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Preface

Medical laser applications are one of the points of interest of the Department of Surgery
of the Erasmus University Rotterdam. In 1988, experiments were conducted at the Laboratory
for Experimental Surgery to investigate the use of laser in destroying liver metastases. These
studies led to the research program "Laser treatment of experimental liver metastases”, that
was supported by the Netherlands Digestive Disease Foundation from beginning 1990 to the
middle of 1992. Within this project, studies were carried out in close collaboration with the
Departments of Pathology, Internal Medicine II. and Radiology of the Erasmus University.
Joint studies were performed with the groups of the Department of Physics of the Dr. Daniél
den Hoed Cancer Center and the Laser Center of the Academic Medical Center Amsterdam.

This thesis describes the results of the studies mentioned above. The General Introduction
gives an outline of the problem of hepatic metastases, the aims of the study. and the tumor
model applied. The following parts on thermal and photodynamic therapy start with an
introduction of the fundamentals of these laser applications. The second last part presents
initial studies on the complex matter of laser-tissue interaction. Finally, general considerations
are given for possible clinical use.

Rotterdam, 1993
Richard van Hillegersberg
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1. Hepatic Metastases:
Aims of the Study

LIVER METASTASES

Metastatic disease of the liver is a major cause of death in cancer patients, colorectal
carcinoma being the most common primary tumor (Foster, 1990). In The Netherlands
annually about 7400 new cases of colon and rectum carcinoma are diagnosed (L.OX,
Netherlands Cancer Registry, 1992). At time of treatment of the primary tumor, liver
metastases are already present in 20-25% of these patients and ultimately liver metastases
develop in over 50% (Bengmark & Halfstrom, 1969; Welch & Donaldson, 1979; Finlay &
McArdle, 1986).

Various studies showed that the occurrence of liver metastases is the primary determinant
of survival in patients with colorectal carcinoma (Wagner er al., 1984; Steele & Ravikumar,
198%). Mean survival time in untreated patients with hepatic metastases from colorectal
carcinoma is & months (Jaffe er ol., 1968; Cady, 1983; Wagner er al., 1984). A retrospective
study of 404 patients by Wood et al (1976) showed a division into three main groups,
according to the volume of tumor within the liver:

1. In patients with widespread metastases (73%) the mean survival time was 3 months.

2. In those with multiple, but unilobar metastases (13%) the mean survival time was 17
months, or 11 moenths in case of extrahepatic disease.

. In those with solitary metastases (14%) the mean survival time was 23 months, or 17
months in case of extrahepatic disease.

The patients in the last two groups without extrahepatic disease may be amenable to curative

treatment, whereas pailiation may be the only option in the other patients.

(¥

Current Treatment Modalities

To date most treatment modalities have been found ineffective or associated with major
complications owing to systemic or hepatic toxicity and unpredictable tissue damage.

Chemotherapy. Systemnic chemotherapy has caused severe toxicity, despite the use of
varied schedules of administration and chemotherapeutic agents. Generally, partial response
rates were lower than 30% (Sugerbaker & Kemeny, 1989). Therefore, regional approaches
were developed. aiming at a high local drug dose and less systemic toxicity. As intrahepatic
tumer bloodsupply is thought to be mainly arterial (Breedis & Young, 1954), hepatic artery

Laser Treatment for Liver Metastages
R. van Hillegersbery 1993



2 PART | GENERAL INTRGDUCTION

infusion with an implantable pump was used to deliver the chemotherapeutic agent to the
tumor. The standard chemotherapeutic agent has been floxuridine (FUDR), as it was
demonstrated that this agent is extracted by the liver in the first pass (Ensminger. 1989).
Randomized trials have shown a significantly higher partial response rate with intrahepatic
infusion (37-62%) versus systemic infusion (0-38%) in patients with hepatic metastases of
colon cancer (Kemeny, 1992). However, a clear survival advantage has not bean
demonstrated and despite hepatic artery infusion, side effects have been common, leading io
liver damage, gastritis. ulecer disease, diarrhea, and biliary sclerosis.

Radiotherapy. External radiotherapy has also been limited by the problem of its hepatic
toxicity (Sherman et ol , 1978). The interstitial application may have better results as higher
doses can be delivered to the tumor with little effect on the surrounding parenchyma. Nauta
et al. (1987) treated 12 patients with liver metastases at laparotomy using an interstitial
iridium-192 source during 3-7.5 h. No complications were reported. A drop in the raised
carcino-embryonic antigen (CEA) levels was found in 6 patients within 2.5 months of
treatment. Computed tomography (CT) at 1 week showed a halo of radio-oedema around the
treated nodules, Dritschilo et al. {1988) showed the feasibility of percutaneous interstitial
radiotherapy in 11 patients with hepatic metastases of colorectal carcinoma. They used
afterloading catheters to guide the placement of an iridium-192 radiation source delivering
a dose of 20 GY in a single procedure. To date, little information exists on the efficacy and
safety of this approach.

Alcohol injection. Percutaneous intratumoral injection of 98% ethanol can produce
coagulation necrosis as was shown by Shiina et ol (1987). However, the amount of damage
to tumor and surrounding normal tissue is rather unpredictable owing to uncontrolied
perfusion of the alcohol to the tissue (Van Eyken er al., 1991). Complete destruction of
intrahepatic metastases was found difficult to achieve, probably as a result of the alcohol
bypassing areas of high resistance (e.g., fibrous areas) in the heterogeneous tumor (Livraghi
et al., 1991). The effect of treatment can not be monitored by ultrasonography or CT until
actual necrosis has occurred at 2 weeks post-treatment.

Cryotherapy. Cryotherapy (cooling to -196°C), uses a 8-12 mm in diameter liquid
nitrogen probe that is placed interstitially into the tumor under intraoperative ultrasonography.
The technical feasibility of this technique in patients with hepatic metastases from colorectal
cancer was demonstrated by Ravikumar ef &l (1987) and Charnley e al. (1989). The tme
for freezing ranged from 1-36 minutes; frozen normal liver appeared hyperechoic on
intraoperative ultrasonography after thawing. No significant complications were reported. At
follow-up, CT showed evidence of necrosis and tumor shrinkage, and in 1 patient, resection
of the lesion showed coagulative necrosis, 5 months post-treatment. Thus, cryotherapy may
induce localized tumor destruction without major complications. However, this procedure has
to be performed under laparotomy, with associated morbidity and mortality rates.

Hepatic artery ligation. Temporary hepatic artery ligation is based on the observation,
that intrahepatic tumor blood supply is mainly arterial (Breedis & Young, 1954). Portal
venous blood constitutes approximately 70% of the total hepatic blood flow, and for that
reason, normal liver tissue can survive the effects of total artery occlusion. The liver is
dearterialized by an inflatable vascular occluder implanted around the hepatic artery and
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connected to a subcutaneous injection chamber. As continuous dearterialization is associated
with formation of collaterals, daily interruption of the artery has been performed for 1-2 h
for 1-17 months (Persson ef al.. 1992). However, the technique was found non-selective, and
usually associated with high morbidity and complication rates (Bengmark er af., 1988). In
11 patients with hepatic metastases from colorectal carcinoma, this treatment was combined
with intraperitoneal infusion of 3-fluorouracii. However, no improvement of survival was
found compared with patients given 3-fluorouracil only {Persson et al., 1992).

Hepatic artery embolization. Hepatic artery embolization is based on the same principle
(Blumgart & Allison, 1982). The hepatic artery is selectively catheterized and through the
catheter embolizing microspheres are brought into the arterial circulation of the liver.
Particularly patients with secondary tumor deposits from endocrine tumors, such as carcinoid,
have shown good palliation (reduction in 3-hydroxyindole acetic acid} (Allison & Booth,
1990). Complications of embolization include derangement of liver function, local abscess
formation, and septicemia. Attempts have been made to achieve selective chemotherapy or
radiotherapy by coupling Yrtrium-90 or cytotoxic drugs to the microspheres. In 26 patients
treated with the Ytaium-90 technique, the CEA dropped 50-70% and in 18 of the 22
evaluable patients a reduction in turmor volume (up to 50%) was observed on CT (Gray er
al.,, 1992). The use of angiotensin II may increase microsphere targeting to the tumor
{Anderson et al., 1992). The incorporation of cytotoxic drugs into microspheres reduced
systemic toxicity, but still considerable side effects, such as chemical and ischemic hepatitis,
severe thrombopenia and icterus occurred relatively frequent (Borner ef al., 1992; Henmnigan
et al, 1992).

Hyperthermia. The concept of hyperthermia is based on a possible increased heat
sensitivity of neoplastic tissue (Field, 1987). Therefore, tumors are exposed to temperatures
of 41-45°C for about 1 h. Initially whole body hyperthermia was applied, however this
resulted in thermal damage of the normal hepatic tissue, Ieading to decreased liver function
(Wills et al., 1976). Later studies investigated regional whole liver hyperthermia using
exiracorporeal circulatory methods (Quebbeman er al,, 1984), regional radiofrequency annular
array (Sapozink ef al., 1985), or microwave phased array (Petrovich er ol . 1988). However,
these techniques could not induce a homogeneous temperature throughout the tumor, resulting
in unpredictable necrosis and unacceptable high morbidity and mortality rates.

Surgical Resection

Surgical resection is the only potentially curative treatment modality currently available,
improving 5-year survival rates to 20-40% in selected patients (Steele & Ravikumar, 1989;
Van Qoijen ez al., 1992; Ballantyne & Quin, 1993). Most studies show a S-year disease free
survival of 20-25%. Unfortunately, only 10-20% of those considered are amenable for
surgery (Foster & Berman, 1977; Wagner et «l, 1984; Sugarbaker, 1990). Absolute
contraindications include extrahepatic disease (e.g., multiple pulmonary metastases, peritoneal
seeding, periportal or retroperitoneal lymph node involvement), systemic conditions {e.g.,
cardiovascular or respiratory disease), or additional disease in the liver that makes resection
technically hazardous or useless.

The factors influencing prognosis after resection of liver metastases from colorectal cancer
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are still under investigation and controversial results have been published. The Dukes’
classification of the primary colorectal carcinoma was found important, as the 3-year survival
rate was longer in patients with Dukes’ B (47%} than in patients with Dukes’ C (23%)
(Hughes er al., 1988). Also the number of the metastases (>4}, as well as the presence of
metastases swrrounded by satellite nodules, has been associated with a poor prognosis after
surgical resection (Hughes er af , 1988; Cady er al, 1992; Hodgson et al., 1992). Scheele ef
al. {1990) reported that in patients with satelite nodules, the S-year survival was 19%,
compared t0 41% without. Several studies have shown the need of a 21 cm resection margin
to achieve complete intrahepatic tumor removal. The 5-year survival was found 28% in
patients with a 1-4 mum resection margin, 34% in patients with a 5-9 mm margin, and 30%
in patients with a free margin >10 mm (Scheele at al., 1990). Cady et ol (1992) found the
preoperative CEA level (<200 ng/ml), and postoperative weight of hepatic tissue resected
(<1000 g), significantly related to S-year disease free survival. Tumor recurrence, either in
the liver alone (42-60% of all recurrences), or as part of disseminated disease, was found
more common when the pathologic margins of the hepatic resection were positive and in the
presence of bilobular disease (Franco, 1991; Van Ooijen, er al., 1992; Lind e al., 1992).

Although mortality rates in specialized centers are now between 5-10% (overall ranging
from 4-25%), major hepatic resection imposes considerable physiological stress (Suc er al.,
1952) and the operative morbidity rates are still relatively high (16-46%) (De Jong er al.,
1989; Van Qoijen er al., 1992; Ballantyne & Quin, 1993). An average post-operative
intensive care unit stay of 3.2 days (range 1-12), and hospital stay 15 days (range 6-45) has
been reported (Cole & Ferguson, 1992). The post-operative stay averages 10-16 days (Steele
& Ravikumar, 1989; Lind er al., 1992).

Bleeding is one of the most feared complications in liver surgery. However, since better
surgical techniques, such as the ultrasonic surgicdl dissector (CUSA) and segmental approach
to liver anatomy, have been exploited, intraoperative hemorrhage has not been reported a
major complication anymore {Sugarbaker. 1990; Hodgson ef al., 1992). The most common
postoperative complications are (De Jong er al, 1989; Petrelli er al, 199]1; Lind er al,
1992).:

. Hepatic failure.

. Biloma/abscess formation.

. Pleural effusion.

. Intra-abdominal sepsis.

These complications are most directly related to the extent of resection required and the
amount of devitalized tissue at the resection plane (Cole & Ferguson, 1992). The hepatic
resection may also represent an important cause of tumor recwrrence. There is increasing
evidence of release of hepatic growth factors following partial hepatectomy, that may stimu-
late liver as well as tumor regeneration or hematogenous metastasis (Asaga er al, 1991;
Loizidu et ai., 1991). Furthermore, the surgical manipulation may cause recurrence, as was
demonstrated in animal experiments (Nishizaki ef @l 1990; Mitzutani, 1992).

—

o b
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Lh

AIMS OF THE STUDY

The substantial improvement of survival rates after resection of hepatic metastases,
demonstrates the rational for treating these tumors in selected patients. However, as described
above, the current treatment modalities are limited, mainly by associated normal tissue
damage. Therefore, better results would be expected from a treatment that would selectively
destroy the malignant tissue, combined with minimal hepatic damage.

Laser in Oncology

Two promdsing laser applications in oncology are photodynamic therapy (PDT) and
thermnal Neodymium: Ytrium-Aluminum-Garnet (Nd:YAG) laser coagulation. The laser has
several unique qualities, that enable delivery of high amounts of energy to 2 narrowly defined
location (Polanyi, 1985; Absten, 1991).

In photodynamic therapy, a photosensitizer is administered systemnically to accumulate in
the tumor (Dougherty & Marcus, 1992). Subseguent illumination with light of an appropriate
wavelength creates a reactive species that generates a photochemical reaction, which results
in tumor destruction . Mostly the tunable argon-dye laser is used, as this system can deliver
light of amny particular wavelength between 350 and 700 nm. Photofrin® (Lederle
Laboratories, Pear]l River, NY, U.S.A.), 2 mixture of oligomer porphyrin molecules, is the
most commonly used photosensitizer, having an absorption peak of 625 nm.

In thermal laser therapy the highly concentrated monocchromatic [aser light is transformed
into thermal energy upon absorption by a tissue chromophore. Here, the Nd:YAG laser is
used, as its wavelength of 1,064 nm penetrates up to 10 pun into issue (Jacques, 1992). At
temperatures of 60-140°C the tissue is coagulated, while at temperatures of 300-1000°C tissue
ablation, vaporization and carbonization occurs (Thomsen, 1991).

