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Abstract

Purpose—To characterize the performance of a 980-nm diode laser ablation system in an in vivo
tumor model.

Materials and Methods—This study was approved by the Institutional Animal Care and Use
Committee. The ablation system consisted of a 15-W, 980-nm diode laser, flexible diffusing tipped
fiber optic, and 17-gauge internally cooled catheter. Ten immunosuppressed dogs were inoculated
subcutaneously with canine transmissible venereal tumor fragments in eight dorsal locations. Laser
ablations were performed at 79 sites where inoculations were successful (99%) using powers of 10
W, 12.5 W, and 15 W, with exposure times between 60 and 180 seconds. In 20 cases, multiple
overlapping ablations were performed. After the dogs were euthanized, the tumors were harvested,
sectioned along the applicator track, measured and photographed. Measurements of ablation zone
were performed on gross specimen. Histopathology and viability staining was performed using
hematoxylin and eosin (H&E) and nicotinamide adenine dinucleotide hydrogen (NADH) staining.

Results—Gross pathology confirmed well-circumscribed ablation zone with sharp boundaries
between thermally ablated tumor in the center surrounded by viable tumor tissue. When a single
applicator was used, the greatest ablation diameters ranged from 12 mm at the lowest dose (10 W,
60 sec) to 26 mm at the highest dose (15 W, 180 sec). Multiple applicators created ablation zones of
up to 42 mm in greatest diameter (with the lasers operating at 15 W for 120 sec).

Conclusions—The new 980-nm diode laser and internally cooled applicator effectively creates
large ellipsoid thermal ablations in less than 3 minutes.

INTRODUCTION

Laser ablation is a minimally invasive therapy that has been used to successfully ablate tumors
in several tissues, including the liver (1), brain (2), thyroid (3), bone (4), and others (5). Lasers
operate by depositing light energy, which is absorbed by tissue components, thus generating

volumetric heat (6). Small-diameter silica fiber optics are able to carry large amounts of energy,
making them well-suited for minimally invasive ablation procedures. Such fibers are usually
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compatible with magnetic resonance imaging (MRI) systems, allowing their use during thermal
image-guided applications (7,8). Two different laser systems have been used for tumor
ablation. The Nd:YAG (neodymium-doped yttrium aluminum garnet) laser is a solid-state laser
which operates by stimulating light emission from an Nd:YAG crystal, which serves as its
active laser medium. The light amplification (or gain) results from the stimulated emission of
electronic or molecular transitions to a lower energy state from a higher energy state. This
process often requires higher currents and therefore larger power supplies (220 volts) as well
as active water cooling for the laser, resulting in fewer areas that the laser can be operated.
Diode-based lasers on the other hand use a semiconductor as the active medium. This reduces
dramatically the power and cooling requirements allowing the lasers to be operated with 110
voltage supply with air cooling only. In addition, the Nd:YAG laser operates at 1,064-nm and
at this wavelength, water (which is a major component of tissue) exhibits an absorption
coefficient of 0.144 cm™1. By contrast, the water absorption coefficient at 980 nm is 0.482
cm™L. Since the rate of optical thermal generation in tissue is proportional to the absorption
coefficient and the fluence rate, the 980-nm diode laser is capable of producing rapid and
localized heating of tissue and thereby creating ablation zones with sharp boundaries using
relatively low powers. The most commonly used laser in previous investigations was the
Nd:YAG laser operating at 1064 nm (9). Most ND:YAG laser ablation systems described in
the previous literature required significant exposure times up to 37 minutes (range 15-37
minutes, mean 23 minutes) and high power levels to create effective thermal ablation zones
(10). Others have used multiple fibers (up to four) with exposure times of 6 to 12 minutes
(11). Laser fibers have been used in conjunction with internal cooling catheters, allowing use
of even higher laser powers and exposure durations (12). However, placement of cooling
catheters required larger-diameter applicators (2-3 mm). Thus, there is a need for laser ablation
systems that are smaller, work more rapidly, and require less energy for effective tumor
ablation. Newer infrared diode-based systems operating in the range of 805 nm — 980 nm utilize
smaller applicators, and create larger ablation zones in shorter periods of time (13,14).
Therefore the purpose of the current study was to characterize the performance of a new 980-
nm diode laser ablation system in a large animal tumor model.

