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ABSTRACT

CHUN-HUNG JACK CHANG. Subsurface thermal coagulation of tissues using near
infrared lasers. (Under the direction of DR. NATHANIEL M. FRIED)

Noninvasive laser therapy is currently limited primarily to cosmetic dermatological
applications such as skin resurfacing, hair removal, tattoo removal and treatment of
vascular birthmarks. In order to expand applications of noninvasive laser therapy, deeper
optical penetration of laser radiation in tissue as well as more aggressive cooling of the
tissue surface is necessary. The near-infrared laser wavelength of 1075 nm was found to
be the optimal laser wavelength for creation of deep subsurface thermal lesions in liver
tissue, ex vivo, with contact cooling, preserving a surface tissue layer of ~ 2 mm. Monte
Carlo light transport, heat transfer, and Arrhenius integral thermal damage simulations
were conducted at this wavelength, showing good agreement between experiment and
simulations. Building on the initial results, our goal is to develop new noninvasive laser
therapies for application in urology, specifically for treatment of female stress urinary
incontinence (SUI). Various laser balloon probes including side-firing and diffusing fibers
were designed and tested for both transvaginal and transurethral approaches to treatment.
The transvaginal approach showed the highest feasibility. To further increase optical
penetration depth, various types and concentrations of optical clearing agents were also
explored. Three cadavers studies were performed to investigate and demonstrate the

feasibility of laser treatment for SUI.
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CHAPTER 1: INTRODUCTION
Noninvasive laser therapy is currently limited primarily to cosmetic dermatological
applications such as skin resurfacing, hair removal, tattoo removal and treatment of
vascular birthmarks. Preservation of the surface tissue in these applications is superficial
(skin layer of 200-400 micrometers [1]). The ability to preserve the tissue surface to a depth
on the order of a few millimeters by more aggressive cooling of the tissue surface in
combination with deeper laser heating of subsurface tissue structures may result in

development of new noninvasive laser applications beyond the field of cosmetic surgery.

Previously, our laboratory demonstrated creation of deep subsurface thermal
lesions in a variety of tissues using both non-contact and contact cooling techniques [2, 3]
and also developed a noninvasive laser method of male sterilization [4]; building on this
success, our next goal is to develop new noninvasive laser therapies for application in
urology, specifically for treatment of female stress urinary incontinence (SUI). This study
will not only test the feasibility of noninvasive laser treatment for female stress urinary
incontinence but also open the possibility of thermal tissue remodeling for other medical

applications as well.

In Chapter 2, the theory of laser tissue interactions will be defined in terms of the
effects of wavelength and laser spot size on optical penetration depth in tissues. A brief

description of various types of laser tissue interaction will be discussed.



In Chapter 3, laser wavelength comparison studies were performed. Porcine liver
tissue was used to compare and find the optimal wavelength that provides the deepest
optical penetration depth for non-invasive treatment. Surface tissue was not preserved at
the 650 nm wavelength, and preserved tissue layers for the 808 and 980 nm wavelengths
were superficial. Only the 1075 nm wavelength preserved a thick tissue surface layer of ~

2 mm.

In Chapter 4, Monte Carlo methods were employed for photon transport in tissue,
heat transfer models used, and an Arrhenius integral thermal damage model applied to
calculate thermal damage. Those simulation parameters were based on data from previous
publications. The near-infrared laser wavelength of 1075 nm provided deep subsurface
thermal lesions in liver tissue while preserving up to 2 mm of the tissue surface from

thermal damage, for potential noninvasive laser applications.

In Chapter 5, miniaturization of the laser probe was explored by modifying a
standard dual balloon catheter. Transvaginal probe and transurethral probe methods were
compared. Various delivery methods were tested during the probe development including
side firing, diffusing, and radial firing. In summary, the radial delivery probe failed to
produce thermal lesions due to limited optical penetration depth. The side-firing laser
probe preserved 0.5 = 0.1 mm tissue from thermal coagulation, while the diffusing laser
probe preserved 0.8 + 0.1 mm tissue from thermal coagulation. While these methods
produced subsurface thermal lesions in tissue, higher cooling rates and less divergent laser
beams are needed for deeper penetration and greater tissue surface preservation.

In Chapter 6, the specific application of noninvasive laser therapy for treating

female stress urinary incontinence was explored and simulated. Female stress urinary



incontinence clinical background information was discussed in detail. Previous simulation
results from chapter 4 and experimental data from chapter 3 and chapter 5 were compared.
Computer simulations utilizing a transvaginal approach predicted that the majority of
vaginal wall could be preserved from thermal damage, due to a combination of deeper light
penetration and applied cooling of the vaginal wall. However, the transurethral probe
simulations showed a high percentage of the urethral wall exposed to excessive
temperatures producing irreversible thermal damage and tissue necrosis. It was concluded

that laser SUI treatment should be performed with a transvaginal approach.

In Chapter 7, optical clearing agents were studied to further improve treatment
depth of noninvasive laser therapies. Various OCA is were compared at 37 °C at 1075nm
and the most effective OCA for porcine vaginal tissue was identified. Optical coherence
tomography at 1300 nm was also used to study the change in transmission, with similar
results as 1075 nm. Finally, the simulation technique from chapter 4 was applied along
with the experimental data collected from OCA. The simulations demonstrated that use of
an OCA may further improve treatment depth for thermal remodeling by approximately
0.5 mm. This should allow preservation of the entire (2.7-mm-thick) vaginal wall during
subsurface laser targeting and thermal remodeling of the endopelvic fascia for minimally

invasive treatment of female stress urinary incontinence.

In Chapter 8, three human cadaver studies were performed. The treatment zone and
laser probe dimension for SUI treatment were investigated. Based on anatomical
limitations, a 2.2 x 1.9 x 3.5 cm miniaturized 2" generation laser contact cooling probe
was designed and constructed, resulting in only 4% power lost and 2 °C colder probe. The

effectiveness of glycerol as an OCA was tested and optimal treatment time was determined



to be 10 minutes. Subsurface lesions were made using a 1075 nm laser and preserved
surface tissue measured 0.77 £ 0.09 to 1.1+ 0.17 mm with 6.4 W and 4.6 W, respectively,
for 30 seconds. The results demonstrated the feasibility of laser treatment for SUI and a

solid foundation for future in vivo animal studies.

In Chapter 9, the main findings will be summarized.
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CHAPTER 2: Theory: Laser Tissue Interactions

2.1 Effect of laser wavelength and tissue optical properties on optical penetration depth

Optical Penetration Depth, 6, is defined for a collimated beam entering tissue with

a reduction to 36.7% (1/e) of incident light intensity or S:ui, where u,ffis the effective
eff

attenuation coefficient. Biological tissues have a refractive index of ~ 1.34, similar to water
at 1.33. When light is incident from air, Fresnel reflectance is approximately 2%.
Therefore, most light entering the tissue is either absorbed or scattered (Figure 2.1). The
absorption coefficient, u,, determines the rate of absorption over distance; similarly the
scattering coefficient, u,, describes how light is scattered over distance. Together those
two coefficients form the total attenuation coefficient, u,, in a modified Beer’s law (EQ.1),
where T, is the collimated & unscattered transmittance (I/lo) and t is the tissue thickness.
For non-scattering tissue, where u, > uy, itis sufficient to describe attenuation using the

modified Beer’s law (EqQ.1.)
Eq.1 T, = e Ut
Eq.2 U = Ug + Ug

However, in the near-infrared spectrum, most biological tissues are highly
scattering ug > u,. Beer’s law is not sufficient to describe attenuation in such cases. Hence,
more elaborate photon transport equations are employed to accurately describe scattering.

Scattering Anisotropy, g, describes the directionality of the scattering, which can be



summarized by Henyey-Greenstein functions, where p (cos 0) is the scattering phase

function (Eq.3) [5].

Eq.3 9y = 1-g°
p(cosf) = 2(1+ g? —2gcosB)3/2

Once directionality has been taken into consideration, the reduced scattering coefficient,
ug', can then be represented from the relationship between the scattering coefficient, u;

and the anisotropy, g, in Eq.4.

Scattering

Incident light \

Absorption\‘

Reflection \

Transmitted
light

Figure 2.1. Geometry of reflection, refraction, absorption and scattering [6].
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Figure 2.2. A series of Henyey-Greenstein functions, where forward scattering is 0° and
backward scattering is 180° [5].




Eq.4 u; = ug(1—g) Reduced scattering coefficient (cm™)
Eq.5 Uy = ug +ug' Transport interaction coefficient (cm™)
Eq.6 Uosf = \W Effective attenuation coefficient (cm™)
Eq.7 5= 1 1 Optical penetration depth (cm)

Uerf - V3ug(ug +us(1—g)

After the reduced scattering coefficient, ug, is defined, it becomes clear that the
transport interaction coefficient, u;’, in Eq. 5 is similar to but modified from u,, the total
attenuation coefficient, from Beer’s law in Eq. 2. In Eqg. 6, the effective attenuation
coefficient, u,rr, is defined. Finally, using Eg. 4 to Eq. 6, the definition of optical
penetration depth reduces to a simple relationship incorporating absorption coefficient,

scattering coefficient, and anisotropy in Eg. 7.

These coefficients vary across the electromagnetic spectrum depending on various
tissue components such as the concentration of water, hemoglobin, and other tissue
proteins. Typically, red and near infrared wavelengths penetrate most deeply, and span a
“therapeutic window” from 600-1300 nm because of the lower scattering and absorption
coefficients in this region (Figure 2.3). For example, in Figure 2.4, skin tissue displays a
deep optical penetration depth in the region of the therapeutic window (near infrared)

where both scattering and absorption tend to be lower in biological tissues.



2 10000 - PROTEINS
5 | i
= L NMELANI
g 100~ HEMO- | WATER
é 10 - GLOBIN '
3
o 1+
=
S 014
Q
‘5 Therapeutic
8 0.01 - _—  window
< 0,001 - SGATTERING
. N
T T T T T l’r]’ T T T T T 117 I
100 1000 10000
Wavelength (nm)

Figure 2.3. Absorption curves for protein, collagen, hemoglobin, melanin,
and water. Therapeutic window is provided by dashed boundaries [7].
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2.2. Effect of laser spot size on optical penetration depth.

Optical penetration depth is primarily dependent on the optical properties of the
tissue for a given laser wavelength. However, for highly scattering tissues, the laser spot
size also plays an important role. The distribution of laser radiation in tissue can be more
deeply and uniformly deposited by using a larger diameter laser spot (Figure 2.5). A larger
laser beam diameter provides a smaller surface area to volume ratio, so that losses in beam

intensity due to scattering at the beam’s peripheral edges are reduced.

0.6 20 0.6

0.5 0.5
16

_14”;_ -14”.._
0.4 = 0.4 E
= 123 1232
s I S 3
= OF 0% 03 10 %
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0.2 5 0.2 llg &
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04 -02 0 02 04 06° -0.4 06 °
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0.6 20
18
0.5
16
14 =
0.4 e
= H2:S
§ I
<03 110 5
e 3
g 2
a 8 3
0.2 =
: s &
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. 2
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Figure 2.5. Distribution of photons using Monte Carlo simulations for 1075 nm laser beam
with different diameters, but with the same power density of 36.7 W/cm?. (a) 200 pm; (b)
1 mm; (c) 5 mm; The radiation penetrates deeper as laser beam diameter increases.



11

The above simulation is based on a Monte Carlo model, which will be further
discussed in a later chapter. The simulation shows near-infrared, 1075 nm laser radiation
interacting with liver tissue with the same power density of 36.7 W/cm? used throughout
each sample, and only the laser beam diameter varied from 0.2, 1, and 5 mm. The
simulation demostrates that the larger the beam diameter, the deeper the photons penetrate.
For example, the photons of the 5 mm diameter beam propagate signifcally deeper in
comparison with the 0.2 mm diameter laser beam. The simulations are conducted with the
same power density and the values used in this simulation are provided in Table 4.1. This
result also agrees with previous reports by Welch et al [9]. They used a 476 nm laser
wavelength and a different tissue type, also demonstrating that a larger laser beam diameter

provides a deeper optical penetration depth in highly scattering tissue.

2.3. Effect of laser power and time on tissue interaction.

A double-logarithmic map (Figure 2.6) displays five types of laser tissue interaction
mechanisms based on a combination of time and power density. Laser therapies can be
classified under these five different categories: photochemical, photothermal,
photoablation, plasma induced ablation, and photodisruption. A photochemical interaction
typically uses low laser power and long exposure time to trigger a chemical reaction by
stimulating the chemical to an excited state. As example of a photochemical interaction is
photodynamic therapy (PDT). During PDT, a specific chromophore is injected into the
body and then selectively accumulates in a tumor and the treatment is triggered by

absorption of light selective, localized, photochemical reaction.
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A photothermal interaction requires higher power density than a photochemical
interaction. A thermal interaction converts light absorption into heat in tissue, which may
result in coagulation, vaporization, carbonization, and melting. Depending on the power
and the duration of laser irradiation, tissues react differently to each setting. In general,
around ~ 60 °C tissue and collagen denaturation start to occur that leads to coagulation;
above 100 °C vaporization, and thermal decomposition occurs; and at higher temperatures,
carbonization and melting may occur [10]. The studies described in this dissertation were

all performed under thermal interaction mechanism at coagulation temperatures.

Photoablation is a direct breaking of cellular structure. It normally occurs when
high energy UV radiation creates precise removal of tissue. For example, during LASIK
surgery the precise removal of corneal tissue using an ArF excimer laser pulse is considered

a photoablation mechanism.

The photodisruption mechanism is based on shockwave generation at high pulse
intensity which causes fragmentation and cutting of the tissue by the mechanical force of

a shockwave.

Plasma-induced ablation is induced by high-intensity short pulses leading to
dielectric breakdown that creates ionized plasma which interacts with light to produce

ablation.
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Figure 2.6 A double-logarithmic map displays five types of laser tissue interaction
mechanisms based on a combination of time and power density.



CHAPTER 3: Comparison of Laser Wavelengths for Subsurface Thermal Tissue

Coagulation

3.1 Introduction

The objective of this ex vivo tissue study was to identify the optimal laser
wavelength for subsurface thermal tissue coagulation and remodeling. A contact cooling
system was applied to preserve the tissue surface during creation of subsurface thermal
lesions. Four lasers spanning the optical window in the visible to near IR spectrum (600-

1300 nm) were explored.