The laser light may be delivered noncontactly by aiming the laser beam on the tissue
surface, or interstitially by implanting the light delivery fibers directly into the tissue (Murray
er al., 1992; Masters & Bown, 1992). Deep seated intrzhepatic lesions may only be treated
interstitially. whereas an advantage of the noncontact technique could be a reduced chance
of tumor spread owing to minimal tissue manipulation {Nishizaki er al., 1990; Hashimoto et
al., 1983).

Laser Treatment for Liver Metastases

The studies described in this thesis are aimed at assessing the effects of laser treatment
upon solid tumor and surrounding normal hepatic tissue, to determine whether laser therapy
could be an alternative to surgical resection. A rat tumor model for hepatic metastasis of
colon cancer was chosen for the experiments, 1o allow investigation under standardized in
vivo conditions. The effects of various forms of light delivery or drug administration were
determined at different time intervals using histological, biochemical, and physical parame-
{ers.

Thermal Laser Therapy. As noncontact laser ablation of intrahepatic tumors had caused
extensive bleeding of the hepatic tissue (Nims & McCaughan, 1983). our thermal studies
were all aimed at the selective coagulation of tumor. In Part II, we investigated three
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different ways of light delivery, using various methods to avoid tissue carbonization:
1. The noncontact Nd:YAG laser with a focussing handpiece in 2 pulsed temporal mede, to

allow cooling of the tissue between laser pulses (Chapter 4).

. The noncontact Nd:YAG laser transmitted by a water-jet, pumped through the fiber

system, to cool the tissue surface (Chapter 5).

3. The interstitial Nd:YAG laser with a cylindrical diffusing fiber-tip, to provide for
homogeneous heat distribution by uniform light delivery {(Chapter 6).

Photodynamic Therapy. PDT of liver tumors had been restricted due to effective
accumulation of photosensitizers in hepatic tissue, causing substantial liver necrosis after
superficial tumor illumination (Bellnier ef al., 1989; Pimstone es al., 1982). In Part IIL, our
PDT research was therefore directed towards either:

1. Interstitial tumor illumination as a means of selective PDT after photosensitization with

Photofrin (Chapter 8).

2. Selective photosensitizer accurnulation by endogenous production of protoporphyrin during
S-aminolevulinic acid administration (Chapter 9).

Predicting Laser-tissue Interaction. The tissue effects of both PDT and thermal laser
therapy may extend deeply into the tissue, whereas the only visible effect is superficial. In
Part IV, we used two different approaches 1o predict the quantitative and spatial extent of a
lesion:

1. Determing the optical properties of the tissues. for modelling the light transport;

estimating temperature rise or photosensitizer activation (Chapter 10).

2. Comparing the effects of Nd:YAG laser coagulation on ultrasonography and histology.,
to assess the value of ultrasonography in imaging laser-induced tissue damage (Chapter
11).

2



2. Tumor Model and
Parameters for
Tissue Damage

INTRODUCTION

A rat tumor model for hepatic metastasis of colon cancer was chosen for the experiments.
This tumor model allowed investigation under standardized in vive conditions, le., the
various Torms of light delivery or drug administration could be assessed on solid malignant
turnor, surrounded by normal well perfused hepatic tissue. This would not have been possible
in iz vitro models, such as tissue phantoms or cell cultures.

The effects of a certain treatment were determined at different time intervals, by histolog-
ical, biochemical and physical parameters.

This chapter describes the tumor model as well as the parameters for tissue damage.

MATERIALS AND METHODS

Animals

Male inbred Wag/Rij rats (Harlan CPB, Austerlitz, The Netherlands), weighing 180-250
g were used for the experiments. The animals had free access to rat chow and tap water. All
animal handling was carried out by experienced biotechnicians acquired with the latest
developments in husbandry, nutrition and animal housing.

Tumor Model

Colon adenocarcinoma CC531, a dimethylhydrazine-induced moderately differentiated and
syngeneic tumor (Figure 2.1) transplantable to Wag/Rij rats, was maintained subcutaneously
(Marquet et al., 1984). On the day of inoculation the tumor was excised from the donor rat,
cut inte picces of approximately 2 mm?® and kept in Hank’s balanced salt solution. Under
ether anaesthesia a midline laparotomy was performed, and the liver was spread over a gauze
soaked in saline, to avoid spill of turnor cells in the abdominal cavity. Following that, a small
incision with microsurgical scissors was made in the left lateral lobe of the liver and a piece

Laser Treatment for Liver Metastases
R. van Hillegersherg 1993



8 PART | GENERAL INTRODUCTION

Figure 2.1. Histological section of untreated tumor, 20 days after intrahepatic implantation. Rat colon
carcinoma CC531 is a moderately differentiated adenocarcinoma, showing acinous formation. Bar:
25 um (hematoxylin, azophloxin & saffron stzin).

of tumor was implanted. The implant was covered with Lyostypt”® (8. Braun Melsungen AG,
Melsungen, Germany) for the purpose of both hemostasis and tumor shielding. In the first
stedy (Chapter 4), 3 tumors were implanted in the liver of each animal; in all other studies
1 tumor was implanted per animal.

In pilot studies, intraportal or intrahepatic injection of suspended tumor cells induced less
standardized tumor deposits (i.e., a larger variation in tumor size, number, and localization).
These observations were recenily confirmed by Yang er of, (1992).

Intrahepatic Tumor Growth

Intrahepatic twmor growth was determined in 25 animals at various periods after
implantation. The animals were sacrificed in groups of 5, at 7, 14, 21. 28 and 35 days after
intrahepatic tumor implantation. The tumoer was dissected and measured in three dimensions
with sliding calipers. The largest diameter was used for the analysis. An exponential growth
curve was found with doubling time of 2 weeks (Figure 2.2). )

The measurements on the dissected tumor corresponded well to measurements on the
diameter of the intrahepatic tumor (in situ). This last.value was used as an indication for
tumor size in the experiments.

Treatment was usually performed on day 20 after implantation, when the tumor was
approximately 6 mm in diameter (Figure 2.3). At this stage the tumor showed little central
necrosis and was swrrounded by normal hepatic tissue, which was slightly compressed
immediately adjacent to the tumor (Figure 2.4a).



2. TUMOR MODEL 9
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Figure 2.2. Largest tumor diameter vs. days after intrahepatic implantation. Each point represents the
meantSEM of 5 experimental results,

Determination of Liver and Tumor Damage

To avoid observer bias, all determinations were made without knowledge of the treatment
parameters.

Histopathelogy. After fixation in a 3.6% buffered formalin solution for 5 days, the livers
were sliced through the plane of the largest tumor diameter, embedded in paraffin and
sectioned at 5 pum. Sections were mounted on glass slides and stained with hematoxylin,
azophloxin and saffron, for light microscopical examination. Measurements on histology were
made by computer-assistance (IBAS 2000, Kontron Bildanalyse GmbH, Miinchen, Germany):
with a video camera the histological slide was visualized on a monitor. so that with a mouse
the different areas could be either outlined {determing the surface area by integration of the
circumference) or indicated by two points {measuring the depth or width).

Long-term Tumor Remission. Tumor remission was assessed on the basis of specimens
taken from animals sacrificed 36 days post-treatment (56 days after tumor implantation). At
that stage the tumor in sham treated animals showed massive outgrowth with infiltration to
the adjacent tissues (Figure 2.4b). The interval of 36 days was chosen, as shortly after this
period, all sham treated animals in pilot studies had died from disseminated disease.
Moreover, in treated amimals, outgrowth of uncontrolled tumor implants obscured
interpretation of the results after longer intervals post-treatment. These uncontrolled tumor
implants are probably caused by spill of tumor cells at time of implantation or metastatic
growth of the original implant. The interval of 36 days allowed proper histological assess-
ment of the lesion in all animals at the same period post-treatment.

Complete tumor remission was considered when no tumor outgrowth (i.e., no vital tumor
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Figure 2.3. Normal macroscopic appearance of tumor CC531 (indicated by arrows) in the left lateral
lobe of the rat liver, 20 days after implantation. Tumor, 6.9 mm.

tissue) could be observed by light microscopy. To give an indication of tumor growth retar-
dation the vital tumor areas were measured in Chapters 6 and 8 by computer-assisted
integration of the circumference.

Serum ASAT/ALAT. Aminotransferases are widely used to evaluate liver damage, which
leads to an increased activity in the serum. The most common view is that leakage of these
enzymes to the plasma occurs after hepatocyte death or damage (Zimmermann, 1978). There-
fore, the intracellular enzyme localization mainly determines the appearance in the serum. In
case of minor damage to the plasmamembrane, mainly alanine aminotransferase (ALAT) is
found, which is localized only in the cytoplasm (Sherman, 1991). In case of necrosis,
however, the serum level of aspartate aminotransferase (ASAT), which is localized in
cytoplasm and mitochondria, is higher owing to the overall higher cellular level (Panteghini,
1990).

The levels of ASAT and ALAT were determined in 0.5 ml blood, taken by orbital-
puncture with an intact hematocrit capillary (Van Herck ef al, 1991, 1992), using standard
laboratory equipment and techniques at 30°C (Automated analysis, Boehringer Mannheim
GmbH, Manpheim, Germany).

To establish the value of the serum ASAT end ALAT levels as a measure of Iiver damage
in our model, the activities were measured in tumor CC531 and the Iiver of 13 rats. Two
months after subcutaneous tumor implantation, the tumor without central necrosis, and the
left lateral lobe of the liver were isolated. The analysis was carried out on tissue samples
homogenized in water (1:10, wt/wt) and suspended in saline (1:10 vol/vol). Tissue protein
was measured using the method of Lowry ef al. (15951).
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Figure 2.4. Histological sections of tumor CC331 in the liver. (a) 20 days after intrahepatic implanta-
tion of a 2 mm® piece of tumeor. (b) Massive outgrowth in a sham treated tumor on day 56 after
implantation. The lighter areas in the tamor represent necrosis; central necrosis is indicated by arrows.
Bar: 2 mm. T, Tumor; L, Liver (hematoxylin, azophloxin & saffron stain).
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The meantSEM ASAT level was found 560£56 iU/mg protein for liver and 245£10 ill/mg
protein for tumeor, resulting in a ratio liver to tumor of 2:1 (Table 2.1). The ALAT level was
313446 ilJ/mg protein for liver and 8.24+0.3 iU/mg protein for tumor, yielding a ratio of 40:1
(Table 2.1).

These results suggest that the serum ALAT level is the most appropriate parameter for
liver damage in this model, whereas serum ASAT may also have a substantial contribution
from leakage out of the damaged tumor. However, it has to be noted that the serum level is
influenced by unknown factors, such as the degree to which the enzymes are released from
either tumor or liver, as well as enzyme inactivation and plasma clearance.

Table 2.1. MeantSEM values of ASAT/ALAT in liver
and tumor (in iU/mg protein).*

Enzyme Liver Tumor Ratio
ASAT 560136 245%10 2:1
ALAT 313446 82403 40:1

*n=]13 for liver and n=11 for tumor.

Antipyrine Clearance Test. Antipyrine {phenazone) clearance has been found a useful
method of assessing the functional hepatic parenchymal mass in humans (Luoma &
Sotaniemi, 1981; St Peter & Awni, 1991). The major site of antipyrine metabolism is
assumed to be the liver. Furthermore, the use antipyrine, is based on the low protein binding
and low extraction ratio, which would result in a total body clearance refatively unaffected
by binding or changes in hepatic blood flow (Vessell et al., 1975; Blaschke, 1977).

Antipyrine in a dose of 100 mg/kg body weight was administered by penile vein injection,
and blood samples of 0.5 ml were collected under ether anesthesia by orbital puncture 1, 2
and 4 hours after administration. The plasma elimination half-life (T%) was then determined
from antipyrine levels measured by high-pressure liquid chromatography (HPLC) according
to Shargel er al. (1979).

To anatyze the value of this test in our model, antipyrine clearance was determined in 15
rats on the first and second day after either 30% or 60% partial hepatic resection. For that
purpose the relation between body weight and liver weight (subdivided into the three main
rat liver lobes) was previously determined in a separate group of 10 rats. In this group
meant+SEM body weight was 22944 g. The liver (9.1£0.2 g) took up 4.0+0.1% of the body
weight, divided equaily over the three main lobes (right lateral, 3.040.1 g; median 3.140.2
g; left lateral 2.940.1 g).

The 15 animals were randomly assigned to 3 groups of 5 animals each. Before resection,
the body weight was determined in all animals (229+7 g). Resection was carried out
following a modified procedure described by Higgins & Anderson (1931). In 2 experimental
groups either the median lobe was resected or both the median and right lateral lobe were
resected. The wet weight of the resected liver was determined to define the portion of the
total liver (4% of the individual body weight). On average 30% and 60% of the hepatic mass
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Table 2.2. MeantSEM antipyrine plasma elimination half-life (T'%) levels on the first and
second day after partial hepatic resection.

T ()
Resection No. of Portion of
lobe(s) animals liver (%) Day 1 Day 2
Control* 5 0 1.3+0.0 1.2+0.0
Median 5 28.8+13 34104 26205
Median -+
Right lateral 5 612429 5.820.9 47+1.1

*Controls underwent a sham treatment (laparotomy and liver manipulation) without any liver
resection.

were resected in each respective experimental group (Table 2.2). The animals in the third
group served as controls and underwent a sham treatment (laparotomy and liver manipulation)
without any liver resection. Regression analysis showed a good correlation between the per-
centage of hepatic resection and the antipyrine plasma elimination T levels on day 1
(r=0.85, P<0.001) and day 2 (==0.71, P=0.03) post-resection.

In conclusion, antipyrine plasma elimination T levels increased according to the reduction
in hepatic mass. These results suggest that antipyrine clearance, measured on the first-or
second day post-treatment, may be a good parameter to detect loss of liver function, support-
ing previous observations by Poulsen (1985). Minor changes in liver function, however, may
not be detected with this test. It has to be noted that intrahepatic tumor growth has been
found to reduce antipyrine clearance (Homeida er al., 1979; Noda er al 1989). This may
explain the higher antipyrine T% values in the control animals with intrahepatic tumor im-
plants (foilowing chapters), compared with the values found in this chapter. Recent clinical
studies , however, show similar antipyrine metabolism in patients with metastatic liver disease
and controls (Robertz-Vaupel ef al., 1992; Grieco et al., 1992). The differences in control
antipyrine T values between the various chapters may be explained by monthly variations
in the antipyrine clearance, which has been reported up to a factor of 3 (Bélanger er al.,
1984),












3. Fundamentals of
Laser Medicine

INTRODUCTION

Normal light sources (e.g., light bulb or sun) produce white light of many different
wavelengths, propagating in many different directions. Laser light has three unique qualities:
1. All waves are of the same wavelength (monochromatic).

2. The waves are in phase with each other (coherent).

3. The waves are exactly parallel to each other (collimated).

These properties enable reliable and direct transmission of high amounts of energy over long
distances (Absten, 1991; Lipow, 1986).