Materials and Methods

Laser Ablation System

The laser ablation system used in this study consists of a commercially available 980-nm diode
laser (PhoTexys; Visualase, Inc., Houston, TX) and disposable applicator set (Visualase Cooled
Laser Applicator System [VCLAS]; Visualase). An irrigation pump (K-Pump; Kolster
Methods Inc., Corona, CA) was used to supply room-temperature sterile saline to the laser
applicator. The PhoTex5 operates in continuous-wave mode with a maximum output power
of 15 W (Fig 1).

The VCLAS disposable applicator set consists of a 400-um core fiber optic equipped with an
integrated cylindrical 10-mm-long diffusing tip element (Fig 2). The outer diameter of the
diffusing fiber is 0.76 mm (< 21 gauge). The cylindrical diffusing tip scatters light in an
approximately cylindrical pattern over its length, leading to an elliptical heating volume. A
cooling catheter is used to circulate room-temperature saline over the fiber and remove heat
from both the fiber and the center of the ablation zone during treatment. The cooling catheter
isapproximately 1.6 mm in diameter (17 gauge), with a usable length of 27.5 cm. The applicator
can be placed in coaxial fashion using a 14-gauge guide needle system. A pump tubing set and
fluid collection reservoir are used to deliver sterile fluid to the cooling catheter and store
returned fluids. The pump is operated to maintain a flow rate of between 15 and 20 ml/min of
room-temperature (22-25°C) saline.
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Animal Tumor Model

To evaluate the performance of the laser and applicator system, we employed a subcutaneous
canine transmissible venereal tumor (c-TVT) model to mimic a relevant tumor tissue
environment (15). This study was approved by the Institutional Animal Care and Use
Committee, and the animals were handled in compliance with recommendations of the “Guide
for the Care and Use of Laboratory Animals” (16). Ten 29-39-kg dogs were used in the study.
The animals were treated with 10 mg/kg oral cyclosporine (Sandimmune; Novartis
Pharmaceutical Corp., East Hanover, NJ) twice per day until tumor inoculation (9-16 days,
mean=12 days). The dogs were placed under general anesthesia, and the dorsal vertebral and
paravertebral areas were sterilized in preparation for tumor inoculation. Each animal was
inoculated in eight locations with 0.5 mL of freshly prepared c-TVT slurry previously obtained
from donor animals. Four inoculates were each placed subcutaneously approximately 5 cm
from the dorsal midline and 10 cm apart in both the right and left paravertebral locations, for
a total of eight inoculations per animal. After tumor inoculation, the oral cyclosporine dose
was decreased to 10 mg/kg once per day for the remainder of the study. Tumor growth was
monitored by palpation, and laser therapy was scheduled when the largest tumors were at least
5 cm or the smallest was over 2 cm (approximately 6 weeks).

Anesthesia during Ablation

When the tumors reached the appropriate size for treatment, the animals were pre-anesthetized
with acepromazine (0.1 mg/kg, IM) and atropine (0.04 mg/kg, IM); full anesthesia was induced
with thiopental (Pentothal; 16 mg/kg, IV) and maintained with isoflurane administered at a
concentration of 1-3% in oxygen.

Applicator Placement and Laser Delivery

To facilitate introduction of the applicator and proper sectioning of the ablation zone, we used
a 14-gauge (2.1 mm) intravenous catheter (Abbocath-T; Hospira, Inc., Austin, TX) as a guide.
Each fiber was placed in a coaxial fashion using the 14-gauge guide catheter. We planned a
total of 80 laser ablations. The primary goal of this study was to characterize the performance
of the system with a single applicator after a single ablation. Therefore, 60 ablations were
planned using three different power settings (10 W, 12.5 W, and 15 W) with four different
ablation times (60, 90, 120, and 150 sec). In 9 tumors a single applicator was introduced and
was pulled back after each ablation at increments of 1 ¢cm, 1.5 cm, or 2 cm. The laser was
operated at 15 W for 60, 90, or 120 seconds. In 11 tumors, two applicators were introduced in
parallel separated by 1.5 cm (10 tumors) or 2.5 cm (1 tumor). The laser was operated at 15 W
for 60, 90, or 120 seconds. In 10 cases, ultrasound guidance was used to guide insertion of the
laser applicator to the center of tumor. Images were acquired using a HDI 5000 ultrasonography
system (Philips-ATL, Bothell, WA) with a high-frequency linear array transducer (model
L12-5). Inthe remainder of the cases, the applicators were placed within the center of the tumor
under palpation guidance. After placing the fibers, the pump was engaged and sterile saline
was allowed to flow through the applicator.

