teegeriments is that
some light, especially at extreme angles, could have been scattered upwards and been
absorbed after hitting the transducer. This possibility was not incorporated into our
modeling, as the transducer was not present. In additiorgptieal properties of the
gelatinwere approximated with those of water. Lastly, our simulations did not consider

light reflecting off the boundaries of the simulation, which could have been possible at the
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gelatinplastic and plastiair interfaces.Finally, the light emitted from the optical fiber in

the experiment would have been emitted at a distribution of angles, depending on the
acceptance angle of the optical fiber in the milk medium. The result would have been light
emitted at more extreme anglthan the defined value. Given the NA of the optical fiber
(0.22) and the index of refraction in milk (1.34), the maximum angle would have been
about 10 degrees. At ti#-degreecondition, some light would have been emitted at a
smaller angle, or even a direction perpendicular to the imaging plane. The result would
be less light reaching the graphite underneath the ultrasound transducer, which could
explain the lower PA intensity at that condition compared to the model. XbOttegree
condition,some light emitted at larger anglar light emitted perpendicular to the imaging
plane would have been directed away from the graphite underneath the imaging plane of
the transducer. Light emitted at more extreme angles would have also partially reflected
off the milk/gelatin interface, dsed off calculations using the Fresnel equations, which
could explain the low PA signal at that condition. For example, the percentage of light that
would reflect off the milk/gelatin interface would be only 6% at 70 degrees but rise to 22%
at 80 degreeg70-degreeemission + l@dlegree emission angle). The Monte Carlo
simulation software only allowed light to be emitted at a constant angle, so these effects

could not be replicated in the modeling results.

These issues could be addressed in future wdte optical properties of gelatin
could be measured so the material could be accurately represented in the model. The
shortcomings of the model would be more complex to addresdifferent skin layer
using a solid material could be used instead itk,r0 there is no mismatch in the index

of refractionatthe interface. One solution may be to use a second gelatin layer containing
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intralipid. The issue with the unique distribution of light emitted from the optical fiber
could be addressed with aheanative simulation software, day introducing a custom

light source into the code for MCXLAB. Alternatively, multiple simulations could be run
with light emitted at a variety of angles within the angle of acceptance from the optical
fiber. The fluene distribution of each simulation could be summed in a weighted average
based on the likelihood of light being emitted at each of these angles. However, this would
require a clear understanding of the probability distribution for the angle of light emissi
from the optical fiber, which is not known. Also, it would be expensive in terms of

simulation time and memory.

Multiple researchers have investigated the optimal experimental geometry of
similar imaging hardware in previous work. However, findingghe optimal angle for
light delivery have varied. For example, Haisch ét®afound that angles from 480
degrees are optimal for depths from2® mm, but that shallower angles are better for
deeper targets. Sivasubramanian &P8ifound that a combination of the fibeansducer
distance, transducgissue distance, and light emission angle affect SNR in tissue. Sangha
et all*® found experimentally in a phantom that deeper focal depths resulted in higher
depth penetration but at the cost of SNR in regions closer to the phantom surface, but this
resultdid not carry over tin vivoexperiments using a mouse. Conversely, Wang€Yal.
found that smaller angles will result in monotonically higher fluence in the imaging plane
at depth ranging from 5 to 30 mm. The divergent results can be explained by the presence
or lack of a high scattering layer that replicates skin. For examplschei al*® did not
include a skin lagr in their phantom studies, while Sangha ét°dlused both a phantom

without a &in mimicking layer and validated the experimental work in a mouse.
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Sivasbramanian et B3 also did not use a skin mimicking layer. Thus, their finding that
angle can be actuated to improfleence in the imaging plane is consistent with the
simulations using mouse skin thickn@sshis work. In contrast, Wang et!#7 and other
reseachers'®® 134 included a 2 mm thick skin layer in their simulations and the results of
those studies therefore correspond with the results in the human model used here. Thus,
the differences in the effect of angle found between these researchers are explainable by
thepresence, or lack, of a scattering skin layer. Our modeling also indicated that reducing
the fiber to transducer distance will increase the fluence delivered at the imaging plane.

This finding was consistent with prior work in the literattfé®” 139,

In this study, we evaluated the optimal design of an imaging system consisting of
light emission and a commercial ultrasound transducer using the maximum fluence as the
criterion for the optimal design. However, it has been found in the literature that in some
instances, the increased background signal from other optical absorbers in thearssu
result in the optimal distance being farther away from the transtié®. This effect is
complex. The opthal distance can change, for example, when the transducer offset is
increased. Also, studies on bright field desitii$*? indicate that the increased clutter
will not always offset the gain in fluence from moving the location of light emission closer
to the imaging plane. In addition, the development of clutter removal techniques promises
to reduce this effe@t*14d, In general, the clutter will be a function of the chromophores
in the tissue being imaged and the wavelengtll fieeimaging, among other variables,
which will vary from application to applicationResearchers shoutthrefully consider
these factors or conduct direct testing when determining if a greater distance is appropriate

for their application.Studies in viich the fluencés compensated to adjust for the decrease
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at greater depthsvere not consideredalthough techniques exploring this are in

developmenit*?,

Within the scope of this study, only the distance between the location of light
emission and the center of the ultrasound transducer and the light emissiowairggle
examinedo optimizelight delivery. However, other parameters are worth mentioning that
have already been studied. One method used light reflectors on the transducer face or
around the end of the optical fibers and transducer to reflect upwardly scattered light back
into the tissu&33 148150 However, gperimental testing of the phenomena showed mixed
results. When imaging arteries in mioeivo, the reflector did not show the improvements
found from modeling®3, although curved reflectors have given better experimental
result§!*® 159 periyasami et a3 also considered different arrangements of the fiber
bundles around the ultrasound transdud@ée variation in fluence along the imaging plane
was also not considergds this has been found previously to vary little with the length of
the optical fiber bundIB®?. Also, the effect of offsetting the fiber bundle from the tissue
surfacewas not moded, as this has already been investigét@. Finally, the width of
the optical fiber bundlevas not consideredThis is because a larger width (with the same
pulse energy) would effectively increase the average distance between the light source and
the transducer bundle, which the results in ¢higpterand the results of othétg107% 139
have consistently shown result in a decrease in fluence. The other case, where the width
of the optical fiber bundle is changed but the fluence is held constant rather than the pulse

energy, results in an increase in depth penetration as has been sbawoush}*52.

Patient topatient or animal to animal variabilityas not considereuh this work,

since capturing all possible combinations is not possible. These could include differences
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in size and anatomy, as well as hair, fur (in mice), and skin pigmentation. Instead, bulk
tissue at a variety of tissue compositions and wavelengths used as optical mado

achieve generalizable results. The goal is to give practical guidance to researchers, who
can use the simulation results that best match the optical propertiesifosgRcific

application as a starting point for designing their own imaging system.

In this work,simulations and experimental validation were used to determine the
optimal desigrgeometryfor the optical fiber and ultrasound transducer array combination
that has become common for combined US and PA imagifigis work evaluated
differencedn the optimal device desigrthat would arise frondifferentbulk tissue types,
wavelengths, and sigm geometries. These results can be used by researchers as practical
guidance for a variety of applications, because of the variety of tissue types and
wavelengths that were simulated. Using the depth dependent fluence delivered to the
imaging plane athe criterion for evaluating the optimal designyas foundhat a smaller
distance between the location of light emission from the optical fiber and the center of the
transducer array results in the best light delivery for both species. However, the optimal
light emission angle is dependent on the thicknesshefskin layer and the tissue
composition, with the former having the largest effeEhe results are comparé¢a the
literature andt was foundthat the differences in skin layer thickness can explain variable
findings for the optimal angles found in @riwork. Perhaps most importantly, this work
indicates that the same imaging system may deliver fluences several times smaller in
humans than mice, which serves as a cautionary message for researchers currently
developing new imaging techniques in micedsls with the expectation that they will

translate to humans.
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3.5Conclusions

In this chapter experimental work and light transport modeling were completed to
determine the optimal parameters for the design of a combined US/PA system consisting
of an ultraound linear array with external light deliveryihe simulations included a
variety of tissue compositions, wavelengths, and equipment geometries. The effect of
incorporating either a skin layer with the thickness expected in a mouse or with the
thicknes expected in a human was also investigated. With both skin thickness and all
tissue type and wavelength combinations, reducing the distance between the light source
and imaging plane has the largest effect on the light delivery to the imaging plane.
However, the optimal light emission angle varied depending skin thickness, tissue
composition, and wavelength. In humans, shallower angles were found to increase fluence
in the imaging plane across all depths. However, in mice an intermediate angle of 45
degrees was most often optimal. The difference is shown to be mainly a result of the
increased scattering of thicker human skin. The difference in the optimal fiber bundle
angle between simulations with different skin thicknesses also explains variatithes i
results of studies by other researchers. Perhaps most importaesigresults indicate

that an identical imaging system will deliver significantly less light to the imaging plane in

humans than in mice because of the scattering effect of ttkettskin layer.
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CHAPTER 4: FLUENCE COMPENSATION FOR QUANTITATIVE

PHOTOACOUSTIC IMAGING

4.1 Introduction

4.1.1Abstract

In this chaptera new technique istroducedhat could be used to compendatefluence
variationsdeep in tissuesuch that relative quantitative comparisons of photoacoustic
signal intensity could be mad@&he technique is investigateding modeling methoddt
requiresslightly compressing tissuehile simultaneouslyrecording the photoacoustic
intensity of native absorber€Once acquired, the photoacoustic intensity as a function of
depth during compression can be fitted exponentilyapproximatethe attenuation
coefficientof light in thattissue Once determined, the attenuation coefficeamt be used

to compensate the acquired photoacoustic image in the uncompressed state. The
simulationgun hereestablish that a constant exponential attenuation coefficient for fluence
versus depth is expected in most soft tissues at depths near er tir@atl cm, illustrating

the viability of the technique.The expected improvement measuring thaelative
photoacoustic intensity between five high absorbing regions in a simulation using the
optical properties of breast tissue at 789iamstimated The error in relative intensity is
improved from 5197% before using the technique to less than 5% afterwards. The studies
illustrate the potential usefulness of the technique in cliajgplications angustify further

experimental study.
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4.1.2Backgroumn

As explained previously (Eq. 1.1) the magnitude of a photoacoustic signal is linearly
dependent on the fluence at the target tissue. However, the true fluence distribution in
tissue is not known. Thus, variations in the photoacoustic signal in aa amnagot solely
attributable to the absorption coefficient and ériserparameteof tissue which impedes
identification of the target tissue. Indeed, fluence in tissue across an imaging depth of
multiple centimeters can easily vary by more than an order or magnitude (for an example,
see fluence distributions FFigure3.2, Figure3.3, or Appendix A). It would be desirable

to compensate for this fluence distribution since it would make target identification more
accurate and makit possible to quantitatively compare the concentration of absorbers in

different regions of tissue.

Many researchers haweveloped a diverse set of methods for approaching this
problem. Indeedhe subject of fluence compensation is well represeintéhe literature,
with multiple reviews covering the prior art in dapt® >4, Somecommon approaches
will now be discussedalthough the reader is referred to the revpgapers for a more

complete accounting.

Perhaps the most straigbhtward method for estimatingp¢ fluence distribution in
tissueis to approximate it directlysing modeling methodsMonte Carlo modeling is
considered thgold standardor approximaing light propagatiorin tissue with known
optical propertied® 159, Multiple researchers have published work in which Monte Carlo
simulations are used to estimate the fluence distribution in 85138, The problem with

these and other simulation methods is that they require the optical properties of the tissue
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to be assumed, which is a constant source of inaccuiftgn, these are approximated
using the optical properties of the same tissue typasured and then reported in the
literature by another researcher. Howevieg, dptical properties afoft tissues can vary
widely between different specimeresen for the same tissue typEor example, in one
study that measured the optical propertieschicken breast tissi&?, the absorption
coefficient of one sampleas 2x higher than anothenhile the scattering coefficientas

1.5x lower across all wavelengths in the range-800 nm

Another method of approximation is the wdeanalytical approximations, such as
modified forms of the Bedrambert lavt>3 269, In unmodified form, his law is valid for
low scattering media and defines the decrease with an exponential equation where the
exponential constant is defined as the product of the absorption coefficient and the depth
in tissue. However, dedn highly scattering media this apptmation breaks dowi?
because the path highly scattered photons travatissue targeis significantly longer
thanthe geometrical distance between tigiatl source and the target. Modified farof
Beerslaw have been formulateahd experimentally testeéd account for the longer path
lengtt*6%168  However, the adjustment terms are dependent on the tissue type and
experimental geometry, making the results-generalizable and thus of limited practical
usefulness.They also suffer from the fact that the optical properties must be assumed,

which is a constant source of error.

Methods which attempt to explicitly pair photoacoustic acquisition with a method
for measuring optical properties have also been investig&ted. These methodgquire
additional system components, cost, and complexfinaher set of studies have been

conducted which use a contrast agent of known optical properties as a detector for fluence
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in tissuét’d. Other methods use multiple light sources, or a light source focused to

different regions of théssue, to extract bulk tissue optical propeltfés’d.

In this chapter, wentroduce a new concept that would make it possible to
compensate for fluence deep in tissue and investigate its usefulness and potential
effectiveness using Monte Carlo simulations. The concept requires that the fluence in
tissue follows a uniform expongal decay in the regions over which the fluence
compensation method in applied:he first simulationsthat are conductethodel light
propagation through a range of tissue compositions and wavelengths to confirm if the
uniform exponential decay in fluenegists. These simulationare usedo estimate the
depths at which ttechnique could be applied, and how the appropriate depth may vary
depending on tissue type. Finalllge effectiveness of the fluence compensation technique
is evaluatedising seval high absorbing regions of indocyanine green (KiK&) contrast
agent embedded in bulk tissue with the optical properties of breast tikswnulate

potential applications in breast cancer diagnosis.

4.2 Description of Fluence Compensation Technique

The technique for fluence compensation proposed in this dissertation takes advantage of
the fact thafluencedecreases an exponential manner deep in tissughe methods

similar to the multiple illumination methodentioned in the prior section, except that it
would not require additional hardware and the measurements would be less affected by the

optical properties of tissue outside of the imaging plane of the transduceftect the
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technique would make it pabte to make quantitative comparisons of photoacoustic

absorbers that lie in the tissaegreater depths

.

Imaging plane

Target Target

Figure 4.1 A schematic illustrating the use of the proposed fluence compensation
technique. a) The optical fiber for laser delivery and one half of a linear ultrasound
array are shown in the uncompressed state in the tissweer the bulk tissue (blue
region). b) The same optical setuput after compression. Compression causea
change in theoptical path lengthto the tissue target, and a consequent change in
fluence that can be determined by comparing the photoacoustic intensiof the
target at different compression depths.The attenuation coefficient of fluence can be
determined byfittin g the photoacoustic intensity of the targewersus the optical
path length the optical pathlength at multiple compression depths.Once the
attenuation coefficient is known, it can be used toompensateor the decrease in
fluence with depth in the photo@oustic image taken in the uncompressed state.
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To determine the constant for exponential decay, fluence as a function of depth at
several locations must be knownhe propose technique would take advantage of native
absorbers in the tissue to recounst the exponential decay in fluence. By pressing gently
on the tissue(Figure 4.1), and causing compression up to several millimeters, the
photoacoustic intensity of native absorbers could be evaluated as a function ofTdepth.
different photoacoustic signals would be derived from the same native absorber (displaced
to different depths due to compression) so thee@igenparameteandopticalabsorption
coefficientwould be identical for each photoacoustic acquisition. sTlehanges in the
photoacoustic intensitgluring compressiowould be attributable only to changes in
fluence at the new depth. Fitting the fluence as a function of depth to an exponential curve

would allow the rate of fluencattenuatiorto be calculated

Once the exponentiatate of attenuationis calculated, the intensity of the
photoacoustic signal from eaabsorbeiin the tissue could be adjusted dependingt®n
depth in the uncompressed stat€he result would be a photoacoustic gaan which
guantitative comparisons between absorbers could be aitidrigh onlat greater depths

wherethe exponential decay in fluence is present.