The word "laser” is an acronym that stands for /ight amplification by stimulated emission
of radiation. The possibility of laser action was first suggested by Albert Einstein (1917). In
1954, Charles Townes and colleagues at Columbia University New York built the forerunner
of the laser, a microwave amplifier, the so called "maser" (Gordon ef al, 1954, 1955). At
about the same time Basov & Prokhorov (1955} at the Lebedev Institute Moscow indepen-
dently produced a maser. A few years later, Schawlow & Townes (1958) Iaid the theoretical
foundation for the laser, then referred to as an "optical maser”. The first working laser was
the ruby laser created by Theodore Maiman {1960). This laser consisted of an active medium
of chromium lons contained in a ruby crystal, emitting light of 694 nm. In rapid succession,
a variety of other laser media were reported and accordingly many wavelengths became
available (Kastler, 1985} (Figure 3.1).

Medical applications of these lasers were investigated extensively during the sixties and
resulted in increasing clinical use in the seventies. Cutaneous procedures were pioneered by
Goldman et af. (1964), who treated a variety of skin tumors, such as melanoma and basal cell
epithelioma. Ophthalmologists were among the first to use the selective absorption of Argon
laser light in treating ablatio retinze (Zweng & Flocks, 1967). At the same time Yahr &
Strully (1966) discovered the cutting abilities of the CO, laser. The early CO, lasers were
quite large, required water cooling and were not easy to handle. Polanyi er 4l (1970}
developed the micromanipulator coupled to an operating microscope. This device allowed
delivery of the laser beam to previously inaccessible areas and initiated the use in laryngeal
surgery (Jako, 1972; Strong et al., 1973). Short thereafter, CO, laser procedures were adapted
in the other medical specialties. In gynecology, Bellina (1974) treated condylomata and
vaginal adenosis and Baggish (1980a) used the CO, laser for vaporization of early cervical

Laser Treatment for Liver Metastases
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Figure 3.1. Electromagnetic spectrurn and wavelengths of the most important medical lasers. UV,
ultra violet; IR, infra red. (Adapted from: Polanyi, 1985; Chemaly jr.. 1989).

neoplasia. The major advantages of the laser techmiques were a high precision of tissue
remnoval, which resulted in sparing of normal tissue and rapid healing with minimal scar
formation (Baggish, 1980b). In neurosurgery, the high precision of the CO, was exploited by
Heppner & Ascher (1977) for excision of brain turmnors. Nath (1972), constructed a flexible
quartz fiber cladded with teflon for transmittance of Nd:YAG and Argon laser light. The
advantages of flexible fiber optics were further explored by Kiefhaber (1977), who was the
first to use the Nd:YAG laser for endoscopic tissue coagulation.

Currently lasers are used in almost any medical specialty and several applications have
become the standard therapy. Research has shifted towards a more fundamental understanding
of the interactions with biological tissue in order to allow treatment planning, optimize laser
procedures and invent new techniques, This chapter describes the fundamentals of laser light
generation as well as the interaction with living tissue and the principles of thermal therapy.
The fundamentals of Photodynamic therapy (PDT) will be described in detail in Chapter 7.
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LASER PHYSICS

Molecular basis

In an atom, electrons encircle the nucleus at a distance (orbit} determined by their energy
state. The further this orbit from the nucleus, the higher the energy state. When an electron
collides with a photon of an energy equalling the required energy for a next orbit, it absorbs
the photon and moves to that orbit (Figure 3.2a). This situation, however, is unstable and the
electron will return to its ground state under release of a photon, a process called spontanecus
emission (Figure 3.2b). The energy quantum of the emitted photon is determined by the
energy difference between the two orbits (E,-E):

E,-E;=hv

where h is Plank’s constant (6.6262 x 107 J s) and v the frequency of the radiation. The
possible energy states are characteristic for each matter and accordingly the wavelength ()
of the emitted light is determined by the type of atom excited:

A=c/lv

where ¢ is the velecity of light (3 x 10% m/s).

Figure 3.2. In an atom, electrons encircle the nucieus at an orbit determined by their energy state
(E,<E,). (a)} An clectron absorbs a photon and moves to the next orbit. (b} This situation is unstable
and the electron will retumn to its ground state under release of a photon (Spontanecus Emission). (¢)
In Stimulated Emission a photon stimulates an excited electron to undergo orbital decay under emit-
tance of an identical photon. The photons and have equal wavelengths and leave the atom In phase.
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Stimulated emission

Spontaneous emission is uncoordinated and therefore the released photons are out of phase
relative to each other. In stimulated emission an external power source creates a situation
called "population inversion", where more of the atoms in a2 medium are excited than in the
ground state. This situation is unstable as well and at 2 certain moment some atoms may
release their photons. Such a photon can stimulate an electron in an excited orbit to undergo
a stimulated decay to the ground state under emittance of an identical photon (Figure 3.2¢).
The original photon and emitted photon have equal wavelengths and leave the atom in phase,
In a2 lasing medium, this process initiates a cascading wave of reactions in which the photons
are released at the same moment.

Laser medium

Laser media are mostly prepared to emit light of a single predominant wavelength. The
lasing medium may be either gas, solid or liquid. Most often, electrical current is used to
pump gas lasers, while incoherent optical flash lamps are used for solid state lasers. Tunabie
dye lasers contain organic liquid media and are usually pumped by a coherent optical source
(e.g.. Argon-pumped dye laser). CO, and Argon are the most commeonly used gas media. An
example of a solid state medium is the Neodymium: Yitrium-Aluminum-Garnet (Nd:YAG)
crystal.

If a medium consists of a single element suspended in a solid crystal (e.g., Neodymium
in YAQ) or within a mixture of gasses, the laser light is generated as described above. When
the medium consist of several atoms joined by chemical bonds (e.g., CO,) the energy
absorption and photon release may be mediated by other structures such as the atom bond.
The light produced by stimulated emission is already coherent and monochromatic. To create
a collimated beam, the produced light is reflected in a resonator chamber between two
mirrors, one of which is partially reflective to allow exit of the parallel waves {Figure 3.3).
Other waves are lost to the surrounding laser cavity.

LASER TISSUE INTERACTION

Tissue optical properties

When a laser beam is aimed at a tissue layer, four interactions may oceur (Polanyi, 1985)
(Figure 3.4):
1. A certain fraction of the incident power is reflected from the tissue surface.
2. Some of the penetrating radiation is transmitted through the tissue.
3. Inside the tissue the remaining rays are repeatedly scattered.
4. Finally these remaining rays are absorbed by a tissue chromophore.
Light scattering originates from the inhomogenecus structure of the tissue and is determined
by the variations in particle size and index of refraction between different parts of the cell
itself and between cells and surrounding media (Fisher, 1985). Laser effects are caused by
those rays that are absorbed.

Because of the events described above, the fluence (¢ = W/em®) parallel to the axis of the
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Figure 3.3. To create a collimated beam, the photons are reflected in the resonator chamber between

two mirrors one of which is partiaily reflective. Only the parallel waves leave the chamber as the laser
beam.

incident laser beam can have a maximum value just on the tissue surface or, depending on
the scattering properties of the tissue and the spot size of the laser beam, below the tissue
surface (Marijmssen & Star, 1987: Jacques. 1992). The fluence of the collimated transmitted
light at a certain point in the tissue is given by Beer’s law:

¢=@-1)e*

where [; is the irradiance on the beam axis just outside the tissue; I, is the irradiance reflected
from the surface on the beam axis, e is the base of the natural loganithm; z is the distance
below the tissue surface measured along the beam axis (cm), and A is the attenuation

coefficient, which consists of the tissue absorption coefficient p, (cm™) and scattering
coefficient p, (cm™):

A=t

The penetration depth is usually defined as the depth at which the light intensity is reduced
by a factor of &' (#37%):

z=1/(, +p)

Beer’s law model yields good results in cases where absorption strongly dominates
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Figuare 3.4. A collimated beam that is aimed at a tissue layer has a maximum intensity just outside
the tissue surface. Immediately below the surface this value is lower because of reflection and further
into the tissue as a result of scattering and absorption. A small fraction is transmitted through the
tissue.

scattering. However, in case of significant scattering (for visible and near infra red [IR]
wavelengths) the description is much more comiplicated and requires inclusion of the scat-
tering component (Welch ef al , 1989). Thus, the approximation should also assume:

1. Multiple scattering of photons.

2. Anisotropy in the scattering behavior (Jacques er al., 1988; Flock er al., 1987).

The anisotropy factor, g, is the average cosine of the scattering phase function. As g
approaches 1.0, more light is scattered forward into the propagating path. [n vifro measure-
ments have shown an anisotropy factor of 0.80-0.95 for most biological tissues (Cheong ef
al., 1990). This highly forward scattering suggests that a considerable amount of scattered
light is in the same direction as the collimated beam. Often the reduced scattering coefficient
(1, is used, defined as:

p’s’= s (1 - g)

In conclusion, the scattering coefficient, absorption coefficient and the anisotropy factor
are important determinants for light distribution in the tissue (Chapter 11).

Laser parameters
Wavelength. The absorption of optical radiation is strongly wavelength dependent (Figure
3.5). Therefore, the effects of laser light upon tissue are largely determined by the laser type
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Figure 3.5. Relative absorption (log scale) as a function of laser wavelength. Hemoglobin (---);
Oxyhemoglobin (—); Melanin (- - —); Water (———). The main Argon laser wavelengths (488 and
514.5 nm) are near the absorption peaks of oxyhemoglobin at 410, 542 and 577 nm. The Nd:-YAG
laser wavelength of 1,064 nm is between the major absorption peaks, whereas the CO, wavelength
(10.600 nm) is strongly absorbed by water. (Drawn after: Gijsbers er al., 1984; Fisher, 1985; Haina
& Landthaler, 1988).

applied. In the IR region. the CO, laser with a wavelength of 10,600 nm is highly absorbed
by water, which means that in most tissues the effect is very superficial and localized. In this
case absorption completely dominates scattering.

In the near IR, the Nd:YAG laser with a wavelength of 1,064 is minimally absorbed by
water. Instead, it is absorbed by tissue chromophores. The Nd:YAG laser penetrates tissue
up to 10 mm and is highly scattered, so that its light is distributed over a large tissue area.

In the visible spectrum, the Argon laser wavelengths (514.5 nm, 488 nm) are close to the
major absorption peaks of hemoglobin (410, 542 and 577 nm).

The tunable liguid dye laser may use one of the different organic dyes, each emitting
wavelengths in a spectral band of about 100 nm in width. The emission must be either
filtered or tuned to isolate a monochromatic wavelength. In this way all wavelengths of the
visible spectrum can be covered (Figure 3.1). The dye laser is mainly used in PDT at a
wavelength of 600-700 nm, corresponding to the specific absorption peak of the
photosensitizer applied (Part HI).

Light Delivery. The CO, laser has a wavelength that is absorbed by the optical fibers
currently available. Therefore, transmission still requires a rigid system of articulating armns
with mirrors. This hinders endoscopic application, but has the advantage that the light
emerges collimated and can be focused with higher precision than the diverging beam. The
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CO, laser is mostly used in conjunction with a focusing lens or micromanipulator coupled
10 a microscope.

The Nd:YAG, Argon and tunable dye wavelengths can be transmitted through a quartz
fiber. The advantage of fiber optic transmission is the flexibility, which allows easy access
to the treatment site. An optical fiber transmits light through series of multiple internal
reflections along the jnner wall, and the light leaves the fiber with a divergence of 10° to 12°
(Absten, 1991). This diverging beam may be used for superficial illumination of larger tissue
areas. If a small spot is required for high precision application, a focusing lens can be placed
in front of the fiber tip. In such case, the spot size over which the power is divided, is an
additicnal important parameter (Figure 3.6). The effects are maximal in focus, and decrease
with distance from the target in defocus. In prefocus. the maximal effect is at a deeper level
below the tissue surface. In the noncontact application, an important parameter is the
wrradiance:

Power (W)

Irradiance (W/em®) =
Spot Size (cm?)

For deep tissue treatment, the bare fiber may also be implanted directly into the tissue
(interstitial therapy). In interstitial therapy, a more homogeneous light delivery can be
obtained by using a diffusing fiber end (Chapter 6, 8). In case of a cylindrical diffuser, the
power is expressed per length of the emitting fiber end (W/em).

For contact cutting or vascular recanalization, a contact probe may be used in combination
with a Nd:YAG laser. These probes are made of synthetic sapphire or ceramic and were
initially thought to focus the beam to the place of tissue contact. In this way, laser effects
would be more localized due to reduced scattering and light penetration. However, it has
become clear that the laser rather serves as the energy source to heat the crystal and the
effects are predominantly from direct heat. In fact, new crystals do not produce the desired
tissue effect until blackened (Absten, 1990; Verdaasdonk ef al., 1991). Thus, the probe works
like a hot knife and allows precise tissue destruction with minimal lateral damage. However,
the procedure is refatively slow, hemostasis is compromised and the advantages of no-touch
surgery are lost.

Laser Energy. The laser energy (Joules) can be controlled by adjusting either power
output (Watts) or exposure time (seconds):

Energy (J) = Power (W) x Time (s)

Laser light can be delivered in a continuous wave or in pulsed or superpulsed mode. In the
pulsed mode, the light is released for a limited period of time and the tissue is allowed to
cool down during the interval between the pulses. The faster the energy is delivered, the more
precise the thermal effects will be. with less chance for thermal spread to adjacent tissue.

Tissue Cooling. In the noncontact application the maximum temperature rise will occur
at the tissue surface. Tissue cooling (e.g., with a water-jet, Chapter 3} will shift the location
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Figure 3.6. Schematic representation of the various focus modes on a spherical tumor in the liver.
In prefocus the focal point lies behind the tissue surface; In focus the laser beam is focussed on the
tissue surface and in defocus the focal point lies in front of the tissue.

of the maximum temperature to a point located within the tissue (Svaasand et af., 1985). As
Nd:YAG light is transmitted through water, no-touch bare fiber coagulation can be performed
under saline, providing the necessary heat dissipation. This exciting application has already
been used in laparoscopic, cystoscopic and hysteroscopic procedures.