Animal Sacrifice and Tissue Removal

Animals were maintained under anesthesia for at least 90 minutes after completion of the last
thermal ablation to allow maturation of ablation zones and development of a visible hyperemic
ring indicating the extent of coagulative necrosis. Animals were then euthanized by anesthetic
overdose (barbiturate and/or isoflurane) and exsanguination. Each tumor was harvested in
whole and a pathology blade was used to section the tumor along the length of the applicator
track at the center of the ablation zone.
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Ablation Dimensions and Volume Determination

Histology

The two greatest dimensions of the ablation zone, along the length of the applicator and
perpendicular to the applicator, were measured using digital calipers (Mitutoyo Corporation,
Kanagawa, Japan). This measurement instrument provides values to 1/100 of a mm. All
measurements were rounded up to a tenth of a millimeter. Mean values were calculated with
the numbers rounded up to a tenth of a millimeter. Measurements were taken to the outer border
of the hyperemic ring as determined by visual inspection. Previous studies have shown that
this border separates normal from heat-induced coagulated tissue (17-20). These
measurements (X, y and z, assuming a cylindrical ablation where x and y are equal) were used
to calculate the volume of an ellipsoid using following formula: [(411/3)(x/2)(y/2)(z/2)] (21).

Ablation zones were measured, photographed grossly, and tagged prior to storage in 10%
buffered formalin for later histological analysis. Sectioned tissue samples from eight ablation
zones were snap frozen in liquid nitrogen in preparation for viability staining with nicotinamide
adenine dinucleotide (NADH). Contiguous ablations for multiple applicators or multiple dose
ablation zones were assessed both grossly and by use of NADH staining. On gross inspection
a single uniform hyperemic ring encompassing the entire ablation zone was observed for a
contiguous ablation, whereas non-contiguous ablations would be identified by a dip in the ring
between ablation zones or two opposing rings between ablation zones. Histological analysis
using H & E staining under light microscopy was performed to examine and confirm areas of
thermal damage. NADH (viability) staining was used to confirm cell death in areas between
applicators in cases of multiple applicator ablations and between the ablation zones for
individual lesions, as would be caused by fiber pullback (22).

Statistical Analysis

RESULTS

Numerical data was tabulated in a spreadsheet database (Excel, Microsoft Office version 2003).
Mean, median, and standard deviation values were calculated.

Lesion Dosimetry

A total of 79 ablations were made in this study, one tumor did not undergo ablation because
of its small size. All ablations were created without complication or failures of the applicator
system. In five cases, the ablation zones extended to the boundary of the tumor, precluding
accurate measurement of the ablation zone. Measurements for these 5 tumors were not included
in the analysis of mean ablation length, width, or volume. In 2 tumors, the ablation was carried
out beyond the maximum intended duration of 180 seconds. Measurements for these two
tumors were not included in the analysis. In 57 ablations, a single applicator was placed and a
single laser irradiation was performed (Fig 3a). The laser power varied from 10 to 15 W, and
the duration of the ablation varied from 60 to 180 seconds. The size of the ablation zone
increased as a function of power and time (table). Applying 15 W of power for a maximum of
3 minutes resulted in a mean ablation zone of 24.6 x 25.8 mm (SD = 1.6 mm).

Repositioning of the fiber at 1-cm increments along the length of the applicator resulted in
contiguous ablation even after a short exposure (60 sec). When the fiber was pulled back 1.5
cm, complete and contiguous ablation was achieved after 2 minutes of laser exposure. When
the fiber was pulled back 2 cm, an exposure of 2 minutes resulted in partially contiguous
ablation zones (Fig 3b).

Similarly, placing two applicators side-by-side, separating the fibers by 1.5 cm, resulted in
complete and contiguous ablation in the area between the applicators after 2 minutes of
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exposure (Fig 3c). The average width of the ablation zone was measured as 35 mm (median
36 mm, range: 32-36 mm) and the average length was 36.5 mm (median 37.5 mm, range: 29.4—
41.7 mm) after 2 minutes of 15 W ablation with 2 applicators. In one case, where applicators
were separated by 2.5 cm, an exposure of 2 minutes at 15 W did not achieve complete
coagulation in the area between the applicators.

Gross Pathology and Histopathology

On gross examination of tumors (n = 79), the laser ablation zones were spherical or ellipsoidal,
with sharp boundaries between ablated and non-ablated tissue (Fig 3). The center of the ablation
zone was identified by a highly visible track left by the applicator. A red hyperemic ring was
visible around the lesions, denoting the outer boundary of thermal necrosis.