3.2 Materials and Methods

3.2.1 Tissue Preparation

Porcine liver tissue was used as a model for the wavelength comparison study
because it could easily be quantified by analyzing the gross appearance of thermal lesions.
The liver tissue samples were obtained from a slaughterhouse (Animal Technologies, Tyler,
TX). Upon arrival, the livers were frozen and stored separately. Before experimentation,
the sealed liver tissue was thawed in cold water. Livers were cut into cylindrical samples
by a stainless-steel cutting mold measuring 54 mm in diameter and 20 mm in height; and
samples were then kept hydrated in a sealed container to avoid dehydration [10]. The tissue

was then warmed up to about 34 °C in warm water over 30 minutes.
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3.2.2 Probe Design and Cooling Systems

The laser probe was a custom made, endoscopic, side-firing probe designed by the
Biomedical Optics Laboratory and built by the Center for Precision Metrology at UNC-
Charlotte. The probe consisted of a gold coated rod mirror for side-firing delivery, and a
sapphire window in contact with the flow cell for contact cooling of the tissue. The cooling
element of the laser probe consisted of a recirculating chiller (T255P-D5, Thermotek,
Carrollton, TX). A coolant (25% ethylene alcohol / 75% water by volume) flowed at a rate
of the 12.7 ml/sec through flow cell and allowed the chiller to operate at a temperature of
— 5 °C. The custom-built flow cell consisted of aluminum housing with a sapphire plate
mounted at the surface. Coolant flowed through a circular channel around the
circumference of the flow cell, while an 8-mm-diameter aperture in the center of the flow
cell provided a window for transmission of laser energy through the transparent sapphire
plate. The sapphire plate temperature measured -2 °C, and provided a thermally conductive
medium for contact cooling of the tissue surface, as well as an optically transparent window

for delivery of the laser energy.

& Sapphireg
indow

Gold coated
rod lens,

o

-

| ps
Lens tubes housing Laser-ape : s [ —
laser optics o "IN

3

Figure 3.1. Close-up view of laser probe, including flow cell and coolant tubes. An optical
fiber (not shown here) connected the laser to the probe.
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3.2.3. Laser Parameters

Four lasers were compared in this preliminary study (Figure 3.2), includinga 7 W,
650 nm diode laser (Modulight, Finland), 30 W, 808 nm laser (Apollo Instruments, Irvine,
CA), 50 W, 980 nm diode laser (Edwards Life Sciences, Irvine, CA), and 50 W Ytterbium
fiber laser (IPG Photonics, Oxford, MA). The laser energy was coupled into a custom-
made laser probe using a 100-mm-focal-length lens and a 600-pum-core, 0.39 NA optical
fiber patch-cord (M29L05, Thorlabs, Newton, NJ). The laser probe was assembled using
12.7-mm inner-diameter lens tubes, housing the optics, including a lens for collimating the
laser beam and a mirror for 90° delivery. The comparative wavelength study was limited
by the power output through the probe for the 650 nm laser. An incident laser power of
4.2 W and 1/e? spot diameter of 5.25 mm was used (19.0 W/cm?) for all four lasers. The
laser power was calibrated using a power meter (EPM2000, Molectron, Portland, OR)
conntected to a detector (PM 150 Coherent, Santa Clara, CA). The Gaussian laser beam
was measured using an IR beam analyzer (Pyrocam Ill, Spiricon, Logan, UT) and by

performing a razor blade scan (Figure 3.3).
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Figure 3.2. Images of the four compact, tabletop lasers used in this study. (a) 650 nm, 7
W diode laser; (b) 808 nm, 30 W diode laser; (c) 980 nm, 50 W diode laser; (d) 1075 nm,
50 W Ytterbium fiber laser.
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Figure 3.3. Spatial beam profiles for lasers measured using a razor blade scan. (a) 650 nm;

(b) 808 nm; (c) 980 nm; (d) 1075 nm. For each laser, spot diameter was 5.2 mm (1/e?).
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Once the liver sample was removed from the warm water bath, the tissue was kept
warm by using a hot plate with a set temperature of ~ 35°C. The temperature was carefully
monitored using an insulated, 125-um diameter, micro-thermocouple connected to a laptop
computer. During the experiment, the laser probe was placed in contact with the liver tissue
(Figure 3.4). After laser irradiation, the probe was removed and the lesion area was marked

by inserting a pin nearby the lesion area to accurately define the lesion location.

Laser Probg, [-[ ,'I.' »
[ 4

Insulated Thermocouple ﬁ JIIR"
Chiller Tube ? Y

Thermocouple
Interface

Sectioned Liver

Hot Plate

Figure 3.4. Experimental setup showing probe, hot plate, thermocouple system and tissue
sample.

3.3. Results

Table 3.1 summarizes the thermal lesion dimensions for the four lasers studied. For
the 650 nm wavelength, no surface tissue was preserved, while for the 808 and 980 nm
wavelengths only a small tissue layer of ~ 300 um was preserved. No lesions were

observed for the 1075 nm wavelength at 4.2 W, presumably due to the significantly deeper
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optical penetration depth at this wavelength. Therefore, a power escalation study was
conducted at 1075 nm, until an optimal result of ~ 2 mm of tissue was preserved above the
thermal lesion, at an incident laser power of 5.2 W for 60 seconds. Further power
escalation studies using 7.2 W for 15 seconds yielded similar results, so shorter procedure
times are feasible (Figure 3.5). Power escalation studies performed at the other laser

wavelengths resulted in undesirable thermal damage to the tissue surface.

Table 3.1. Comparison of lesion dimensions for the four laser wavelengths tested.

Lesion 650 nm 808 nm 980 nm 1075 nm 1075 nm
Characteristics  (4.2W/60s) (4.2W/60s) (4.2W/60s) (5.2W/60s) (7.2W/15s)
Preserved Surface 0.0£0.0 0.3£0.2 03+0.3 1.9+05 1.7£05
Tissue (mm):

Lesion Width (mm):  5.3+0.2 3.9+0.6 44+0.3 3.0+£0.3 2304
Lesion Depth (mm):  2.9+0.5 23+04 37+06 25+0.2 23%05
Lesion Area (mm?):  12.2+2.7 73+1.9 129+22 6.0+ 1.0 46+18
Sample size (N): 8 6 8 5 6

650 nm 1075 nm

Cross
Sectional
View

Figure 3.5. Representative gross images of thermal lesions produced in liver tissue, ex
vivo, using 650, 808, 980, and 1075 nm lasers. The 1075 nm laser images are shown for
optimized laser parameters during power escalation studies (7.2 W, 15 s).



20

For the 1075 nm laser wavelength, power escalation was needed in search of
creating a thermal lesion in liver. Once the damage threshold of liver was surpassed, a

thermal lesion became visible. (Figure 3.6).

1075 nm 1075 nm 1075 nm
4.2 W 60 sec 5.2 W 60 sec (7.2wW 155)

Aerial
View

Cross
Sectional
View

Figure 3.6. Representative gross images of thermal lesions produced in liver tissue, ex
vivo, using 1075 nm laser wavelength. Power escalation was needed in order to create
thermal lesions.

3.4. Discussion

The majority of therapies utilizing lasers in conjunction with applied cooling
techniques only preserve a thin layer (200-400 um) of tissue during cosmetic
dermatological laser procedures. However, the ability to preserve a thicker tissue layer on
the order of several millimeters by optimization of the laser and cooling parameters may

lead to new noninvasive laser applications in other surgical fields as well. For example, in
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urology, development of a noninvasive laser vasectomy procedure preserving the scrotal
skin (~ 1 mm thick) may eliminate fear of bleeding, pain, and infection associated with
conventional no-scalpel vasectomy. Also, endoscopic laser treatment of female stress
urinary incontinence, which preserves the vaginal mucosa (2-3 mm thick) during thermal
remodeling of the endopelvic fascia may be less invasive than current conventional surgical

sling and radiofrequency energy-based procedures.

3.4. Conclusions

Four lasers spanning the optical window in the visible to near-IR spectrum were
tested for producing deep subsurface thermal lesions in porcine liver tissue, ex vivo.
Surface tissue was not preserved at the 650 nm wavelength, and preserved tissue layers for
the 808 and 980 nm wavelengths were superficial. Only the 1075 nm wavelength preserved
a thick tissue surface layer of ~ 2 mm. These results are consistent with other previous
reports which measured the optical properties of liver tissue in the visible and near-infrared
spectrum for potential photodynamic therapy (PDT) and laser interstitial thermal therapy
(LITT) applications [8,11-12]. However, this study provides a comprehensive wavelength
comparison for deep subsurface thermal lesion generation in tissues using red and near-IR

lasers in combination with contact cooling methods.



CHAPTER 4: Optical, Thermal, and Tissue Damage Simulations

4.1 Introduction.

The objective of the simulation study was to help optimize the wide range of
experimental laser parameters. Optical, thermal, and tissue damage simulations were used

for comparison to the previous experimental results in chapter 3.

4.2 Monte Carlo Simulations.

To simulate the probability of the distribution of photons deposited in tissue, a
standard Monte Carlo (MC) program was adapted for these studies [13]. This program
modeled photon transport through tissue layers having plane parallel geometry. To achieve
a sufficient distribution of photons in the tissue, one million photons were used in this MC
simulation. Each simulation run of one million photons took approximately ten minutes
depending on the complexity of the input. A previously reported convolution program was
used to fit the results to an actual laser beam of known power, profile, and beam size [14].
This MC simulation program was modified from a previous simulation software package
[15]. The following optical properties of absorption, scattering, and anisotropy of the liver
tissue were used for the simulation, based on the literature (Table 4.1) [16]. This MC
simulation model used square mesh dimensions of 350 x 350, in which each square was

equally spaced to be 28.5 x 28.5 um.



Table 4.1. Optical, thermal and Arrhenius integral values used in the simulations.
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Laser Optical Thermal Damage
Parameters Properties Properties Parameters
A =1075nm n=1.38 « = 0.566 W/m-K A=551x10"s"?
P=72W Ha=0.5cm™ ¢ = 3590 J/kg-K Ea=2.769 x 10° J/M
Spot =5 mm s = 80 cm p = 1050 Kg/m?® Tc=73.4°C
t=15s _
irradiation g=0.97
t=15s
cooling [16] [16] [17]
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Figure 4.1. Output of Monte Carlo simulation with absorbed photon distribution in 2

spatial dimensions (1 cm x 1 cm).
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Figure 4.1 shows the MC simulation in which the photons start from the left bottom
corner (0, 0) and propagate upward for a laser beam radius of 2.5 mm. For laser radiation
output at the 0 mm location, the 1-dimensional distribution of energy absorbed is displayed
in Figure 4.2. Note that contributions due to subsurface scattering causes the absorbed
energy peak to shift to ~ 0.01 cm beneath the surface instead of at the surface of the liver

tissue.
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Figure 4.2. Absorbed energy distribution for liver tissue along central axis of laser beam.
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4.3 Heat Transfer Simulations.

Tissue temperature simulations were conducted using ANSYS 145, a
commercially available software package specializing in finite element and thermal
problems. The heat transfer model was imported from the MC simulation model
dimensions with a square mesh of 350 x 350. Each square was equally spaced to be 28.5 x
28.5 um. The liver tissue layer was represented in the mesh and the thermal properties
entered from Table 4.1. In order to simulate heat created by laser irradiation, the absorption
data from section 4.2 was convolved and converted into the input of the heat transfer model
in ANSYS. Since both the MC simulation and ANSY'S program utilize energy per area as
units, no further manipulation was needed to import data across the two programs.
Furthermore, the initial tissue temperature was set at 34°C or 307 K and the contact probe
to be -2 °C or 271 K. ANSYS allowed the user to focus on different frames of laser
irradiation. Time t = 15 s of laser irradiation represents the final frame of laser irradiation
for this simulation and thus the maximum temperature as well. Figure 4.2 shows the heat
distribution after laser irradiation; reaching the maximum peak temperature of 76.2 °C
(349.3 K). Figure 4.3 shows the heat distribution of the liver tissue after 15 s of post

procedure cooling, with a temperature of 46.4°C (320.0 K).
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Figure 4.3. Temperature distribution in liver at 15 s after irradiation.
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Figure 4.4. Temperature distribution in the liver after 15 s irradiation, and 15 s post treatment
cooling time allowing the tissue temperature to stabilize.

4.4 Arrhenius Integral Thermal Damage Model.

In order to translate heat deposited into damaged tissue, a standard Arrhenius
integral model was employed. The Arrhenius integral is used to predict and characterize
thermal injury using previous experimental results from the literature. This method
provides feedback for comparison with the experimental results in Chapter 3. A single

thermal damage parameter, Q(t), quantifies thermal damage experienced by the tissue

(Eq.1).
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(Eq. 1) Qt) = Aj' exp(— R?Zt))dt

In equation 1, A (s?) is a frequency factor determined by an experimentally derived
constant; t (s) is the total heating time; Ea (J/mol) is an activation energy of the
transformation, which is also an experimentally derived constant (see Table 4.1) [18]; R
(8.32 J/K mol) is the universal gas constant; and T(t) is the absolute temperature of the

tissue in Kelvin.

Using Eq. 1, one can also express the damage probability given by:
(Eq. 2) Damage(%) =100(1— exp (—<2(t))

In Eq. 2 Damage probability is 0 % when the damage parameter is 0, and at 63.2%, damage

parameter, Q(t)= 1.

AQ E
Eq. 3 == Aexp(——=2
(Eq. 3) A Xp ( RTCm)

From Eqg. 1, one can also derive Eqg. 3, which clearly shows that when liver tissue is below
the critical temperature Terit (Table 4.1), the thermal damage rate is insignificant. However,

the damage rate increases exponentially when the value exceeds Trit.

By applying the concepts above and transferring the data from ANSYS into
MATLAB, we were able to simulate the damage percentage and thermal damage of the

liver tissue after 15 s of laser irradiation and 15 s of post-operative cooling. Simulation
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results indicate that the preserved surface tissue layer was 1.4 mm, lesion width ~ 2 mm
and lesion depth ~ 2.3 mm (Figure 4.5). Comparing the lesion dimensions from Table 3.1
in chapter 3 with the simulation results, there appears to be good agreement between

experiment and theory (Table 4.2).

%Damage

Depth (cm)
(9]
Depth (cm)
N
o

N
N

Radius (cm) Radius (cm)

Figure 4.5. Arrhenius integral output: A) Preserved surface tissue layer = 1.3 mm. B) Lesion
depth = 2.2 mm. C) Lesion width = 2.0 mm

Table 4.2. Comparison of simulations and experimental results for liver lesion
dimensions at A= 1075 nm.

Lesion Characteristics Simulations Experiments
Preserved Surface Tissue Layer (mm): 1.3 1.7+05
Lesion Width (mm): 2.0 23+04
Lesion Depth (mm): 2.2 23%05
Lesion Area (mm?): 3.5 46+18

Sample size (N): NA 6
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4.5 Conclusions.