4.3 Materials and Methods

4.3.1Monte Carlo Modeling Software

The same open source Monte Carlo simulation software, MCXIW&Bq for simulations
in the prior section was used for the fluence compensation experiments. Briefly, MCXLAB

is a package within Monte Carlo Extrét&!!2 that can be set up through MATLAB to
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simulate phain transport. The software simulates a volume which is separated into
equally sized square voxels. The optical properties required for the simulations include the
absorption coefficienfla, scattering coefficientls, the anisabpy coefficient,g, andthe

index of refractionn. For the simulations in thishaptera voxel length of 5(um was

used The output of MCXLABISs the flux per voxel. The flux is automatically normalized

to the energy input for the simulation. Since photoacoustic imagingesqusufficiently

short pulse that the energy can be assumed to have been deposited in the tissue
instantaneousl§, the fluence is used to report results in this work. The fluence can be
calcubted simply by multiplying the flux in a voxel by the time length of the Monte Carlo

simulation(5 ns)

()
Optical

(b) (c)

fiber.cable Fiber Fiber bundle High absorption region

bundle footprint (contrast agent)
36 mm

s

Yz

2mm

— Blood
vessels

Skin

Soft tissue

Figure 4.2 Schematic and diagrams that show the geometry of the simulation#\)

the optical fiber bundles are shown atin angle, thetawith light propagating into

the skin (2 mm) and bulk tissue(34 mm). The size of theoptical fiber footprint is

also shown by ydbw rectangles in (b). The optical fibers are spaced distance, D,
from the imaging plane of the ultrasound transducer.Also shown(a,b) isthe

location of thehigh absorbingregions (red dots) used in the simulations using breast
tissue at 789 nm.c) The location of thehigh absorbing regionsin the imaging plane
of the ultrasound transducer.
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For these simulations, we usa common US/PA imaging setup with a linear
transducer over the center of the simulation space with two optical fiber bptatied on
either of the long sides of the transducer to illuminate the tissue for photoacoustic excitation
(Figure4.2). Light was emitted from each of the two optical fibers, which were assumed
to have a size of 25 x 1.4 MmThe ceter of the optical fibers (point of light emission)
was offset from the transducer by a distance, D, of 7.5 ifims is close to the minimum
distance you could get the optical fiber to the imaging plane using a standard commercial
ultrasound lineararrayThe | i ght was emitted at Dae const
to the symmetry of the optical fiber geometry, light emission from onlyoptieal fiber
was neededwhich reduced the simulation time by a factor of 2. The results were then
mirrored acoss the imaging plane and averaged to calculate the fluence distribution in the
volume from both optical fibers. The boundary condition at the edge of the simulation was
set such that any photons that crossed over the boundary permanently left thigosimula
volume. All simulations were conducted using®¥thotons andh a cubic volume with 36

mm per side.

4.3.2Modeling Parameters

Two sets of simulations were conducted to test the viability of the compression method.
Each set used different optiqalopertiegTable 4.1). The first set of simulations had two
purposes.The first wago evaluate if the fluence follows a uniform exponential decrease
in the far field from the transducer. This would be required for the technique to be usable

in tissuethat has sparse PA absorbers and a si@®dlram) total compression depth. It
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was also used to determine the depth the exponential decrease in fluence begins in different
tissue type and wavelength combinatiori® evaluate the behavior in a wide variety

tissue, multiple tissue types and wavelengths were used. The tissue consisted of various
percentages of fibrolid® 114 and fatty*' tissue componentsThe tissue mixtures ranged

from purely fibrous to purely fatty tissues, tivimixtures of each in 20% increments.
Fibrous tissue is one of the tissue types with the lowest scattering coefficients while fatty
tissues have high scattering coefficients. Since scattering is the dominant optical property
in softtissue, thigepresents the extremesexpected optical behavioMixtures of each
componat represented tissue types betwtdeseextremes. The simulations were run at

700, 800, and 900 nm, which cover the near infrared region commonly used for
photoacoustic imagg. In addition, simulations were run at 1064 nm which is often used
due to the ubiquity of the Nd:YAG laser. Each tissue mixture was simulated at each of the

4 wavelengths, for a total of 24 simulations.

A 2 mm thick layer with the optical propertie§ human skif*¥ was also placed
at the surface of the simulation volume. Light was assumed to enter the tissue at the surface
of the skin, with no light traveling through a coupling medium such as ultrasound gel. All

tissues were simulated with an anisotropy coefficient 0t'8.@nd an index of refraction

of 1.4115119,
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Table 4.1 Optical properties used for simulations related to the fluence
compensation technique.

Mixed Tissue Simulations

Absorption | Scattering | Anisotropy | Index of
Wavelengthy Coefficient | Coefficient | Coefficient | Refraction
Tissue Type [nm] [L/mm] [L/mm] 1 1 References
(Jacques, 2013;
Bashkatov, 2005
Tuchin, 2000;
700, 800, |0.042, 0.035, |14.3, 15.9, Schmitt, 1998;
Skin 900, 1064 |[.031,0.031 |16.8,16.8 0.9 14 \Wang, 2000)
(Jacques, 2013;
Bashkatov, 2005
Tuchin, 2000;
700, 800, [0.099, 0.095, |12.2, 11.3, Schmitt, 1998;
Fatty Tissue 900, 1064 |0.096, 0.097 |10.2,9.09 0.9 14 \Wang, 2000)
Marquez 1998;
Filatova 2007;
Tuchin, 2000;
700, 800, [0.010, 0.016, |2.31, 1.91, Schmitt, 1998;
Fibrous Tissue [900, 1064 |0.064, 0.076 |1.63,1.30 |0.9 1.4 Wang, 2000)
20% Fatty, 80%]|700, 800, |0.028, 0.032, |4.29, 3.80,
Fibrous Tissue |900, 1064 |0.070, 0.080 |3.34,2.86 |0.9 1.4 (Marquez 1998;
40% F o Filatova 2007;
o Fatty, 60%|700, 800, |0.046, 0.048, |6.26, 5.68, Jacques. 2013
Fibrous Tissue 900, 1064 ]0.077,0.084 |5.05,4.42 0.9 1.4 ques, '
Bashkatov, 2005
60% Fatty, 40%]|700, 800, [0.064, 0.063, |8.23, 7.56, Tuchin,2000;
Fibrous Tissue [900, 1064 |0.083, 0.088 |6.75,5.98 0.9 1.4 Schmitt, 1998;
80% Fatty, 20%700, 800, [0.082, 0.079, |10.22, 9.44, Wang, 2000)
Fibrous Tissue |900, 1064 |0.090, 0.092 |8.46,7.53 0.9 1.4
Simulation with Breast Tissue andHigh Absorbing Regions
Absorption | Scattering | Anisotropy | Index of
Wavelengthy Coefficient | Coefficient | Coefficient | Refraction
Tissue Type [nm] [1/mm] [1/mm] 1 1 References
Breast Tissue  |800 0.0082 7.67 0.9 1.4 (Troy 1996)
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Figure 4.3 Three plots showing the method for fluence compensationa) First,
simulations are conducted withthe high absorbing regions located atheir original
depths (12, 17, 22, 27, 32 mm}-our additional simulations are conducted with the
high absorbing regions locatedl mm consecutively closer to the tissue surface.
Here, the slight variations in the smoothness of the fluence curve illustrate the small
effect of the high absorbing regions on the fluence distributionb) The average
fluence across each of the high absaing regions are calculated. The average for
each region is shown in a unique color, with the 5 points representing the average at
each depth. An exponential fit is applied toeachset of 5 points for a unique region
to determine theattenuation coefficient. The attenuation coefficient for the 5
regions are averaged for these simulations, since the bulk tissue is homogenaz)sA
plot of the fluence distribution before and after adjustmentwith the attenuation
coefficient for fluence The adjusted fluence is nearly uniform, which is ideal for

comparison of photoacoustic intensity between the regions.
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The fluence versus depth along the center voxel of the modeling volume (which
would be equivalent to the fluence versus depth albagenter of the imaging plane of
the ultrasound array in a physical experimental setup) was extracted for each wavelength
and tissue composition combinationThe uniformity of the exponential decay was
evaluated by applying an exponential fit acrogsdata in short segmentsrim) insmall
increments I mm) along the fluence versoptical path length curveThe optical path
length of the target was calculatedh the Pythagorean theoraring the target depth and
the offset of the optical fiber bdfe from the center of the imaging plan€he segments
chosen ranged from 90% of the peak fluence to the maximum depth of 36 mm. The
constant for the exponential decay was calculated for each segment, and the segments were
evaluated for uniformity. Thalepth of maximum fit was evaluated by manually

identifying the depth the exponential decay coefficient became constant.

The purpose of the second set of simulations was to evaluate and illustrate the
potential effectiveness of the fluence adjustmertriggie. For these simulationke bulk
tissue was given the optigadopertiesof fibrous breast tissue (found in older women, who
would thus be more prone to the development of breast cancer) at #89. ninserted
into the bulk tissu€¢Figure4.2c) were 5 regions of high absorption that woulduéate a
contrast agent with a high absorption near 800 nm, suahdasyanine green These
regions of high absorptionere used as the ploaicoustionarkersto calculate the rate of
exponential decrease in fluence. The regions were located at 12, 17, 22, 27, and 32 mm.
The first, third, and fifth regions were placed in the center of the imaging plane. The second
and fourth remained in thmaging plane, but were offset at opposite sides of the center by

5 mm. Each region was assigned different relative concentrations by assigning them
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different absorption coefficients. The first and fifth regiondmasbsorption coefficient of
0.1 mm?, the third regiorhad an absorption coefficient ®2 mm?, while the second and
fourth region hadbsorption coefficient8.05 mm!. These are representative of the same

absorber at relative concentrations of 1, 2, and 0.5, respecti&e2ymm skin lagr was

also located at the top of the simulation space, with the light entering directly at the skin

surface as was done for the first set of simulations in this chaptes. simulation was

then repeated with the high absorbing regions at different sléptmimic the effect of

compression at the tissue surface. A total of five simulations were run. The first was with

the regions at the depth specified above. Each of the four successive simulations was

conducted with the regions progressively 1 mmaende the skin surfac@-igure 4.3a).

Figure4.3a illustrates this at the centerline, with the slight deviations in the fluence being

caused by the presence of the high absorbing regidhs.fluence was averaged across
each of the high absorbing regions 1in
exponential fit was applied to the average fluence vesptisal path lengtfor each of the

fiveregionsat di fferent A Aoaxgnpled the acerage flaercp in dash

high absorbing region at all five compression points is showAgiare4.3b. Each set of

eac

5 points sharing a common color represent the same high absorbing region at the 5 different

compression pointsThe exponentiafit parameter was then used to compensate for the
decay in fluence versugptical pathlength An example of the fluence before and after

this compensation is given Figure4.3c.

Evaluating the effectiveness of tbempensatiotechnique requires a comparison
of the relative photoacoustic signals that would be downthis region before and after

compensation.What is referredto here as a relative photoacoustic intensity (since the
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Grueneisenparameterand absorption coefficiendre constanbecauseneither would
changdor the sametargeti t h 1A ¢ o mp h)ean beicalcnlated Byerultiplying the
relative concentration of each high absorbing region thiéfluence distribution. This

can be done separatefdyth the unadjusted and adjusted fluence, to attain the unadjusted
and adjusted photoacoustic intensity, respectively. Each of the unadjusted and adjusted
relative photoacoustic intensities are then normalized to the intensity of the shaltigest
absorbingregion. The shallowest regioiis usedbecause the true relative absorption
coefficient assigned to the shallowest region in the simulatidnOis The normalized
intensities before and after adjustmard then compared to the true relative concentmtion

assigned to the voxels in the simulation space.

4 .4 Results

The effective attenuation coefficient for each of the wavelength and tissue type
combinations was first calculatagsing a sliding windowin 1 mm incrementsising
segments lengths of 4 mm. The resultgtieall thetissue composition simulations at 700

nm are shown ifrigure4.4. For each simulation, the effectimétenuatiorcoefficient of

each segment was plotted versus the midpoint of that 4 mm segment. The results show
that the effective coefficient is low for segments at shalllepth but reaches a constant
value with increasing depthThe variation in the effective attenuation coefficient also
increases for some tissue types at extreme depths, but without any clear upward or
downward trend. These behaviors are consistentifoulations at all wavelengths

(Appendix B.
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Figure 4.4 A plot of the effective attenuation coefficienbf each 4 mm segmenrtaken
in 1 mm increments. The results indicate a uniform fluence distribution after a
finite depth is reached, although there isome noise in the resultat greater depths
due to the low number of photons that reach deeper into fatty tissueg.he depth of
minimum fit is manually marked for each of the tissue components.

Forall the effective attenuation curves, the point at which the effective attenuation

reaches a constant was visually identified and mafkiggdire4.4). These points represent

the minimum depth at which the fitting technique is valifihe results for all tissue type

and wavelength combinatioaseshown inFigure5.4. The depth of minimum constant fit

was 8 mm or lower for all simulations. The depth of minimum fit also varied by tissue
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composition, with the use of the technique at smaller depths begsipf@with fattier
tissue. The average depth of minimum fit for the most fibrous tissue was near 7 mm, while
for the fattiest tissue it was just below 5 mm. There was no clear pattern in the depth of

minimum with respect to the wavelength of light uadthe simulation.

The results of the simulations withhigh absorbing regions in an optical medium
that matched breast tissae789 nm are shown iRigure4.6. The figure showthe true
agent concentration, the normalized photoacoustic intensity calculated from the unadjusted
fluence, and the normalized photoacoustic intensity calcufededthe adjusted fluence.
The photoacoustic intensity for &ldata setsnatch for the high absorbing region at 12
mm because of the normalization. Afterwards, the photoacoustic intensity measured using
the unadjusted fluence decreases relative to the true value as depth increases. The percent
errors as a function of depthrfall the high absorbing regions are 0%, 57%, 81%, 93%,
and 97%. The percent error using the adjusted fluence were drastically improved. The
percent error between the true relative concentrations and the photoacoustic intensities
using the adjusted fluee were 0%, 2.9%:1.0%, 4.5%, and 4.4%This is a marked
improvement over the adjusted values and illustrates the potential of the technique for

makingpossible quantitative comparisons between photoacoustic absorbers deep in tissue.
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Figure 4.5 Plot of the depth of minimum fit for all tissue types and wavelengths.
The depth of minimum fit ranges from 8 mm in fatty tissue to 5 mm in fibrous
tissues. There is no clear trend for the depth of minimum fit with respect to the
light wavelength.

69



251
Agent Conc (relative)
PA, before compensation
PA, after compensation
2 b
L
o
c 15
&
o
@
N
© 1r
£
=)
Vs
05¢F
O 1 d . [l 10 ] ]
0 5 10 15 20 25 30 35

Depth [mm]
Figure 4.6 A plot of the normalized photoacoustic intensityversus depth for the high
absorbing (contrast agentlike) regions. It includes for comparisonthe true relative
concentrations, unadjusted relative oncentrations, andrelative concentrations after
applying the technique for fluence compensationThe relative photoacoustic
intensity using the unadjusted fluence clearly deviate from the true relative value
with depth. This is a result of the decreasm fluence deeper in tissue. Theelative

photoacoustic intensities calculated after fluence adjustent are greatly improved,
with errors of 5% or less.