The morphology of a typical c-TVT is shown in Fig 4, and the same tumor rendered necrotic
by ablation is illustrated in Fig 5. NADH viability staining (Fig 6) was done in eight tumors
to investigate and verify thermal necrosis in the ablation zone and in the potential watershed
areas between multiple ablation zones created with a single fiber or in areas between two
applicators. On light microscopy, viable tumor cells stained with NADH in an easily
identifiable purple hue, whereas completely ablated areas were unstained. Two serial ablations
created using a single applicator in which the fiber optic was pulled back within the cooling
catheter by 1.0 cm between 15-W, 60-second exposures demonstrated complete ablation along
the applicator track when investigated by NADH staining. Similar results were achieved in the
areas between multiple applicators separated by 1.5 cm when the laser was operated at 15 W
for 120 seconds.

DISCUSSION

We demonstrated that a single 980-nm diode laser and internally cooled laser applicator system
was able to generate clinically meaningful ablation zones (up to 25 mm in largest diameter) in
a short time period (180 sec) in a tumor model without charring or vaporization. Larger
ablations are possible with multiple applicators and/or multiple overlapping ablations.

Laser ablation of tissue occurs by absorption of light energy causing volumetric heating. Light
absorption in tissue is dependent on the wavelength of light and the optical properties of the

tissue (23). The method and applicator used to apply laser energy can have a dramatic effect

on heating and subsequent tissue changes.

Internally cooled applicator systems like the one used is this study are useful in preventing
charring or carbonization and allowing use of higher laser powers and larger amounts of energy
to be delivered to the tissue over a given time period. In this approach, cooling tissue adjacent
to the applicator also allows the highest temperatures to be shifted deeper in the tissue, thereby
creating larger ablation zones.

When compared to systems using bare fiber optics, this system, which incorporated a diffusing
tip element, caused less charring of the tissue immediately surrounding the laser source,
resulting in a larger area of ablation (14).

Another unique feature of this system is its 980-nm wavelength. Water, which is the primary
absorber of laser energy in tissues, has a high absorption peak at 980 nm (24). Water is the
largest component in tissue and its content may be more consistent than that of other absorbers
at this wavelength, such as blood. As such, one should experience more consistent ablation
zones among various tissue types using lasers operating at this wavelength than at other
wavelengths. The absorption coefficient for water at 980 nm is 3 times higher than that at 1064
nm (0.482 cm~1 vs. 0.144 cm™1), which may contribute to the rapid heating and sharp thermal
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gradients observed during tissue ablation using the system tested here. More rapid heating of
tissue using laser energy may help overcome the convective cooling associated with heat sinks
typically experienced during ablation regimens near vascular structures. For electro-conductive
ablation technology, such rapid heating may result in gas formation near the ablation electrode
and hence an increase in tissue impedance and lowered ablation efficiency (25).

The applicator system used in this study, which had a diameter of 1.6 mm (approximately 17
gauge), was constructed completely from glass and plastics, rendering it compatible with all
imaging technologies, including CT, ultrasound, and even MRI. Its greatest potential is for use
in an interventional MRI suite, where real-time monitoring of the ablation zone can be
performed using MRI-guided thermal mapping.

In general, an ideal ablation system should be capable of achieving large, well-circumscribed,
predictable ablation geometry in as little time as possible. We have demonstrated that using a
single applicator and a single exposure, we can achieve an ablation zone of 2 cm in diameter
in amaximum of 2 minutes. Slightly longer exposure (3 minutes total) can increase the ablation
zone to 2.5 cm in longest diameter. We also demonstrated that multiple overlapping ablations
can be created along the long axis of the applicator with this rapid laser ablation system.
Furthermore, multiple applicators can be placed and operated simultaneously, further reducing
the time required for complete ablation of larger tumors. The major concern that might arise
regarding use of multiple applicators is whether the tumor tissue between the applicators can
be consistently and completely ablated. Tissue viability staining with NADH performed in this
study demonstrated that such ablation could be reliably achieved by using spacing of up to 1.5
cm between applicators when the lasers were operated at 15W for 120 seconds.