POSSIBLE TISSUE EFFECTS

Upon absorption by a tissue chromophore, laser energy can cause different effects (Jacques,
1992) (Figure 3.7):
1. At very low powers it may trigger specific photochemical (e.g., PDT, Chapter 7) and
metabolic reactions.
. At higher powers, heat production becomes important, causing thermal tissue destruction
{e.g., coagulation or vaporization).
. At extremely high peak powers in the tissue may explode the material even before heating
occurs (ablation).
Light distribution is determined by the laser parameters and optical properties of the tissue.
As heat is generated upon light absorption, this step depends on the absorption coefficient.
Heat transfer, determined by the thermal properties, plays a significant role at longer
exposure times (Figure 3.7).
Low-power Helium Neon (HeNe) lasers (632.8 nm) have received much attention for their
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Figare 3.7. Block diagram of the possible effects of laser-tissue interaction. Laser energy can cause
photochemical, photomechanical or thermal reactions. Light distribution is determined by the laser
parameters and optical properties of the tissue. Heat generation depends on the absorption coefficient.
Heat transfer, determined by the thermal properties, plays a significant role at longer exposure times.
{Drawn after: Welch er al., 1989; Mordon ef al., 1987).

ability to stimulate wound healing and collagen production in a wide variety of conditions,
such as decubitus ulcers (Mester er al, 1985). Different effects may be induced by other
wavelengths, for example inhibition of DNA synthesis with Nd:YAG light of 1,064 nm
{Castro er al., 1983). The low-power application, however, remains controversial and the
mechanism of action is still unclear (Basford, 1989).

Photomechanical responses occur during application of extremely high ﬂuence rates
{(greater than 10* W/cm®), which produce shockwaves and plasmas (i.e., free electrons and
ionized particles, released from the irradiated tissue; Boulnois, 1986). Shockwaves generated
with exposure durations of 1.0 ps and less, give rise to the photomechanical reaction that
may fragment biliary or kidney stones (Thomas ef al., 1988).

Lasers with high photon energies that operate in the UV, such as the excimer (excited
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dimer) at 193-351 nm, may be used to disrupt tissue by chemical bond breakage (Lipow,
1986). There has been considerable interest in the ArF excimer laser (193 nm) for corneal
reshaping (Cotliar ef al. 1985) and the XeCl (308 nm) excimer laser for angioplasty (Frazier
eral . 1992). The 0.5-1.0 um penetration depth at 193 nm produces a sharp and extraordinary
fine cut with less than 1 pm of thermal damage (Marshall er al., 1985). Although excimer
photoablation is not termed a thermal process, temperatures of several thousand degrees may
occur (Srinivasan, 1986; Gijsbers er af, 1991). The heat is carried away by the ablated
material before the residual tissue is heated (Figure 3.7).

THERMAL THERAPY

Thermal Tissue Properties
The thermal properties of living tissue are basically determined by three different
mechanisms (Svaasand ef al.. 1985):
1. Heat transport by thermal conduction
2. Heat storage
3. Heat transfer through the vascular system
The thermal conduction of energy is initiated by the spatial temperature variations; heat will
flow from the hotter to the colder regions. The lowest conductivity is found for adipose tissue
and the highest for tissue with high water content (Welch, 1984). Thermal energy may also
be transported out of the irradiated region by blood perfusion, depending on the perfusion
rate of the tissue. The importance of this factor increases with increasing exposure time.
The majority of the current medical procedures involve thermal reactions and the desired
end points are either coagulation or tissue ablation/vaporization. The next section will shortly
discuss the principles of thermal laser therapy.

Thermal Tissue Destruction

Thermal tissue destruction depends on temperature rise and irradiation time. During
heating, many thermal changes occur simultaneously in the tissue. Although, a global division
can be made according to the temperature reached (Table 3.1). At temperatures of 40-45°C,
deactivation of cellular enzymes may cause reversible damage, that becomes irreversible after
exposure from 25 min to several hours. At temperatures of 60-140°C, vaporization of tissue
water, cell shrinkage, hyperchromasia (increased intensity of staining), membrane ruptwee,
protein denaturation and hyalinization of collagen have been reported. The tissue is coagu-
lated which can be observed macroscopically by blanching. Explosive vaporization of
extracellular steam vacuoles ("popcomn” effect) may occur at further heating. Finally, at
temperatures of 300-1000°C, tissue ablation and carbonization occur, causing increased light
absorption and smoke generation (Thomsen, 1991; Welch er al., 1991). '

Thermal Ablation/Vaporization
The mechanism of thermal ablation relies on rapid energy transfer from the laser beam to
the cell. The CO, laser with its high absorption in water is mostly used for this purpose. The
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Table 3.1. Tissue temperature and histopathologic effect.*

Temperature Physical Optical Biological
<) effect effect effect
40-45 Heating None Enzyme deactivation
60-140 Protein denaturation Blanching Cell shrinkage, hyperchromasia,
Increased scattering membrane rupture, pyknosis,
hyalinization of collagen
100-300 Water vaporization "Popcorn” effect Extraceliular steam vacuole,
celi shrinkage
300-1000 Carbonization Charring, smoke Ablation, vaporization,
Ablation Increased absorption carbonization

*From: Thomsen, 1991; Hunter & Dixon, 1985; Mathus-Vliegen, 1988; Welch ez al., 1991.

cellular water is assumed to be superheated, which causes complete destruction of cellular
proteins and an immense pressure build-up within the cell (Fischer, 1983). This results in
instantaneous flash boil and vaporization; the cell explodes which can be observed by steam
and debris rising from the impact site as the laser plume. Thus. the CO, laser can be used to
remove a cell layers with great precision. However, coagulation and accordingly hemostasis
is relatively poor, due to the shallow tissue penetration. The CO, laser has been used
especially in laryngeal surgery, neurosurgery, gynecclogy and dermatology where precise
cutting or ablation is required.

The Nd:YAG laser may be used for vaporizing larger tissue areas, combined with better
hemostasis. As soon as the tissue is carbonized, vaporization occurs due to efficient Nd:YAG
light absorption by the charred material, with rapid increase in local tissue temperature. In
oncology, thermal laser vaporization may be used to remove cells at various sites of either
superficial or exophytic lesions, such as protruding tumers in the lumen of oesophagus.
bronchus or colon (Murray et al., 1992).

Coagulation

Coagulation mainly destroys cells by denaturing the protein, which may be compared with
the process of heating egg white. In the visible spectrum, the Argon laser wavelengths are
close to the major absorption peaks of hemoglobin (Figure 3.5). Therefore, the Argon has
been used for selective coagulation of vascular lesions such as portwine stains and
hemangiomas (Noe er al, 1980; Van Gemert et al, 1982; Mordon et al, 1993). In
ophthalmology a major application has been the coagulation of proliferative vessels in
diabetic retinopathy; the Argon wavelengths are not absorbed by water, and pass through the
cornea and the vitreous humer to be absorbed at the retina (Frank, 1975).

Of importance in oncology is the possibility of coagulating solid lesions combined with
sealing of blood and kymphatic vessels. For that purpose, the Nd:YAG is the laser of choice
as its light is scattered over a large tissue area, producing a well defined zone of tissue
necrosis with a sharp boundary. This enables local tissue destruction in delicate areas with
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preservation of the structural imtegrity of the organ involved. The coagulation necrosis
produced by laser is identical on the cellular level 1o that produced by electrocoagulation.
However, the laser provides a more predictable heat distribution within the tissue, since it
does not follow the paths of least electrical resistance (Keiditsch, 1981; McKenzie, 1990).

The studies described in this part are all aimed at the selective coagulation of solid tumors
within the liver.
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Adapted from: R. van HILLEGERSBERG, W.). KORT, M. VERME]} & O.T. TERPSTRA.
Treatment of Experimental Liver Metastases with a Noncontact Neodymium:YAG Laser.
J Surg Res 1992; 53: 128-135

INTRODUCTICN

In selected patients with hepatic metastases of colon cancer, surgical resection can
substantially improve the survival rate. However, owing to damage to the normal hepatic
tissue, this treatment is associated with complications such as bleeding, intra-abdominal sepsis
and liver fallure (Chapter 1).

These complications may be avoided using the laser, a device that produces highly
concentrated monochromatic light. which is transformed into thermal energy upon absorption
in tissue (Chapter 3). The Neodymunm: Ytiriuwm-Aluminum-Garnet (Nd:YAG) laser with a
wavelength that penetrates deeply into tissue has proved to be successful in the treatment and
palliation of malignant tumors at various sites (Stemn et af, 1988: Joffe & Schrader, 1987:
Fleischer, 1989; Dixon, 1988; Schmeller & Hofstetter, 1989). Treatment with the Nd&:YAG
laser can lead to localized contact-free tumor coagulation coupled with sealing of the blood
and lymphatic vessels (Keiditsch, 1986; Hofstetter er al., 1984: Zimmermann et al., 1984;
Beisland & Kvernebo.-1986). These features may as such diminish surrounding tissue
necrosis, inhibit the spread of tumor cells during operation, and prevent bleeding. Moreover,
the possibility to pass the light beam down a flexible optical fiber enables treatment through
a laparoscope.

The aim of this study was to assess the effects of the Nd:YAG laser upon tumor tissue in
the liver, using a noncontact modality with a focussing handpiece. The relationship between
tota] energy delivered and the extent of tissue damage was investigated as well as the healing
of the lesions after laser treatment.

Laser Treatment for Liver Metastases
R. van Hillegersberg 1993
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MATERIALS AND METHODS

Experimental Design

Fifteen animals were used for the experiments. Twenty-two days after intrahepatic
implantation of 3 pieces of tumor in each rat (Chapter 2). a relaparotomy was made and the
visible diameter of the tumor was measured using sliding calipers. The tumors were then
treated with previously fixed laser energy and power setting. Immediately after laser
treatment and 1, 2, 4, and 8 days later 3 animals were sacrificed and the livers isolated for
light microscopical evaluation. An ocular scale was used to measure maximal depth and
width of the tumor and the tissue damage.

Laser Application

A Nd:'YAG laser (Medilas 40N, MBB-Medizintechnik GmbH, Miinchen, Germany),
producing light with a wavelength of 1,064, nm was used. The laser beam was transmitted
through a 0.6 mm giass fiber and a handpiece with a focal distance of 50 mm. A noncontact
technique was used. The beam was focused on the center of the tumor sphere, using a stand
on which the handpiece was fixed at a right angle to the tumor surface.

The three tumors in each animal were treated at a power output of 20 W and energies
(Joule = Watts x seconds of exposure) of either 60, 120 or 180 J, respectively. A repeated
pulsed mode, 0.5 s exposure with a pause of 0.3 s, was used to allow tissue cooling during
the time pauses. The surrounding tissue was protected from dehydration with a gauze soaked
in saline solution.

Statistical Analysis

Values are expressed as mean + standard error of the mean (SEM). Multiple linear
regression methods were used to analyze the relation of the amount of Joules delivered to the
depth and width of damage and ablation. Mean values of days 1 and 2 post-ireatment were
used. A significant refation was considered at P values of <0.03.

RESULTS

On the day of laser treatment, 22 days after tumor implantation, the meantSEM visible
tumor diameter was 5.430.2 mm. Two tumor implants in different animals did not take and
another two could not be treated due to adherence to the diaphragm. During treatment the
laser effect was macroscopically visible by blanching of the tissue in the case of coagulation
and black coloring with smoke development in the case of carbonization with tissue ablation
at longer exposure times.

All animals survived the procedure and no bleeding occurred.

Histopathology
In general, light-microscopic examination on different days after laser treatment showed
several zones of tissue destruction (Figure 4.1):
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. A superficial crater of ablated tissue.

. A small zone of black coloring carbonized tissue, covering the superficial crater.

. Athin layer of cavities separated by structureless coagulated tissue, intensely staining with

azophloxin.

4. A zone of heat coagulation. consisting of elongated, distorted cells with densely
coagulated cytoplasm and pyknotic nuclei.

5. From days 1 to § post-treatment, a broad surrounding zone of thermally damaged cells
with acidophilic cytoplasm and pyknotic nuclei.

If vital tumor tissue had remained it was located at the tumor margins and was sharply

demarcated from zone 5.

In sections taken from animals sacrificed immediately after [aser treatment, zones 1 to 3
were clearly visible. However, it was difficult to identify zone 4, and zone 5 could not be
distinguished. By day 1. zone 3 had become apparent around the coagulated tumor cells and
a polymorphonuclear inflammatory infiltrate had developed around the entire necrotic area.
On day 2, findings of the first four zones were approximately equal to those on day 1. Zone
3. however, had begun to disintegrate as a result of cytolysis, characterized by cells with
nuclear fragmentation and an infiltration of polymorphonuclear leukocytes and macrophages.
By day 4 the necrotic lesion had become swollen due to the development of edema. The zone
of thermally damaged cells (zone 5) was massively infiltrated by inflammatory cells, whereas

LI b2 =

Figure 4.1, Histological section of a tumor 1 day post-laser treatment with 180 J at 20 W, repeated
pulsed mode: 0.5 exposure, 0.3 s pause between exposures. The numbering corresponds to the
numbering used in the text: 1, Superficial crater, covered with carbonized tissue underlain by the
cavitation layer: 4, Heat coagulation necrosis; 5, Zone of thermally damaged cells; T, Vital tumor
tissue; Ln, Liver necrosis; L, Normal liver tissue. Bar: 1 mm (hematoxylin, azophloxin & saffron
stain).
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the zone of heat coagulation necrosis (zone 4) had remained relatively intact. The superficial
crater was transformed and filled with cellular debris and fibrin deposits. Early signs of
granulation tissue were apparent around the edge of the lesion. On day 8, a layer of
connective tissue encapsuled the necrotic area. There was a fibrotic ingrowth of zone 5 and
part of zone 4 with fibroblasts, lymphocytes, macrophages and capillary formation.

Dosimetry

The results of the measurements on the tumor, the crater of ablated tissue and the necrotic
tissue, consisting of zones 2 to 5 and eventually a zone of liver necrosis, are shown in Table
4.1. On days 4 and 8 after laser treatment, accurate judgement of the laser effect was
hampered by swelling and disintegration of the necrotic area, the formation of cellular debris
in the transformed crater, and the development of inflammatory infiltrate and granulation
tissue. [mmediately post-freatment zone 3 was not visible. For these reasons crater measure-
ments from animals sacrificed on days 4 and 8 are not shown in the table and data from days
I and 2 were used for the dosimetric study.

The relationship between the depth of tissue necrosis and ablation vs. total energy delivered

Table 4.1. Mean+SEM depth and width of the tumor, and ablation and tissue necrosis at increasing
periods after laser treatment.