The optimal laser wavelength tested for creation of deep subsurface thermal lesions
during contact cooling of tissues was 1075 nm, which preserved a surface layer of ~2 mm
in Chapter 3. Monte Carlo, heat transfer, and Arrhenius integral thermal damage
simulations were then conducted at this wavelength, showing good agreement between
experiment and simulations (Table 4.2). The near-infrared laser wavelength of 1075 nm
provides deep subsurface thermal lesions in liver tissue while preserving up to 2 mm of the

tissue surface from thermal result, for potential noninvasive laser applications.



CHAPTER 5: Laser Probe Development

5.1 Introduction.

After identifying the optimal laser wavelength for creation of subsurface lesions in
Chapter 3 and simulations in Chapter 4, preparation for future pre-clinical and clinical
studies is a logical next step. The side-firing laser probe’s head shown in chapter 3 has
dimensions of 3.5 cm length x 2.7 cm width x 3.2 cm height, which is too large for
endoscopic application. In order to prepare for these studies, new laser probe designs were
explored to miniaturize the laser delivery method and then tested with porcine liver for
rapid feedback in measuring subsurface thermal lesion formation. Since chapter 3
demonstrated that the 1075 nm wavelength provides the deepest optical penetration depth,
the following experiments were conducted using an Ytterbium fiber laser at A = 1075 nm.
The side-firing laser probe was designed as a miniaturized version of the laser probe in
Chapter 3. Moreover, a diffusing laser probe was designed and tested for feasibility of use
in cylindrical or tubular tissue structures such as those found in the urinary system (e.g.

urethra).

5.2 Materials and Methods.

5.2.1 Balloon Catheter Probe

An 18 French (6-mm-OD) dual balloon catheter (Poiesis Medical Duette™ ) was
modified for use as a fiber optic balloon catheter (Figure 5.1). After cutting the subsumed

tip and sealing the second distal balloon to allow coolant to flow freely in and out of the
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primary balloon, the recirculating primary balloon was formed. A recirculating chiller
(T255P-D5, Thermotek, Carrollton, TX) was connected to the primary balloon, which
enabled the primary balloon to provide cooling. However, the flow rate was limited to ~
4.3 ml/sec due to the size of the balloon catheter, which limited the cooling temperature to
7°C. With air in the 9-mm-diameter balloon, the balloon probe transmitted only 71% of
laser power. By filling the balloon with water and therefore, decreasing Fresnel reflection
through index matching, the 9-mm-diameter balloon probe was able to transmit up to 84%

of initial laser power.

Subsumed tip
Second distal
balloon
B)
’ Drainage eyes Side-Firing fiber
placed to prevent Se—

| aspiration o R e, T ——
Primary e iR
Balloon \ mE
A) Side-Firing probe

Figure 5.1. Images of the probe development. (A) 18 French dual balloon catheter; (B) Side-
firing fiber with polished fiber and 45° angled, 90° reflecting gold coated rod mirror; (C)
Combined balloon catheter and side-firing fiber to form side-firing laser probe.

5.2.2 Side Firing Laser Probe

The side firing fiber consisted of a polished 600 um core fiber with 0.39 NA and a

gold coated (0.98-mm-diameter) rod mirror mounted together in a quartz capillary tube
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with 1.0 mm inner diameter. Once the fiber was constructed, it reflected light perpendicular
(90°) to the fiber (Figure 5.1 B). After placing the fiber in a securely fitted dual balloon
catheter (Figure 5.1 C), optical transmission was determined by measuring the differential
of output irradiation. The fiber stabilizing fixture was built from a 16 French balloon
catheter (Poiesis Medical Duette™) as a mold and using a UV-Cured adhesive (Norland
Optical Adhesive 81) as filling, and then cured under UV light. The output beam from the
9-mm-diameter balloon probe was elliptical (2 mm length x 3 mm width). A diagram of

the laser balloon catheter is provided in Figure 5.2.

Expanded Primary Balloon
(9 mm OD)

Balloon Catheter Sheath

(6 mm OD)

Rod Mirror

Side Firing v Water Filled Fiber Adhesive
Fiber Cavity Stabilizer

Figure 5.2. Schematic of the side-firing probe.
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5.2.3 Diffusing Laser Probe

Similarly, a diffusing laser probe (Figure 5.3) was built to fit into the same 18
French dual balloon catheter. The fiber stabilizing fixture for the diffusing fiber was made
with the same method as the side-firing fiber laser probe. The diffusing fiber was provided
to the Biomedical Optics Laboratory by Cardiofocus, Inc. (Marlborough, MA). The fiber

had a 10 mm active length and a 91% transmission rate.

Figure 5.3. Diffusing laser probe.

Expanded Primary Balloon

(9 mm OD)
Balloon Catheter Sheath

(6 mm OD)

Fiber Adhesive
Stabilizer

Diﬁ."using Water Filled
Fiber Cavity

Figure 5.4. Schematic of the diffusing laser probe.
5.2.4 Radial Laser Probe

The Radial laser probe design consisted of a 1-mm-0OD, 90% reflective, copper cone mirror

(custom machined by the Center for Precision Metrology at UNC-Charlotte) at the tip of



35

the fiber, which reflected the beam 360 degrees outward uniformly (Figure 5.5), however

the beam narrow ring’s width was approximately 1 mm outside the balloon surface.

1/ X Expanded Primary Balloon
(e D (9 mm OD)

» u Cone Mirror Balloo?GCl;:ll‘le(()el;)Shealh

Side Firing v ‘Water Filled Fiber Adhesive
Fiber Cavity Stabilizer

Figure 5.5.. (A) Schematic of cone lens and ray propagation; (B) Radial laser fiber before
installing into balloon catehter; (C) Schematic of proposed radial laser probe; (D) Beam
delivery through balloon catheter.

5.2.5 Tissue Preparation

Porcine liver tissue was used as a model for the wavelength comparison study
because it could be easily quantified by immediately analyzing the gross appearance of the
thermal lesions. The liver tissue was obtained from Animal Technology (Tyler, TX) and
Spear Products (Coopersburg, PA). The livers were immediately frozen and stored
separately. Prior to experiments, the liver tissue was thawed in cold water. The livers were
cut into cylindrical samples by a stainless steel biscuit cutter measuring 38 mm in diameter

and bored by drill bits measuring 4.8 mm in diameter to tightly fit the 9-mm-diameter
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balloon catheter probe. Cutting and boring out the liver tissue into a cylindrical tubular
structure was performed to mimic laser operation in a transvaginal or transurethral
approach for future application in laser treatment of female stress urinary incontinence.

The liver tissue was then warmed up to ~ 34 °C in warm water over 30 minutes.

Once the liver tissue sample was removed from the warm bath, the tissue was kept
warm by using a hot plate with a set temperature of ~ 35°C. The temperature was carefully
monitored using a micro-thermocouple connected to a laptop computer, similar to the setup
in chapter 3. During the experiment, the side-firing laser probe was placed in contact with
the liver tissue, while the diffusing laser probe was placed inside the liver tissue. After laser
irradiation, the probe was removed and the lesion area was marked by inserting a pin near

the lesion area to provide an accurately defined lesion location.

5.3 Results.

5.3.1 Side-firing Laser Probe Results

Table 5.1 summarizes the parameters that were used in the experiments and the
characteristics of the thermal lesion. Since the beam spot size was much smaller than the
spot size in chapter 3, only 1.3 W of laser power was used in the experiment for 20 seconds
of irradiation. When the side-firing laser probe was in contact with liver tissue, it provided
limited surface cooling; hence, a pre-cooling time of 10 seconds was used prior to laser
irradiation. The balloon catheter was kept at a temperature of 7°C. Despite having a

divergent beam (NA = 0.39) and the lower cooling efficiency of the balloon catheter, the
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surface of the liver tissue was still preserved from thermal damage. For ten samples, surface

preservation averaged 0.5 = 0.1 mm with a lesion area of 2.4 + 0.9 mm?.

Table 5.1. Results for thermal lesion creation using
side-firing laser probe in liver tissue.

Parameters Side-Firing Laser
Wavelength (nm) 1075
Laser Power (W) 1.36
Pre-cooling (sec) 10
Laser time (sec) 20
Tissue Temperature (°C) 32
Sample size (N) 10

Lesion Dimensions

Shape Elliptical

Lesion to surface (mm) 05+0.1

X (mm) 19+0.3

. Y (mm) 16+£05

Figure 5.6. Representative gross Lesion area (mm?) 2409

image of thermal lesion produced
in liver tissue, ex vivo, using 1075
nm side-firing laser probe.

5.3.2 Diffusing Laser Probe Results

Table 5.2 summarizes the parameters that were employed in the experiments and
the shape and size of the thermal lesions. Since power density (irradiance) diminishes by a
factor of 1/r? with working distance, 15 W of laser power was used for 100 seconds. The
9-mm-diameter diffusing balloon probe was inserted into a 5 mm-ID cylindrical cavity in
liver to provide tight contact of the balloon probe with the tissue. Pre-cooling was not

necessary in the experiment. The balloon catheter was kept at a temperature of ~ 7°C.
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Tissue surface preservation averaged 0.8 + 0.1 mm with a lesion area of 49.4 + 10 mm? (n

=10 samples).

Table 5.2. Laser parameters and
lesion results from the diffusing
laser probe studies

Laser Diffusing
Parameters Probe
Wavelength (nm) 1075
Laser Power (W) 15
Pre-cooling (sec) 0
Laser time (sec) 100
Tissue
Temperature (°C) 33
Sample size (N) 10
Lesion
Dimensions
Figure 5.7. Representative gross image of thermal _ Shape Crescent
lesion produced in liver tissue, ex vivo via 1075 nm Lesion to surface
diffusing laser probe. (mm) 0.8+0.1
g p .
Lesion area (mm?) | 49.4 +10

5.3.3 Radial Laser Probe Fiber Results

The radial laser probe was unable to produce any thermal lesions in liver tissue,
presumably due to the combination of circular beam delivery, divergent beam, small spot
diameter, and beam’s narrow ring width at the tissue surface, which resulted in a significant
reduction in optical penetration depth (Figure 5.8). Hence most of the thermal energy was

removed from the tissue due to the chiller.
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Table 5.3. Laser parameters and lesion
results from the radial laser probe studies

Laser Parameters Radial Probe
Wavelength (hm) 1075
Laser Power (W) 15
Laser time (sec) 90
Tissue Temperature (°C) 33
Sample size (N) 9

Lesion Dimensions

Shape No Lesion
Lesion to surface (mm) NA
Lesion area (mm?) NA

ssue,
ex vivo using 1075 nm radial laser probe.

5.4 Conclusion

Some of the probe designs tested in this study have been commonly used in
therapeutic laser applications in medicine. For example, diffusing fiber optic balloon
catheters are used in photodynamic therapy (PDT) of cylindrical organs [19] and fiber optic
probes and needles are used not only for PDT, but also during laser interstitial thermal
therapy (LITT) of cancer as well, including liver tumors [20-24]. The purpose of this study
was to determine which probe design provided the deepest subsurface thermal lesions in
tissue.

Three laser delivery methods were tested using the 18 French dual balloon catheter
probe to produce deep subsurface thermal lesions in porcine liver tissue, ex vivo. The radial
delivery probe was unable to produce thermal lesions due to limited optical penetration

depth. The side-firing probe preserved 0.5 = 0.1 mm tissue from thermal coagulation, while
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the diffusing laser probe preserved 0.8 £ 0.1 mm tissue from thermal coagulation. Since
the side-firing probe has a smaller beam spot diameter and due to the scattering nature of
the liver tissue, it achieved less optical penetration depth in comparison to the diffusing
laser probe (Chapter 2.2 and Figure 2.5). Although the diffusing laser probe preserved more
surface tissue, it required significantly higher laser power (15 W) and longer irradiation
time (100 seconds). The side-firing fiber, on the contrary, due to its smaller spot diameter,
required less power (1.36 W) and irradiation time (20 seconds) for lesion creation. One
advantage of the diffusing laser probe is that it simultaneously treats all of the surrounding
tissue; however, the limitation of using the diffusing laser probe is that the power density
decays by 1/r? with working distance. Presumably, if the modified balloon catheter design
could be improved to allow a higher flow rate for tissue cooling (e.g. 12 ml/sec in Chapter
3 instead of 4.3 ml/sec), a deeper lesion with would be expected with greater preservation

of the tissue surfaces.

In summary, the radial delivery probe failed to produce thermal lesions due to
limited optical penetration depth. The side-firing laser probe preserved 0.5 = 0.1 mm tissue
from thermal coagulation, while the diffusing laser probe preserved 0.8 £ 0.1 mm tissue
from thermal coagulation. While these methods produced subsurface thermal lesions in
tissue, higher cooling rates and less divergent laser beams are needed for deeper penetration

and greater tissue surface preservation.



CHAPTER 6: Laser Treatment of Female Stress Urinary Incontinence

6.1 Introduction.

Previous chapters described the general use of laser radiation to non-invasively
target subsurface tissue structures. One application that may benefit many female patients
in urology is noninvasive laser treatment of female stress urinary incontinence. Over 6.5
million women in the United States and 10 million women worldwide suffer from genuine
Stress Urinary Incontinence (SUI) [25]. Only a small portion of the women in the U.S.
suffering from SUI, ~ 200,000 women (3%), seek surgical intervention. Types of surgical
therapy include the Burch (open) colposuspension, insertion of a sub-urethral sling, or
injection of urethral bulking agents [26]. The need for general anesthesia, prolonged
recovery time, incisions, concern about treatment failures with future pregnancies, and
concern about procedural morbidity are some of the reasons for patient hesitation to seek
SUI therapy. As a result, the remaining women afflicted with SUI use disposable
absorbable products, with a cost of billions of dollars, to cope with, but not cure, the
symptoms [27]. Given the numerous patient concerns about current treatment options for
SUI, there is clearly a role for a non-surgical method which can improve patient quality of
life, especially for a treatment that is rapidly performed, carries minimal morbidity, and

provides brief recovery time.

Non-surgical treatments such as Kegel exercises, biofeedback, and pelvic floor
stimulation are plagued by burdensome compliance and treatment requirements as well as

by issues of efficacy and durability. Thus, the vast majority of SUI patients do not select
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any definitive nonpalliative treatment. Patient surveys demonstrate that for the majority of
incontinent women, treatment selection is driven by desire for a minimally invasive therapy,
and expectation of treatment is an improvement in quality of life, with only a minority of
patients expecting a cure. Thus, many SUI patients would prefer a minimally invasive
therapy which safely improves their quality of life rather than a more invasive treatment

even if associated with a higher likelihood of a cure.