4 5 Discussion

The simulations at all tissue composition and wavelength combinations showed a
uniformity of fit at depths beyond 1 cm. This indicates the viability of the fluence
compensation technique acrasest soft tissue types found in biomedical applications.

The decrease in the effective attenuation coefficient at shallower depths is a consequence
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of the sampled segment becoming closer to the peak of the fluence distribution. In this
region, the fluence distribution is not uniformly exponential. At greapthd the

effective attenuation coefficient had greater variance, although there was no clear upward
or downward trend across the tissue type and wavelength combinafluescan be

explained by the fad¢hat n theMonte Carlo simulations lower fluencand thus fewer
photons, were present deeper in tissDae to the random nature of photon propagation

in Monte Carlo simulations, this would result in a noisy fluence distribution deeper in

tissue.

Thedepth of minimum fit analysis indicated thatstieéchnique will be validt
smaller depths ifatty tissue. Thigs consistent with the fluence versus depth distribution
in which thepeak fluenceccurs at smaller depthsfatty tissue. A uniform rate of
fluence decapccurred at depths ranging frd®8 mmadepending on tissue typd\s a
simple rule of thumhwe propose thahis techniqude usecht depth®f 1 cm or greater.

It should also be noted thiatan experimental setting, thalidity of the technique at
depths in the 20 mm range couledetected in real timby evaluating the goodness of
the exponential fit, such as by a”\Rilue or some other measpit®m an imaging target

found at a depth in that range

Several assumptiewere maddor this modeling study. First, we assumed that
the bulk tissue was homogenous.theory,you could deduce different attenuation
coefficients in layers of tissue with different optical properties if there existed a
chromophore that could be tracked durcagnpression in each layer. In addition, the
presence of these layers could be detected in the firstydawp ultrasound. However,

this was not explicitly testea@ind will require experimental validationother
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assumption wathat skin compression wanegligible, since it is much thinner than the
bulk tissue. Finallyyweran simulations wittonly one optical fiber and ultrasound
transducer geometryThe optical fiber was set a#l&degreeangle and the optical fiber
was placed 7.5 mm from the imagiplane.We showed in the last section that when
irradiation is conducted through skin, the optical fiber angle has little effect on fluence.
In addition, optical fiber distansdarger than 7.%5nm are not desirable because they
would result in less ligt delivery to the imaging plandt is difficult to decrease the

optical fiber distance becausgthe size of linear ultrasound arrayBecause we

expected deviationfsom the chosen parametdosbe small, we did not investigate the

effect of changing these extra parameters.

It was also assumed that tissue properties do not chemgggthe tissue is pushed
to induce compressiorOur rationale is that tissue is generally assumed to be
incompessible, due to high water contéfft. The necessary compression is also small,
at only a few millimetersThus, it is likely that what appeasscompression in the
images is really a result of tissue being displaced sideawtyof the imaging plane
Some literature has showhatoptical propertiesfatissues d change with
compressio®: 83, However, there were several factors that nihkeenot directly
comparable to our approach. First, the experiments were conducted on tissue specimens
less than 1 mm in thickness that were sandwiched between glasastidasmirrors
Thus, space for tissue to be displaced sideways was small. S#@odmpression used
was large, with the tissues compressed to thickndsSdx smaller than the
uncompressed thickness. This is much larger than the compression that would occur

from the use of our technique. Thitbdere was strong evidence that ti@nge in optical
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properties waa result ofirreversibledehydration (water loss) during the compression
process.This would not occuduring the use of our techniquevivo. Thus, we argue
that this assumption is likely a valid one, althoitghiould take further experimental

work to prove it conclusively

Another limitation of the technique is that it can provide relative concentrations of
optical absorbers only. It is not capable, for example, of indicating the concentration of a
marker in absole terms (e.g. ug/mL). Nonethelesslative quantitative comparisons of
concentration within an image would still be highly useful. Given the largé1{%d)
percent error in the photoacoustic intensity when the fluence is unadjusted, it would be

easy tamischaracterize signal deep in tissue.

A second limitation is that thmethod idimited when using mukivavelength
techniques.The fluence compensation can only be compléietargets at different
depthsfor each wavelength individuallyit cannd compensate between wavelengths.

The difference in relative fluence between the wavelengths would be limited to whatever
ratio in fluence is present at the shallowest photoacaiastjet sincehis is the target to
which each wavelength is normalizeldluence compensation between wavelengths

could theoretically be conducted if a chromophwegeidentified in tissuen which the
difference in absorption coefficient between the wavelengths was known. However, this

could notbe guaranteed in every imaging session.

The final limitation is thatthe study was conducted purely by simulation.
Experiments will be needefirst on phantoms consisting of high scattering liquids or

gelatin. Point sources, such as graphite rods, can be tracked as the optical fiber and
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transducer are pushed into the phantdimese studies should confirm that the exponential
decrease in fluemcas a function of depth is present by using compression. If successful,
several otheex vivostudies would be of valueFirst, phantoms could be tested with
multiple layers having different optical properties, to investigate the effect that
heterogeneaastissue may have on the effectiveness of the technique. In additiore

work should focus on point absorberstualtissue. The purpose would be to determine

if any change in optical properties of tisgliee to compressiois sufficient tomakethe
technique ineffective For each test, the minimum depth at which the technique becomes
viable could also be evaluatedrinally, by using photoacoustic sources with known
relative concentrations, the effectiveness of the compensation techniquenistmecting

the true relative photoacoustic intensities could be evaluated.

4.6 Conclusion

In this chapter, we introduce a new technique that could be used to compensate fluence
such that relative quantitative comparisohphotoacoustic signal intensity could be made

in biological tissue. The technique involhaghtly compressing tissuandrecording the
photoacoustic intensity of native absorbers as the tissue compreSheschange in
photoacoustic intensity with depth can be useddtermine theexponential attenuation
coefficientof fluence in the tissueOncedetermined, ta attenuadn coefficient can be

used tocompensate the acquired photoacoustic image in the uncompressedvgeate.
investigate thistechnique using modeling methods. We establish thabrestant
exponentialattenuationcoefficient for fluence versus depsihould le expected in most

soft tissues at depgimear or greater than 1 ¢miustrating the viability of the technique.
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We estimate the expected improvementamparison®f photoacoustic intensityetween

five high absorbing regions in a simulation using the optical properties of breast tissue at
789 nm. We findthat errors are improved from 2I/% before using the technique to less
than 5% afterwards.The studies illustrate the potential usefulnesshef technique in

clinical applications anglustify further experimental study.
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CHAPTER 5: SAFETY OF INTRAVASCULAR PHOTOACOUSTIC

IMAGING T IN VITRO

5.1 Introduction

This chapter was adapted from: Sowers, T., et al. Laser threshold and cell damage
mechanism fomtravascular photoacoustic imagihgsers Surg Med2018.0ct 10. doi:

10.1002/Ism.23028*3,

5.1.1Abstract

Intravascular photoacoustic (IVPA) imaging is being developed to image atherosclerotic
plaques, deading cause of morbidity and mortality in the United States. Howeer, th
safety of this imaging modality, which requires repeated irradiation with short laser pulses,
has not yet been investigatedihis chapterhas two objectives. First, determiimevitro

the limit of cumulative fluence that can be applied to cells befeath at IVPA relevant
wavelengths. Second, evaluate if high single pulse fluences are a potential cause of cell
death during IVPA imaging. Experiments were conducted using endothelial cells,
macrophages, and smooth muscle cellEhe cumulative fluenceexperiments were
conducted at 1064 and 1197 nm, using a high pulse repetition frequency laser. Cells were
irradiated with a wide range of cumulative fluences and evaluated for cell dé€a¢h.
thresholds for death were compared to the maximum expeatechttumulative fluence.

To evaluate the effect of single pulse fluences, cells were irradiated at 1064, 1210, and

76



1720 nm. Light was delivered at a range of pulse energies to emulate the fluences that cells
would be exposed to during clinical IVPA imag. At 1064 nm, all three cell types
remained viable at cumulative fluences above the maximum expected clinical cumulative
fluence, which is calculated based on common IVPA imaging prota8bls197 nm, cells

were viable near or just below the maximexpected clinical cumulative fluence, with
some cell type to cell type variatioll three cell types remained viable after irradiation
with high single pulse fluences at all three wavelengths. The cumulative fluence
experiments indicate that safety saferations are likely to put constraints on the amount

of irradiation that can be used in IVPA imaging protocdiowever,these experiments

also indicates that it will be possible to use IVPA imaging safely, since cumulative fluences
could be reduced bgs much as two orders of magnitude below the maximum expected
clinical cumulative fluence by varying the imaging protocol, albeit at the expense of image
guality. The single pulse fluence experiments indicate that cell death from single pulse
fluence isnot likely during IVPA imaging. Thus, future studies should focus on heat

accumulation as the likely mechanism of tissue damage.

5.1.2Background

Cardiovascular disease is the leading cause of death worldwide, ahead of cancer and
chronic lowerrespiratory disea&d. Coronary artery disease, which is a subset of
cardiovascular disease, resulted in an estimated 7.4 mdkaths worldwide in 2015
aloné®®. Coronary artery disease results from lipid plaque formation, causing death either

by extreme luminal narrawg or more often by coronary thrombus formatiivom

77



ruptured plaqué¥* 3, Based on histopathologic studidsese rupture prone plaques are
characterized by large Igb rich necrotic cores, calcification, a thin fibrous cap, and
erythrocyte infiltratioff® 37 184 186 181 The growth of these lipid plaques is
asymptomati¢®, leaving clinicians unable to intervene prior to thevelopment of
symptoms, which commonly include unstable angina, acute myocardial infarction, or
sudden coronary dedtff!. Once symptoms occur, it is not always clear which plaques
require interventionThus, a clinical tool capable of identifyilagd characterizinglaques
would help clinicians determine the best treatments for culprit angcalpmit plaques,
ultimately redudng morbidity and mortality. Patients with a history of heart disease or
with risk factors associated with plaque progression (e.g. diatvetggertension) could

be ideal candidates fanore extensive imaging after an initial cardiac evetultiple
imaging modalities are being developed, and sometimes combined, to meet this need, with
each modality having its own distinct advantages andddintage&*°3. One such

modality is intravascular photoacoustics.

In the last several years, there haeen concerted efforts toward the translation of
IVPA imaging to the clinig® 3. These include, but are not limited to: continual
improvements in catheter desitfh improvements in imaging resolutiéif, the use of
contrast agents to target biological markers, such as MMP2, of rupture prone !pl8ques
combining IVPA with other modalities such as optical coherence tomodt&hheat
time IVPA imaging®¥, andin vivo real time imaging of nomative plaque in swir,
However,a review of the literaturbas showmo study to date that has investigated the
safety of IVPA imaging. Since volumetric IVPA imaging requires the acquisition of many

photoacoustic signals as the catheter is simultaneously rotated and retracted, vessel tissue
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is subjected tonany pulses of laser irradiation. Standards concerning human exposure to
laser light (ANSI Z136.1 Safe Use of Lasers) exist that give guidance for irradiation of
the skin and eye but not for irradiation of vessel tissue. The advent-timeamaging

which can require up to thousands of laser pulses in time periods on the order of seconds,

makes safety studies a necessary prerequisite to clinical trarigfation

Studies that investigate cell death from laser irradidienre been conducted. For
example, Dentoret al.,studied the effect of heat accumulation from laser irradiation on
cell death®1. In this study, microthermography was used to relate cell death with
temperature increases and found a correlatetwéen cell death and an average peak
temperature of 5&. However, the authors were unable to find studies in which cells

present in vessel tissue were irradiated at IVPA relevant wavelengths.

This chapter covers what is to my knowledge first sepf studies focused on the
issue of IVPA safety. The response of the main three cell types present in the vessel
(endothelial cells, macrophages, and smooth muscle cells) to laser irradiation at IVPA
relevant wavelengths were investigaiadvitro. Cell ceath by heat accumulation was
studied with fast, high power lasers by irradiating cells with various levels of cumulative
fluence based on common IVPA imaging parameters. These experiments were completed
near the lipid absorption peak at 1197 nm and 64 10n. The latter was chosen since the
Nd:YAG laser makes this wavelength easy to use for multiple wavelength imaging. Next,
cell death from the mechanism of single pulse fluence was investigated. In these
experiments, cells were irradiated at the higlamge of single pulse fluences expected in
clinical IVPA imaging using slow lasers at 1064, 1210, and 1720 nm and then evaluated

for cell death.
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5.2 Materials and Methods

5.2.1Cell Culture

5.2.1.1Cumulative Fluence Experiments

The cell studies were completed on thain cell types found in both healthy and diseased
vessels. These included human coronary artery endothelial cells (HCAEQ585C

Lonza), mouse macrophages (8B, ATCC), and human aortic smooth muscle cells
(SMC) (G007-5C, Cascade Biologics). Pagsanumbers for the HCAECs, macrophages,

and SMCs were no higher than 7, 12, and 14, respectively. The HCAECs were cultured in
vascular cell basal medium (€X156, Lonza) with an endothelial cell growth kit (CC

4176, Lonza) while the mouse macrophages wetel t ur ed i n Dul becobs
Media (16013CV, Corning) with 10% Fetal Bovine Serum and 1Penicillin-
Streptomycin. The SMCs were cultured in Medium 231 (M231500, Life Technologies)

with 5% Smooth Muscle Growth Supplement (S00725, Life Techredpgand 1%

Penicillin-StreptomycirGlutamine (10378016, Therntasher Scientific).

Cell death was used as a marker to determine if any side effects were likely from
the irradiation dosages used for IVPA imaging. In addition, cell deativo could have
negative effects. For example, death of endothelial cells could induce additional
inflammation, which is a driver of atherosclerotic disease. At worst, it could also lead to
the exposure of prothrombogenic factors inside the vessel wakasiog the chance of
blood clot formation. Meanwhile, macrophages and smooth muscle cells both have a role
in the pathogenesis of atherosclerosis. Cell death, particularly by necrosis, of either cell

typein vivowould result in the release of additiomaflammatory cytokines. This could
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exacerbate the severity of plagues already present or accelerate the development of plaque
in regions of tissue not covered by plaque in patients suffering from atherosclerosis. For
these reasons, cell death is usecklas a indicator of potential side effects from IVPA

imaging.

Prior to irradiation cells were plated on a polyethylene cell culture 96 well plate
(353072, Corning) at 800% confluency but with a phenol red free base media (SMCs,
macrophages: 21063029fe Technologies; HCAECs: G3129, Lonza) since phenol red
is highly absorbing. After irradiation, cells were returned to an incubator at 37°C with 5%
CQO.. Cells were removed from the incubator either 6 or 24 hours after irradiation and
evaluated forcell viability using an MTT assay (V131154, Life Technologies). Briefly,
10uL 12mM MTT stock solution was added to each well at the appropriate time point
and incubated at 37°C for 4 hours. Then, gDM®f a solution consisting of 1 gm SDS
dissolved inlOmL 0.01 M HCI was added to each well and incubated at 37°C-1& 4
hours. The absorbance at 570 nm was measured using a plate reader (Synergy HT,

BioTek).

5.2.1.2Single Pulse Fluence Experiments

The polyethylene well plates could not withstand the lagensities used in the single

pulse fluence tests without being damaged. To address this, single pulse fluence tests were
performed using tissue chamber slides with a borosilicate glass bottom (macrophages,
SMCs: 155411, Nunc, Inc.). It was necessarplade the HCAECs on a tissue culture

treated glass chamber (543079, GreinerBiw) for cell adhesion. Cells were plated at
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80-90% confluency as previously described for cumulative fluence experiments. Passage
numbers for the HCAECs, macrophages, aM{CS were no higher than 9, 15, and 17,

respectively.