Ablation Necrosis Tumor
Day  Energy No.of
#)] tumors  Depth Width Depth  Width Depth  Width
¢ 60 3 0.7£04 1.1x05 2.4+0.7 4.8%0.7 5.9+0.2 59403
120 3 1.520.8  1.1x£0.6 3.440.5 4.4+£1.0 7.0£1.1 63104
180 3 2.042.0 0.620.6 4.6%1.2 4.9+1.6 5.6£02 538104
1 60 3 0.54£0.5 0.7£0.8 32401 6.3x0.4 6.4+0.4 6.520.1
120 3 1.5409  1.4£0.7 4.7£0.8 5.8:0.6 59402 5.7+0.1
180 3 49409 1.140.2 51406 7.1x0.4 6.140.2 53£03
2 60 3 1.240.9 0.8%z0.5 3.580.5 4.7£0.5 4.8+x1.5 5.0x1.0
120 3 09405 1.2x0.6 3.8+0.0 5.0£1.3 5.2+1.2 4.7£1.2
180 i 32+0.0  1.6x0.0 5.0+£0.0 6.9+0.0 3.820.0 2.5x0.0
4 60 3 Not to be measured 3.7£0.5 4.5£1.1 6.9x1.3 6.8+0.5
120 3 34+0.2 5.6x0.0 6.2+40.8 5.6¢1.1
180 3 4403 6.0£0.9 6.3x2.0 5.0£1.2
8 60 2 Not to be measured 2.8+0.0 3.0£0.1 6.1x0.8 6.0£04
120 3 5.0£1.0 5.641.1 9.5£28 6.9£0.9
180 2 4.1+1.6 4.1%1.6 5.8+0.1 6.3%0.6
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Figure 4.2. Maximal depth of tissue necrosis (-z-) and ablation (-4-) vs. total energy delivered. Each
point represents the meantSEM of the experimental results of days 1 and 2 together. The lines were
drawn after calculating the best fitting straight line according to the method of the least squares. The
mean depth of the tumor is represented by the striated line, The shaded area represents the necrotic
region corresponding to zones 2-5 as mentioned in the text.

for days 1 and 2 post-treatment is shown in Figure 4.2. The mean depth of the tumor is
represented by the striated line. The shaded area describes the necrotic region. A linear
relationship between laser energy and depth of ablation (r=0.706) or depth of tissue damage
(=0.676) was found (P<0.01). Tumor pecrosis and tumor ablation increased with energy
delivered. The increase in tumor ablation was stronger than the increase in tissue necrosis,
so that at 180 J there was a deep crater of ablated tissue, underlain by a small zone of
necrotic tissue. Minimal depth of damage was found at 60 J, with 0.9£0.5 mm ablation and
3.3+0.2 mm necrosis. Treatznent at an energy of 120 J showed depth of ablation of 1.2+0.5
mm and necrosis of 4.3+0.4 mm. Maximal depth of tumor ablation and necrosis was found
at 180 J, 4.520.6 mm and 5.1+0.4 ram, respectively. In three cases, concerning relatively
small tumors, a complete in-depth tumor destruction occurred. The average values in Figure
4.2, however, show that total in-depth tumor destruction did not occur in most of the cases
as the lines did not reach the striated line.

A non significant relation was found between the width of ablation and the energy
delivered (1=0.239, P>0.1) (Figure 4.3). Width of tissue necrosis showed a significant
relationship to laser energy (r=0.428, P£<0.05). The maximal width of necrosis was 7.1+0.2,
found at 180 J. At 60 J and 120 J, values were 5.530.4 and 5.420.7, respectively. The width
of tumor ablation ranged from 0.8+0.4 mm at 60 J, to 1.33£0.2 mm at 180 I Complete
superficial tumor destruction was found in most of the cases. Damage to the adiacent liver
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Figure 43. Maximal width of tissue necrosis (-m-) and ablation (- a-} vs. total energy delivered. Each
point represents the meantSEM of the experimental results of days 1 and 2 together. The lines were
drawn after calculating the best fitting straight line according to the method of the least squares. The
mean width of the tumor is represented by the striated line. The shaded area represents the necrotic
region corresponding to zones 2-5 as mentioned in the text.

tissue occurred especially at higher energies. This last effect is visible in Figure 4.3, as the
line of tissue necrosis appears above the striated line, representing the mean tumeor width,

DISCUSSION

The results of this study show the possibility of the noncontact Nd:YAG laser to produce
tumor coagulation necrosis with minimal liver damage. No death or bleeding occurred as a
result of treatment. A linear relationship between laser energy and depth of tumor damage
was found with highest values at 20 W and 180 J. Complete superficial tumor destruction
was found. However, total in depth tumor destruction was not accomplished at the given laser
parameters.

The appearance of different zones of tumor destruction, as found in this study, is in
agreement with other histological studies of Nd:YAG laser effect upon normal tissue (Stern
et al., 1988; Brackett ez al., 1986). These zones represent the decreasing levels of energy
absorbed by the tissue at an increasing radius from the point of maximal laser energy. At
temperatures of around 45°C, the cells may be thermally damaged as found in zone 5. When
the tissue temperature reaches 60°C, protein denaturation and coagulation occur, resulting in
cellular necrosis as found in zone 4. Increase in temperature to 100°C, results in vaporization



4, NONCONTACT ND:YAG LASER 37

of tissue water content, which creates tissue cavities filled with steam (zone 3) and further
elevation of temperature leads to tissue carbonization and tissue ablation (zone 1 and 2).

Immediately post-treatment the zone of thermally damaged cells (zone 5) was not visible,
and on days 4 and 8 post-treatment histological changes hampersd the accurate judgement
of the laser effects upon the tissue. From this we conclude that the best histological
determination of laser effects can be made on the first or second day post-treatment.

In this study we used a single series of laser exposures with a fixed fiber position to
determine the laser effects as standardized as possible. We therefore chose a tumor model in
the rat where the mean diameter of the tumor at the time of treatment was 5.5 mm, so that
the effects on the twmor and on the adjacent liver tissue could be determined. Larger tumors
could only have been treated by moving the fiber along the tissue surface.

The effect of the laser upon tissue depends on many parameters. From the wide range of
available types of lasers (wavelengths), the Nd:YAG laser (1,064 nm) has the best
coagulating properties and deepest tissue penetration (Chapter 3).

Others have used the contact application or interstitial placement of the bare fiber into
tissue to produce necrotic lesions in normal liver tissue (Matthewson ef ¢f., 1987; Godlewski
et al., 1988). This approach seems very promising in the treatment of deep-seated liver
metastases (Chapter 6). For the treatment of superficial tumers, however, the noncontact
technique is preferable, avoiding spread of tumor cells and bleeding as a result of tissue
manipulation (Nishizaki ez al., 1990).

Using the noncontact technique, an important parameter is the focus mode. The maximal
penetration of the Nd:YAG laser is 6-10 mm (Stein, 1986; Stern er al., 1988), therefore the
beam was focused on the center of the tumor sphere to achieve maximal heat conduction
from this point to the turmnor margins.

Most studies concern the ablation of tissue at a power output of up to 100 W (Benderev
et al., 1987; Nims & McCaughan, 1983; Chevinski & Minton, 1990). As laser ablation of
larger areas in highly vascularized tissues often leads to bleeding, in this study a lower output
of 20 W was used in order to coagulate the tumor tissue in a controlled and selective manner
without ablation or carbonization. For the same reason 2 pulsed temporal mode was used to
allow cooling of the tissue between laser pulses. In most fumors, however, tissue ablation and
carbonization occurred, probably resulting in absorption of laser light at these black colored
superficial areas. This hindered light transfer into deeper tumor regions. At higher energies
this effect was apparent, as the high increase in depth of tumor ablation at these energies was
not accompanied by equally high amoumts of tissue necrosis (Figure 4.2).

Future studies should therefore use other laser modalities, for example lower power settings
with Jonger exposure durations, in order to avoid charring at the tissue surface to attain a
pure coagulative effect. In view of recent work, longer pauses between the laser pulses should
probably be applied to allow proper cooling of the tissue (Meijering er al., 1993).
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TERPSTRA. Water-jet-cooled Nd:YAG Laser Coagulation: Selective Destruction of Rat
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INTRODUCTION

In the previous chapter we investigated the use of the noncontact Nd:YAG laser in
destructing colonic tumor deposits in the liver. As laser vaporization of larger areas in highly
vascularized tissues often leads to bleeding (Nims & McCaughan, 1983; Schréder er al.,
1987; Chevinski & Minton, 1990), we aimed at coagulating the tumor. Indeed at lower laser
energies tissue coagulation occurred, however, the effect was only superficial. At higher
energy levels vaporization and carbonization of the tissue was inevitable, resulting in a local
crater of ablated tissue.

In the present study, we investigated the possibility of cooling the tissue surface during
laser treatment to avoid carbonization and to attain an absolute coagulative effect.

MATERIALS AND METHODS

Experimental Design

Sixty-eight animals were used for the experiments. Twenty days after intrahepatic tumor
inoculation a relaparotory was made and the visible diameter of the tumor was measured
with sliding calipers. Animals with a tumor diameter <3 mm or >7 mm were excluded from
the study. The remaining animals were randomly allocated to two experiments: I, to assess
the extent of liver damage and to study short-term laser effects (n=30) and II, to
biochemically assess liver damage and function, and to determine long-term effects especially
in relation to tumor remission (n=29).

In experiment [, the animals were randomly assigned to 10 groups of 3 animals each. In

Laser Treatment for Liver Metastages
R. van Hillegersberg 1963
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Figure 5.1. The apical tip of the light-transmission system. () The Helium Neon pilot laser leaves
the fiber with a divergence of 10°. (b) When water is pumped through the system the laser light is
guided by the water-jet resulting in an extended transmission with a spot size of 1 mm,

¢ach group laser therapy was performed with a previously fixed energy and power setting.
One dose of laser energy (Joule = Watts X seconds of exposure) was applied in each
respective treatment group, either 600, 850, 1.200, 1,700 or 2,400 J, at a power setting of
either 10 or 20 W in continuous tenaporal mode. On the first day after laser treatment the
animals were sacrificed and the liver was removed for histological determination of short-
term laser effects and the measurement of liver damage.
In experiment II, the animals were randomly assigned to 6 groups of 4 animals each and

a control group of 5 animals. Here the intermediate steps of 850 and 1700 J were left out so
that either 600, 1200 or 2400 J was applied, at a power setting of either 10 or 20 W. The
animals in the control group underwent a sham treatment (faparotomy and liver manipulation)
without any laser irradiation. To measure the amount of Hver destruction, the levels of serum
aspartate aminotransferase (ASAT) and alanine aminotransferase (ALAT) were determined
on the first and second day post-treatment. Liver function was determined by antipyrine
clezrance on the second day post-treatment. All animals were sacrificed on day 36 post-
treatment for histological determination of long-term effects. '

Laser and Delivery System

A continuous wave Nd:YAG laser (Medilas 60N, MBB-Medizintechnik, Miinchen,
Germany) with a wavelength of 1,064 nm was used. The light-transmission system consisted
of a silicone cladded flexible quartz fiber with a diameter of 600 pm enclosed within a teflon
hose with a diameter of 2 mm which was clenched to the fiber by an apical metal tip (Sander
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et al., 1988). Through the aperture between the fiber and hose a saline solution (22°C) was
pumped using a roller pump (HR Flow Inducer, Watson Marlow Lim..Marlow, GB) at a flow
rate of 40 ml/min, resulting in a water-jet which transmitted the laser beam beyond the fiber
tip with a spot size of 1 mm (Figure 5.1). The water-jet was pointed perpendicularly to the
middle of the tumor using a stand on which the fiber system was fixed at a2 distance of
approximately 5 mm to the tissue. The power output was monitored with 2 separate power
meter (Ophir Optics LTD, Jerusalem, Israel).

Determination of Short-term Tissue Damage

On histological slides teken from animals sacrificed on the first day post-treatment, the
areas of the tumor and the hepatic necrosis were calculated by computer-assisted integration
of the circumference (IBAS 2000, Kontron Bildanalyse GmbH, Minchen, Germany). To
estimate the depth and width of the total lesion at each energy, the diameter (2xr) of the sum
of these two areas was then calculated from:

r =" (A/r)
where 1 is the radius and A is the area of the necrotic region.

Statistical Analysis

The values are expressed as mean + standard error of the mean (SEM). A multiple
regression model was used to analyze the relation of the diameter of tissue damage and the
ASAT, ALAT levels on the power or energy applied. The influences of energy or power on
tumor remission were tested by respectively an Exact-trend test or an Exact test for
association (adjusted for energy). Comparisons between antipyrine elimination half-life values
were made using the Student’s t-test. A difference was considered to be significant at P
values of <0.05.

RESULTS

Nine out of 68 rats were excluded from the study as the tumnor diameter was smaller than
3 mum or larger than 7 mm. No bleeding appeared as a result of laser treatment. In one
animal tssue damage occurred as a result of explosive vaporization ("pop-corn” effect) during
laser treatment at 20 W and 600 J. This animal was excinded from the study. Another animal
died during anesthesia. Two control animals died with generalized tumor spread before
sacrifice on day 36. These animals were attached to the group "tumor cutgrowth on day 36",

Histopathology

The general pattern of laser induced tissue damage was unaffected by the variations in
power setting or energy applied.

On the first day post-treatment, the tumor tissue did not appear to be damaged as the
histological and cytological structures had remained intact. The tumor cells, however, had acidophilic
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Figure 5.2. Histological sections of tumor tissue in the liver. (a) On the first day post-laser treatment
the cells appear characteristically with dark elongated nuclei and acidophilic cytoplasm. (b) Thirty-six
days post-laser degenerative changes are visible. Bar: 50 um (hematoxylin, azophloxin & saffron
stain).
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Figure 5.3. Histological section on the first day post-treatment, On the border between tumor and
liver tissue large cavities are visible. Te. Tumor coagulation; Ln, Liver necrosis: L, Normal liver
tissue. Bar: 150 pm (hematoxylin, azophloxin & saffron stain).

cytoplasm with dark elongated nuclei (Figure 5.2a; for normal tumor histology see Figure

2.1). Large cavities surrounded by densely coagulated cells with pyknotic nuclei were often

observed, especially on the border to liver tissue (Figure 5.3). These cavities are caused by

boiled tissue water that creates bubbles of steam within the tissue. Around the tumor, a

sharply demarcated concentric rim of necrotic liver tissue was visible (Figure 5.4a; for pre-

treatment histology see Figure 2.4a), which could be divided into two zones:

1. Hepatocytes with vacuolated acidophilic cytoplasm and normal or slightly swollen faintly
staining nuclei. The sinuseids in the periphery of this layer were dilated.

2. A zone of acidophilic necrosis containing deliquesced cells without nuclei. The sinusoids
in this zone were often hyperemic. A mild inflammatory response was noted in this layer
(Figure 5.5).

On day 36 post-treatment the major tissue structures could still be identified (Figure 5.2b,

5.4b). Around a core of tumor tissue with degenerative changes, a rim of completely necrotic

liver parenchyma was visible. This necrotic area was separated from the vital liver
parenchyma by a band of conmnective tissue, in which a histiocytic reaction with

multinucleated giant cells was present (Figure 5.6).