Recently, a radiofrequency (RF) energy based device (Lyrette) was introduced for
transurethral thermal shrinkage and micro-remodeling of submucosal collagen in the
bladder neck and proximal urethra as a nonsurgical treatment for SUI, with a success rate
of up to 80% (Figure 6.1) [28-46]. RF micro-remodeling uses heat to denature the sub-
mucosal wall, which consists of collagenous tissue, without generating tissue necrosis. RF
micro-remodeling is believed to result in a functional change in regional tissue compliance,
without producing a gross change in lumenal caliber (thus avoiding stricture formation).
The ability of RF micro-remodeling to safely and effectively alter tissue compliance,
increase barrier function, and improve patient quality of life has been demonstrated. RF
thermal denaturation, shrinkage, and remodeling of collagen tissues has also been used for

treatment of fecal incontinence and gastro-esophageal reflux disease [46,47].

One limitation of this RF approach, however, is the limited RF penetration depth.
RF heating decays rapidly with depth, proportional to 1/r* (1/r? term for resistive heating
and 1/r? term for electric field strength). Increasing RF power only accelerates thermal
coagulation at the tissue surface due to the steep temperature gradient, in turn resulting in

arise in tissue impedance and further limiting RF penetration. Early less invasive attempts
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to use RF energy to thermally remodel submucosal tissue failed. Current RF treatment of

SUI consists of four RF needles inserted through the bladder and urethra into submucosal

tissue for localized heating and thermal collagen denaturation and shrinkage, with constant

water irrigation of the mucosa necessary to prevent overheating (Figure 6.1). Due to the

limited penetration depth of RF energy, RF thermal remodeling for treatment of SUI is

more invasive than is desired by many SUI patients seeking non-surgical treatment.
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Figure 6.1. () Transurethral RF SUI system. (b) Probe consisting of water-filled anchoring
balloon placed in bladder lumen. Four RF needle electrodes are then deployed from probe
for insertion into submucosa of bladder neck and urethra. (c) Tissue is heated to 65 °C for
30 s, resulting in thermal collagen denaturation and shrinkage [41]. The needle electrodes
are then withdrawn, marked shaft is rotated 30° and process is repeated for total of 12
treatment zones of ~ 0.2 mm diameter each.
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Alternatively, delivery of laser energy in conjunction with applied cooling methods
have been exploited with great success in laser medicine over the past few decades,
specifically in cosmetic dermatology for skin resurfacing and wrinkle removal, which also
involves a similar mechanism of thermal denaturation and shrinkage of collagen for tissue
remodeling [49,50]. The targeted tissue structures are relatively superficial, requiring
preservation of only a thin layer of surface tissue (usually epidermis and papillary dermis)
measuring ~ 200-400 um, which can be achieved relatively easily. However, these laser-

based techniques have not yet been extended beyond dermatology.

Skin resurfacing lasers (e.g. Erbium:YAG and CO2 lasers) have most recently been
applied in gynecology for sub-ablative rejuvenation of atrophic vaginal tissue in post
menopausal women, and for treatment of female SUI [51-53]. The short-term studies
appear more promising for vaginal rejuvenation, but also show modest improvements for
SUI. However, these specific mid-IR laser wavelengths (2.94 and 10.6 um) are limited to
a superficial optical penetration depth of tens of micrometers and a thermal treatment zone
< 0.5 mm.

It should also be noted that, unlike the endopelvic fascia, the vaginal wall is not
primarily collagen, but instead composed of several layers. The first layer is the stratified
squamous non-keratinized epithelium of the mucosa. (The epithelium has folds called
transverse epithelial ridges that can be compressed and changes thickness with estrogen
content, thinner for pre-pubescent and post menopause). The second layer is lamina
propria of connective tissue, also part of the mucosa. The lamina propria is rich in blood
vessels and lymphatic channels. Third is the muscular layer made of smooth muscle fibers,

with outer layer of longitudinal muscle and inner layer of circular muscle. Fourth is
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adventitial layer, which is connective tissue that blends with endopelvic fascia. This layer
contains blood vessels, lymphatic vessels and nerve fibers [54]. Therefore, we hypothesize
that in the long term, subsurface laser thermal remodeling specifically targeting the
endopelvic fascia may potentially produce improved thermal tissue remodeling results for

SUI compared to direct treatment of the vaginal wall.

6.2 Objective.

Our objective is to introduce a minimally invasive technique to treat SUI via a
minimally invasive transvaginal or transurethral laser based probe. In order for the
transurethral approach to be feasible, the probe from chapter 3 was miniaturized and tested
as described in chapter 5. Since the bladder neck of the female urethra is about 8 mm in
diameter, the contact cooling balloon probe was designed to be slightly bigger (9 mm in
diameter) to provide reliable contact. Figure 6.1 A shows an ultrasound image taken of the
female urinary system in a human cadaver at Carolinas Medical Center (CMC), along with
the anatomical position of each tissue layer. For SUI treatment, the goal is to thermally
remodel and tighten the endopelvic fascia without damaging adjacent tissue layers (e.g.
urethra or vaginal wall). The thickness of the vaginal wall, endopelvic fascia, and urethral
wall measure about 2.7, 4.3, and 2.4 mm, respectively [55,56]. The challenge of creating
a minimally invasive technique for SUI focuses on treating endopelvic fascia without
damaging adjacent tissue layers such as the urethra or vaginal wall. Therefore, preserving
approximately 2.5 mm or greater of the surface tissue layer is the desired experimental
outcome. Hence, the objective of this chapter is to use computer simulations to determine

whether a “transvaginal” approach can preserve the vaginal wall while treating the
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endopelvic fascia, or alternatively, whether a “transurethral” approach can preserve the

urethral wall while treating the endopelvic fascia.

Urethra 2.4 mm

B BK Medical

' Vaginal
| Open

Figure 6.2. A) Ultrasound image of female urinary tract in a human cadaver; B) Diagram
of tissue layers. C) Diagram of female human anatomy during SUI.

For treatment of female stress urinary incontinence (SUI), the objective is to tighten
the endopelvic fascia. There are two basic endoscopic approaches for achieving this goal.
One can treat endopelvic fascia through the vaginal wall, and since the endopelvic fascia
is 2.7 mm below the vaginal wall, this is considered a transvaginal treatment. Another
approach is to treat the endopelvic fascia through the urethra. The endopelvic fascia is 2.4
mm below the urethra so treatment is considered to be a transurethral approach. During
SUI treatment, thermal coagulation is undesirable. A lower power density is required to

thermally remodel and tighten the endopelvic fascia. Furthermore, liver tissue has different
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thermal conductivity and optical properties than the vaginal wall, endopelvic fascia, and

urethra.

6.3 Experimental Results

Table 6.1. Summary of 1075 nm laser probes with combined liver results from chapter 3
and chapter 5 indicating that larger spot size and lower temperature cooling allows deeper
surface tissue preservation.

Ballopn Balloon side- Sgpphire side- quphire side-
Parameters Diffusing Firing probe firing probe firing probe
Probe (5.2W/ 605s) (7.2W/ 155)
Wavelength (nm) 1075 1075 1075 1075
Laser Power (W) 15 1.36 5.2 7.2
Pre-cooling (sec) 0 10 0 0
Laser time (sec) 100 20 60 15
Tissue
Temperature (°C) 33 32 33 33
Sample size (N) 10 10 5 6
Lesion
Dimensions
Shape Crescent Elliptical Circular Circular
lesion to surface 0.8+0.1 05+01 1.9+£05 1.7+05
X (mm) NA 1.9+0.3 3.0+£0.3 23104
Y (mm) NA 16+05 25+0.2 23+£05
Lesion area 49.4 %10 24409 6.021.0 46+18
(mm?)

Table 6.1 summarizes the current capability of our laser probe designs in liver
tissue. The sapphire side-firing probe appears to be promising for transvaginal treatment
application. Due to the dimension of the probe, the sapphire side-firing probe from chapter
3 enables faster cooling at the rate of 12 ml/sec; moreover, with a larger spot size the laser
beam can penetrate deeper than the balloon probe in chapter 5. On the other hand, the
sapphire side-firing probe’s head is 3.5 cm length x 2.7 cm width x 3.2 cm, which is more
than five times the size of the balloon side-firing probe, which has only 18 French (6 mm)

diameter with maximal thickness of the inflatable balloon measuring 9 mm in diameter.



6.4 Simulation Results.

6.4.1 Transvaginal Approach.

After taking the previous data into consideration, several simulations were

conducted similar to chapter 4 using Monte Carlo simulations, heat transfer simulations,

and the Arrhenius integral thermal damage model to compute the final thermal damage

produced by the laser, based on the optical, thermal and damage parameters for urinary

tissues (Table 6.2). Due to the limited availability of damage parameter data, vaginal wall

was modeled after smooth muscle, endopelvic fascia after collagen, and urethra modeled

after aorta tissue.

Table 6.2 Simulation parameters for studying the feasibility of transvaginal and

transurethral treatment using 1075 nm laser sapphire probe

Optical Properties Vaginal Wall Endopelvic Fascia Urethra
Wavelength (nm) 1064 1064 1064
Absorption coefficient (ua) cm™® 0.43 0.35 0.5
Scattering coefficient (us) cm? 21.6 484 239
Anisotropy (9) 0.9 0.9 0.9
Refractive index (n) 1.38 1.39 1.39
Thickness (mm) 2.7 4.3 2.4
Reference Huilan [56] Tsai [57] Welch [17]
Panayi [54] Muller [16] Wieczorek [55]
Thermal Properties Vaginal Wall Endopelvic Fascia Urethra
Thermal Conductivity (k) w/m-k 0.54 0.47 0.46
Specific Heat () J/kg-k 3655 3200 3306
Density (p) kg/m? 1088 1085 1102
Reference Muller [16] Muller [16] Mclintosh [46]
Damage Parameters Vaginal Wall Endopelvic Fascia Urethra
Frequency factor (A) s* 5.73E+34 1.61E+45 5.60E+63
Activation energy (Ea) J/mol 2.40E+05 3.06E+05 4.30E+05
Terit °C 88.0 80.4 78.9
Reference Welch [17] Welch [17] Welch [17]
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During phase 1, the Monte Carlo (MC) simulations provided a spatial distribution of
absorbed photons in tissue layers (vaginal mucosa, endopelvic fascia, urethral wall).
Optical properties (n, ua, Ws, g) were assigned to each tissue at 1064 nm. A 5-mm-diameter
laser beam at a power of 5 W for 15 seconds was used, based on previous experiments in
liver tissue. In Phase 2, MC output was converted into absorbed energy, serving as input
for ANSYS simulation software of tissue temperatures. Convective heat transfer was used
to simulate probe contact cooling. Thermal properties (k, ¢, p) were assigned to each tissue.
In Phase 3, MATLAB code was used for the Arrhenius integral calculations. A temperature
matrix was constructed from ANSYS output, and a finite sum was incorporated to
approximate the Arrhenius integral calculations. Tissue damage properties (Ea, A) were

used to compute Arrhenius sums.

During phase 1 optical simulations, the Monte Carlo simulations predicted that the
majority of energy would be absorbed by the vaginal wall initially (Figure 6.3). Therefore,

surface cooling is critical for transvaginal treatment of SUI.
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Figure 6.3. Monte Carlo simulation: A) 2-dimensional output of Monte Carlo simulation
of photon distribution. B) 1-dimensional absorbed energy distribution by liver tissue at the
center of laser radiation.
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During phase 2 (heat transfer simulations), 15 seconds of pre-cooling at a temperature of
0 °C was applied to the tissue model prior to laser 5.0 W laser irradiation for 15 seconds.
After 15 seconds of laser irradiation the internal tissue temperature in the simulation
reached 71°C (344°K) at the boundary between the vaginal wall and endopelvic fascia
(Figure 6.4). After laser irradiation, the laser probe was then removed and 15 seconds post-
operative tissue cooling was used. The temperature was found to be 42.8°C (316°K)

(Figure 6.5).
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Figure 6.4. 2D temperature distribution (depth x width) after laser irradiation is applied for
15 s, using transvaginal approach. Internal tissue temperature in simulation reached 71°C
(344°K) at boundary between vaginal wall and endopelvic fascia.
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Figure 6.5. Temperature distribution in tissue 15 s after laser irradiation, for transvaginal
approach. Peak temperature decreased to 42.8°C (316°K) at end of 15 s postoperative
cooling time period.

In Phase 3 (tissue damage simulations), the heat distribution data was converted into
percent tissue damage using the Arrhenius integral for thermal damage from chapter 4.4.

Almost the entire vaginal layer (2.7-mm-thick-layer) was preserved.
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Figure 6.6. Arrhenius integral output: Almost entire vaginal wall tissue layer was
preserved. The majority of heat generated in vaginal wall was removed by the contact
cooling.

6.4.2. Transurethral Approach.

The transurethral approach was simulated as well, where laser irradiation propagated from
the urethra to the endopelvic fascia and then to the vaginal wall in reverse order from the
previous transvaginal approach. The laser parameters used were 5 W for 15 sec, and the
peak temperature reached 80 °C, For this approach, 82% of energy is absorbed in urethral
wall, only 18% energy is absorbed in endopelvic fascia, and 0.3% deposited in the vaginal
wall beyond (Figure 6.7). The urethra is not preserved (see Figure 6.8) and only 0.5 mm of

surface tissue out of the entire 2.4-mm-thick urethral wall is preserved.
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Figure 6.7. MC simulations for transurethral approach: (A) 2D spatial output of MC
simulation of photon distribution; (B) 1D spatial absorbed energy distribution along
central axis of laser radiation. Majority of energy (82%) is absorbed in urethral wall, only
18% energy is absorbed in targeted endopelvic fascia, and 0.3% is deposited in vaginal
wall.
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Figure 6.8. A) Temperature distribution when laser irradiation is applied for 15 s. Peak
temperature reaches 80 °C (353 °K) in urethra; B) Arrhenius integral output showing
undesirable damage to urethra. Only 0.5 mm of 2.4-mm-thick urethral wall is preserved
from thermal damage during transurethral approach.
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The transurethral approach, based on these simulations, did not achieve a desirable
outcome. Even when using ideal parameters, where the laser probe was cooled to 0 °C and
5 mm diameter spot size was used, the transurethral approach was not successful compared
to the transvaginal approach. In practice, due to the physical dimensions constraining the
balloon side firing laser probe (in Chapter 5.2.2), with the spot size of 2 mm length x 3 mm
width, which is smaller than the simulated results, it would in practice achieve even
shallower penetration depth than simulated here. Furthermore, due to the limited flow rate
of the balloon laser probe, the cooling in the simulation set to 0 °C is also overly optimistic
compared to 7 °C achieved in practice. In summary, the transurethral approach is not likely

to work for the treatment of female stress urinary incontinence.