After irradiation, cells were returned to the cell incubator. Cell viability was
evaluated usingfiuorescencébasedssay kit (30004, Biotium) instead of with the MTT
assay because the plate ragsed to evaluate the MTT assay was not compatible with the
tissue chamber slides. A solution gil Calcein AM and UM EthD, which respectively
label live and dead cells, was prepared. Each well was washed with 100 uL of PBS to
remove serum esteraaetivity. Then, the solution containing Calcein AM and EthD was
added to each well and incubated at room temperature fed5 3@ninutes.
Photomicrographs were captured using a microscope (DMI3000 B, Leica) and camera
(DFC290, Leica) at a magnification d®x (10x/0.22, Leica). Cell counts of live and dead
cells in one field of view for each well were performed by the same individual, from which

the fractional cell viability was calculated for each experimental condition.

5.2.2Irradiation Parameters

5.2.2.1Cumulatve Fluence Experiments

Cells were irradiated at 1064 nm with a Nd:YAG pump laser (SOL-4094,
RPMC Lasers, Inc.) and at 1197 nm with a custoade Ba(NG)2l based Raman laser
pumped with the 1064 Nd:YAG laser. These lasers had pulse duratiofibaiss The

1197 nm wavelength was chosen because it is close to a peak in lipid absorption, relative
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to water, while 1064 nm was chosen because it is a highly common wavelength that could
easily be used for spectroscopic or ratiometric imaging of plague Imieat IVPA

imaging system.

Constructing ahreedimensionallVPA dataset requires collecting-lkes while
simultaneously rotating and retracting a side firing catheter. The spot size of the laser
irradiation on the tissue is sufficiently large thajiven section of tissue is irradiated many
times. The number of times a segment of vessel is irradiated is related to the number of A
lines used to construct each image, the catheter pullback rate, and spot size of irradiation
on the lumen surface ofehvessel. In these experiments, cells were irradiated such that
the cumulative fluence experienced by the cells would span a range both above and below
the cumulative fluence experienced by the vessel wall during IVPA imaging, based on
common imaging paraeters from the literature. First, an expression was determined that
can be used to calculate the cumulative fluence on the artery lumen in terms of common

imaging parameters. Such an expression is briefly derived below.

First, it is assumed that théPA catheter is inside a cylindrical artery of constant
diameter. It is also assumed that imaging is completed using a constant rate of catheter
rotation and pullback. Finally, it is assumed that each location in the vessel will be
irradiated by many ¢heter rotations during pullback, such that there is significant overlap
in the area of vessel that is irradiated by the beam from eime Ao the next. Any area
on the vessel wall will be successively irradiated by the entire laser beam but in salssecti
including areas with hot spots or beam irregularities that may be present in the beam profile.
As a result, irregularities in beam shape can be ignored, making it possible to use the sum

of average fluences for the derivation. Note that this wootltb@ valid in special instances
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of IVPA imaging, such as imaging without pullback in which energy variation in the laser
beam profile would cause variation in fluences at different locations on the vessel lumen.
Given these assumptions, we can arrivéhatfollowing expression for the cumulative

fluence (Eq3.1)

50 , (Eq.3.1)

where E is the energy per pulse,ahhes is the number of Aines per rotation, D is the
inner diameter of the artery,;lis the length of the laser spot size in the longitudinal
direction, PRF is the pulse repetition frequency of the laser, @sdhe pullback rate of

the catheter.

In Equation 8.1), the cumulative fluence is a product of two terms. The first term
represents the cumulative fluence irradiated on the tissue during o rotation.
The numerator is the total energy deposited while the denominator represents the
cylindrical area irradiated on the lumen surface. In the second term, the length of the laser
spot size in the longitudinal direction, ldivided by the pullback rate of the catheter, P
is equivalent to the amount of time over which a single locatiotherilumen will be
irradiated. Multiplying this by the frame rate gives the total number of rotations during
which the catheter will illuminate the same segment of tissue. Equatigncéuld be
further simplified by substituting the pulse repetitioeginency, PRF, with the product of

the number of Aines, Na.ines, and the imaging frame rate; F
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80 . (Eq.32)

The number of Aines per image and the pullback rates ciedhe literatur&3 1%3

generally vary from 64 to 256 and from 0.5 mm/s to 3 mm/s, respectively. The pulse
energies used vary from 0.10.8 mJ per pulse. The maximum cumulative fluence would

occur using 256 Aines per image, a 0.5 mm/s fla#ck rate, and a pulse energy of 0.8 mJ.
Assuming a maximum imaging frame rate of 30 Hz and a minimum inner (occluded)
coronary artery diameter of 2 mm, this woul
Jicn?.  This will be referred to as the nmimum expected clinical cumulative fluence
(MECCF) throughout thixhapterand the next It represents the highest amount of

irradiation that would be reasonably expected in a clinical setting.

All three cell types were subjected to irradiation at ematielength. Both lasers
were operated at 7680 Hz, with the spot size equivalent to the well size in a 96 well plate
(well diameter 6.4 mm). The pulse energy at 1064 nm was 0.8 mJ, while the pulse energy
at 1197 nm was 0.08 mJ due to the Raman laserdhaviower output. Seven irradiation
conditions at various levels of cumulative fluence were uBei! Reference source n
ot found.). One control codition that was not irradiated was used so that the change in
cell viability from irradiation could be determined. Higher cumulative fluences were
attained by irradiating over longer time periods. The number of pulses each well was

exposed to was trackedsing software programmed with LabVIEW (National
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Instruments). Once the desired cumulative fluence was achieved, a saftwamled 3D
positioning system (Parker Hannifin) was used to move the well plate so that a new well
was irradiatedKigure5.1). The cumulative fluences for each condition were lowered by

a factor of 10 at 1197 nm, due to the lower output of the Raman laser. However, the lower
cumulative fluences were still sufficient to cause cell death using 1197 nm for some
conditions. This is likely the result of the absorption coefficient of water, which is the
primary component of cells, being about 10 times higher at this waveléfgthihe cells

were placed on a hotplate during irradiatsorthat they had a steady state temperature near
the physiological norm (37°C +3°C). The sample size for each condition was six, which

was sufficient to attain statistically significant differences in cell viability.

Table 5.1 Cumulative fluence dosages at 1064 nm and 1197 nm for all 3 cell types.
Data reproduced from Sowers et al'83

Cumul ative Fluemce
1064 (nm 1197 (nn
0 0
14 1. 4
69 6. 9
276 27 . 6
689 68. 9
1380 138
2070 207
4130 413
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96 Well Plate
with Cells

L ‘ Aperture
37°C Hotplate : .

Beam Path
1064 nm
Computer Laser Source
Controlled 3D
Motor Stage

Figure 5.1 Photograph of the experimental setup used for the cumulative fluence
experiments. The laser beam was elevated up and then down into the well plate,
using an aperture to regulate the spot size. The well plate was placed on a hot plate
that maintained the well temperature at 37°C. Only wells directly over the hotplate
were irradiated. A computer software controlled 3D motor stage was used to

control the location of the well plate during irradiation. For the single pulse fluence
experiments, the laser bea was instead coupled into an optical fiber and delivered

to the cells as described in the methods sectioRigure reproduced from Sowers et
al.l18d,
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5.2.2.2Single Pulse Fluence Experiments

The single pulse fluence experiments were completed for all three cell types at 1064, 1210,
and 1720 nm. The experiments at 1064 and 1210 were completed with aop@iddi
parametric oscillator@PO pumped at 532 nm (Vibrant, Opotek), while the 1720 nm
experiments were completed using a 10 Hz OPO pumped at 355 nm2@RQuanta

Ray, Spectr@hysics) due to its higher output energy at that wavelength. These lasers had

pulse durations of-10 ns.

The single pulse fluence experiments were designtabstdor cell damage caused
by high fluences in a single pulse. Cells were irradiated using the output of an optical fiber
with an NA of 0.22 and a core diameter of 300 um (1068000061, Polymicro Technologies),
which is similar to those used in IVPA imagin The maximum fluence in clinical IVPA
imaging would occur when the catheter rests against the side of the artery, since the spot
size will be smallest for a given pulse energy. The fiber was placed 1 mm above the cell
adherent chamber slide surfacamonic this condition for a 2 mm diameter catheter and
sheath. The optical fiber was then raster scanned across the chamber slide such that all the
cells were irradiated. This was completed using a 3D positioning system (Parker Hannifin)
controlled with sftware programmed in LabVIEW (National InstrumentSach location
on the chamber slide was irradiated with 50 pulses instead of a single pulse during the
raster scan, to ensure that any damage was detected. The pulse energies tested were 0.0
(control),0.4, 0.8, and 1.2 mJ, which correspond to 0.0, 0.10, 0.21, and 0.F1(30¢m
pm diameter fiber core with 0.22 NA gives a spot size of 0.7 mm). The cells were placed
on a hotplate during irradiation so that they had a steady state temperature near the

physiological norm (37°C +/3°C).
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5.2.3Statistics

Al |l statistical tests were performed in |IB
used to evaluate the homogeneity of variances for each cell type/wavelength combination,
while the ShapiréVNilkes tes (p < 0.05) was used to test for normality, meaning the sample

came from a normally distributed population. For data sets in which neither assumption

was violated, aone way,twoai | ed ANOVA with Tukeyds hone
(p < 0.05) post bc test was used for comparison groups. Five of the one hundred thirty

two conditionsverefound to violate the assumption of normality, but not the homogeneity

of variances. However, ANOVA is known to be fairly robust against violations of the
assumptia of normality, and has in fact been shown to perform as well or better than the
KruskatWallis test for small samples sizes even on-nomal datd®l. Thus, an

ANOVA with Tukeyds honestly siugeadiofvaluatent di
these data sets. Data sets that failed Le\
of one hundred thirtpwo) were instead evaluated using the Brevansythe test, since it

has been shown to perform well for small sample simdsvhen the number of populations

is largé?®d. Since BrowrForsythe has been shown to be robustvimations of
normality?®*2°3 it was wused on data sets that faile
passed the Shap#wilkes test for homogeneity of variances. When Brdwansythe

indicated significance Gamédtowell (p < 0.05) was used as the post hoc test.
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5.3 Results

Cumulative fuence experiments were first completed at 1064 nm for all three cell types
(Figureb.2). Values of cumulative fluence were chosen that spanned approximately two
ordersof magnitude. The MECCF of 200 J/gis marked with the vertical red line in
Figure5.2. Significant between group differences were found for eantbination of cell

type and wavelength at some time points. Cell death was observed at 6 and 24 hours for
all cell types at 1400 J/ém At 690 J/cri, HCAECSs showed a statistically significant level

of cell death (p = 0.026) at tRd-hourtime point ony, while macrophages showed reduced
viability at both time points. No cell death was observed for any cell type at the fourth

condition of 280 J/c#) which is above the MECCF.

The results of the cumulative fluence experiments at 1197 nm are shé&wguia
5.3. However, since the output of the Raman laser was lower than the 1064 nm pump laser,
the cumulative fluences used for each condition are correspondingly Idvgain, the
ANOVA or Brown-Forsythe tests indicated significant between group differences for each
combination of cell type and wavelength at some time points. Death of the macrophages
irradiated at 1197 nm occurred below the MECCF. All cell types wsidtesiable after
irradiation at 70 J/cfy but macrophages showed reduced viability at 140%Hendid the
SMCs at the éour time point. The endothelial cells proved more robust, with a decrease

in fractional cell death only at 210 J/&m
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Figure 5.2 Cell viability for each cell type versus light dosagat 1064 nm.The y-axis
shows the fraction of live cells, normalized to the cell viability in the nonirradiated
control group. The xaxis shows the curalative fluence dosage applied to cells at

each condition. The red vertical line indicates the value offte maximum expected

clinical cumulative fluence (MECCF) for clinical imaging. For each condition, n=6
BF: Browni Forsythe. Reproduced from Sowers et al'83
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Figure 5.3 Cell viability for each cell types versus light dosagat 1197 nm.The y-
axis shows thdraction of live cells, normalized tothe cell viability in the
nonirradiated control group. The x-axis shows lhe cumulative fluencedosage
applied to cells at each condition The red vertical line indicates the value of the
maximum expected clinical cumulative fluence (MECCEF) for clinical imaging.For
each comlition, n=6. BF: Browni Forsythe. Reproduced from Sowers et al*é3
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Results for the single pulse fluence experiments for the macrophages, SMCs, and
HCAECs are shown irFFigure 5.4. The results are uniform across cell types and
wavelengths. No cell death was observed for any of the conditions tested, with the fraction
of live cells being near 1 in all cases. This moaitive result, and a strong indication that
if cell death occurs from IVPA imaging, the likely mechanism will be heat accumulation

over many laser pulses rather ttmgatical breakdown from higsingle pulse fluences.

Macrophage Viability Endothelial Cell Viability =~ Smooth Muscle Cell Viability
0
o 1]
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Figure 5.4 Single pulse experimental results for the macrophages, endothelial cells,
and smooth muscle cells. The fraction of live cells reported along the yaxis. The
pulse energy out of theoptical fiber for each condition in shownon the xaxis. The
maximum dosage of 1.2 mJ is 0.4 mJ higher than the highest energy commonly used
for ex vivolVPA studies. For each condition, n=4.Figure produced using data

from Sowers et al83
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5.4 Discussion

In the first part of thischapter a maximum expected clinical cumulative fluence was
determined that comprised the highest expected total fluence a region of tissue would be
expected to experience in a clinical setting based on common IVPA imaging pasaimet

the literature. This value, the MECCF, was found to be 2007J/Guells were irradiated

with a range of cumulative fluences above and below this threshold. The conditions
covered over 2 orders of magnitude, varying from 14 3ferough 4100 J/cfat 1064 nm

and from 1.4 J/cAthrough 410 J/ciat 1197 nm.

All three cell types showed cell death at 1400 3/ainen irradiated at 1064 nm,
with the macrophages and HCAECs showing signs of damage at 6%Qaltbough only
after 24 hours for the HCAECs. At 1197 nm, all cell types showed loss of viability at a
cumulative fluence of 210 J/&mwith macrophages alsshowing reduced viability at
cumulative fluences of 140 J/émas did the SMCs after 6 hours. The most likely cause of
the discrepancy at different wavelengths is the difference in the absorption coefficient of
water!'®d. The absorption coefficient of water is about 10 times larger at 1197 nm than at
1064 nm leading to greater heat accumulation. It is not clear why the macrophages were

more susceptible to damage by irradiation than the SMCs or HCAECs.

For both wavelengths and all three cells types, cell damage occurred near the
MECCEF. This implies thadafety will place constraints on the types of imaging protocols
that can be used clinically. However, the cumulative fluence during clinical imaging can
easily be reduced by an order of magnitude below the MECCF by reducing the number of

A-lines per imageand increasing the pullback rate of the catheter, although there will be a
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consequent reduction in image quality. In addition, reenivo studies have shown the
ability to image lipid using only 0.08 mJ, which would lower the MECCF by a further
orderof magnitud®9. However, this requires flushing the vessel with heavy water, which
has a substantially lower absorption caedint at wavelengths used for lipid imaging. The
heavy water is not toxic, but its clinical usage will require FDA approval and would
increase the cost of the imaging procedure. Catheter designs with narrower beam profiles
and improved overlap with thdtrasound transducer footprint could also make it possible

to reduce pulse energies without decreasing image dtflitysing lower frequency
transducers may sufficiently increase the sensitivity of catheters such that lipid could be
detected using much lower pulse energies through biowivo, althoughfurther studies

will be needed to confirm tHR83 and it will cause an accompanying decrease in spatial
resolution. This study indicates that IVPA can be accomplished safely, but that safety will
put constraints on the types of imaging protocols that can be used. This result warrants

further studyex vivo andin vivo.