Short-term Laser Effects
Liver damage. The total diameter of the tumor plus the rim of hepatic necrosis vs. energy
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Figure 5.4. Histological sections of tumor tissue in the liver post-laser treatment. (a) On day 1 post-
treatment, the tumor is surrounded by a concentric rim of necrotic [iver. (b) Complete tumor
remission on day 36, the necrotic area is encapsuled by a band of connective tissue. Bar: 1 mm. Tc,
Tumor coagulation; Ln. Liver necrosis; L., Normmal [iver; D, degenerative core (hematoxylin,
azophloxin & saffron stain).
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Figure 5.5. Histological section of the periphery of the rim of necrotic liver on day 1 post-laser.
Numbering corresponds to the text. Zone 1: hepatocytes with vacuolated cytoplasm. Zone 2:
deliquesced hepatocytes, infiltrated by inflammatory cells. L, Normal liver. Bar: 50 pm (hematoxylin,
azophloxin & saffron stain).

Figure 5.6. Histological section on day 36 post-laser. The core of coagulated tumor and liver is
encapsuled by connective tissue. Tc, Tumor coagulation; Le, Liver coagulation; L. Normal liver
tissue; C. Connective tissue. Bar: 50 um (hematoxylin, azophloxin & saffron stain).
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delivered on the first day post-treatment is shown in Figure 5.7. The total diameter estimates
at each energy the mean depth and width of laser induced tissue damage. The tumor, a
spheroid with a mean diameter of 5.04+0.1 mm, is represented by the dotted line. As the mean
tumor diameter is a constant factor, the curves above the dotted line describe the 1.4-5 mm
rim of hepatic necrosis that surrounded the tumeor after laser treatment. The diameter of liver
damage was directly related to the laser energy applied and was fitted by a logarithmic curve
(P=0.01, R*=0.50). The curves of 10 and 20 W paralleled during the entire energy range. At
10 W the diameter ranged from 6.4+0.3 mm at 850 J 10 8.0£0.8 mm at 2400 J. At20 W the
damaged area was significantly farger (22%) than at 10 W (P<0.001), ranging from 7.7+0.2
mm at 600 J to 10.0+0.1 mm at 1700 J.

Serum ASAT/ALAT. The enzyme levels were increased on the first day post-treatment
(Figure 5.8). The ALAT and ASAT wvalues, regressed upon power. energy and their
interaction, showed a significant, respectively borderline significant relation (P=0.04 and
P=0.06, respectively). The curves of 10 and 20 W, however, diverged at higher energies,
indicating a larger increase in liver damage at 20 W. The ALAT level rose from 32.248.6
iU/ at 600 J, 10 W to 59.1+12.8 iU/l at 2400 J, 10 W and from 52.8+£11.9 iU/ at 600 J,
20 W to 130.0£19.4 at 2400 J, 20 W compared to controls of 17.9£1.2 iU/l. For ASAT,
these values were 74.0£13.4 iU/l to 111.9£17.1 iU/l and 117.3+£19.8 10U/ to 213.3£16.0 iU/,
respectively compared to control values of 49.4%5.3 iU/ On the second day post-treatment
the values of both enzymes were normalized again.

Antipyrine Clearance Test. Liver function was not affected by laser treatment as
measured with an antipyrine clearance test. No differences were found in antipyrine plasma
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Figare 5.7. Diameter of the tumor plus hepatic necrosis vs. energy delivered at 10 W (-0-) or 20 W
(-a-) on the first day post-laser treatment. Each point represents the meantSEM of 3 experimental
results. The dashed line describes the mean tumor size.
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Figure 5.8. Serum ASAT (—-) and ALAT (- - -) levels vs. energy delivered at 10 W (-0-) or 20 W

(-a-) on the first day after laser treatment. Each point represents the meantSEM of 4 experimental
results.

elimination half-life levels (T') on the second day after laser application compared to
controls {mean T%=2_8+0.2 hours) (Table 5.1).

Long-term Effect on Tumor Remission

The long-term effects on tumor remission is listed in Table 5.2. All tumors in control
animals showed massive outgrowth with infiltration to adjacent tissue. In treated animals
tumor outgrowth depended on the amount of energy applied. A significant relation was found
between the amount of energy delivered and the number of tumors in remission (£<0.001).
Thirty-six days after 2400 J treatment no malignant cells could be demonstrated by light
microscopy, whereas after 600 J outgrowth was observed in 3/4 of the cases at 10 W, and
1/4 of the cases at 20 W, The difference between treatment at 10 or 20 W was nonsignificant
(P=0.07).

DISCUSSION

In this study the ability of the water-jet cooled Nd:YAG laser to effectively coagulate
tumor tissue within the liver was demonstrated. Cooling of the tissue swrface allowed
irradiation with energies of 2400 J at either 10 or 20 W, without carbonization or tissue
ablation. This finding is in agreement with a previous study by Sander er al. (1989), where
the water-jet guided Nd:YAG laser was found to be superior over the noncontact modality
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Table 5.1. Mean+SEM antipyrine plasma elimination haif-life (T'%)
on the second day post-laser.

T (h)
Energy No. of 10 W 20 W
@) animals
Control* 5 2.8+0.2 2.840.2
600 8 3.4£0.2 3.42£0.6
1200 g 2.4+0.3 2.6x0.2
2400 8 2.610.4 2.4%0.1

*Control animals underwent a sham treatment of laparotomy and liver
manipulation.

Table 5.2. Tumeor remissiont on day 36 post-treatment.*

Tumor remissiont

Energy No. of 10 W 20 W
2))] animals

Controlf 5 o5 () 0/5 {0)
600 8 1/4 (25) 3/4 (75)
1200 7 1/4 (23) 373 (100)
2400 7 4/4 (100) 33 (100)

*Laser treatment was performed 20 days after tumor inoculation.
+No. of tumors in remission/No. of tumors treated, {percentage).
#Controi animals underwent a sham treatment.

in the treatment of gastrointestinal ulcers. The water-jet enabled precise targeting on the
tumeor surface resulting in complete tumor remission at 2400 J, combined with a minimum
of liver damage and preservation of liver function.

On the first day after laser treatment the turnor tissue showed characteristic changes with
acidophilic cytoplasm and dark elongated nuclei, similar to the zone underneath the
carbonization fayer that was found in other studies without water-cooling (Van Hillegersberg
et al. 1992, Stern et al. 1988, Brackett er al. 1986, Rosenberg er al. 1990). Although these
histological structures had remained intact up to 36 days post-treatment, tumor outgrowth
could not be observed in all animals treated with 2400 J. Most probably only the tissue frame
had remained. consisting of denatured tissue proteins. This feature of heat-fixation has
previously been described by Stern er al. (1988). The nonvital heat-fixed tissue is hardly
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infiltrated by inflammatory cells and is therefore cleared up very slowly. Although it is likely
that complete remission was achieved, the potential of these heat-fixed tumor cells to survive
has to be established at longer periods after laser treatment.

On the first day post-treatment at all energies a concentric rim of liver necrosis was visible
around the wmor. As the laser was aimed at the superficial tumor and was closer 1o the
tumor than to the surrounding liver tissue, one would have expected complete tumor
destruction at all energies. However, at 600 or 1200 J at 10 W in 3/4 of the cases vital tumor
cells had remained, which resulted in umor outgrowth 36 days post-treatment. This apparent
higher vulnersbility of the hepatic tissue could be the result of the darker color of the liver.
compared to the whitish tumor, which effectively absorbed the Nd:YAG laser light (Chapter
3). Another explanation could be the lesser heat drainage from the deeper tissue regions that
were furthest removed from the water-cooled surface (Svaasand er al., 1983).

A power setting of 20 W resulted in 22% more liver damage than at 10 W. This indicates
that at 20 W higher temperatures occurred, so that larger areas reached a fatal temperature
level. This temperature level is very critical, as the necrotic liver tissue consisted of two
distinct zones, sharply demarcated from the normal parenchyma. Notably, the most peripheral
zone showed more degenerative changes than the zone adjacent to the tumor tissue. This
could be explained by a decline in temperature over the two zones resulting in heat-fixation
in the zone adjacent to the tumor and thermal damage in the peripheral zone. The tissue
temperature was not measured, as in a pilot study very slight changes in the thermoprobe
position caused large variations in temperature measurements.

The experimental results of tissue damage versus laser energy applied, which were fitted
to a logarithmic relation. indicate that higher energies could easily be applied without much
more liver damage. At the same time this implies that there.is a relative maximum in depth
of tissue damage. The depth of the laser effect depends upon light penetration and heat
diffusion (Chapter 3}. In this study, the maximal depth of tissue damage was 10 mm,
measured at 1700 J and 20 W. It has 1o be established to what extent higher power settings
can enlarge this value. Most probably depth of necrosis will increase with increasing power,
but a plateau will occur above a certain power level. The maximal power sefting at which
water-cooling can stiil avoid carbonization, will be related to the laser energy applied. In this
study a water temperature of 22°C was used. Lower temperatures will to a certain extent
improve the cooling capacity of the water-jet.

A significant relationship was found between the amount of energy delivered and the
number of tumors in complete remission, irrespective of the power setting applied. This may
imply that within the power range used in this study, the degree of tumor coagulation is
primarily determined by the laser energy applied. On the other hand, the total diameter of
tissue damage was significantly larger at a power setting of 20 W than at 10 W. Thus, the
diameter of tissue damage is mainly determined by the power setting applied (Figure 5.7).
Tumors of various size could as such be treated by adjusting power (diameter of tissue
damage) and energy (degree of tumor coagulation). Tumors with a size as used in this
experiment (i.e., a mean diameter of 5 mm) can be treated most effectively at an energy level
of 2400 J (Table 5.2). To minimize adjacent liver damage, a power setting of 10 W would
be preferable to 20 W, as the diameter of tissue damage is related to the laser power applied.
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In this study we used a single laser exposure with a fixed fiber position to determine the
laser effects as standardized as possible. In the clinical setting, however, repeated exposures
and/or step-like movements of the fiber along the tissue surface may be needed to treat larger
tumors. As the whole fiber system can be passed down the instrument channel of a
laparoscope, laparoscopic treatment of several superficial tumors at different liver lobes
would be possible. This local teeatment of tumor can substantially reduce the surgical trauma
and may diminish complications bleeding, tumer spread and liver failure.
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INTRODUCTION

Thermal laser therapy has proved to be successful in treating or palliating solid malignant
tumors at various.sites (Dixon, 1988; Krasner, 1991; Murray ef @/, 1992). In the previous
studies we found that noncontact Neodymium: Yttrium-Aluminum-Garnet (Nd:YAG) laser
treatment can produce selective destruction of experimental liver metastases (Chapters 4, 5).
Deep seated tumors, however, are not accessible in the noncontact mode owing to limited
light penetration. For that purpose, the light may be delivered interstitially by implanting the
laser fiber directly into the malignant tissue (Bown, 1983; Masters & Bown, 1990; Masters
et al.. 1991; Steger, 1991). This type of therapy has been applied experimentally and
clinically with varying degrees of success to brain, skin, pancreatic and hepatic tumors {Table
6.1). Three different methods of thermal destruction can be distinguished, depending mainly
on the exposure time to an increased tissue temperature (determined by laser parameters and
tissue optical and thermal properties; Chapter 3):

1. Hyperthermia at temperatures of 42-45°C, causing reversible damage to cellular enzymes,
that may become irreversible after longer exposure times (25 minutes to several hours).

. Coagulation and vaporization at temperatures of 60-140°C, causing protein denaturation,
hyalinization of collagen and cell shrinkage, which can be observed macroscopically by
tissue blanching.

. Carbonizaticn and ablation at temperatures of 300-1000°C, causing charring with increased
light absorption and smoke generation.

Until now, thermal interstitial laser destruction has been achieved by either hyperthermia or

tissue carbonization/ablation combined with coagulation.

[

L

Laser Treatment for Liver Metastases
R. van Hillegersberg 1993

51



Table 6,1. Review of interstitial Nd:YAG [aser treatmenl in various tissues in vivo,

Power Energy Time Fiber Tissue Lesion Histopathologic Reference

(W) &) (s} (in vivo) (tam) effect

Combined ablation and coagulation

0.5-2 100-1200 50-2400% 400 pm liver 16 well defined lesion, charring at Matthewsonetal. (1987)
bare fiber rat 2 W, transmission reduced to 30%

80 800 10 600 pm liver 12-20 spheroidal lesion, central charring, Godlewski et al. (1988)
water cooled pig no fiber burning, echogenic on US

15-60  75-300 5 600 pm prostate 15/9 well defined lesion; echogenic on US,  Littrup er al. (1988)
bare fiber canine size independent of faser power

1 100-400* 400 um colon ca., i.s. (4-20) sharply defined necrosis: 100% in Matthewsonefal. (1988)

2 100* bare fiber rat tumor size  tumors <8 mm at 1 W and 300 s,

higher risk of perforation at >300 s

1.5 750-1005 560-670 200-400 pm tumorsy depends on tumor type, number, Steger ef ol (1989a)
bare fiber patients and sites of treatment

1.2 720; 1440 600%; 1200% 400 pun fibro sa., s.c. (16-15) well defined necrosis, Matthewsonefal. (1989)

2 1200 600* bare fiber rat tumor size  best results at 2 W and 600 s:

remission; 5/10, cure: 2/10

5 500 100 600 pm mamma ca., i.s. 3-8 main necrosis, surrounded by Dowlatshahi ef of. {1990)
water cooled rat islands of necrosis

1.3-4 468-1440 360 600 um fiver 10 cylindrical lesion, central charring, Dachman ef ol (1990)

bare fiber

pig

echogenic on US



Table 6,1 (Continued). Review of interstitial Nd:YAG laser treatment in various tissues in vivo.

Power Energy Time Fiber Tissue Lesion Histopathologic Reference
(W) e (s) (in vivo) (mm} effect
1 500 500 400 pm liver 1] spherical lesion, central charving Van Eyken ef al, (1991)
bare fiber dog
1.5 900 600 600 pm liver 10-15 spherical-ellipsoid lesion, Bosman et al. (1991)
bare fiber pig central charring, echogenic on US
2-4 30-120 1200 pm brain 3.5 coagulation necrosis Bettag ef al. (1991)
cire. diffusing  rat
1 300 300 frosted sapphire pancreatic ca. 2.1 well defined necrosis with damage Nuntinen ef al. (1992)
hamster, 1.s. to capillaries on microangiography
2 120-600 60-300 600 pm liver 9/7-17/13  ellipsoid lesion, central charring Matsumoto ef al. (1992)
3 540-900 180-300 bare fiber rabbit 20132715
5 300 60 600 pm brain 13/9 ellipsoid lesion; central cavity, Higuchi ef af. (1999}
bare fiber muscle 1245 size measured by MRI; smaller size
liver 8/5 in liver due to effective vascular
rabbit heat diffusion (?)
1.5 1500 10040 400 pm brain i1 ceniral cavity surrounded by Tracz ef al. (1993)
bare fiber cat charring and coagulation
3 1500 500 1160 pm brain 12 ellipsoid coagulation necrosis Schober ef al. (1993}
2-6 30 cire. diffusing  rat 2-10



Table 6.1 (Continned}. Review of interstitial Nd:YAG laser treatment in various tissues in vivo.