6.5 Conclusion

Computer simulations utilizing optical, thermal, and damage parameters for vaginal
wall, endopelvic fascia, and urethral wall, were conducted for both transvaginal and
transurethral endoscopic approaches to minimally invasive laser treatment of female SUI.
The transurethral approach, based on the simulations, did not achieve a desirable outcome.
Even when using idealized parameters (for direct comparison with transvaginal approach),
including probe cooled to 0 °C and 5 mm diameter laser spot size, irreversible thermal
damage and tissue necrosis in the urethral wall was still predicted. However, it should be
noted that use of such parameters in practice may not be possible due to limitations in the
physical dimensions of the probe (< 6 mm-OD) during a transurethral approach, which
would translate into a smaller laser spot diameter and lower coolant flow. A smaller laser

spot diameter would in turn limit optical penetration depth, and a low coolant flow rate
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would hinder efficient cooling of the tissue surface. Therefore, the experimental results
with a transurethral probe may be even worse than the simulations currently predict, and
with an even greater percentage of the urethral wall exposed to excessive temperatures,
producing irreversible thermal damage and tissue necrosis. Furthermore, the coolant
temperature setting of 0 °C used in the simulations may also be unrealistic compared to 7
°C actually achieved during our previous preliminary experiments with similar
transurethral probe designs with liver in Chapter 3.

Computer simulations utilizing a transvaginal approach predicted that the majority
of vaginal wall can be preserved from thermal damage, due to combination of deeper light
penetration (greater percentage of energy deposited in targeted endopelvic fascia layer) and
applied cooling of vaginal wall. A transvaginal approach also allows use of a larger
endoscopic laser probe capable of achieving the laser spot diameter and coolant
temperatures simulated in these models [59]. From an anatomical perspective, the
transvaginal approach is more challenging, since it requires image guidance or precision
alignment of probe with proper orientation, so that endopelvic fascia is correctly targeted.
Recently, a transvaginal approach with ruler markings for precise insertion and rotation of
endoscopic probe has been utilized for laser vaginal resurfacing and SUI clinical
applications, so this approach is feasible [60].

There were several assumptions and limitations to our computer simulations that
need to be briefly discussed. First, as previously mentioned, a rectangular geometry was
used for the tissue layers, instead of a cylindrical geometry. This is a reasonable
approximation since in practice, the laser probe would be applied in contact mode, slightly

compressing the tissue and hence providing a flattened surface. For convenience,
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simulations were also performed in two dimensions, with the assumption that results may
be extrapolated to a third dimension based on symmetry in the anatomy.

Second, the dynamic optical properties of tissue layers due to temperature changes
were not included in the MC simulations. Instead, the values for absorption and scattering
coefficients were assumed to be constant. While significant changes in absorption and
scattering coefficients are well known to occur at high temperatures (e.g. during tissue
coagulation and ablation) [61], the moderate temperatures computed in these studies,
especially for the transvaginal approach, may not produce significant changes. While
tissue optical properties are also dependent on pressure [62], in practice, the contact probe
would only lightly compress the tissue surface to provide adequate and efficient contact
cooling, so such effects may be minimal as well. Nevertheless, further improvements in
the MC model may be warranted in the future to study the potential effects of dynamic
tissue optical parameters.

Third, the effect of blood perfusion on tissue temperatures was not included in the
heat transfer simulations. For relatively short times scales considered in this study
(seconds), perfusion is not a major factor. Convective heat transfer in tissue due to blood
flow only becomes significant on the time scale of minutes, for example, during longer
duration thermal therapies such as laser interstitial thermal therapy and hyperthermia
applications [63].

A more robust MC model may be necessary which incorporates dynamic optical
properties of tissues based on both temperature and pressure, and thermal effects due to
blood perfusion. It may also be necessary to preserve an even thicker vaginal tissue layer

than shown in these simulations. Optical clearing agents (OCA) based on alcohol or sugar



58

compounds have been shown to improve optical transmission through tissues by temporary
dehydration which lowers water absorption, and refractive index matching through close
packing of collagen fibrils which reduces light scattering. Although the vaginal wall is not
highly collagenous, OCA’s may provide sufficient improvement in optical penetration
through this surface tissue layer, and deeper penetration through endopelvic fascia layer as

well.



CHAPTER 7: Optical Clearing Agents for Enhancing Optical Penetration Depth in

Tissue

7.1 Introduction

Optical clearing agents (OCA) have been used for reducing light scattering and
increasing optical penetration depth in tissues for applications in optical diagnostics (e.g.
imaging and spectroscopy) and laser therapy [64-70]. In this study, the primary goal is to
examine the effectiveness of OCA and determine if OCA provides a deeper preservation
of the surface tissue layer effectively targeting deeper subsurface tissue structures for laser
thermal coagulation and/or remodeling during subsurface laser therapies. Previous studies
have demonstrated the effectiveness of OCA on skin. After 60 min of OCA application,
skin temporally becomes more transparent, and then slowly returns to its normal opaque

appearance after another 30 min of rehydration with saline [71].

Optical clearing is achieved through both refractive index matching and
dehydration. The OCA induces water flux from the interstitial space to the tissue surface,
and the increase in osmolarity of interstitial fluid draws water from the cell and leads to
dehydration [72]. These processes provide additional refractive-index matching and
reduced scattering for skin. The reduced scattering achieved with an OCA may
significantly enhance optical transmission, which in turn translates into improved optical
penetration depth. Typically, optical transmission increases linearly with immersion time

in the OCA solution. For example, Deng has demonstrated a 53.3% increase in optical
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penetration depth for skin, in vitro [73]. This is desirable when using laser energy for

noninvasive thermal tissue remodeling.

Moreover, optical clearing techniques have been successfully demonstrated in
various tissues ranging from skin [71, 73, 74], muscle tissue [75], collagen [76], cartilage
[77] and even bone [78] using different tissue OCA types and concentrations. In general,
higher concentration and longer immersion time yield higher transmission. In some cases,
however, optimal transmission does not always correspond to the highest concentration.
For example, Jung demonstrated that 70% glycerol concentration achieved deeper light

penetration than 90% glycerol in porcine skin [79].

In addition, solution temperature plays a critical role in OCA performance. Higher
temperature translates into higher kinetic energy which in turns increases interaction
between the solution and tissue. Deng et al, demonstrated increase in optical clearing of
glycerol as a function of temperature and time [73]. As expected, higher temperatures
enable greater perfusion of OCA to react faster with the sample tissue, providing an

increase in the optical clearing ability in the same time frame.

7.2 Materials and Methods

7.2.1 Optical Clearing Agents

Optical clearing agents are commonly mixed with other solutions (e.g. DMSO) to
enhance the rate of perfusion into tissue [74-76]. To ensure consistency between
experiments, a few initial studies using porcine skin at room temperature were carried out

as a baseline reference to compare to previous results, where Cilip, et al. demonstrated that
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canine scrotal skin with 3:1 Glycerol/ DMSO vyielded an increase in transmission of 26 +
5% [71]. Inaddition, various different mixtures of common solutions were tested including,
3:1 Propylene Glycol/ DMSO and, 3:1 Ethylene Glycol (EG) / DMSO; furthermore,
glycerol based solution was also tested where a mixture of 3:1 glycerol / Ethylene Glycol,
and 3:1 glycerol / Propylene Glycol. The solutions above were chosen because hydroxyl-
terminated types of chemicals are the most commonly used OCA agents [64-76]. All
solutions were tested at the same room temperature (22 °C) to compare 3:1 Glycerol /
DMSO mixture. Porcine skin was used as a sample reference. In the experiment, OCA was
topically applied on porcine skin over a period of 30 minutes at 22 °C. It resulted in an
average of 25.5% increased for 3:1 glycerol / DMSO mixture, 12.5 % for 3:1 polyethylene
glycol/ DMSO, 26.7% for 3:1 Ethylene glycol (EG) / DMSO mixture, 30.4 % for 3:1

glycerol / Propylene Glycol, and 30.1% for 3:1 glycerol / Propylene Glycol.

Once preliminary data were collected, a better tissue model was required to
simulate the OCA the effect on vaginal tissue at body temperature. Porcine vaginal tissue
was used to determine the optimal combination of OCA mixtures. The following solutions
were tested (n > 3 samples): 100% glycerol, 75% glycerol 25% DMSO, 75% glycerol 25%
Propylene Glycol, 75% glycerol 25% Ethylene, 75% Propylene Glycol 25% DMSO and
75% Ethylene Glycol 25% DMSO (Table 7.1). OCA’s were topically applied on porcine
vaginal tissue over a period of 30 min, and a heated incubator experimental setup was used

to maintain the tissue sample at body temperature (37 °C).
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7.2.2 Experimental Setup for Measuring Percent Change in Optical Transmission

Fresh porcine vaginal tissues were obtained from Spear Products, inc.
(Coopersburg, PA). The tissue was stored in saline and refrigerated for use within 48 hours.
A continuous-wave, Ytterbium fiber laser operating at a wavelength of 1075 nm, and with
a collimated beam diameter of 5.2 mm (1/e?) was used for all of the experiments. A simple
heat chamber/incubator was designed and constructed to maintain consistent temperature
(37 °C) and measure the initial intensity before OCA was applied (Figure 7.1). After the
OCA was applied to the porcine vaginal tissue, transmitted power was recorded from a
detector (PM10, Molectron, Portland, OR) connected to a power meter (EPMZ1000,
Molectron) every 2 min for a period of 30 min. Transmission change over time was

calculated and plotted using this method.
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Figure 7.1. (A) Experimental setup to measure optical transmission through porcine vaginal
tissue; (B) Photograph of the experimental setup.

7.2.3 Optical Coherence Tomography

Optical coherence tomography (OCT) of vaginal tissue both with and without OCA
was also performed with a clinical OCT system (Niris, Imalux, Cleveland, OH) using a
handheld 8 Fr (2.67 mm-OD) probe. The OCT system was a time-domain system based
on a common-path all fiber interferometer designed to operate at a wavelength of 1300 nm
[77], and was capable of acquiring images with 15 um axial resolution and 25 pm lateral
resolution. OCT images of vaginal tissue before and after application of glycerol were
acquired to determine increased image depth based on decreased tissue scattering.
Measurements were performed using software (ImageJ, National Institutes of Health,

Bethesda MD) to analyze the 256 gray scale image.

7.2.4 Reflection Spectroscopy

A spectrometer (USB 4000-VIS-NIR, Ocean Optics, Dunedin, FL) was used to
quantify change in reflection spectrum of porcine vaginal wall as a function of OCA
application time. A fiber optic Y cable (RP21, Thorlabs, Newton, NJ) was used to connect
both the light source (MI-150, Edmund Optics, Barrington NJ), and the spectrometer (USB
4000-VIS-NIR, Ocean Optics, Dunedin, FL). The fiber tip was in direct contact with the
sample and reflectance data was collected using the proprietary software Spectra Suite
(Ocean Optics). By comparing baseline spectrum from native tissue at 0 min with spectrum
from optically cleared tissue, percentage change in reflection spectrum due to OCA was

calculated.
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7.2.5 Computer Simulations

Using experimental data on the change in transmission by glycerol in known
thickness of porcine vaginal tissue, one can then determine the change in scattering and

absorption. Using the Beer-Lambert law,

Eq.8a I, = Ije™*
Eq.9b I, = Ije~He*
Eq.2 1_2 e Het

I T e HuX
Eq.3 He = Mo + (1 — g)

where p is attenuation coefficient (cm™), pa is absorption coefficient (cm™), ps is scattering
coefficient (cm™), g is anisotropy factor, x is tissue thickness (cm), lo is initial laser
intensity (W/cm?), I is intensity measured through porcine vaginal tissue at 0 min, and I,
is intensity measured through tissue after 30 min of OCA topical application.

A reduction in scattering coefficient is the dominant OCA effect on tissue rather than
a reduction in absorption coefficient [78]. Hence, the following simulations assume that
the absorption coefficient and anisotropy factor remain essentially constant and that only
scattering coefficient changes upon OCA application. This calculation reduced the
scattering coefficient from 21.6 to 5.9 cm™ as shown below and used in Table 1. From Eq.

2, the following calculation is performed:

I

T = exp[—MUeX — —Hp1X]
1
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I

In {I_} = x[He1 — Ke2]
1

1. (L

;ln {E} = [We1 — ezl

Combining this expression with Eqg. 3, results in the following:

Moy = Mo+ 1s(1—g),g =09

1 (I
—In {_} = [Ma1 + 0.1p51 — Mgz — 0.1p]
x U

Since absorption coefficient and anisotropy factor are unchanged, the equation simplifies
to:

1 (I
;n {E} = 0.1[ps1 — Hsz]

where pg;=21.6 cm?t, x = 0.3 cm, 11=1, 1,=1.6.

Substituting these values into the equation yields a scattering coefficient of py, = 5.9 cm™.
Optical clearing potential (OCP) is defined as the ratio of u's(before) and

W' s(after) (see Eq.4). For human skin, glycerol was reported to have average OCP of 3

[20]; in our study, glycerol applied to the vaginal wall produced an OCP of 3.6.

Eq. 4 ocp - u'f(before)
ws(after)

where ' is reduced scattering coefficient (cm-1) given by us (1-9).
Similar to Chapter 6, a Monte Carlo (MC) program was adapted to simulate distribution
of one million photons absorbed in tissue layers [13, 14, 79]. A convolution program fitted

results to a laser beam of known power, profile, and diameter [14]. Values for tissue optical



66

properties were compiled based on the Nd:YAG laser wavelength of 1064 nm used in
previous experimental studies (Table 6.2).

Temperature simulations were conducted using finite element software (ANSYS 14.5).
A heat transfer model was imported from MC model dimensions with mesh of 350 x 350
elements (28.5 x 28.5 um). Tissue layers were represented in the mesh using thermal
properties (Table 6.2). Absorption data from MC simulations was convolved and
converted into the input of the heat transfer model to simulate heat created by laser
irradiation. The initial tissue temperature was 37°C (310 K) with contact probe cooling
temperature set to 0 °C (273 K).

A standard Arrhenius integral model was employed to predict thermal injury using
published values [28]. A single damage parameter, Q(t), quantified thermal damage to
tissue (Eq. 5):

Ea
RT (t)

Eq.5 Qt) = AJT' exp(— )dt

where A (s1) is experimentally derived frequency factor; t (s) is total heating time; Ea
(J/mol) is experimentally derived activation energy of transformation (Table 6.2), R (8.32
J/K mol) is universal gas constant, and T(t) is absolute tissue temperature (Kelvin).
Thermal damage corresponds to Q(t) = 1. Damage rate increases exponentially when
temperature exceeds Terit.