The result of the single pulse fluence experiments was that for all cell types at each
wavelength, the fraction of live cells was near one. This was true regardless of wavelength,
despite much higher absorption coefficients at the lowgeelengths (e.g. 10 times larger
at 1197 nm and 40 times larger at 1720 nm for water, compared to 10823 nni
addition, there was no statistical difference in the fraction of live cells between the control
group and the irradiated cells. This is a strong indicator that the maximum single pulse
fluencesexpected in IVPA imaging will not be a mechanism of cell death. Instead, future
studies on the safety of IVPA imaging should focus on heat deposition as the mechanism

of damage.
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There were several limitations to the cumulative fluence studies. d¢afistjeath
was evaluateth vitro rather than in the tissue environment in whiody wouldnormally
be foundn vivo. There may be differences in cell behavior between the two environments.
In particular, there was some indication of higher metabotisroell growth following
irradiation with lower cumulative fluences at the 24 hour time point, although the large
standard deviation at these time points made statistical evidence inconsistent across all the
experimental conditions tested. This effect Ibasn found in a multitude of othiervitro
studies in the literatur@®. Even if present, it is unclear if this effect would transfer to an

in vivoenvironment, where cell growth would be regulated by biological factors.

In addition, since the mechanism of cell damage appears to be heat accumulation,
differences in the heat transfer properties of surrounding materials between these
experiments anthein vivo environment would affect the results. The thermal properties
of the 96 well plate and media (similar to water) differ from that of tissue. The thermal
diffusivity of blood vessel tissue is 1.3 x 1n%52°3. 1t is roughly 2.0 x 160 m?s for
polyethylen&% 207 and 1.49 x 18 m?s for water at 37C?°8. The similar thermal
diffusivities imply that the rate of cooling of the cells will be simitavivo. However, the
heat transfer from the cells and media in the experiment may be limited by the insulating
effect of surrounding air, whereas heatvivo would continue to be transported by
conduction through surrounding tissue. This would make heat transfer more favorable
vivo. Less favorably, irradiation over 12 or 120 seconds was hecessary to reach cumulative
fluences near the MECCF at 1064 nm 4487 nm, respectively. Clinical IVPA imaging
protocols would happen over ~5 seconds, which would result in less time for heat transport

away from the irradiation site. Conversely, clinical imagmgivo will benefit from the
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cooling effect of flowingblood or saline. This will cool the tissue both by carrying laser
energy absorbed by the liquid away and by introducing a convective cooling effect on the
interior surface of the vessel wall. Finally, since the smooth muscle cells and macrophages
are loated inside the vessel, the cumulative fluence they experience will be attenuated
from absorption by any blood or saline that may be between the catheter and vessel wall
by any preceding vessel tissuéx vivoandin vivo studies which more accuratatyimic

the heat transfer environment during clinical IVPA imaging should be conducted to take

these variables into account.

Despite these limitations, the experimental data agreed well with the ANSI Z136.1
standard for irradiation of skin. There are ts&ts of guidelines for repeated exposure of
skin in this standard. One is that a maximum permissible exposure (MPE) for a single
pulse must not be exceeded. The second is that a MPE for the pulse train must not be
exceeded. For the single pulse guidesi, the MPE for skin is 0.1 J/éat 1064 and 1210
nm and 1 J/cfat 1720 nm. Given a 300 pum fiber with an NA of 0.22, the spot size had a
diameter of 0.7 mm. Thus, the maximum single pulse fluence tested was 0.31THem
MPE is equivalent to roughl10% of the exposure at which damage should be expected
50% of the time (EC50). Since no cell death was detected in these experiments, all that
can be concluded is that the fAmeasu?ored MPE

greater.

For the seond ANSI guideline, the MPE for skin under these irradiation conditions
is 1 W/cnt at 1064 and 1197 nm. Partial cell death, which we use as an approximation of
the EC50, was detected in the cumulative fluence experiments at 69&dttaB0 J/ch

for 1064 nm and 1197 nm, respectively. The irradiance at these conditions was 1723 W/cm
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and 1.73 W/crh Given the relationship between
for these experiments would thus be 1.73 W/amd 0.173 W/crh Damage from heat
accumulabn would be determined by the amount of heat generated from irradiation, which
itself is dependent on the absorption coefficient of the tissue being irradiated. At 1064 nm
the absorption coefficient of skin is about 2.6 times larger than water, whil®atnm it

is smaller by a factor of 0.8%>1°8, After adjusting the ANSI standards for skin based on
this difference, an MPE for mostlyaterbasedissue would be nearer 2.6 W/€at 1064
nmand 0.35W/chat 1197 nm. The fAimeasured MPEsoO
than these values but bgsk than a factor of two. This shows strong agreement with the
ANSI standards, despite the limitations of timevitro setup. In vessel tissue, other
endogenous chromophores, such as fibers and lipid, will be present. It will be necessary
to conduct exprimentsex vivoto determine if absorption from these components has a

large effect on the damage threshold.

This study indicates that it will be possible for researchers to develop safe imaging
protocols for clinical IVPA imaging, although safety ciiesations will play a constraint.
Further, this work strongly indicates that heat accumulation is the damage mechanism of
concern for IVPA imaging. However, future studies are needxedivoandin vivo to
validate these results. Further experimentsikhalso include the second lipid absorption

peak at 1720 nm and use both diseased and healthy tissue.
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5.5 Conclusion

Thiswas the first studyntended to investigatihe safety of IVPA imaging. Cell viability

in response to a variety of lasing condisomere tested on endothelial cells,

macrophages, and smooth muscle cells, which are present in healthy and diseased
vessels. Irradiation was conducted at 1210 nm and 1720 nm, which correspond to peaks
in the absorption coefficient of lipid, and at 1064, which could become a common
wavelength for dual wavelength imaging due to its high accessibility from Nd:YAG
lasers. Two sets of experiments were conducted. In the first, the effect of heat
accumulation on cell viability was investigated by subjecti@ifs to various amounts of
cumulative fluence. At 1064 nm, cell death was apparent only after irradiation above 280
Jicn?. This is above the maximum expected clinical cumulative fluence (MECCF),

which is an approximation of the highest cumulative flestiat could be expected in

clinical imaging. At 1197 nm, cell death was apparent at 210 Jéerthe endothelial

and smooth muscle cells, but at 140 J/éon the macrophages at both time points and

the SMCs after 6 hours. This result implies that dgagrfeom IVPA imaging is possible

given current practices, although the cumulative fluence could be lowered two orders of
magnitude below the MECCF at the cost of imaging quality. This is a positive result, and
a strong indication that IVPA imaging canto@nslated safely. The second set of
experiments were designed to determine if cell death during IVPA imaging will occur
from single pulse fluences (peak optical intensity) or heat accumulation over multiple
laser pulses. All three cell types were ireddd with 0.4, 0.8, and 1.2 mJ pulses using an
optical fiber positioned 1 mm from the cells to replicate the maximum single pulse

fluences expected during IVPA imaging. For all cell types and at each pulse energy no
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cell death was observed, strongly irating that heat accumulation is the mechanism of
damage on which future studies should focus. skhdies in this chaptéustify further

investigation of safety concerns around IVPA imagmrg/ivoandin vivo.
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CHAPTER 6: SAFETY OF INTRAVASCULAR PHOTOACOUSTIC

IMAGING 1 IN VIVO

6.1 Introduction

6.1.1Abstract

To the authordos knowledge, this is the fir
intravascular photoacoustic imagimgvivo. The damage to blood vessel tissue from
reattimein vivodelivery of light was investigated in the carotid arteries of swine.

Damage was assessed at 1064 nm and the lipid imaging wavelength of 1720 nm in a dose
dependent manner. Damage was assessPd. I8erge Roussellatrained pathologist

and cefounderof Alizee Pathology He determined that the only dose dependent type of
damage in the tissue was media necroblis damage was detectalbentissue was
subjected t@ total dosage &0 J/cn? or greatemat 1720 nm. There wadsodamage at

700 J/cMd when 1064 nm light was used. Prior studies have already shown that lipid
plaque can be imaged using similar or lesser doghgaghose showing damage in this

study. Moreover, in the opinion of the pathologist, the damage would be expected to

heal, alhough additional studiesomld be needed to prove this conclusivelyhe results

were consistent with the vitro studies discussed in the prior chaptéhe results are

also comparetb the ANSI Z136.1 standard for skin aihevas foundthat it

underemates damage to tloarotid arteries Thus, the ANSE136.1standardor skin

may not be appropriate for vessel tiss&ature work should evaluate the progression of

damage over longer time points and evaluate any potential increase in blood
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thrombogaicity from irradiation Nonethelesshiese studies suggest that it will be
possible to use IVPA imaging to identify lipid plaque in a clinical settiitgout

damaging vessel tissue

6.1.2Background

In the prior chapter, the safety study had two main onéso First, it determined that
any damage from IVPA imaging would be caused by heat accumulation rather than
optical breakdown from high pulse energies. Second, it determined approximate
thresholds for damagesing1064 nm and 197 nmlight. At 1064 nm, the damage
threshold waketween 280 and 6cm2. At1197nm, the damage threshold was
between 70 anti40J/cn?. The lower damage threshold 497 nm is due to the higher

absorption coefficient imater, which is a primary componentsafft tissues.

However the threshold for tissue damage in IVPA imaging neetie tevaluated
in a more realistic environment, namatyanin vivo experiment.Althoughin vivoreal
time IVPA imaging has been successfully conduéteéd with no apparent damage in the
histological sections used for validation of the imaging re8t/tso extensive
(wavelength and dose dependesttidy oftissue damageas found in the literaturdt
would be useful for researclsedeveloping IVPA to know which energy dosages, and
thus whaimaging protocols, will be safe. In addition, a demonstration of safety is a

necessary step to bring IVPA imaging to the clinic.
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Thus,| describe hera set of experiments which adahto evaluate the threshold
for damage to vessel tissue from light irradiation in a wavelength and dose dependent
manner. The experiments wereonducted on the carotid arteries of swimgivo. The
carotid arteries were irradiated1d164 nm and 1720 nmAt each wavelength, 3 dosages
wereapplied to different regions of tissu&he dosages were chosen based on the
damage thresholds found in the cell studiEse samples were sent to a pathologist
evaluated them for damage while blinddthe conclgions from that evaluaticare

shown hereandthe implications foclinical translation of VPA imagingare discussed

6.2 Materials and Methods

6.2.1Laser System and Catheter

Light irradiation was produced by a high power, high pulse repetition rate (eRie)n
madelaser(Ekspla, NT20]. The laser consists of a Nd:YAG pumped optical parametric
oscillator (OPO) capable of producing light in the wavelength range 6861750 nm
which contains the lipid absorption peak at 1720 fine light from the Nd:YAG at

1064 nm couldlsobe recovered from a side port in the lasEne laser had a maximum
PRF of 3840 Hz The power output of the laser varied from experimem{periment.

At the maximum PRF, it couldughlyemit8 mJ out of the laser at 1064 naithough

most of this was discarded before exiting the catheter. It coulcckrsé to0.6 mJ at the
wavelengths near 1720 nmll wavelengths were optically colagl into the same 300

pm optical fiber although this coupling resulted in some energy. loffgon exiting the
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catheterthemaximum light emission was near 0.55 mJ per pulse at 1064 nm and 0.22

mJ per pulse at 1720 nm.

Figure 6.1 a) A picture of the operating room with the laser system The laser

system is present at thdack-right corner of the room. The catheter, spindle, water
injection, and other components are present on the bedsidggstem b) A picture of

the laser system with the optical components to deliver the laser light into the optical
fiber. c) A picture of the bedside system. The catheter extends off the front of the

systemtoward the swine.

Because of the large size of the laged optics, the system was split into two
parts(Figure6.1a). The first par(Figure6.1b) consisted of the laseheoptical

components to couple all wavelengths into the optical fibertrxbmputational
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hardware for running the laser and imaging system. The speon@Figure6.1c)

includeda spindle which was used to rotate the cathéelbe spindle electrically and
optically conneadthe catheter to theomputer system, electricalrdavare, and lasean

the nonbedside portion of the systenThis second part wasnall enoughhat it could

be placed next to the surgical tablehe light from the laser was delivered to the bedside

portion of the system through the 300 um optical fiber

The light was delivered to the vessel tissue through a catheter. The catheter
consisted of a torque cablégahi Intecc USA, Ing.containing a 300 um optical fiber.
The end of the optical fiber was polished to 37 degrees. This resuttieldfiring
delivery of light from the catheter due to total internal reflection of the light on the inside
angled surface of the optical fiber. The optical fiber was coveredavgthss cap that
was epoxied in placeThis was done to prevent water from coming into contact with the
surface of the optical fiber, which would have preeédiobtal internal reflection of the
laser light due to the higher index of refraction of wateicoaxial cable also ran through
the torque cable, and was connected to an ultrasound transducer (20 MHz) at the end of

the catheter for ultrasound imaging and acquisition of the photoacoustic signal.

The torque cable of the catheter was inserted ipta\gethylene BD Medical,
63018781) sheath to prevent damage to vessel tissue from catheter rofEtien.
polyethylene sheath was connected to the torque wathl@a 7 Frintroducersheath
(Terumo Pinnaclenormally usedo deliver cathetermito vessis during surgery.The
presence of the introducer sheath aowed liquid to be pushed through the catheter
into the blood vesselThis liquidcoulddisplace blood in the lumepushing itinto and

through a port in the introducand out of the blood vessel
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6.2.2Animal Model and Procedure

Two Yorkshire swine were used for the safety stutlige swine was put under anesthesia
using 5% isoflurane in 100% oxygen and placed in the supine position opettaing
table. Anesthesia was maintained at2% isoflurane thereafter, supplemented with
Propofol as neededlhe laser irradiation was conducted on the inefdée carotid

artery of each swineTherefore, ace the pig was anesthetizedpngitwlinal neck

incision was performed and tissue was disseatditlabout 10 cm of the carotid artery
was exposedA 7 Fr introducer was advanced into thgerior (near the head) side of

thevessel. The IVPA catheter was inserted into the vessel via tinedacer

Before irradiation, blood had to be removed from the lumen of the carotid artery.
This is because blood has a high absorption coefficient near 1720 nm. As a result, much
of the light dosage would be absorbed by blood instead of by tisslo®d were present.
To prevent this, the inferior end of the carotid artery was ligated. With the artery segment
isolated, heavy water (deuterium) was used to flush blood from the artery. Heavy water is
a form of water with two neutrons in the hydrogeioms. It is used instead of water
because it has a low absorption coefficient at 1728°Amit is also nortoxic. The artery
was first cleared with a 50 ml bolus flush of heavy water. Then, during the full length of
the safety studies, heavy water was continuously flushed into the artery at a rate of 400
ml/hr. As explained previously, the weatentered the catheter through the introducer used
to mate the catheter torque cable and sheath. The blood/water mixture was able to exit the
artery through the outlet port of the introducer used to deliver the catheter into the carotid

artery. In theifst swine, only the right carotid artery was irradiated. In the second pig,
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both carotid arteries were irradiatedfter irradiation, the pigs were euthanized using KCI

or Euthasol while under deep anesthesia.

Table 6.1 Table of wavelength and light dosage conditions with sample sizes for each
condition.