Power Energy Time Fiber Tissue Lesion Histopathologic Reference

(W) (W) (s) {in vivo} {mm) effect

Hyperthermia, 42-43°C, controlled by thermoprobe feedback

3 3600 1200 frosted sapphire pancreatic ca. 10-20 tumor necrosis 70-80% Daikuzono ef . (1988)
computer contr. nude mouse

6 8000 600 frosted sapphire tumors} 15-20 hypodensic necrosis (CT), Hahl e ol (1990))
water cooled patients 4 wks, post-treatment

3-4 1800 frosted sapphire muscle 10/20 cylindrical lesion, Panjehpour ef a/, (1990)
computer contr, dog height: 10 mm; diameter: 20 mm

2-3 3600-5400  [800 frosted sapphire brain “ coagulation necrosis, surrounded Sugiyama ef al. (1990}
computer contr. cat by edema, no charring

1800-2400 brain tumors§ follow up by CT§
patients

23 600 diffusing liver 20 coagulation necrosis Huang ef al. (1991}
probe rabbit

4 2400 600 400 pm liver ) clearly demarcated necrosis Castrén ef ai. (1992}
bare fiber; pig 7 days post-treatment
frosted sapphire 4

waler cooled
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The concept of hyperthermia isbased on a possible higher susceptibility of the malignant
tissue to slight temperature increase (Field, 1987; Robins ez ol , 1989). The tissue temperature
can be kept at the indicated level of about 43°C, using temperature feedback systems and
frosted or water-cooled fiber ends (Table 6.1). Disadvantages of hyperthermia, however, are
the long exposure times and unpredictable sensitivity of the malignant tissue (Dunlop &
Howard, 1989; Anderson & Kapp, 1990).

Tissue ablation combined with coagulation has been applied most commonly with a bare
tipped fiber (Table 6.1). This is a normal flexible quartz fiber of which the distal cladding
has been stripped for 3-4 mm. The heat generated by this fiber, however. is very localized
and intense, as the emission of the laser light is concentrated at the fiber tip. Several studies
have reported the development of a blackish clot at the insertion site, which absorbed the
laser light efficiently and suppressed the transmission into the tissue by several orders (Elias
et al., 1987, Matthewson ef al., 1987; Panjehpour ef al., 1990). Thus, a charred fiber acts as
2 hot-tip, which may limit precision and extent of the induced necrosis by depending on heat
diffusion rather than light penetration and subsequent heat diffusion (Svaasand er al., 1983).

Charring may be avoided using an cylindrical diffusing fiber-tip with uniform light
delivery, producing homogeneous heat distribution (Arnfield er al., 1986, 1989). Cylindrical
diffusing tips have been applied in photodynamic therapy for illumination of photosensitized
solid tumors (Dougherty er al., 1981; Gatenby er al., 1987; Van Hillegersberg er al., 1992a).
However, these diffusers are only applicable at Jower power output levels of <1 W. We
therefore developed a more heat resistant cylindrical diffuser for thermal laser coagulation.

The aim of this study was to assess whether the use of this fiber-tip could lead to selective
coagulation of malignant tumor within the liver.

Legend to Table 6.1

*Pulse duration 100 ps, 40 pulses /s

tLiver metastasis 35 mm; repeated fiber insertion (4x, distance < 1.5 ¢m); treatments 0, 6, 10 months:
no increase in tumor size. Pancreatic head tumor 20 mm; repeated fiber insertion (3x); No success.
Breast tumor; repeated fiber insertion (3x); good response, no complete remission.

Skin metastases 12x5 mm, x5 mm; fiber insertion (2x, 1x); reduction, complete remission (?).
Liver metastasis 50x50 mm; 4 simultaneous fibers; CT 2 months: necrosis 50 mm, but another tumor
deposit.

ISuperficial liver tumors; 1 primary, 6 metastatic.

§Glioma 10x20x15 mm; complete remission, 31 months. Glioma 24x30x25 mm; complete remission,
9 months. Metastatic lung ca. 50x34x35 mm; complete remission, 29 months. Glioma 10x8x12 mm;
recurrence, 23 months. Metastatic lung ca. 26x24x28 mm; died of primary tumor, 11 months.
Abbreviations: ca., carcinoma; cire., circumferential; contr., controlled; CT, Computed tomography;
i.s., in situ; MRI, magnetic resonance imaging; sa., sarcoma; s.c., subcutaneous; US, ultrasonography.
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MATERIALS AND METHODS

Experimental Design

L aser treatment was performed 20 days after intrahepatic tumor implantation in 42 animals.
A relaparotomy was made and the visible diameter of the tumor was measured with sliding
calipers. The animals were randomly allocated to two experzments: [, to assess short-term
laser effects and the biochemistry of liver damage (n=18) and II, to assess liver function and
long-term effects, especially in relation to tumor remijssion (n=24).

In experiment I, the animals were randomly assigned to 5 experimental groups and 1
control group of 3 animals each. In the experimental groups interstitial laser therapy was
performed with a previously fixed energy and power setting. The animals in the control
group underwent a sham treatment with diffuser insertion only. To determine liver damage,
blood was collected for serum aspartate aminotransferase (ASAT) and alanine aminotrans-
ferase (ALAT) on the first and second day after laser treatment. The animals were sacrificed
on the second day post-treatment, and the liver was removed for histological determination
of short-term effects.

In experiment II, the animals were randomly assigned to 5 experimental groups and 1
control group of 4 animals each. The animals underwent the same laser treatment as in
experiment I. To determine liver function, an antipyrine clearance test was performed on the
second day post-treatrnent. The animals were sacrificed on day 36 after laser treatment for
histofogical assessment of long-term effects. The proliferative activity of the tumor cells was

Figare 6.1. (Up) The 600 um silicone cladded quartz fiber, stripped for the distal 0.5 ¢m and formed
into a stepwise conical end by immersing into hydrofluoric acid solution. (Down} A cylindrical
diffuser is created by coating the taper with a strongly scattering layer of Helioseal®, cured by
illumination with blue Light of 488 nm.
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determined by bromodeoxyuridine (BrdU) incorporation during 2 h before sacrifice.

Cylindrical Diffuser

To create a cylindrical diffuser (Figure 6.1), the coating and cladding of a 600 pm silicone
cladded fiexible quartz fiber were stripped for the distal 0.5 cm. The fiber core was formed
into a stepwise conical end by immersing it into hydrofluoric acid (HF solution 48-50%,
Janssen Chimica, Geel. Belgium} in 4 steps of 1 mm each. At each step a different time for
chemical etching was chosen (core radius decrease 1.45 pm/min). In this way 3 rings (seen
from the fiber top) were made with equal surface areas (5.65x10° um?) emitting the light
evenly over the taper length (Figure 6.1). Following that, the fiber was coupled to an
argon-ion laser (Model 5450AWC, Ton Laser Technology, Salt Lake City, UT, U.S.A.) and
the taper immersed into Heloseal® (Vivadent, Schaan, Liechtenstein). This strongly scattering
substance consists of titanium dioxide particles suspended in a polymer containing za
photoinitiator that cures under illumination with blue light {peak absorption at 467 nm,
temperature stability 150°C) (Lekka ef al., 1989; Henderson, 1990). Initially a soft layer was
applied by illumination with blue light of 488 nm at 15uW during 3 min. The soft Helioseal
diffuser was then completely cured in paraffin, at 20 mW during 10 min. This procedure
resulted in a cylindrical diffuser with typical dimensions of 0.5 cm length and a maximum
diameter of 1.3 mm (Figure 6.1). As the amount of Helioseal curing depended upon the light
energy distribution along the taper end, the emitted light was scattered to a higher degree on
places of higher energy, approaching isotropic light distribution from the diffuser.

Laser Application and Dosimetry

A continuous wave Nd:YAG laser (Model 4060N, MBB-Medizintechnik, Miinchen,
Germany) with a wavelength of 1,064 nm was used at a power setting of 2 W (i.e., 4 W/em
diffuser length). In pilot studies with 4 W (8 W/cm} diffuser charring occurred after repeated
application or at energies 21,200 Jem., This could be detected immediately by a strong
decrease in the energy fluence rate, followed by smoke development and carbonization of the
tissue.

The output power of the cylindrical diffuser was measured before and after each laser
treatment using an integrating sphere (Model 2550, United Detector Technology, Hawthorne,
CA, U.S.A) with a radiometer (Optometer, Model 181, United Detector Technology). The
intra-experimental variation in diffuser output power was always less than 5%. As different
diffusers were used during the experiments, the inter-experimental diffuser output power
varied between 1.9-2.3 W. A 19 pauge needle was used to create an entry Into the center of
the tumor. To prevent adherence to the tissue, some silicone-grease was put on the diffuser.
Following that, the needle was withdrawn and the diffuser inserted using a stand on which
the fiber system was fixed (for a schematic representation of the experimental set-up see
Figure 8.1). One dose of laser energy was applied in each respective treatment group, either
600, 1,200, 2,400, 3,400 or 4,800 J/cm. To indicate the actual light dose delivered and to
detect the occurrence of tissue carbonization or diffuser breakdown, the energy fluence rate
(mW/cm®) at the tumor boundary was measured with a spherical isotropic detecior
(Henderson et al, 1990; Marijnissen & Star, 1987). To determine the inner tumor
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temperature, a needle thermocouple connected to a read out instrument (Thermodig N80O,
AJS, France) was positioned opposite to the light detector. Both fluence rate and temperature
were recorded every 30 seconds.

Determination of Tissue Damage

On slides taken from animals sacrificed on the second day after laser treatment the tumor
area and maximal width and depth of the laser induced lesion were determined by computer-
assisted measurements (IBAS 2000, Kontron Bildanalyse GmbH, Miinchen, Germany). To
give an indication of tumor growth retardation, the long-term vital tumor area was measured
by IBAS (Chapter 2).

Bromodeoxyuridine Incorporation

This method of determing the proliferative activity, is based upon the incorporation of
BrdU, a thymidine analogue, into reduplicating DNA. Two hours before sacrifice the animals
were Injected intraperitoneally with BrdU 50 mg/kg body weight. A 5 pm paraffin section
from the same site as used for light microscopy was taken and treated according to Schutte
ef al. (1987}, for immunocytochemical detection with antibody against BrdU.

Statistical Analysis

The values are expressed as means + standard error of the mean (SEM). A multiple
regression model was used to analyze the relation between fluence rate increase, short-term
lesion size or ASAT, ALAT levels on the energy applied. The relation between long-term
tumor area or antipyrine serum half-life (T4) to laser energy was tested by Spearman’s rank
order correlation. A random coefficient model for repeated rneasures was used to test the
relation between temperature against exposure time. The influence of energy on tumor
remission was determined by an Exact-trend test. Other comparisons were made using the
Student’s t-test. A difference was considered to be significant at P values of <0.03.

RESULTS

One animal died during anaesthesia; all remaining animals survived the procedure. On the
day of laser treatment the mean+SEM visible tumor diameter was 5.3+£0.1 mm (n=41).

Laser Application, Temperature and Fluence Rate

The Helioseal coating technique described here, allowed easy production of a cylindrical
diffusing fiber end. Diffuser damage did not ocour at given laser parameters.

The meantSEM core temperature at the tumor boundary was 27.3+0.3°C (n=34), varying
from 22.8 t0 31.2°C. Temperature increased logarithmically with energy delivered (£<0.0001)
(Figure 6.2). At 250 s of exposure (600 J/em), the mean value was 59.0+1.5°C (n=34),
ranging from 46.0 to 77.3°C. After 1,200 s (4800 J/em) the mean value was 69.7+2.1°C
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Figure 6.2. Temperature measured at the tumor boundary ws. exposure time to interstitial laser
therapy with 4 W/em from a 0.5 cm cylindrical diffuser (laser output power 2 W). Each point
represents the meantSEM in all groups (n=34 at 150 s, 600 J/em, to n=7 at 1,200 s, 4,800 J/ecm). The
dashed line describes the mean temperature at the start of treatment (27.320.3°C, n=34),

(n=7), ranging from 60.3 to 75.2°C.

The mean+SEM fluence rate at the beginning of laser weatment (30 s of exposure} was
3.120.2 W/em® (n=34). Considerable differences were found in the individual starting values,
1.7-5.3 W/en, probably caused by inaccuracy in the positioning of the detector probe
relative to the cylindrical diffuser. Fluence rate changes were therefore expressed as
percentage of the individual starting value (Table 6.2). These values were significantly related
to laser energy applied (P=0.012, r=0.428), increasing from 101+2% (n=6; range 92-107%)
after 600 J/cm, to 122£11% (n=7; range 87-170%) after 4,800 J/cm.

Histopathology

Sections on the second day after laser treatment showed sharply demarcated lesions around
the place of laser application (Figure 6.3a; for pre-treatment histology see Figure 2.4a). The
border between normal and necrotic tissue consisted of a practically straight line, irrespective
of the margin between tumor and hepatic tissue. The necrotic area always extended the dorsal
border of the liver. As sections were taken through the tumor center, the place of diffuser
insertion could be observed in most of the cases (Figure 6.3a); non of the samples showed
tissue carbonization.

In general, laser induced tissue necrosis showed a mixed pattern of coagulated and
deliquesced areas, often infiltrated by inflammatory celils. At energies of 21,200 J/em, heat
coagulation was predominant in tumor tissue showing characteristic changes as described
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Table 6.2. MeantSEM fluence rate change after laser energy applied.
expressed as percentage of the individual starting value.*

Energy No. of Fluence rate change
(J/em) animals (% of starting value)
600 6 10112

1200 7 107+2

2400 7 11345

3400 7 11414

4300 7 122410

*Laser energy was delivered interstitially with a 0.5 cm ¢ylindrical
diffuser, output power 4 W/cm. Mean starting value 3.1+0.2 mW/cm®.

previously (Chapters 4, 5); histological and cytological structures had remained intact and
tumor cells appeared with acidophilic cytoplasm and pyknotic elongated nuclei. At laser
energies up to 1,200 J/em, heat coagulation could only be observed at the site of diffuser
insertion. Mainly deliquesced tumor cells were visible with acidophilic cytoplasm, without
or with faintly staining nuclei. This necrotic tumor tissue could hardly be distinguished from
the surrounding liver necrosis.