Simulations computed thermal damage based on optical, thermal and damage
parameters for the tissues (Table 6.2). Due to limited availability of damage parameter
data, vaginal wall was modeled as smooth muscle, endopelvic fascia as collagen, and

urethra as aorta tissue. All the simulations from Chapter 6 were repeated from Monte Carlo
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simulation, heat transfer simulation to Arrhenius integral thermal damage simulation for

both optically cleared tissue and control tissue with optical clearing.
7.3 Result

7.3.1 Comparison of Different OCA Mixtures

Figure 7.2 shows that 100% glycerol provided an optical transmission increase of 61%
in vaginal tissue at A = 1075 nm, after 30 min. This agent provided a superior result
compared to 100% concentrations of the other agents, including EG (42%), PG (41%), and
DMSO (35%). Table 7.1 shows that 100% glycerol provided the optimal optical
transmission increase at the deeply penetrating near-infrared wavelength of 1075 nm, in
vaginal tissue over a period of 30 min. This can be explained because vaginal tissue lacks
the barrier properties of skin, and hence the additional mixture of DMSO to other OCA
solutions which facilitates the perfusion transport process, did not provide improved optical
transmission (Table 7.1). Furthermore, due to concerns about the bio-compatibility of
DMSO, Propylene Glycol and Ethylene Glycol, 100% glycerol was the preferred OCA for

use in our studies.



68

70

= Glycerol
65 | ==FEthylene Glycol
60 Proplyene Glycol

DMSO

55 1 3:1 Glycerol / Ethylene Glycol
50 4 —3:1Glycerol / Propylene Glycol

===3:1 Glycerol / DMSO
45 1 ==3:1 Ethylene Glycol / DMSO
40 4| =3:1 Propylene Glycol/ DMSO

35

30

25

Transmission Change (%)

20

15

10

T
0 2 4 6 8 10 12 14 16 18 20 22 24 26 28 30 32
Time (min)

Figure 7.2. Percent increase in optical transmission through porcine vaginal tissue at 37
°C, as a function of optical clearing agent and application time.
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7.3.2 Optical Coherence Tomography
Comparison of OCT images taken with and without OCA, and at room (22 °C) and body
temperatures (37 °C), shows how diffusion of glycerol in tissue reduces scattering and
allows imaging of deeper tissue layers (Figure 7.3). For porcine vaginal tissue at 22 °C,
after 30 min of glycerol application, a 31.8% increase in optical transmission was measured
using the following method. Since gray scale intensity is directly proportional to photon
penetration depth, the 1/e intensity decrease is equal to a gray scale value of 94. At 22 °C,
in the initial OCT image (t=0 min), a 1/e intensity decrease was measured at a depth of
0.484 mm. However, after OCA application (t=30 min), the new 1/e, gray scale value of
94 increased to a depth 0.639 mm, which translates to a 31.8% increase in optical
penetration depth with OCA. Similarly, at 37 °C, an increase in optical transmission of
58.8% was measured. Improved optical transmission at higher tissue temperatures is
achieved due to greater permeability of glycerol due to higher molecular kinetic energy, in

agreement with previous studies [73].
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Figure 7.3. Optical coherence tomography images of porcine vaginal wall in its (A) Native
state without glycerol, at room temperature, 22 °C; (B) After topical application of 100%
glycerol for 30 min, at room temperature, 22 °C; (C) Native state without Glycerol, at body
temperature, 37 °C; and (D) After topical application of 100% glycerol for 30 min, at body
temperature, 37 °C. (E) Increase in optical transmission using glycerol, for 22 and 37 °C.

o




72

7.3.3 Reflection Spectroscopy

OCA temporarily dehydrates the tissue by increasing osmolarity, which draws water from
cells, and also provides additional refractive-index matching to further reduce scattering
[72]. After OCA application, the tissue reflection spectrum is altered, as observed by a
change in color at the tissue surface. For porcine vaginal tissue wall, the tissue temporarily
turns a darker red after 30 min of glycerol (Figure 7.4). The rapid decrease in reflection in
the green and blue spectrum and slower decrease in reflection in the red spectrum was
measured corresponding to progressively darker red appearance of the vaginal tissue wall.
This is due to major hemoglobin absorption peaks at 420, 540, and 580 nm, which reduce
the amount of re-emitted light from the tissue compared to the red part of the spectrum.
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Figure 7.4. Porcine vaginal wall in its (A) native state, and (B) after topical application of
100% glycerol for 30 min. (C) Percent decrease in reflection across the visible and near-
IR spectrum. Note that the lowest decrease in reflection occurs in the red (600-700 nm),
accounting for the change in appearance of the tissue.
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7.3.4 Computer Simulations

Monte Carlo (MC) simulations were performed using the optical parameters listed
in Table 1 to compare energy deposition in the tissue layers both with and without OCA.
MC simulations predicted that 50% of energy is absorbed by vaginal wall, 49% is absorbed
in endopelvic fascia target layer, and only 1% is deposited in urethral wall. There was a
12% decrease in energy absorbed by vaginal wall and corresponding 12% increase in

energy absorbed in endopelvic fascia layer using OCA (Table 7.2).

Table 7.2 Percent energy deposited in tissue layers with and without glycerol (1064 nm).

Parameters Tissue Layer
Endopelvic
Vaginal Wall Fascia Urethra
5W, 15 s without OCA 62% 37% 1%
5W, 15 s with OCA 50% 49% 1%

After applying glycerol for 30 min, scattering in the vaginal wall decreased
significantly, enabling photons to reach deeper into the endopelvic fascia tissue layer where
the scattering coefficient is greater by several orders of magnitude (Table 6.2). This energy
deposition as a function of depth can also be represented by the one-dimensional plot in
Figure 7.5A. Figure 7.5A plots along the center of the laser beam where the radius is zero.
The initial subsurface peak is expected due to additional contributions of photons through
subsurface scattering. The large peak at the interface between the vaginal wall and
endopelvic fascia is due to a large increase in the scattering coefficient across the interface.
The rapid decline in energy absorbed across the endopelvic fascia layers is also due to the
high scattering coefficient. The spikes in the vaginal wall are contributions from the back
scattering from the endopelvic fascia layer. Without OCA, the endopelvic fascia layer has

22.4 times more scattering than the vaginal wall, hence the saw tooth like shape in the first
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layer. Furthermore, with application of glycerol for 30 minutes, the scattering coefficient
decreases in the vaginal wall. The drop in scattering coefficient in the first layer causes an
increase in scatter coefficient ratio between endopelvic fascia and vaginal wall layer to
82:1. The significant change in scattering ratio leads to a more pronounced fluctuation of

energy absorbed by the vaginal wall.
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Figure 7.5A. One-dimensional absorbed energy distribution by porcine vaginal tissue at
the center of laser radiation at 5W, both with OCA (blue) and without OCA (red).

To better understand the change in tissue optical properties over time, step by step
optical clearing simulations were calculated at 6 min intervals for a total of 30 min. Using
the above equations, one can tabulate a time dependent change with each data point (Table

7.3). Taking the new p, for the Monte Carlo simulations for both one-dimensional
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absorbed energy distribution along central axis of laser radiation and two-dimensional

absorbed energy distribution provides the photon distributions in Figure 7.5 B & C.

Table 7.3 Simulated change in g over 30 min time period.

Time (min) Percentage increase in transmission us (Vaginal wall)
0 0.0% 21.6
6 24.2% 14.4
12 35.0% 11.6
18 45.0% 9.2
24 53.5% 7.3
30 60.0% 5.9
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Figure 7.5B. One-dimensional absorbed energy distribution by porcine vaginal tissue along
central axis of laser radiation at 5 W, as a function of time, from 0 minutes to 30 minutes.
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Figure 7.5C. Two-dimensional absorbed energy distribution by porcine vaginal tissue at
the center of laser radiation at 5 W, as function of time, from 0 minutes to 30 minutes.
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Figure 7.5C shows the energy absorbed by the endopelvic fascia (0.27 cm and
beyond) increase over period of OCA application. By the end of 30 minutes, the first layer
of the vaginal wall experienced much less energy absorption than without OCA treatment.

Heat transfer simulations were also conducted. For similar laser power simulated
(5 W), use of OCA resulted in higher energy deposition in endopelvic fascia, which in turn
translated into a 7 °C higher peak temperature than without OCA (Figure 7.6AC).
However, 15 s after the laser was turned off, peak temperatures in the tissue decayed to a
similar value of ~ 43 °C, with tissue including OCA only 0.5 °C higher than tissue without

OCA (Figure 7.6BD).
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Figure 7.6. (A) 2D temperature distribution (depth x width) after laser irradiation for 15 s.
Internal tissue temperature reached 71°C (344°K) at boundary between vaginal wall and
endopelvic fascia; (B) Temperature distribution in tissue 15 s after laser irradiation, for
transvaginal approach. Peak temperature decreased to 42.8°C (316°K) at end of 15 s
postoperative cooling time period. (C) Temperature after laser irradiation for 15 s with
OCA reached 78.1°C (351.3°K); (D) Peak temperature decreased to 43.3°C (316.5°K) at
end of 15 s postoperative cooling time period.

Arrhenius integral calculations (Eg. 5) indicated that vaginal tissue with OCA had higher

damage (Q2 = 1.4) compared to tissue without OCA (€2 = 0.18) (Figure 7.7). This difference

is due to the higher peak temperature in endopelvic fascia layer with OCA (AT =7 °C).

Previous clinical studies using radiofrequency (RF) energy for thermal tissue

remodeling during minimally invasive treatment of female stress urinary incontinence (SUI)
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targeted a temperature of 65°C in the endopelvic fascia for a period of 30 s, based on
temperature versus time data for the thermal denaturation and shrinkage of collagen [44].
Using the parameters from Table 1, this translates into a damage parameter of Q = 0.28.
Hence, adjustment of laser power was required for both cases (with and without OCA) to
target the relevant thermal remodeling value of Q ~ 0.3. The tissue model without OCA
required a power increase from 5.0 W to 5.35 W, while tissue model with OCA required a
power decrease from 5.0 W to 4.45 W, to achieve a damage parameter of Q = 0.3. In
practice, OCA treatment is preferred, because it not only enables laser treatment at a lower
and hence safer power level, but it also improves the optical penetration depth by about 0.5
mm, thus providing a higher probability of successfully preserving the entire (~ 2.7-mm-

thick) vaginal wall during the procedure (Figure 7.8).
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Figure 7.7. (A) 5 W without OCA yields Q = 0.18 in endopelvic fascia; (B) 5 W with OCA
yields Q = 1.4 in endopelvic fascia.
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Figure 7.8. (A) Laser power of 5.35 W to thermally remodel endopelvic fascia without
OCA (Q=0.3); (B) Laser power of 4.45 W to thermally remodel endopelvic fascia with
OCA (2=0.3).

7.5 Conclusion

Radiofrequency (RF) energy (mentioned in the previous chapter) produces a
functional change in regional tissue compliance, without a gross change in lumenal caliber
(thus avoiding strictures). However, the therapy procedure is invasive and has a limited
penetration depth. On the other hand, skin resurfacing lasers, including Erbium:YAG (A =
2.94 um) and CO2 (A = 10.6 um), have recently been applied in gynecology for sub-ablative
resurfacing of atrophic vaginal tissue in post-menopausal women, and for treatment of
female SUI [52,53,79,80]. Because these wavelengths are directly adopted from the laser
skin resurfacing field, they are limited to an optical penetration depth of only tens of
micrometers and a thermal treatment zone of less than 0.5 mm.

Preliminary studies in earlier chapters have demonstrated that subsurface thermal

denaturation of tissues can be achieved using a deeply penetrating laser wavelength (A =
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1064 or 1075 nm) in conjunction with surface cooling, preserving 1-2 mm of tissue surface
(in porcine liver and skin both ex vivo and in vivo) from thermal necrosis [2-4,82,83].
Thus, laser denaturation and shrinkage of the endopelvic fascia may potentially produce
improved tissue remodeling results similar to the RF approach, but in a less invasive
manner with preservation of the vaginal mucosa.

Computer simulations utilizing optical, thermal, and damage parameters for vaginal
wall, endopelvic fascia, and urethral wall, were conducted in this chapter for a transvaginal
endoscopic approach to minimally invasive laser treatment of female SUI, with and without
an OCA. By combining contact cooling with OCA, it is possible to preserve entire 2.7-
mm-thick vaginal wall from thermal insult. In addition, OCA use translated into use of
lower laser power, which may provide a safer and less expensive procedure. glycerol used
in these studies is not only biocompatible, but also OCA effects can be easily reversed with
tissue returning to its original state after rehydration.

These simulations were based on several assumptions. First, it was assumed that
experimental OCA results applied to porcine vaginal tissue will be similar to human
vaginal tissue. Second, optical clearing was assumed to only produce a decrease in
scattering coefficient, but not absorption coefficient or anisotropy factor. Other studies
have reported that the decrease in reduced scattering coefficient is primarily due to an
increase in the anisotropy factor (g) due to structural changes in average collagen fiber size
and packing of collagen fibers, rather than an increase in the scattering coefficient [84].
We therefore simulated this alternative case as well. However, the results were very similar.
Monte Carlo simulations predicted that 51% of energy is absorbed by vaginal wall, 48% is

absorbed in endopelvic fascia target layer, and only 1% is deposited in urethral wall.
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During thermal simulations, the peak temperature in the endopelvic fascia reached
79.5 °C. A laser incident power of 4.43 W was necessary to achieve a damage parameter
of Q = 0.3. Third, thermal property and damage parameters used in Table 6.2 were
compiled from different sources, introducing a small error in our simulation results. For
example, 5 W with OCA produced a peak temperature of 78.1°C in the endopelvic fascia
layer in simulations, slightly below the critical damage threshold of 80.4 °C provided in
Table 6.2. However, the damage parameter was Q = 1.4, a value greater than Q = 1, which
indicates irreversible thermal damage to the tissue. Finally, dynamic optical property
values due to changes in temperature and pressure and changes in thermal properties due
to tissue perfusion were not included in this model. Despite these limitations, the
simulations demonstrate that use of an OCA may further improve treatment depth for
thermal remodeling by approximately 0.5 mm. This should allow preservation of the entire
(2.7-mm-thick) vaginal wall during subsurface laser targeting and thermal remodeling of
the endopelvic fascia for minimally invasive treatment of female stress urinary

incontinence.