Condition Number | Wavelength [nm] | Fluence [J/cnf] Sample Number
Co None 0 9
C1 8.3 9
C2 1064 100 7
C3 700 5
C4 8.3 4
C5 1720 50 10
C6 200 4

Tissues were irradiated witb wavelength and dosage combinationg he
wavelengths used were 1064 and 1720 Mravelength neat720 nmareused for lipid
imaging. Tissue has a higher absorption coefficient at this wavelength than at 1210 nm, so
it represents the conservative case out of the two wavelengths generally used for lipid
imaging using IVPAwith regard to safetyThe 1064 nm wavehgth was chosen because

it is commonly availablewith the Nd:YAG laser, thus making it desirable for dual
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wavelength imaging.Three dosages were chosen for each waveldigthie6.1). Each
condition also had a unique sample size, dependent on the pullback distance of the catheter
for each condition. Due to the spritige nature of the torque cable in the catheter, the
sample size could not be controlled preciselthaaugh it was possible to record the true
pullback distance using fluoroscopy The dosages were chosen using the damage
threshold found in thein vitro studiesin the prior chapteas a guidanceThe dosages

were chosen such thtdte highest would be expected to cause damage, while the lowest
would be well below thexpectedlamage thresholdcach segment of tissue was irradiated

with only one wavelengtand at one dosa@e the catheter wastated and retracteduring

irradiation.
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Figure 6.2 a-d) Sequential images showing the length the catheter was pulled
backward for each of 3 light dosage conditions.
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Figure 6.3 a) fluoroscopy image showing the two clips used to relate the pixel length
in the fluoroscopy images to a physical distance. The bottom clip is partially
obstructed by surgical equipment lying on the top bthe swine. The bottom clip is
more clearly visible in (b), although the top cliphad not been added at that time

Ultimately, the regions irradiated by each dosage neededidemhtEied after
removal so they could bevaluated for damagd-doweve, the torque cable in the
catheter had a sprifitke behavior. By this, it is meant that the catheter was retracted
by pulling it backa givendistanceusingthe bedsidesystemthetip of the catheter ithe
vessew o u | d n 6 movahy thesamse distanc€&his made it necessary to track the
catheter to determine thmegions of the artery that weireadiated with each dosage. To
achieve this, fluoroscopy images were taken before and aftedesafe was applied to
the vessel all (Figure6.2). Clips were placed in thenageat a known distanc@-igure

6.3). These points werasedas a calibratiotength to convert the distant®e catheter
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moved betweeapplied dosages (in pixels) &physicalunit of length (mm)jn the
fluoroscopy imagesThe dips werealsoplaced at both ends of the carotid arteridhey
acted as reference poirttsmeasureghe length of the arteny vivo beforethe artery

shrunk after beingemovedfrom the swine

All surgeries were conducted in accordance withA@UC protocolEM78P
from T3 labs Approval for off campus animal workas given by the IACUC d&Beorgia

Institute of Technology

6.2.3Tissue Preparation arththology

The carotid artées were removed after euthanasia and immediately placed in 10%

neutral buffered formalin for fixationTheartery from the first pigvas not stretched to

its original size, so it shrank upon removal. To account for this, it was assumed that the
artery shrank uniformlyhen registeng locations on the vesseiith a given dosage

condition Thetwo carotid arteries irradiated in the sedquigwerestretchedand pinned

to a board of cork aheiroriginal length (determined using the known distance between
themetalclips). The arteries were shipped in 10% neutral buffered formaliiizee

Pathologyy n accor dance wiitohmerGathealtlyandasafdtyepolicidss e n v
They were received in good condition, meaning the seals were intact and there was no

damage to the containers.

The tissues were evaluated $grgeRousselleat Alizee Pathology Several steps

had to be made to sure meaningful results. First, the pathologist had to be blinded to
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the wavelength and dosage applied to the tissue being evaluated. Second, we had to be
sure thatve coulddeterminewhere a given tissue slice was located within the artery,

since that wuld be necessary to correlate it with a giwevelength and dosage. To
achieveboth these objectivegach artery was cut into 16 segmentsoafjhly equal
lengthbefore shipment to the pathologigtising the fluoroscopy images ametal clips,

it was determined before shipment which wavelength and dosage was applieddb each
thesegmerg. The segments were labeled with an anonymous identifier (a nanber
designate the artery numbaard a letter to designattee segment so he pathologist was

blinded

All samples were processed in a series of alcohokglethe and embedded in
paraffin wax for sectioningEach segment waectioned approximately at the center.
Two sections were produced for each segreaathwith a tissughickness of 5 um One
section was stained with Hemotoxylin & Eosin (H&E) and the other was stained with
Gomori 6s EI ast i. Alembtoxylinstainsccell @ucléi Bk Br)purple while
the eosin turns the extracellular matrix and cytoplasm pitikis;Tthe H&E stain gives
an overall picture of a tiss@elayout. Gomor i 6 s El astin Trichr ome
connective tissue and fiberft.stains connective and collagen tissue green or blue.

Muscle, keratin, and cytoplasm will appear red. Nuwi#listain dark blue to black

Multiple types of damage were evaluatesing these stainsThesedamage types
are recorded in the official pathology repdppendix Q. The pathologist produced raw
data tables with evaluations of damage for each segment individually. After the raw data
tables were generated, the pathologist was sent information that matched each segment

with a wavelength and dosage. The results basedwalength and dosage were
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compiled and reported by the pathologiBiamage types were evaluated for trends with
respect to wavelength and dosage. The level of background damage in negative controls
(not irradiated) were also considered by the pathstaghen evaluating the tissu€he

results were compiled ia pathology repoitAppendix C).

A written set of questions was also sent to the pathologist after receiving a written
report. These were returned with written answers. The contents afdbions and
answes (Appendix D) are used to contribute to the contdrihe results and discussion

sectiors of this chapter

6.2.4 Statistics

The initial evaluation by the pathologist was done on a categorical Sdals, the data

was tested for signifance using Browarorsythe with Gameklowell as the post hoc.

Each wavelength (1064 nm and 1720 mertested separatelyTocompensate for the
increased likelihood of type | errors, the significance threshold is reduced by a factor of 2

(p < 0.025). All statistical tests were performed in IBM SPSS Statistics.

6.3 Results

Multiple damage types were evaluated by the pathologise different morphologies of
damagewnere marked using a numeral categorization that ranged from OTtable (6.2)
for each tssue segment (see Tabulated Microscopic Data in Appendikllhe damage

morphologies which received a naaro damage score in at least some of the samples are
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shown inTable 6.3.Examples of the types of damage that were indicative of these damage
morphologies can be found irable 6.4with an accompanying definition and explanation

of potential causes.

Table 6.2 Scoring method used by the pathologist.

Score Description

0 Finding not present.

1 Present, but minimal feature.
2 Notable feature; mild.

3 Prominent feature; moderate.
4 Overwhelming feature; severe.
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Table 6.3 Damage morphologies identified by thg@athologist with non-zero damage
scores in at least some of the histological images.

Damage Grouping Damage Endpoint

Mural Acute Thermal Injury

Injury Media Necrosis

Hyalinized Collagen without Other Thermal Injury

Inflammation Mean

Inflammation Median

Inflammation :
Neutrophils
Inflammation, Adventitia
Endothelialization
Endothelium Erosion (terminal or artifact)
Healing

Hemosiderin/Hemorrhage, Vessel Wall

Adventitia Edema
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Table 6.4 Damage types found in the tissue specimens with a descriptitaken from
the pathologist report (Appendix C).

Damage Type

Description

Endothelial Cell loss

Most sensitive endpoint. Endothelial cells are highly
susceptible to any mechanical shear stress or thermal ef
and are typically the first cell type to be lost.

Hypereosinophilic
Smooth Muscle Cells

Acute cell injury in the media. The staining alteration
indicates generally a change in cytoplasmic honaesos
This can be an artifact of tissue handling or fixation if
fixation conditions are not optimal or can be a very early
sign of peracute mural damage. Interpretation is based o
comparison between control and treated vessels as well
pattern and disibution of the change and associated chan
(context).

Compressive/Pressur|
Necrosis/Cell
Effacement (loss)

Concentric change characterized by sheets of smooth m
cells showing hypereosinophilia and pyknotic to
karyorrhectic nuclei taytolysis (loss of cellular features)
leaving the vessel wall matrix intact. This change can be
radial to circumferential and is always concentric (inside
out).

Contraction bands

Alternating bands of hypereosinophilic and contracted
smooth muscle cellstarnating with pale hypocellular or
acellular areas. This change indicates excessive
vasoconstrictive stress and may lead to necrosis or
regeneration.

Necrotic/Apoptotic
Cells

Individual cell necrosis; may present as hypereosinophili
pyknosis, karyorrhas, cell debris and/or apoptotic body

Collagen denaturatior

Loss of fine fibrillar texture with collagenous areas showi
hyalinization (homogenous thick bundles typically

hypereosinophilic and sometimes picking up hematoxylin
stain (purple) to varyingejrees). This change indicates h¢
exposure (thermal denaturation).
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Figure 6.4 Segment 1C (H&E). CO (No activation). The region M contains intact
outer media with the black dotted lineseparating the region from an inner media
area showing necrotic smooth muscle cells (clear arrowheads; hypereosinophilic and
contracted smooth muscle cellsfsome of the endothelium is intact (solid arrow).

116



Figure 6.5 Segment 2D (H&E). C1 (1064 nm- 8.3 J/cm2).The black dotted line
defines aboundary between the intact outer media (M) and the inner affected media
showing hypereosinophilic smooth muscle cells (arrowheads) and clear spaces of
smooth mugle cell effacement and loss (clear arrows)Clear double arrows

indicate areas in theinnermost media showing pyknosis in smooth muscle cell nuclei
(generally consistent with compressive necrosis).
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Figure 6.6 Segment 1l (H&E). C2 (1064 nm- 100 J/cm2). The black dotted line
defines theboundary between the intact outer media and the inner affected media
showing hypereosinophilic smooth muscle cells (clear arrowheads) and increased
interstitial clear spaces The blue double arrow indicate region in theinnermost
media showing pyknosisn smooth muscle cell nuclei (generally consistent with
compressive necrosis) Theblue arrows point to clear spaces in the inner media
(smooth muscle cell loss) denoting possible energy injury.
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Figure 6.7 Segment 1L (H&E). C3 (1064 nm- 700 J/cm2). The black dotted line
marks the boundary between the intact inner media (clear double arrow) and the
outer affected media showing hypereosinophilic smooth muscle cells (clear
arrowheads) and increased intestitial clear spaces (clear arrows) The blue arrows
point to clear spaces in the inner media (smooth muscle cell loss).
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Figure 6.8 Segment 3C (H&E). C4 (1720 nmi 8.3 J/cm2).The black asterisk marks
collagen denaturation in the adventitia likely caused by electrocauterization during
the surgical procedure. The clear double arrow crosses the length ohtact media

(M).
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Figure 6.9 Segment 3L (H&E). C5 (1720 nmi 50 J/cm2). The black dotted lines
mark the boundary between the intact outer and mid media (M) and the affected
media showing hypereosinophilic and contracted smooth muscbells (clear
arrowheads) and increased interstitial clear spaces (clear arrows) he innermost
media (clear double arrow) shows pyknotic nuclei and hypereosinophilic smooth
muscle cells (typically suggestive of compressive injury).
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Figure 6.10 Segment 1P (GET).C6 (1720 nmi 200 J/cm2). Section showing
widespread media necrosis (circular green double arrow) and a short segment of
intact media (M, delineated by green dotted line) The clear arrows point to radial
clusters of hyperchromatic and shrunken smooth muscle cells evoking contraction
bands.

Twenty-six images of the 48 tissue segmeares shown in the report with
annotations and a descriptionasfydamage written by the pathologigtppendix Q.
One of these images is shofan each light dosage condition as an examipigure6.4 -
Figure6.10), with the annotation from the pathologist editedfématting consistency
only. In other words,he substance of the annotatievess not changedDamage is

present at the lowest conditions, including the cont@ampressive necrosis, collagen
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dendurization in the adventitia, and endothelial cell loss were present at all conditions.
With increasing severithypereosinophilic smooth muscle sgltell effacement, and
necrotic/apoptotic cells were present in the tissue as the irradiation dosagseaadc At

the highest dosage at 1720 nm, compression bands were also present.

Table 6.5 Damage morphologies for endothelialization and media necrosis. The
damage for endotlelialization was significant for all conditions, which is common
for all catheterization procedures. The media necrosis score showed increased
severity as the light dosage was increased.

Condition Wavelength Fluence Endothelialization Media

Number [nm] [J/cm?] Necrosis
CO None 0 4.0 0.7
C1 8.3 4.0 11
C2 1064 100 4.0 0.7
C3 700 4.0 14
C4 8.3 4.0 0.5
C5 1720 50 4.0 2.2
C6 200 4.0 3.3

The pathologist determined that damage \wassent in the tissuat clearly
detectablelevels for only two of the damagemorphologieslisted in Table 6.3

endothelialization and media necrosishe average pathologist scores for each of these
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damage morphologies are showTable6.5. Endothelialization was scored at the highest
possible severity (@) for every tissue conditionThe scores for media necrosis ranged

from 051to 3.3.

Although someamedia necrosig/as present at all conditions, the severity and
extent of the damage increased at higher dosddedia necrosisvas determined by the
pathologist to clearly exceed the baseline damage found in the controls for C5 and C6.
Damage was also found to exceke baseline damage threshold in the controls for C3,
although it was noted that the damage was more equivocal (a trend) when compared with

the negative controls.

The statistical analysis yielded similar resulear the 1720 nm wavelength, the
Brown-Forsythe test indicated significant between group differences (p < 0.001). The
post hoc test between the control and treatment groups indicated a significant difference
between the control and C5%©.001L7) and C6 (p= 0.00027), but not C4 (p = 0.989).

At 1064nm, the BrowrForsythe test did not indicate significance between group
differences (p = 0.240). The Garridewell post hoc showed a p value of 0.198 between

CO0 and C3, indicating no significant difference.

6.4 Discussion

The pathologist identif@ endothelialization and media necrosis as the only two damage
morphologiesvith a largeenough severity to be caused by the treatment.
Endothelialization was scoredthe highest severity of 4.0 for each sample. Was

expected. Catheterization régiy causes endothelialization due to the shear stress of
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moving the catheter along the vessel wall. This is an effect of all surgical catheterization
proceduresndwould heal after surgery. Thus, it does not present a safety concern that
would inhibitthe use of IVPA imaging in the clinic. The secatainage morphology

that was deemed significant was media necroBi® necrosis was found in smooth

muscle cells in the vessel mediBheseverity of necrosis increased as the irradiation
dosage increaddTable6.5). The pathologist observed a clear treatment effect at
conditions C5 and C6 (1720n:50 and 200 J/cB. A more equivocalreatment effect

(trend) was also observed for condition C3 (1864 700 J/cmd). The pathologist

determined that all damage observed would be expected to heal, although it would take

long time point (12 months)studiesto prove this conclusively.