Vogl et al. used an internally cooled laser applicator in what is the largest study of laser tumor
ablation in 899 patients with colorectal liver metastases (26). They used a 1064-nm Nd:YAG
laser (Dornier, Medizintechnik, Germering, Germany) in conjunction with a 9 French (3-mm-
diameter) cooled applicator system (SOMATEX, Berlin, Germany). High laser powers up to
35 W with exposure times of 28 minutes were employed in that work. In many cases, multiple
applicators were used to cover large metastases. It is worth noting that the combined diffusing
tip and cooling catheter used by Vogl et al. measured almost double the size of the catheter
used in the current study. In addition, many of the ablations created by Vogl et al. required
over 20 minutes of laser delivery. Puls, et. al. treated 180 liver metastases from colorectal
carcinoma using the same laser and applicator system used by Vogl etal. (27). Similar ablation
times (between 20-28 minutes) were used to create therapeutic ablation zones in their study.
One of the major limitations noted by the authors was the overall procedure time of between
60 and 120 minutes.

In a preclinical study, Nikfarjam et al. compared the efficacy of diode and Nd:YAG laser
systems using bare fibers without a cooling mechanism at low power (2 W) (14). The size of
ablation zone, although it was limited (5.9 mm) because of charring, was comparable for the
two systems. However, the treatment time was significantly shorter with the diode laser. In our
study we have demonstrated that by using an internally cooled applicator and a diffusing tip,
larger power sources (up to 15 W) can be used, allowing for creation of ablation zones four
times larger (25 mm) than those reported by Nikfarjam et al.

Our study has few limitations. The use of the c-TVT model in this study is both an advantage
and a limitation. On one hand, the c-TVT model may be more representative of the optical

properties of target tumors and may result in more accurate ablation dosimetry than assessments
made in non-tumor bearing organs. On the other hand, the thermal susceptibility of c-TVT may
be different from that of common human tumors treated with percutaneous thermal ablation.
It is almost certain that the vascularity and perfusion rates for c-TVT are different than those
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for human tumors. And finally, the effect of surrounding organs on thermal conduction in this
subcutaneous tumor model is not comparable to that of most human tumors. The results of this
preclinical study therefore must be validated in cancer patients. Another limitation of this study
is the lack of direct comparison of Nd:YAG and diode laser ablation systems. While prior
investigations using Nd:YAG lasers and cooled applicators for accomplishing laser ablation
required higher powers and longer exposure times (12,27) than those used in the current study,
the lack of a direct comparison in the same model and under the same conditions renders the
results of improved ablation efficiency at 980-nm unproven. The local tissue optical properties
can have a significant impact on ablation zone size for a particular wavelength, and therefore
the results of this study can not be generalized to all organs or tumor pathologies.

In summary, we demonstrated reproducible thermal ablation in a large animal tumor model
using 980-nm diode laser ablation system. This laser ablation system can create large ellipsoid
ablation zone in less than 3 minutes.
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Figure 1.
Laser ablation unit consists of a 980-nm diode laser, an irrigation pump, and disposable cooled

laser applicator set.
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Figure 2.

The Visualase Cooled Laser Applicator System (VCLAS) consists of a 400-um core fiber optic
equipped with an integrated cylindrical 10-mm-long diffusing tip element. The cooling catheter
is used to circulate room-temperature saline over the fiber and remove heat from both the fiber
and the center of the ablation zone during treatment.
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Figure 3a
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Figure 3b
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Figure 3c
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Figure 3.

Typical ablation created with a single-applicator (a), single-exposure of 15 W for 120 seconds.
The lesion shown (arrowheads) measures 20 mm x 23 mm in gross dimensions and contained
an estimated thermally coagulated volume of 4987 mm3. Overlapping ablations were created
by pull-back technique (b). Pulling back 1 or 1.5 cm resulted in contiguous ablation (black
arrow) while pulling back 2 cm resulted in non-contiguous ablation zone (white arrow). Larger
ablations were created with two applicators placed in parallel, separated by 1.5 cm (c). The
ablation was performed with both fibers activated at 15 W for 120 seconds at two stations (total
ablation time 240 seconds). The ablation zone measured 37 mm x 32 mm. Applicator tracks
are seen as two parallel horizontal lines.

J Vasc Interv Radiol. Author manuscript; available in PMC 2011 April 1.



Page 14

-shaped cells with pleomorphic

x250.

original magnification

The viable c-TVT was composed of closely spaced polyhedral
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nuclei. Hematoxylin and eosin stain;

Figure 4.
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Figure 5.
The necrotic tumor has lost cells and the remaining cells are shrunken and eosinophilic, and
many have missing nuclei. Hematoxylin and eosin stain; original magnification, x250.
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Figure 6.
Fairly abrupt transition between stained, viable cells and unstained, necrotic tumor. NADH
stain; original magnification, x100.
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