CHAPTER 8: Cadaver study

8.1 Introduction.

After determining the optimal wavelength, 1075 nm, for laser operation from
chapter 3, the computer simulations demonstrated that a transvaginal approach for SUI
treatment would be ideal. In addition, the application of glycerol as an OCA further
improves the treatment depth for thermal remodeling by approximately 0.5 mm. An even
more representative model would further strengthen our laser treatment approach for SUI.
Both cadaver studies and in vivo animal pig studies were considered. There are additional

milestones to achieve in order to proceed with those studies.

For example, the geometry of the transvaginal probe must be modified to fit the
porcine vaginal anatomy. Also, the anatomy of the treatment zone needs to be carefully
examined to better understand in vivo laser application. Ideally the goal is to develop one

contact cooling laser probe, that can apply for both pre-clinical and clinical studies.

With help from Carolinas Medical Center, a total of three human female cadavers
were available for testing. Despite the lack of blood flow and limited confirmation methods
to validate thermal remodeling, a cadaver study offers crucial information such as treatment
zone location, tissue similarity and more realistic surgical challenges than a laboratory

setup.
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8.2 Materials & Methods: Probe Modification.

In chapter 3, the 1% generation contact cooling laser probe was designed and used
mainly for an ex vivo table top study and it was not optimized for in vivo animal studies.
To conduct a proper in vivo animal experiment, reducing the size of the 1% generation
contact cooling probe is necessary. Optimizing the flow rate was critical in the design
process; therefore, the inflow and outflow diameters were kept unchanged. A careful
balance was examined to minimize the physical dimensions for the 2" generation contact
cooling laser probe, and at the same time maximize the footprint of the sapphire window
for optimal contact cooling. Despite smaller dimensions in the 2" generation contact laser
probe, to maintain similar coolant reservoir, the circulating well was designed to be 2 mm

deeper than the previous generation of laser probe (Figure 8.1).

A 6.25 mm right angle prism was used to replace the custom-made rod lens from
the 1 generation laser probe. This substitution of the rod lens with a standard, but smaller
right angle prism slightly reduced power output due to an aperture mismatch (Figure 8.2
and Figure 8.3). Only 4% of laser was lost in the new design, which is not likely to affect
the overall performance of the 2" generation contact cooling laser probe. Meanwhile the
surface of the 2" generation laser probe cooled down to -4 °C, 2 °C colder than the 1%

generation contact cooling laser probe.
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Figure 8.1. Diagrams of 1% generation laser probe side by side comparison with 2"
generation laser probe.

35 mm

e == e ———
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Sapphire Windows

Cooling flow cell

Figure 8.2. 2" generation contact cooling laser probe (bottom view)
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Figure 8.3. 2" generation contact cooling laser probe (sideview)

To ensure constant contact with the vaginal tissue, a force sensor was added to the
2"d generation contact cooling laser probe (Figure 8.4). The circuit was custom built. The
first 3 red LED’s light up at 0.29, 0.59, and 0.88 newton, while the second 2 green LED’s
light up at 1.18, and 1.77 newton, respectively. The 2 blue LED’s light up when 2.45 and
2.94 newton are applied, (Figure 8.5). The LED and force is programmable via USB using
Atmel Studio software. This force sensor may help the surgeon to apply consistent force to
the tissue and decrease variation between different treatments. Additionally, thermal data
can be collected by attaching a micro-thermocouple (125-um-OD ) on the side of the laser

probe (Figure 8.5).
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Figure 8.4. 2" generation contact cooling laser probe with force sensor and micro-
thermocouple attached.

Figure 8.5. Force sensor circuit modules with LED indicator.



88

8.3 Cadaver Study.
8.3.1 Cadaver Methods.

Three cadaver studies were conducted to better understand the anatomical position
of the treatment area and to test the ergonomics of the transvaginal laser probe. In the first
cadaver study, an experienced gynecologist at Carolinas Medical Center, performed
ultrasound scans to locate the treatment zone. The target location of endopelvic fascia
through both transvaginal and transurethral approaches was the main goal of the study, to
determine the ideal treatment zone location via ultrasound. The silicone balloon catheter
had a distinct signature under ultrasound. An ultrasound machine (Flex Focus 400) was
used to capture tissue position. An anorectal 3D 2052 Probe was deployed for cadaver 1,
using a frequency of 13 MHz, to scan transvaginally with ultrasound transmission gel to

ensure full contact between the tissue and probe (Figure 8.6).

In the second cadaver study, a few objectives were achieved. The initial test was to
examine the depth of the laser treatment region. The optimal position was at 12 o’clock
when the cadaver was in supine position and ~ 3 cm deep from the vaginal opening. The
second test involved the effect of an optical clearing agent on cadaver tissue. Although the
cadaver was at room temperature (19.4 °C) and not body temperature (37 °C), the OCA

should still have a significant effect on the vaginal tissue.

Both non-invasive and invasive procedures were carried out in the third cadaver
study. The 2" generation probe was tested and the spectrum study from the second cadaver
was repeated (n=4) for data confirmation purposes. In addition, a 1300 nm OCT system

was employed to collect data in parallel with the reflection spectroscopy. The OCT data
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were recorded every 5 minutes during the optical clearing experiments (n=4). Finally, the

vaginal tissue was excised, and the 2" generation probe was used to deliver the laser energy.

A
BK Flex Anorectal
Focus 400 3D 2052

Figure 8.6. Ultrasound machine (Flex Focus 400) with Anorectal 3D probe.

8.3.1.1 Reflection Spectroscopy

A spectrometer (USB 4000-VIS-NIR, Ocean Optics, Dunedin, FL) was used to
quantify change in the reflection spectrum of porcine vaginal wall as a function of OCA
application time. A fiber optic Y cable (RP21, Thorlabs, Newton, NJ) was used to connect
both the light source (MI-150, Edmund Optics, Barrington NJ), and the spectrometer (USB
4000-VIS-NIR, Ocean Optics, Dunedin, FL). The fiber tip was in direct contact with the

sample and reflectance data was collected using proprietary software (Spectra Suite, Ocean
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Optics). By comparing the baseline spectrum from native tissue at 0 min with the spectrum
from optically cleared tissue, percentage change in reflection spectrum due to OCA was

calculated and collected every 30 seconds over a total period of 30 minutes.

8.3.1.2 Optical Coherence Tomography

Optical coherence tomography (OCT) of vaginal tissue both with and without OCA
was also performed with a clinical OCT system (Niris, Imalux, Cleveland, OH) using a
handheld 8 Fr probe (2.67-mm-OD). The OCT system was a time-domain system based
on a common-path all fiber interferometer designed to operate at a wavelength of 1300 nm
[77], and was capable of acquiring images with 15 um axial resolution and 25 um lateral
resolution. OCT images of vaginal tissue before and after application of glycerol were
acquired to determine increased image depth based on decreased tissue scattering.
Measurements were performed using software (ImageJ, National Institutes of Health,

Bethesda, MD) to analyze the 256-gray scale image.

8.3.1.3 Excised vaginal tissue preparation.

Human vaginal tissue was excised by an attending physician. The tissue was
approximately 1.5 cm wide by 5 cm long. The cadaver tissue had been defrosted and stored
in the surgical laboratory at room temperature (~ 20 °C) for 3 days. An OCA (glycerol)
was applied to the distal end of the tissue for 30 minutes for the spectrum study (Figure 8.7
and 8.8) and then afterwards, tissue was rehydrated with saline for 15 minutes before the
laser treatment study. The excised vaginal tissue exhibited non-uniform coloration from

the distal end to the proximal end (Figure 8.9).
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Figure 8.8. Setup for collecting reflectance spectrum response of glycerol, OCA, over a
period of 30 minutes.
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Figure 8.9. Excised vaginal tissue with an approximate dimension of 1.5 cm wide by 5
cm long.

8.3.2 Cadaver Results.

In the first cadaver study, ultrasound images were obtained to locate the ideal

treatment zone area of the endopelvic fascia, labeled in Figure 8.10.
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Figure 8.10. Cadaver’s ultrasound image of vaginal canal collected from Flex Focus 400
with Anorectal 3D probe.
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Figure 8.11. Spectrum response after applying glycerol, OCA, for a period of 30 minutes.

During the 2" cadaver study, the vaginal tissue was treated with an optical clearing
agent over for 30 minutes. The vaginal tissue was dehydrated and changed in spectrum
response. As glycerol cleared out the vaginal wall making the tissue more transparent, it
led to an increase in transmission which corresponded to the decrease in reflection (Figure

8.11).

Since the reference baseline was taken from the surface of the vaginal wall where
hemoglobin was present, once the vaginal wall was cleared by glycerol through the
reduction of scattering, the spectrometer effectively detected deeper into the tissue layer.
If the tissue was dissected with a fixed thickness (similar to ex-vivo pig vaginal tissue in
chapter 7), the reflection curve would be expected to decrease, similar to the response of

pig glycerol OCA reflection curve in grey. The reflection curve matches with the
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absorption of hemoglobin on vaginal wall (at 540 nm and 580 nm which are the absorption

peaks of hemoglobin), which indicates the presence of blood in the endopelvic fascia layer.

In the third cadaver study, the force sensor on the 2" generation probe was tested.
The ideal contact force was found to be between 0.29 and 0.59 newton. The vaginal tissue
was softer than expected, so re-programing may be necessary to further dial in the accuracy

of the force sensor.

8.3.2.1 Reflection Spectroscopy

Reflection percentage change data was collected every 30 seconds in the
wavelength range from 500 to 800 nm and compiled in 50 nm increments. The optical
clearing experiment using glycerol was repeated 4 times. Glycerol tended to diffuse deeper
into the tissue and the optical clearing affects diminished over time when the vaginal tissue
was intact. In Figure 8.12 the U part of the blue curve shows that solution diffused into the
surrounding tissue. It also indicates the optimal treatment time was about11l minutes with
~ 15% transmission change (assuming no change in absorption). On the other hand, when
the vaginal tissue was excised, glycerol completely saturated the tissue and increased the
transmission change to ~ 65 %. In Figure 8.12, excised vaginal tissue has a reflection

spectrum that decays over time.
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Figure 8.12. Average curve for reflection change from 500 to 800 nm over 30 minutes.
Intact vaginal tissue has a U curve while excised vaginal tissue reflectance spectrum decays
over time.
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8.3.2.2 Optical Coherence Tomgraphy:

Since gray scale intensity is directly proportional to photon penetration depth, the
1/e intensity decrease is equal to a gray scale value of 94. Figure 8.13 (a) shows the initial
OCT image (t=0 min). A 1/e intensity decrease was measured at a depth of 0.464 mm. For
example, after OCA application (t=10 min) (Figure 8.13 (c)), the new 1/e, gray scale value
of 94 increased to a depth 0.536 mm, which translates to a 15.5% increase in optical

penetration depth with OCA.
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Figure 8.13. OCT progression a) t =0 min, d = 0.464 mm b) t =5 min, d = 0.496 mm. c) t
=10 min, d =0.536 mm. d) t =15 min, d = 0.528 mm. e) t =20 min, d = 0.480 mm.f) t =
25 min, d =0.472 mm. g) t = 30 min, d = 0.468 mm.

After the OCT transmission percentage change data is plotted over time via

changing of gray scale, the affect of optical clearing at 1300 nm wavelength for intact
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vaginal tissue demonstrates an optimal time of 10 minutes. This optimal treatment time at
10 minutes matches the optimal treatment time of 11 minutes from the reflection spectrum
data above. Assuming no change in tissue absorption, the inverse of transmisson change
displays the change in reflection. Figure 8.14 (b) exhibits a similar U curve as in Figure
8.12 despite the difference in wavelength range. Furthermore, OCT image data at 1300 nm
wavelength for the intact vaginal tissue has a transmission change of ~ 16.9%, which is

consistent with the spectrum transmission change at 11 minutes of ~ 15%.
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Figure 8.14. a) OCT gray scale progression of transmission change over time. b) If no
change in absorption is assumed then reflection change is the inverse of transmission
change.

8.3.2.3 Laser power escalation results:

Since the human cadaver tissue was non-uniform from distal to proximal end, a
careful power escalation study was conducted at 30 seconds irradiation time, allowing a 5
minute pause in between studies. Subsurface lesions were made with 4.6 W and 6.4 W

settings. It should be noted that the 4.6 W laser setting preserved a deeper surface tissue
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layer than the 6.4 W setting (1.1 mm vs 0.77 mm) while also creating a larger lesion area
(4.57 mm? vs 3.06 mm?). This phenomenon can be attributed to the difference of the initial
tissue temperature and the slight non-uniformity of the tissue composition from distal to

proximal end.

Table 8.1 Lesion characteristics for laser power escalation test (A = 1075 nm).

Parameters 46 W 6.4 W
Irradiation time (sec) 30 30
Tissue initial temperature (°C) 20 17
Contact cooling laser probe temperature (°C) -2 -2
Lesion Characteristics

Preserved Surface Tissue Layer (mm): 1.1+£0.17 0.77 £0.09
Lesion Area (mm?): 457 +0.55 3.06+0.32
Lesion Shape Circular Elliptical

Lesion

‘Tissue surface

Tissue surface %

L

.",‘
3 t
; 3
Lesion 4 " :

L)

B
#
i

Figure 8.15. Representative gross images of thermal lesions produced in human vaginal
tissue, ex vivo, using 1075 nm laser wavelength. a) 4.6 W for 30 s preserved 1.1 +/- 0.17
mm b) 6.4 W for 30 s preserved 0.77 +/- 0.09 mm.
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8.3.3 Discussion

It was shown from chapter 7, at 22 °C porcine vaginal tissue with glycerol treatment
for 10 minutes yielded a 16.4 % transmission change at 1075 nm (Figure 7.3). This data is
in close agreement with the 1300 nm OCT gray scale analysis data of 16.9% transmission
change at 10 minutes. The 1075 nm data from chapter 7 also agrees with the average

spectrum result of 15 % at 11 minutes.

In chapter 7, at body temperature (37 °C), the OCA treated ex-vivo porcine vaginal
tissue experienced ~1.98 times more transparency than room temperature (22 °C) OCA
treated vaginal tissue over the same treatment period of 10 minutes. Assuming human
vaginal tissue has a similar composition as pig vaginal tissue, a linear improvement in
effectiveness of OCA is expected for human vaginal tissue at body temperature (37 °C).
Therefore glycerol is expected to improve transmission to approximately 32.5% at body

temperature over 10 minutes of application.