The results of the statistical tests warestly consistentvith this resul.
Significant differences in media necros@mpared to the control conditiovas clear for
C5(p =0.0017)@nd C6(p = 0.00027) However, a significant difference was not
identified (p = 0.240) between the control and tissue irradiaaied 064 nm. At G, the
pathologist reported some damage, although he wrote in the report that the observation
was somewhat equivoc@hdicative of a trendpecause of the level of background
damage in the control tissu&he p value between CO and C3 was 0.188.en the low
sample size (n for C3 = 5), a neignificant result could be a result of low power. Since
this is a safety study meant to determine dantgge,| errors are preferable to typle |
errors Thus, forthe remainder of the discussiins assumed thitincreased media
necrosisvas identified for conditio®€3. However, future studies with higher power

would be necessary to determine with higher certainty
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There were several limitations and assumptions that affect the interpretation of
this study. First, the control groupkad multiple sources of damagghese sources
includecatheterizatiorfendothelialization and compressive trauma due to catheter bulk
and rigidity) electrocauterization to clear tissue during surgery effectof tissue
removal and handling, and cutting the tissues into segratatsyemoval In addition,
thetime lengthfrom tissue irradiatiomo tissue removal and fixation was only a few
hours, meaning there was relatively little time for damage to manédighese factors
made it more difficult for the pathologist to identify damage as having been caused by
irradiation rather than from the proceduidonetheless, the pathologist was still able to
draw conclusionsSecond, thamount of time it took tdeliver the dosage varied for
each condition The amount of time one locatiamthe tissue was irradiatedeguivalent
to the total timat took to apply the dose multiplied by thheotient of thespot size of the
laser on the tissue the axial direction and ¢htotal length over which the dosage was
applied Both the total time length and tpéysicallength over which the dosage was
applied were recorded during the experiméltie spot size can be calculateing
geometry. Assume that the lengthf theoptical fiber in the axial direction or the artery is
0.6 mm. Also, the half angle of light exiting thetiopl fiber would be ~12 degrees,
based on the NA of the optical fibeGiven a maximum artery radius of 2.5 mm
measured during the experiment, the spotwasapproximately 1.66 mm in the axial
direction along the arteryUsing these parameterbgtamount of time it took to apply
each dosage to a region of tissue@darC6 wereapproximatelyl, 13, 89, 3, 19, and 76
secondsrespectively.Time periodf 20 seconds or le¢€1, C2, C4, C5yould be

unlikely toaffectdamage since it is not a significant tileagthfor heat transfer.
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However, it is possible that the léwd# damage at conditions C3 and C6 were
underestimated due to the length of time it too&plythese dosages in tissuuture

work could address this, although it would require aigiower lasers than any that have

been currently reported for reiine IVPA imaging®>®7. Third, although the vessel was
isolated and flushed, it is likely that at least some residual blood was present in the blood
vessel. This would have lowered the actual light dosage that reached the tissue. It should
be noted thatlespite this our experiment widustill overestimate damage, since vessel
isolation and flushing would not be conducted during clinical IVPA imagirge vessel

would instead be filled with pure bloodrinally, during clinical IVPA imaging the blood

would be flowing. This would exegconvectivecooling effect on the blood vessel,

potentially decreasing damage from heat.

Thesedamage thresholds for media necrasimpare favorably with our
previously published work on céfi& thatis describedn the prior chapterIn those
studiessome cell typefirst showed statistically significant loss of viability at 690 Jicm
when irradiated with light at 1064 nnThisis consistent with the results of thisvivo
safety study, in whicdamagevas detected at 1064 nm for dosages of 700%)/Gime
IVPA lipid imaging wavelength used in that study was 1197 nm. At this condition, cell
death was first apparent for some cell types at 140°J/enthis studydamage was clear
at 50 J/cri, but not at 8.3 J/cfn If you assume that the midpoinetweerthese vales is
thetrue transition point for the damagkenyou get adlamage thresholdear 3QJ/cnft.
Thisis 4.7x smallerthan then vitro threshold of 140 J/cfn However, the absorption
coefficient of wateand vessel tissue is anywhere frofixX2largerat 1720 nnthanat

1197 nnit8 198210 50 3 lower damage threshald1720 nmwould be expectesince
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more heat would be absorbed givea #ame light dosagd hese results are in good
agreement considering the large differences between thigo andin vivo heat transfer

environments.

It is also worthcomparing these results to the ANSI Z13@udidelinefor the safe
use of lasers. l&hough this standard applies to the skin and eyes, we can compare our
results to therequirements for skiio determine if the resultseemreasonable The
maximum permissible exposure (MPB} defined by the standandaries for each
wavelength depending on the time length of irradiatidfor time lengtk below 10
seconds, it is defined in terms of the fluence applied to the tissue. For time lengths above
10 seconds, it is defined in terms of the irradiance applied that time. The actual
fluence dosagappliedin our experiments already given for each conditionTable6.1.
The irradiance can be calculated diyiding the fuence at each dosage by tlength of

time it took to apply that dosage to a given region of tissue
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Table 6.6 A comparison of the MPE predicted by ANSI Z136.1 for skin to our
experimental results on blood vessel tissuéNote that the ANSI Z136.1 standard

defines the MPE as 10x smaller than the dosage that will cause damage 50% of the

time (EC50). Thus, the MPEmust be multiplied by 10 before comparing it tathe
applied dosage

Condi- | Wave- | Experi- Experi- MPE MPE Expected Damage
tion length mentally [ mentally fluence | irradi - Damage Found
[nm] Applied Applied [J/cm? | ance from MPE Experi-

Fluence Irradiance [Wicm?] (Y/IN) mentally
[J/cm?] [W/cm?] (Y/N)

Ci1 1064 8.3 N/A 5.5 N/A N N

C2 1064 N/A 7.8 N/A 1 N N

C3 1064 N/A 7.8 N/A 1 N Y

C4 1720 8.3 N/A 1 N/A

C5 1720 N/A 2.6 N/A 0.1

Cé6 1720 N/A 2.6 N/A 0.1

A comparison of theexperimentally applied fluence, experimentally applied
irradiance, and the MPE for each condition are showiralrie6.6. Table6.6 also shows
if the ANSI standard would predict damdgeeach condition. Remembiom the prior
chapterthatthe MPE has a safety factor of 10, so the MPE must be multiplied by 10 to
determine where daage would first be detectabld he prediction of damage using the
ANSI standard is compared to our experimental resulte/hich damage was identified
by the pathologist. These results are all in agreement, except thatexperiments
identified damage at condition C3 that was not predicted based on the NIRE.
underestimate of damage based on the Rtbtunexpected, since the standard applies

to skin. The absorptioncoefficient of vessel tissue is highethan skin at both
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wavelengtigt15 198219 5o damage at lower dosages should be expeéisd, damage at
condition C3 was considered by the pathologist to be more equivdbaltatistical test
yielded no significangealbeit with low sample sizéNonethelesshese results substantiate
that the ANSI standards for skin may not be adequate for detegmfrdamage can be

expected to vessel tissue.

Our experimental results irchtea damage thresholdetween 8.3 and 50 J/cm2 at
1720 nm. Assuming that the true threshold for damage is the average of these conditions,
the transitiorpoint would be at 30 J/cin Reducing by the safety factor of 10 gives an
MPE near 3/cnt at 1720nm. An IVPA imaging protocol that usetP8 Alines per
frame, 0.1 mJ per pulse, and a 2 mm/s pullback in a 2 mm diameter (occluded) artery
would benear this MPEat 3.13 J/ch Recenteaktimein vivostudies have successfully
imaged plaque lipidisingimaging protocols thaused equivalent or lower expossite
1. This indicates that it will be possible tiselVPA imaging for lipididentification
safely. It should also be noted thidie true limitsfor safe IVPA imaging may be higher
thanthe thresholdglentified in thisstudyif future work shows that thgamage from

irradiationfound in this study woultieal over time

To the authords knowl edge foinvebtipatethes t he
safety of IVPA imaging in deptim vivo. We fourd thatdamage to vessels from heat
accumulation is unlikely to inhibit these of IVPA imaging clinically due to safety
concerns. However, the study could be improved in several idgs, repeating the
study but with termination of the swine a7 3lays after irradiationwvould make it easier
to differentiate between damagaused by catheterization and light irradiation. Second,

conducting a study in which damage was evaluatearibnths after irradiation would
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make it possible to determine if the selswould heal from the type of damageuiad in
our histological specimens. It should be noted, howeverstitht a study would involve
some practical difficulties. We found during the coursthefmaging studies that it is
difficult to completely fush bloodrom the artery in a survival surgetygecausenethods
of isolatingthe vessel will still allow some blood to flow in over timeuring a terminal
surgery, this can be dealt with by flushing large volumes of water. Howtbeeaamount
of liquid that can be injected into the swithering survival idimited. Besides
attenuating the light, static blood in the vessel could coagulate which would absorb
almost all the light emitted from the catheter and potentially prove fattaé tpig after
the surgery.Finally, this study did noexamine the effect of irradiation on blooButure
studieswould be needed to assess the effect of these irradiation dosages on blood cells

and any consequent increase in thrombogenicity.

6.5 Conclusions

To the authords knowledge, this is the fir
in vivo. The damage to blood vessel tissue from-tieaé in vivodelivery of light was

investigated irthe carotid arteries gwine. Damage was assessed @64 nm and the

lipid imaging wavelength of 1720 nm in a dose dependent ma@mnage was

assessed by a trained pathologist. The pathologist deterthatehe only dose

dependentype of damage in the tissue was media necrdhere was clear damage to

the tissue when subjected to 50 F@n1720 nm.There wasalsodamage at 700 J/ém

when 1064 nm light was used, althoubgh pathologist stated the damage was more

equivocal wha compared to the control&\n MPE definedby the damageesults at
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1720 nm could be met with an imaging protocol using 128és, 0.1 mJ per pulse, and
a pullback rate of 2 mm/s inzanm diameteoccluded artery Prior studies have already
shownthatlipid plaque can be imaged using similar or lesser dosdgeseover, n the
opinion of the pathologist, the damabat was detected at the higher dosagesid be
expected to heaglthough additional studies will be needed to pribve conclusively.

The results were consistent with thevitro studies discussed in the prior chaptéfe
found that the ANSI Z36.1 standard for skin underestimates the damage compared to
our experimental results. We conclude thé standard may not be appropriate for
vessel tissueFuture work should evaluate the progression of damage over longer time
points(1-2 months)and &aluate any potential increase in blood thrombogenicity.
Regardlesshese studies suggest titawill be possible to use/PA imagingto identify

lipid in plaquein a clinical settingvithoutdamaging the vessel tissue
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APPENDIX A: Fluence versus Depth for all Monte Carlo Simulations

Summary: This appendix contains theence as a function of depth along temter of the

imaging plane (raw data) for all simulations conducte@hapter 2.
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100% fatty tissue, 700 nm
Skin: 0.042 abs, 14.3 scatt
Bulk : 0.099 abs, 12.2 scatt
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Figure_Apx A-1 Simulation results using 100% fatty tissue with light at 700 nm.

The plots show the fluence versus depth at the center of the imaging plane for mice
(left) and humas (right). The two plots on top show simulations at muftle optical
fiber angles and the distance held constant at 7.5 mm, while the bottom two plots
show simulations conducted at multiple fiber bundle to imaging plane distances and
angle held constant at 45 degrees. The optical properties of the skin and ktissue
as well as the ratio of maximum fluence between simulations conducted with mice
skin thickness and human skin thickness are shown at the top.
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100% fatty tissue, 800 nm

Skin: 0.035 abs, 15.9 scatt Mouse/Human ratio:

0.80
Bulk : 0.095 abs, 11.3 scatt
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Figure_Apx A-2 Simulation results using 100% faty tissue with light at 800 nm.

The plots show the fluence versus depth at the center of the imaging plane for mice
(left) and humas (right). The two plots on top show simulations at multiple optical
fiber angles and the distance held constant at 7.5 mmwhile the bottom two plots
show simulations conducted at multiple fiber bundle to imaging plane distances and
angle held constant at 45 degrees. The optical properties of the skin and bulk tissue
as well as the ratio of maximum fluence between simulatisnconducted with mice

skin thickness and human skin thickness are shown at the top.
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100% fatty tissue, 900 nm
Skin: 0.031 abs, 16.8 scatt
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Figure_Apx A-3 Simulation results using 100% fatty tissue with light at 900 nm.

The plots show the fluence versudepth at the center of the imaging plane for mice
(left) and humas (right). The two plots on top show simulations at multiple optical
fiber angles and the distance held constant at 7.5 mm, while the bottom two plots
show simulations conducted at multipldiber bundle to imaging plane distances and
angle held constant at 45 degrees. The optical properties of the skin and bulk tissue
as well as the ratio of maximum fluence between simulations conducted with mice
skin thickness and human skin thickness areh®wn at the top.
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100% fatty tissue, 1064 nm

Skin: 0.031 abs, 16.8 scatt Mouse/Human ratio:
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Figure_Apx A-4 Simulation results using 100% fatty tissue with light at1064 nm.
The plots show the fluence versus depth at the center of the imaging plane for mice
(left) and humas(right). The two plots on top show simulations at multiple optical
fiber angles and the distance held constant at 7.5 mm, while the bottom two plots
show simulations conducted at multiple fiber bundle to imaging plane distances and
angle held constant a#l5 degrees. The optical properties of the skin and bulk tissue
as well as the ratio of maximum fluence between simulations conducted with mice
skin thickness and human skin thickness are shown at the top.
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100% fibrous tissue, 700 nm )
Skin: 0.042 abs, 14.3 scatt Mouse/Human ratio:
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Figure_Apx A-5 Simulation results using 100% fibrous tissue with light at 700 nm.
The plots show the fluence versus depth at the center of the imaging plane for mice
(left) and humas (right). The two plots on top show simulations at nitiple optical
fiber angles and the distance held constant at 7.5 mm, while the bottom two plots
show simulations conducted at multiple fiber bundle to imaging plane distances and
angle held constant at 45 degrees. The optical properties of the skin andlbtissue
as well as the ratio of maximum fluence between simulations conducted with mice
skin thickness and human skin thickness are shown at the top.
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100% fibrous tissue, 800 nm

Skin: 0.035 abs, 15.9 scatt Mouse/Human ratio:
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Figure_Apx A-6 Simulation results using 100% ibrous tissue with light at 800 nm.
The plots show the fluence versus depth at the center of the imaging plane for mice
(left) and humas (right). The two plots on top show simulations at multiple optical
fiber angles and the distance held constant at 7rBm, while the bottom two plots
show simulations conducted at multiple fiber bundle to imaging plane distances and
angle held constant at 45 degrees. The optical properties of the skin and bulk tissue
as well as the ratio of maximum fluence between simuians conducted with mice

skin thickness and human skin thickness are shown at the top.
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100% fibrous tissue, 900 nm
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Figure_Apx A-7 Simulation results using 100% fibrous tissue with light at 900 nm.
The plots show the fluencerersus depth at the center of the imaging plane for mice
(left) and humas (right). The two plots on top show simulations at multiple optical
fiber angles and the distance held constant at 7.5 mm, while the bottom two plots
show simulations conducted at mltiple fiber bundle to imaging plane distances and
angle held constant at 45 degrees. The optical properties of the skin and bulk tissue
as well as the ratio of maximum fluence between simulations conducted with mice
skin thickness and human skin thicknes are shown at the top.
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100% fibrous tissue, 1064 nm
Skin: 0.031 abs, 16.8 scatt
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Figure_Apx A-8 Simulation results using 100% fibrous tissue with light at 1064 nm.
The plots show the fluence versus depth at the center of the imaging plane for mice
(left) and humas (right). The two plots on top show simulations at multiple optical
fiber angles and the distance held constant at 7.5 mm, while the bottom two plots
show simulations conducted at multiple fiber bundle to imaging plane distances and
angle held caistant at 45 degrees. The optical properties of the skin and bulk tissue
as well as the ratio of maximum fluence between simulations conducted with mice
skin thickness and human skin thickness are shown at the top.
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20% fatty/80% fibrous tissue, 800 nm

Skin: 0.035 abs, 15.9 scatt Mouse/Human ratio:

2.1
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Figure_Apx A-9 Simulation results using 20% fatty and 80% fibrous tissue with
light at 800 nm. The plots show the fluence versus depth at the center of the
imaging plane for mice (left) and humas (right). The two pits on top show
simulations at multiple optical fiber angles and the distance held constant at 7.5
mm, while the bottom two plots show simulations conducted at multiple fiber
bundle to imaging plane distances and angle held constant at 45 degrees. The
optical properties of the skin and bulk tissue as well as the ratio of maximum
fluence between simulations conducted with mice skin thickness and human skin
thickness are shown at the top.
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40% fatty/60% fibrous tissue, 800 nm
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Figure_Apx A-10 Simulation results using 40% fatty and 60% fibrous tissue with
light at 800 nm. The plots show the fluence versus depth at the center of the
imaging plane for mice (left) and humas (right). The two plots on top show
simulations at multiple optical fiber angles and the distance held constant at 7.5
mm, while the bottom two plots show simulations conducted at multiple fiber
bundle to imaging plane distances and angle held constant at 45 degrees. The
optical properties of the skin and bulk tissue as welis the ratio of maximum
fluence between simulations conducted with mice skin thickness and human skin
thickness are shown at the top.
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60% fatty/40% fibrous tissue, 800 nm
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Figure_Apx A-11 Simulation results using 60% fatty and 40% fibrous tissue with
light at 800 nm. The plots show the fluence versus depth at the center of the
imaging plane for mice (left) and humas (right). The two plots on top show
simulations at multiple optical fiber angles and the distance held constant at 7.5
mm, while the bottom two plots show simulations conducted at multiple fiber
bundle to imaging plane distances and angle held constant at 45 degrees. The
optical properties of the skin and bulk tissue as well as the ratio of maximum
fluence between simulatias conducted with mice skin thickness and human skin
thickness are shown at the top.
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80% fatty/20% fibrous tissue, 800 nm

Skin: 0.035 abs, 15.9 scatt
Bulk: 0.079 abs, 9.44 scatt
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Figure_Apx A-12 Simulation results using 80% fatty and 20% fibrous tissue with
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light at 800 nm. The plotsshow the fluence versus depth at the center of the
imaging plane for mice (left) and humas (right). The two plots on top show

simulations at multiple optical fiber angles and the distance held constant at 7.5

mm, while the bottom two plots show simulatios conducted at multiple fiber
bundle to imaging plane distances and angle held constant at 45 degrees. The
optical properties of the skin and bulk tissue as well as the ratio of maximum
fluence between simulations conducted with mice skin thickness andinan skin

thickness are shown at the top.
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APPENDIX B: Effective Attenuation coefficient versus position for
multiple tissue combinations for all 4 wavelengths (700, 800, 900,
1064 nm) simulated.