Subsurface lesions in human vaginal tissue indicated the feasibility of non-invasive
laser treatment for SUI. However, more optimization is required to determine the exact
laser parameters and cooling settings for thermal remodeling. An optical clearing agent can

be used to temporary increase optical penetration depth for the laser treatment.
8.4 Conclusion

The 2" generation contact cooling laser probe has a smaller form factor, is 2 °C
colder than the 1% generation contact cooling laser probe, and has additional benefits of

force sensor and thermal feedback. In the 1% cadaver study, we could identify the treatment
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zone area; the 2" cadaver study further confirmed the treatment zone at 12 o’clock and ~3
cm deep from the vaginal opening when the patient was in the supine position. An optical
clearing agent was applied to cadaver vaginal tissue and demonstrated a similar behavior
with porcine vaginal tissue. In the 3 cadaver study, the 2" generation contact cooling
laser probe was tested, and the optimal contact force was determined to be 0.29 newton.
Both reflection spectroscopy and OCT gray scale analysis indicate the optimal OCA
treatment time to be 10- 11 minutes, providing a 15 - 17 % transmission improvement at
room temperature with a predicted 32.5 % improvement at body temperature. Subsurface
thermal lesions were made in human vaginal tissue, which preserved surface tissue from

0.77 to 1.1 mm, and demonstrated the feasibility of laser treatment for SUI.



CHAPTER 9: Conclusion

After confirming the laser spot size effect on optical penetration depth through
simulations, a detailed wavelength comparison study was conducted, concluding that the
near infrared wavelength of 1075 nm produced the deepest optical penetration depth in the
therapeutic window, while preserving a surface layer of ~ 2 mm. From here on the

dissertation focused on using the 1075 nm wavelength for most of the experiments.

To further understand how photons propagate in highly scattering tissue, Monte
Carlo simulations were employed. After simulating the distribution of photons with known
thermal properties from the published literature, the thermal effects of laser irradiation were
studied. Finally, using a standard Arrhenius integral model, the tissue damage was

simulated.

Several laser probe miniaturization studies were explored to find the optimal probe
dimensions, and the capabilities of each laser probe were compared. The diffusing fiber
produced subsurface thermal lesions measuring 49.3 + 10.0 mm? and preserved 0.8 + 0.1
mm of surface tissue. The side-firing fiber produced subsurface thermal lesions of 2.4 +
0.9 mm? diameter and preserved 0.5 + 0.1 mm of surface tissue. The cone mirror probe
assembly failed to produce subsurface thermal lesions, presumably due to the small
effective spot diameter at the tissue surface, which limited optical penetration depth.
Optimal power and irradiation time measured 15 W and 100 s for diffusing fiber and 1.4

W and 20 s, for side-firing fiber, respectively. Diffusing and side-firing laser balloon
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catheter designs provided subsurface thermal lesions in tissue. However, the divergent

laser beam in both designs limited the ability to preserve a thicker layer of tissue surface.

The simulations in Chapter 4 were later modified to simulate the response of female
urinary tissue under laser irradiation, for potential treatment of female stress urinary
incontinence (SUI). For the transvaginal approach, 37% of energy was absorbed in
endopelvic fascia layer with 0.8% deposited beyond it. Peak temperature was 71°C, and
almost all of the 2.7-mm-thick vaginal wall was preserved. For the transurethral approach,
18% energy was absorbed in endopelvic fascia with 0.3% deposited beyond it. Peak
temperature was 80°C, treatment zone was 2.0-mm-diameter, and only 0.6 mm of 2.4-mm-
thick urethral wall was preserved. Computer simulations suggested that a transvaginal
approach to thermal remodeling of endopelvic fascia is more feasible than a transurethral

approach.

To achieve even deeper optical penetration depth, application of optical clearing
agents were examined. Characterization studies were performed using various OCA
mixtures, at different temperatures, and with additional OCT and spectroscopy for
analyzing the experimental data and computer simulations of thermal damage to tissue.
100% glycerol was found to be the optimal agent. It produced a 61% increase in optical
transmission through the vaginal wall at 37 °C after 30 min. Computer simulations,
including Monte Carlo (MC) light transport, heat transfer, and Arrhenius integral model of
thermal damage were performed. The MC model showed improved energy deposition in
endopelvic fascia using glycerol. Without OCA, 62, 37, and 1% of energy was deposited

in vaginal wall, endopelvic fascia, and urethral wall, respectively, compared with 50, 49,
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and 1% using OCA. Use of OCA also resulted in 0.5 mm increase in treatment depth,

allowing potential thermal tissue remodeling at a depth of 3 mm.

Finally, three human cadaver studies were performed. The treatment zone and laser
probe dimensions for SUI treatment were investigated. The effectiveness of glycerol as an
optical clearing agent was tested and the optimal treatment time was found to be 10 minutes.
Subsurface lesions were made using 1075 nm laser and preserved surface tissue of 0.77 +
0.09 mmand 1.1+ 0.17 mm with 6.4 W and 4.6 W for 30 seconds. The results demonstrated
the feasibility of laser treatment for SUI and a solid foundation for future pre-clinical and

clinical studies.
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Optical Properties

Represented wavelength (nm) 650 808 980 1075
Reference wavelength (nm) 650 830 980 1070
Absorption coefficient (pa) cm/? 3 0.73 0.64 0.18
Scattering coefficient (ps) cmA? 70 55 53.9 43.4
Anisotropy (g) 0.92 0.93 0.93 0.93
Refractive index (n) 1.38 1.38 1.38 1.38
Tested energy (J) 4.2 4.2 4.2 4.2
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2D MC simulation of liver at 4.2W: a) 650 nm; (b) 808 nm; (c) 980 nm; (d) 1075 nm. For
each laser, spot diameter was 5 mm.

1D MC simulation of liver at 4.2W: a) 650 nm; (b) 808 nm; (c) 980 nm; (d) 1075 nm. For
each laser, spot diameter was 5 mm.



Appendix B: Computer Code

Phase I: Monte Carlo Simulation

%Chapter 2 simulation (figure 2.5) & Chapter 4 simulation & Chapter 6
$Modified from ‘graph for transvaginaltest4 all three graph’ by Luke
Hardy

clear;

clft;

clc;

close all;

% place .arzc file here with 350*350 bins
M=dlmread('liverbmm7 2wd.arzc','',1,0);
X= reshape (M(1:122500),350,350);

XX= reshape (X (1,1:350),350,1);
XXX=reshape (XX (1:316,1),316,1);
negXX=flipud (XX* (-1));

newXX=[negXX; XX];

Y= reshape(M(1:122500,2),350,350);
YY= reshape(Y(1:350,1),350,1);

Z= reshape(M(1:122500,3),350,350);
z2=fliplr(Z);
newz=[422,72];

figure (1) ;

contourf (newXX, YY, newZ) ;

axis([-0.6 .6 0 .6])

set (gca, 'fontsize', 26)

xlabel ('Radius (cm) ', 'FontSize', 28, 'FontWeight', 'bold', 'Color', 'b");
ylabel ('Depth (cm)', 'FontSize',28, 'FontWeight', 'bold', 'Color','b");
colorbar;

figure (2);

contourf (XX, YY, Z) ;

set(gca, 'fontsize',24)

xlabel ('Radius (cm) ', 'FontSize', 24, 'FontWeight', 'bold', 'Color','b");
ylabel ('Depth (cm)', 'FontSize',24, 'FontWeight', 'bold', 'Color','b");
colorbar;

radius=input ('how far along "r" for contour map?');
n=round (radius*1/(23/7000)+1) ;

ZZ=reshape (Z2(1:350,n),350,1);

figure(3);

plot(YY,ZZ);

set (gca, 'fontsize', 24)

xlabel ('Depth (cm)','FontSize',24, 'FontWeight', 'bold', 'Color','b");
ylabel ('Energy Absorbed

(J/cm”3) "', 'FontSize', 24, 'FontWeight', 'bold', 'Color', 'b");
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Phase I1: Heat transfer simulation via ANSYS 14.5
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Phase I11: Calculating Arrhenius Integral for Thermal Damage

%Chapter 4 simulation 2 & Chapter 6

$Modified from ‘nodetemps Arrhenius integral’ by Luke Hardy
clear;

clf;

clc;

close all;

M=dlmread('1064.txt',"'',0,0); % input temperature file from ansys
nodes= reshape (M,123904,30); % rows are nodes, columns are time steps
Ctemp= nodes-273.15;

c=max (Ctemp)

b=max (c)

damage=zeros ([l 123904]); % creates damage vector and populate it with
zZero

R= 8.3146421; % gas constant

5 {

Takes text file from ansys and delets all 'NODES, X,Y, and Z'
then converts the cells into doubles and puts them into one large
matrix

%}

fileID= fopen('C NLIST1064T.txt'); %input list of nodes and
corresponding coordinates file from ansys

C=textscan (filelID, '%s %s %s %s');

G=C{2};
inds=~cellfun('isempty',strfind(G(:,1), "'X"));
G(inds, :)=I[1;

G=str2double (G) *10"3;

F=C{3};
inds=~cellfun('isempty',strfind(F(:,1),'Y"));
F(inds, :)=[1];

F=str2double (F)*10"3;
fclose (filelD);
N=horzcat (G, F) ;
DIGITS=10;
J= [N nodes];
J2= sortrows (J, [2 11);
global n t
for n=1:1:123904; node number going from 1 to 180

for t=1:1:30; % time step going from 1 to 30

A= 5.51%10741;% updated from welch 2011 book for Arrhenius

o\°

integrals
E= 2.769*1075; % updated from welch 2011 book for Arrhenius
integrals
damage (n) =damage (n) + A*exp ((-E/(R*J2(n,t+2)))); % calculate
damage integral for each node
DIGITS=10;
actual (n)=(1-(1/exp(damage(n))))*100; % percent of damaged tissue
end
end

damage2=damage.';
actual2=actual.'; % transpose of percent of damaged tissue vector

N2= sortrows (N, [2 11);
O=horzcat (N2, actual2); S%putting r,z, and damaged percent for columns
with rows being vector numbers
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O2=horzcat (N2,damage?) ; sputting r,z, and omega for columns with rows
being vector numbers

P=sortrows (O, [2 1]); % sorts r column then z column to prepare for
plotting of the damage
P2=sortrows (02, [2 1]);

r= reshape (P (1:123904,1),352,352);

r2= reshape(r(1:352,1),352,1); % r column vector

z= reshape (P(1:123904,2),352,352);

z2= reshape(z(1,1:352),1,352); % z column vector

con= reshape(P(1:123904,3),352,352)."'; % percent tissue damage matrix
con2= reshape (P2(1:123904,3),352,352)."'; % omega tissue damage matrix
figure (1) ; %$percent tissue damage

contourf (r2,z2,con);

set (gca, 'fontsize',18)

xlabel ('Radius (mm) ', 'FontSize',18, 'FontWeight', 'bold', 'Color', 'b");
ylabel ('Depth (mm)', 'FontSize',18, 'FontWeight', 'bold', 'Color', 'b");
colorbar;

figure (2) ; Somega tissue damage

contourf (r2,z2,con2);

set (gca, 'fontsize', 18)

xlabel ('Radius (mm) ', 'FontSize',18, 'FontWeight', 'bold', 'Color', 'b");
ylabel ('Depth (mm)', 'FontSize',18, 'FontWeight', 'bold', 'Color', 'b");
colorbar;

%Chapter 6 parts

o

for n=1:1:124256; node number going from 1 to 180
for t=1:1:45; % time step going from 1 to 30
if n<=33440;
A= 5.6*10763;% Aorta frequency factor for Arrhenius
integrals
E= 4.30*1075; % Aorta Activation energy for Arrhenius
integrals
damage (n) =damage (n) + A*exp ((-E/ (R*J2 (n,t+2)))); % calculate
damage integral for each node
elseif 33440<n<86592
A=1.606*10"45; % rat collegen
E=3.06*10"5; % rat collegen
damage (n) =damage (n) + A*exp ((-E/ (R*J2 (n,t+2)))); % calculate
damage integral for each node
else
A=8.4*10"78;
E=4.98*10"5;

damage (n) =damage (n) + A*exp ((-E/ (R*J2 (n,t+2)))); % calculate
damage integral for each node
end
end
DIGITS=10;
actual (n)=(1-(1/exp(damage(n))))*100; % percent of damaged tissue

end
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Appendix C: Probe Design Drawings
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Pressure sensor computer code:

/*

* ForseSensor.c

*

* Created: 12/11/2016 11:58:15 AM
* Author: jbabaie & jchang

*/

#include <avr/io.h>

#include <avr/interrupt.h> // enable interrupts

#include <math.h> // enable interrupts

#define LEDO_off PORTD &=0b11111110; //PDO to low
#define LEDO_on PORTD |= 0b00000001; /PDO to high
#define LED1_off PORTD &=0b11111101; //PD1 to low
#define LED1_on PORTD |= 0b00000010; /PD1 to high
#define LED2_off PORTD &= 0b11111011; //PD2 to low
#define LED2_on PORTD |= 0b00000100; /PD2 to high
#define LED3_off PORTD &=0b11110111; //PD3 to low
#define LED3_on PORTD |= 0b00001000; /PD3 to high
#define LED4_off PORTD &=0b11101111; //PD4 to low
#define LED4_on PORTD |= 0b00010000; /PD4 to high
#define LED5_off PORTD &= 0b11011111; //PD5 to low
#define LED5_on PORTD |= 0b00100000; //PD5 to high
#define LED6_off PORTD &= 0b10111111; //PD6 to low
#define LED6_on PORTD |= 0b01000000; //PD6 to high

double voltage_in = 0; //between 0-1
double res_in = 0; //in 1000s(k)
double force_in = 0;

ISR(ADC_vect){

voltage_in = (double) ADCW/1024;
res_in = 10/voltage_in-10;

force_in = pow(res_in/143.94,-1.467);

ADCSRA |= 0b01000000; //start next conversion
}

int main(void)

DDRD |=0b01111111; //Set pin O in D register as output (PD0O-6)
DDRC &=0b11111110; //Set pin 0 in C register as input (PCO0)
LEDO_off LED1_off LED2_off LED3_off LED4_off LED5_off LED6_off
/IADC Initialization
ADMUX = 0b00000000; //76> set to AREF, 5>right adjusted 3-0> select ADCO initially
ADCSRA = 0b10001010; //7> enable ADC, 6>do not start conversion, 5>do not trigger, 3>use
interrupt, 2-0> 4 division factor
ADCSRA |= 0b01000000; //start the first conversion
sei(); //lenable interrupts
while(1)

if (force_in > 30) {LEDO_on}
else {LEDO_off}



if (force_in > 60) LED1_on
else LED1_off

if (force_in > 90) LED2_on
else LED2_off
if (force_in > 120) LED3_on
else LED3_off
if (force_in >180) LED4_on
else LED4_off
if (force_in > 250) LED5_on
else LED5_off
if (force_in > 300) LED6_on
else LED6_off

}
}
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