Effective attenuation coefficient versus position for

multiple tissue combinations at 700 nm
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Figure_Apx B-1 Plot of the effective attenuation coefficienais a function of the
depth at which the exponential fit was applied for fluence versus depth in
simulations conducted at 700 nm for various tissue compositions. The fit was
applied over 4 mm segments in increments of 1 mm. Tldepth at which the fit is
the true rate of decay occurs once the effective attenuation coefficient becomes
roughly constant, usually 45 data points from the left. The variation in the effective
attenuation seen at the right is due to probabilistic variation in the simulation
results, which arises from the small number of photons reaching deep into the
tissue.
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Effective attenuation coefficient versus position for
multiple tissue combinations at 800 nm
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Figure_Apx B-2 Plot of the effective d&tenuation coefficient as a function of the
depth at which the exponential fit was applied for fluence versus depth in
simulations conducted ai800 nm for various tissue compositions. The fit was
applied over 4 mm segments in increments of 1 mm. The dépat which the fit is

the true rate of decay occurs once the effective attenuation coefficient becomes
roughly constant, usually 45 data points from the left. The variation in the effective
attenuation seen at the right is due to probabilistic variationn the simulation
results, which arises from the small number of photons reaching deep into the
tissue.
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Effective attenuation coefficient versus position for
multiple tissue combinations at 900 nm
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Figure_Apx B-3 Plot of the effective attenuation coefficient as a function of the
depth at which the exponential fit was applied for fluence versus depth in
simulations conducted at900 nm for various tissue compositions. The fit was
applied over 4 mm segments in increments of 1 mm. The depth at which the fit is
the true rate of decay occurs oncthe effective attenuation coefficient becomes
roughly constant, usually 45 data points from the left. The variation in the effective
attenuation seen at the right is due to probabilistic variation in the simulation
results, which arises from the small nmber of photons reaching deep into the
tissue.
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Effective attenuation coefficient versus position for
multiple tissue combinations at 1064 nm
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Figure_Apx B-4 Plot of the effective attenuation coefficient as a function of the
depth at which the exponential fit was applied for fluence versus depth in
simulations conducted att064nm for various tissue compositions. The fit was
applied over 4 mm segments in inci@ents of 1 mm. The depth at which the fit is
the true rate of decay occurs once the effective attenuation coefficient becomes
roughly constant, usually 45 data points from the left. The variation in the effective
attenuation seen at the right is due terobabilistic variation in the simulation

results, which arises from the small number of photons reaching deep into the
tissue.
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APPENDIX C: Pathology Report

The following is a copy of the pathology report, emailed to us by Alizee Pathology on
August 7th, 2020. Téaformatting has been changed to fit the requirements of this
dissertation, but no content was altered
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Objective

The objective of this study was to histologically evaluate the local response of Intravascular

Photoacoustic Imaging (IVPA) on swigarotid arteries.

Methods

Thehistologyandpathologyportions of Alizée Project Numb&tJC13339 conducted at
Alizée Pathology were neither intended nor required to be in compliance with United States
Food and Drug Administration GLRegulations set forth in Title 21 Code of Federal
Regulations (CFR) Part 58. As such, quality assurance inspections and oversight were not
performed. However, all study conduct performed at Alizée was completed in accordance
with the technical memo, stugbyotocol, Alizée Standard Operating Procedures (SOP) and
sound scientific judgment. The results from analysis provided in this report have undergone
a thorough quality control review. In addition to the hard copy, an electronic copy of this
report in porthle document format (PDF) will be provided to Georgia Institute of
Technology. The PDF is a representation of the pathology report hard copy; however, only
the signed hard copy of the pathology report is considered raw data. Digital images
appearing in tld report are for illustrative purposes only. All pathologic diagnoses were

derived from the original histological preparations.

This pathology executive summary report by Alizée presents the results of microscopic

assessment of a total of forty eight (48yotid artery segments (16 segments per artery)
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from swine when treated with laser irradiation at several dosages for Georgia Institute of
TechnologyAtlanta, GA This study, including all surgical procedures and tissue harvests,
was conducted d@he Georgia Institute of Technology, under the direction of Tim Sowers.
Histological processing was performed at Alizée Pathology, Thurmont, MD. Resulting
slides were evaluated, in a manner blinded to treatment, via light microscopy at Alizée by

Serge D. Russelle, DVM, DACVP, Study Pathologist.

According to the protocol and client communication, a total of 3 carotid arteries from swine
were assigned to this study, in which there were seven total conditions (treatments). These
consisted of two wavelengtb$laser light (1064 nm and 1720 nm) with 3 different dosages

of light at each wavelength, as well a negative control which was not irradiated with any
light. The wavelength number and light dosage (fluence) are given for each condition, as
shown inTable A. After laser irradiation at several dosages, each artery was dissected into
sixteen segments and placed in containers filled with 10% neutral buffered formalin. All

collected samples were sent to Alizée for histology and microscopic evaluation.

A total of sixteen (16) segments each from 3 carotid arteries (Artery 1, Artery 2 and Artery
3, respectively) were received at Alizée, fixed in 10% neutral buffered formalin. Samples
were received in good condition, defined as all seals intact with no damag#edmers

or shipment. Histology sample totals and treatment assignment are presdrabid iA.
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Table_Apx C-1 Condition and Sample Correlation

Conditiowave'e Flmed Sampl b eNrus
[ nm]]| [ J/ cm

CoO (neg  None 0 1A, 1B, 1C, 1D,
contro
Ci 10614 8. 3 ([1E*, 1F~*, 1G, 1H
C?2 1064 100 11, 13, 2H, 2
C3 10614 700 1K, 1L, 2 M,
c4 1720 8. 3 1M, 3C, 3D,
C5 1720 50 1N, 10, 3H,, 334d,,
C6 1720 200 1P, 3N, 30,

* = Treatment applied to ~¥ of vessel circumference.

The pretrimmed carotid artery segments were processed in a series of graded alcohols and
xylene and paraffin wax embedded. The resulpagaffin blocks were sectioned twice

serially, with an effort to capture the center of each segment, at an approximate 5 um
thickness and mounted to slide. One slide was stained with hematoxylin and eosin (H&E)
and the other with GGHIbMicrdsspicEelaluationiohtheTr i ¢ h
resulting slides was conducted by Serge Rousselle, DVM, DACVP. Tabulated microscopic

data are presented Appendix A.

Morphology parameters were generally scored using the followingeaniitative scale

(0-4):
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Table_Apx C-2 Scoring table for damage morphology parameters

Score | Description

0 Finding not present.

1 Present, but mi ni mal featur e.
2 Not able featur e; mi | d.

3 Prominent feature; moder at e.
4 Overwhel ming featur e; sever e.

Definitions and causes of damage types:

Endothelial Cell Loss: Most sensitive endpoint. Endothelial cells are highly susceptible to

any mechanical shear stress or thermal effect and are typically the first cell tydedb be

Hypereosinophilic Smooth Muscle Cells: Acute cell injury in the media. The staining
alteration indicates generally a change in cytoplasmic homeostasis. This can be an artifact
of tissue handling or fixation if fixation conditions are not optimatam be a very early

sign of peracute mural damage. Interpretation is based on comparison between control and
treated vessels as well as pattern and distribution of the change and associated changes

(context).

Compressive/Pressure Necrosis/Cell Effacenfiess): Concentric change characterized

by sheets of smooth muscle cells showing hypereosinophilia and pyknotic to karyorrhectic
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nuclei to cytolysis (loss of cellular features) leaving the vessel wall matrix intact. This

change can be radial to circumfetiahand is always concentric (inside out).

Contraction bands: Alternating bands of hypereosinophilic and contracted smooth muscle
cells alternating with pale hypocellular or acellular areas. This change indicates excessive

vasoconstrictive stress and nagd to necrosis or regeneration.

Necrotic/Apoptotic Cells: Individual cell necrosis; may present as hypereosinophilia,

pyknosis, karyorrhexis, cell debris and/or apoptotic body.

Collagen denaturation: Loss of fine fibrillar texture with collagenousisashowing
hyalinization (homogenous thick bundles typically hypereosinophilic and sometimes
picking up hematoxylin stain (purple) to varying degrees). This change indicates heat

exposure (thermal denaturation).
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Results & Discussion
Microscopic scoring of the local response of a totalodly-eight (48) segments from 3
swine carotid arteries when treated with laser irradiation at several dosages showed the

following:

Table_Apx C-3 Histopathology Group Summary

INJURY INFLAMMATION HEALING
> =] £ o
S o [o] = )
= < = = (o]
E %) § %‘ % E = c g ‘g oo}
S D c € 2 3 g 2 = S — z
HJ Cq E o o = = = & S g S = ET 5
& ] 3 g 5 c S < = 83 £3 z
339 F 2 S |8 £ S s | £ & T3 &
Q (o] O c = © 5 = 8 < = =
5 S - - = IS [ © 3 g - _8 @ g
o [} Q5 S £ z IS S =C) 5 > >
< S Iy = © IS c () o o
T £5 £ = 8 w = = <
] g = E 8 g
s 5 v
n 9 9 9 9 9 9 9 9 9 9 9
CO| Mean| 0.0 0.7 0.3 0.1 0.0 0.4 0.4 4.0 1.8 0.8 0.1
StDev[ 0.0 0.7 0.7 0.2 0.2 0.5 0.5 0.0 1.1 0.7 0.3
n 9 9 9 9 9 9 9 9 9 9 9
c1| Mean| 0.0 1.1 0.1 0.2 0.0 0.7 0.7 4.0 1.3 0.9 0.6
StDev[ 0.0 0.6 0.3 0.2 0.2 0.5 0.5 0.0 0.5 0.3 0.7
n 7 7 7 7 7 7 7 7 7 7 7
c2| Mean| 0.0 o7 0.0 0.1 0.0 0.1 0.1 4.0 0.4 0.7 0.0
StDev| 0.0 1.0 0.0 0.2 0.2 0.4 0.4 0.0 05 0.5 0.0
n 5 5 5 5 5 5 5 5 5 5 5
C3| Mean| 0.0 14 0.0 0.2 0.0 0.6 0.6 4.0 1.2 1.0 0.0
StDev| 0.0 0.5 0.0 0.2 0.2 0.5 0.5 0.0 0.4 0.0 0.0
n 4 4 4 4 4 4 4 4 4 4 4
C4| Mean| 0.0 0.5 0.5 0.4 0.5 0.8 0.8 4.0 0.8 0.3 0.0
StDev[ 0.0 1.0 1.0 0.3 0.3 0.5 0.5 0.0 0.5 0.5 0.0
n 10 10 10 10 10 10 10 10 10 10 10
c5| Mean| 0.2 2.2 0.0 0.2 0.2 0.6 0.6 4.0 1.9 0.6 0.0
StDev|[ 0.4 0.8 0.0 0.2 0.2 0.5 0.5 0.0 0.9 0.5 0.0
n 4 4 4 4 4 4 4 4 4 4 4
C6| Mean| 0.0 3.3 0.0 0.0 0.0 0.0 0.0 4.0 35 1.0 0.0
StDev| 0.0 0.5 0.0 0.0 0.0 0.0 0.0 0.0 0.6 0.8 0.0
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General Perspective on Acute Vascular Changésssociated with Energy Delivery:

Energy delivery produce nespecific microscopic changes in tissues essentially
characterized by degeneration and necrosis sometaoesmpanied by evidence of
extracellular protein matrix denaturation. In vessels, these changes target endothelial cells
and media smooth muscle cells primarily. Extracellular matrix (ECM) can be affected by
mechanical or energy delivery and cause laaaratir tears (mechanical stress) or
coagulation (radiative energy). Spurious factors can and frequently do complicate
interpretation of vascular histology. Vascular histology can be significantly influenced by
experimental conditions imivo and at tissueharvest (tissue handling and fixation).
Catheterization of a target vessel alone can and typically erodes the endothelial surface
through mechanical shear stress. Catheter bulk and relative rigidity can also impart
localized compressive trauma sufficieatldruise the vessel wall and cause cell death in

the media. This can be aggravated by vasospasm at the time of treatment.
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Tissue collection can also produce changes that mimic necrosis unless the tissue is fixed
in-situ prior to dissection and excisiamfiming. Tissue handling and pulling during
dissection as well as trimming of target segments can also cause tissue damage that mimics
compressive injury (crushing). Use of cauterizing scalpel can cause coagulation necrosis

and denaturation of ECM.

Morphologically, the resulting effect on vascular cells include vacuolization, shrinkage and
hypereosinophilia of the cytoplasm, pyknosis, localized cellular effacement or stretch tears
in cellular sheets. Effect on ECM includes lacerations and coagulatibnibgtion (heat

induced denaturation). Interpreting the significance and cause of acute vascular changes
must take into account the level of background noise as observed in concurrent untreated

controls.
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Microscopic Finding Ascribable to Treatment:

Table_Apx C-4 Average Severity of Media Necrosis

Media Necrosis (Averag
Score)
[ co [ORTT
C1l 1.1
C2 0.7
C3 1.4
C4 0.5
C5 2.2
C6 3.3

In this study, the only change that was cleadgerelated consisted of media necrosis.
This change is characterized by areas of media hypereosinophilia with pyknosis and/or
karyorrhexis. It was observed at low severity in control segments (C0) and showed a clear
increase in severity, incidence anctamferential extension at highest doses (C5 and C6).

In group C3, there was a slight increase in incidence and circumferential extent that was of
equivocal significance biologically (possible trend) considering the level of background
noise in the contrel The changes observed at lower doses (C1, C4) were consistent with

background noise.
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CO (NO ACTIVATION)

Figure_Apx C-1 Segment 2A (H&E). CO (No activation). Clear arrowheads = rare
contracted and hyper eosinophilic smooth muscle cells in the media (media
necrosis score 6106); Dblue double arr
muscle cells with pyknotic nuclei (compession injury).
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Figure_Apx C-2 Segment 1C (H&E). CO (No activation). Clear double arrow
inside dotted line = inner media showing smooth muscle cells with pyknotic nucle
and variably hypereosinophilic and contracted cytoplasm; solid arrow = slight
adventitial hermorrhage (possible cokction artifact).
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