The pattern of hepatic necrosis was also related to the amount of energy delivered. In case
of higher laser energies, heat coagulation had extended the surrounding hepatic tissue, so that
the hepatic necrosis could be divided into two zones (Figure 6.3b):

1. An inner zone containing hepatocytes with normal nuclei and dilated sinusoids.

2. An adjacent zone of liver necrosis contzining deliquesced cells without or with faintly
staining muclei and rough vacuolated acidophilic cytoplasm. The peripheral sinusoids in
this zone were often hyperemic. An inflammatory response was noted in this layer.

When lower laser energies had been applied, only the second zone of liver necrosis was

visible.

Thirty-six days after laser treatment two different situations could be observed:

1. Complete tumor destruction.

2. Tumor outgrowth.

In case of complete destruction the area of necrosis had been replaced by a degenerative core

in which the major tissue structures could often be identified (Figure 6.4a,b). These structures

did not label with BrdU, whereas a strong labelling was found in the cellular nuclei of

outgrown tumor (Figure 6.5ab). The degenerative area was surrounded by a rim of

polymorphonuciear and mononuclear inflammatory inftltrate, separated from the vital liver
parenchyma by a band of connective tissue in which a histiocytic reaction with multinucle-
ated giant cells was present (Figure 6.4b).

Short-term Laser Effects
Lesion size. The maximal width of the lesion was directly related to the laser energy
applied and well fitted by 2 logarithmic curve (P<0.0001. R*=0.984) (Figure 6.65).
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Figure 6.3. Histological section of a lesion on the second day post-treatment with 2,400 J/em. (2) The
tumer is completely involved and the place of diffuser insertion is clearly visible; no carbonization
occurred. Bar: 2 mm. (b) Magnification of the area indicated by the square. The tumor is surrounded
by hepatic necrosis that can be divided into two zones (numbering cotresponds to the text): 1) an
inner zone containing hepatocytes with normal nuclei and dilated sinusoids; and 2} an adjacent zone
of liver necrosis containing deliquesced acidophilic cells without or with faintly staining nuclei and
rough vacuolated acidophilic eytoplasm. Bar: 50 um. Tn. Tumor necrosis; D, Diffuser insertion site;
Ln, Liver necrosis; L. Liver: 1, 2, zones of hepatic necrosis (hematoxylin, azophloxin & saffron
stain).
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Figure 6.4. Histological section of a completely destructed tumor, 36 days after laser treatment. (a)
The necrotic area is replaced by a degenerative core surrounded by inflammatory infiltrate, and a band
of connective tissue. Bar: 2 mm. (b) Magnification of the area indicated by the square. The core
contains coagulated tumor and liver of which the histological structures can still be identified. The
margins are infiltrated by inflammatory cells and encapsulated by connective tissue in which a
histiocytic reaction with multinucleated giant cells is present. Bar: 50 pum. D, degenerative core; I,
inflammatory infiltrate; C, connective tissue (hematoxylin, azophloxin & saffron stain).
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6

Figure 6.5. BrdU histochemistry on histological sections 36 days post-treatment. (a} The nuclei of
the coagulated tumor in the degenerative core do not label with BrdU. (b} Strong labelling in the
cellular nuclei of outgrown tumot. Bar: 15 um (hematoxylin, azophloxin & saffron stain).
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Table 6.3. MeantSEM antipyrine plasma elimination half-life (T'%)
on the second day after post-treatment.*®

Energy No. of T (h)
{Jlem) animals

Controlf 4 3.82£0.4
600 3 4.7+0.4
1200 4 41203
2400 4 3.4+04
3400 4 3.6£0.3
4800 4 3.4+0.2

*Laser energy was delivered interstitially with a 0.5 cm cylindrical diffuser
(output power 4 W/em). 20 days after tumor implantation,
+Control animals underwent a sham treatment with diffuser insertion only.

Mean values varied from 7.440.7 mim after 600 J/om treatment to 11.240.3 after 4.800 J/em.
The meantSEM tumor diameter, derived from measurements of the tumor area on the cut
histological samples was 5.5+0.2 mm (n=18). This value is represented in Figure 6.6 by a
dashed line, showing that liver damage occurred at all laser energies applied.

As at all energies liver necrosis reached the dorsal liver border (Figure 6.32), the lesion
depth did not deperd on energy delivered. MeantSEM lesion depth was 7.0+0.2 mm (n=15).

Serum ASAT/ALAT. The measurements on lesion size were in agreement with the
increased serum ASAT and ALAT values on the first day post-treatment; both enzyme levels
were logarithmically related to energy applied (P=0.007, R*=0.339 for ASAT; P=0.003,
R*=0.411 for ALAT) (Figure 6.7). In control animals mean values of 127.2:+£2.9 iU/l for
ASAT and 45.4=1.9 for ALAT were found. On the second day post-treatment, ASAT levels
in control animals were Jower than on the first day, 85.0+9.4 {U/I (P=0.013), whereas no
significant difference was found for ALAT (P=0.133). The increased serum ASAT level on
the first day post-treatment in control animals may be due to release of ASAT from the
timor as a result of diffuser insertion. In preliminary studies we found that the tumor ASAT
content is relatively high compared to liver (ratlo 40:1). whereas the turnor ALAT content
is lower than liver (ratio 1:2) (Chapter 2). In the experimental groups, the values on day 2
were still slightly increased, with maximum values of 128.449.2 1U/1 for ASAT (1.200 J/em)
and 76.6+7.9 iU/ for ASAT (2,400 J/em).

Antipyrine clearance test. The antipyrine plasma elimination T% levels on the second day
after laser application were not significantly related to laser energy applied (P=0.071),
indicating that major deterioration in liver function did not occur, which is in agreement with
the small liver volume damaged by this procedure. MeantSEM values varied between
3.4+0.2 h (n=4) after 4800 J/cm, and 4.7+0.4 h (n=3) after 600 J/cm, compared to controls
of 3.8+0.4 h (n=4) (Table 6.3).
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Table 6.4. Tumor remission and vital tumor area on the 36th day post-treatment.*

Vital Tumor area (mm”)f

Energy No. of tumors

(J/em) in remissiont Individual value Mean+SEM
Control§ 0/4 139 204 228 235 20122
600 1/3 0 84 - 268 117479
1200 2/4 0 ] 148 187 84449
2400 1/4 0 92 153 158 10137
3400 1/4 0 49 68 202 8043
4800 3/4 ] 0 0 12 3+3

*Laser energy was delivered interstitiatly with a 0.5 em cylindrical diffuser
(output power 4 W/cm), 20 days after tumor implantation.

No. of tumors in complete remission / no. of animals.

fMeasured by computer assisted integration of the circumference.

§Control animals received diffuser insertion without any laser treatment.

Long-term Effect on Tumor Remission

All tumors in control animals showed massive outgrowth with irfiltration to adjacent
tissue. In the experimental groups. however, several animals showed complete remission
(Table 6.4). Best results were obtained at 4800 J/cm with complete remission in 3 out of 4
animals. No significant relation was found between number of tumors in remission and
energy delivered (P=0.135). The size of the vital tumor area, however, decreased with laser

energy (P=0.016) {Table 6.4). There was no correlation between the vital tumor area and the
original tumor size.

DISCUSSION

The advantage of laser compared with other modes of energy delivery is the high precision
of the laser induced necrosis (Keiditsch er af., 1981; Steger, 1991; Masters er al., 1991).
However, preservation of light penetration during laser treatment is conditional for controlled
and predictable tissue heating. In previcus studies several attempts have been made to avoid
carbonization, which strongly suppresses light transmission. Constant liquid cooling of the
fiber tip has been used by Godlewski ef al. (1988) and Dowlatshahi ef al. (1990). However,
the fluid pool created by this method increases interstitial pressure, which may induce tumor
spread and 1s not accepted in neurosurgical applications. Others have investigated the use of
a frosted sapphire tip to give a wider angle of lumination (Table 6.1). However. Van Eden
et al. (1988) showed that without cooling or temperature feedback, this probe was acting
much more as a point heat source, owing to heating the metal connector and sapphire
assembly. In addition, the width of the sapphire tip and the metal collar required to connect
it to the fiber, limits percutaneous application. The use of gas-cooling with coaxial air flow
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Figure 6.6. Short-term lesion size vs. laser energy delivered. Each point represents the meantSEM
of 3 experimental results. The dashed line describes the mean tumor size (5.5£0.2 mm).
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Figure 6.7. Serum ALAT (v) and ASAT (@) levels vs. laser energy delivered. Measurements on the
fiest day after laser treatment. Each point represents the meantSEM of 3 experimental results.
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has initially been used for cooling the sapphire tip, but is now obsolete as air embolism can
occur which may be fatal (Schrider er af., 1989). Nolsee er al. (1992) found that light
delivery through a conical taper end without a scattering coating, can not avoid charring of
hepatic tissue in virre. In our study, the use of a cylindrical diffusing fiber-end with
homogeneous light delivery, resulted in tissue coagulation without any charring. The light
transmission, measured at the tumor boundary, did not decrease during laser treatment as was
previously described in case of carbonization (Elias er al., 1987; Matthewson ef al., 1987;
Panjehpour ef al, 1990). On the contrary, an increase in fluence rate was found during laser
treatment (up to 170%), probably as a result of changing the optical properties of coagulating
tissue. Such changes were previously observed in Nd:YAG laser coagulated myocardium and
thought to be caused by increased scattering owing to protein denaturation (Halldorsson er
al., 1981; Derbyshire et al., 1990; Splinter ef al., 1991). However, the measured changes may
have been enhanced by shrinkage of the coagulating tissue, bringing the isotropic detector
nearer to the diffuser.

The maximal lesion size found in this study was 11 mm after 4 W/em and 4800 J/em
(power output 2 W; energy 2400 J; diffuser length of 0.5 cm). This value is comparable to
the lesion size found in previous studies using combined ablation and coagulation (accom-
panied by charring), indicating that the use of a cylindrical diffuser would not significantly
increase the treatment range (Table 6.1). However, most investigations have been with normal
hepatic tissue or subcutaneously implanted tumors, whereas in this study the effects were
determined on tizmor as well as on surrounding hepatic tissue. As the various tissues have
distinct optical properties, the effect of a certain laser treatment will be related to the relevant
tissue type (Patterson ef al, 1991; Van Hillegersberg et al., 1993). Therefore, a proper
comparison between the lesion size created with a cylindrical diffuser or a bare fiber-tip
would require a standardized experimental set-up in a single tumor model. Recently, Wyman
et al. (1992) compared in vitro the extent of lesions produced by a bare tipped fiber (point
optical source, distributed heat source} and a fiber with a small steel sphere {point heat
source). They found that at the same Nd:YAG laser output power and exposure duration (1.6
W for 300 s). the point heat source produced larger lesions (with charring) than the point
optical source (without charring). Charring of a bare tipped fiber, which transforms it from
a distributed heat source into a point heat source, will therefore increase the extent of a
lesion. However, for both types of heat sources the maximum coagulation velume is reached
at a temperature of 300-1000°C at the fiber tip, above which undesirable tissue ablation
occurs, limiting further heat transfer into the tissue (Thomsen, 1991). As the temperature
gradient from the fiber tip towards the tissue periphery of a point heat source 1s much higher
than that of a distributed heat source (Wyman et al., 1992), the coagulation volume of the
distributed heat source will be larger. The crux is, that it requires a higher output power for
the fiber tip of a distributed heat source to reach the ablation temperature than for the tip of
a point heat source. So, although at the same (lower) power output 2 point heat source will
give a larger lesion than a distributed heat source, with the latter one can potentially apply
a much higher output power to the tissue and accordingly reach a larger coagulation volume.

In this study, lesion size was found to increase logarithmically with energy applied, which
could be confirmed by the serum ASAT and ALAT levels on the first day post-treatment.
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Matthewson e al. (1987) have determined a dose response relationship in normal rat liver
using a bare tipped fiber at 0.5-2.0 W and 100-1200 J (Table 6.1}. Necrosis increased with
increasing power with a plateau above 1 W, and for a given power setiing, increased with
increasing total energy with a plateau between 600 and 1000 J. The plateau above T W was
probably caused by carbonization which reduced light wansmission to 30% of the original
value at 2 W. However, the plateau at increasing energies is comparable with the results of
this study (Figure 6.6). This plateau is determined by the maximal penetration depth of the
laser light. indicating that higher laser energies could be applied without much more lLiver
damage. However, at the same time this implies that the production of larger lesions would
require much higher energies (1.e., longer exposure times).

A logaritheic relation was found between tissue temperature and laser energy applied.
After a strong initial temperature increase up to 600 J/em {150 s exposure), mean values
remained between §0-70°C, which allowed gentle tissue heating within the coagulation range
{Figure 6.2). There has been some dispute about the terminology in thermal interstitial laser
therapy (Dachman er al., 1990; Sweetland ef al., 1989; Steger er al., 1989b). In this chapter
we used the indication "thermal therapy" instead of "hyperthermia” to prevent confusion with
the zpplication between 42 and 45°C. We are aware of the fact that in our study temperatures
in the order of 43°C also occwred at a certain distance from the diffuser. However, these
temperatures only played a minor role in tissue necrosis, as even at 600 J/cm measurements
at the tumor boundary ranged from 46 to 77°C. Moreover, maximal exposure time in this
study was 20 min, whereas exposure times of at least an hour are usually required for
irreversible damage from hyperthermia (Reinhold & Overgaard, 1990; Pigliucci ef al., 1990).
In the opposite manner, temperatures of 530-100°C have been measured at the fiber insertion
site during interstitial laser hyperthermia {Daikuzono ef al., 1988; Sugivama er al., 1990).

Short-term histology showed a mixed pattern of deliquesced and coagulated cells, probably
representing the temperature distribution in the tissue. In areas of higher temperature, i.c.,
around the diffuser and post-treatment with higher laser energies, tumor cells appeared
elongated and spindle formed with acidophilic cytoplasm. These characteristic changes of heat
coagulation have previously been found after superficial laser coagulation in this model
{Chapters 4. 5). Thomsen (1991) described similar changes in thermally damaged epithelial
cells, which were thought to be secondary to the collapse of the cytoskeleton. The appearance
of 2 zones of adjacent hepatic necrosis can be explained by a decline in temperature towards
the periphery of the lesion, resulting in coagulation in the inner zone and degenerative
changes in the outer zone.

Tumeor remission was determined on the basis of tumor outgrowth 36 days post-treatment.
The aspect of the long-term coagulated area was comparable to that found in our previous
studies on superficial Nd:YAG laser coagulation; the coagulated area healed gradually with
preservation of the structural integrity. Incorporation of BrdlJ was used as an additional test
on viability of the coagulated material. Labelling was always negative, indicating that
proliferation did not occur (Figure 6.5). In case of tumor outgrowth, the vital tumeor area was
significantly reduced at higher laser energies applied. Complete tumor remission occurred at
all energies, but was predominant after 4800 Jem with complete tumor remission in 3 out
of 4 cases {Table 6.4). This may indicate that with 4 W/cm, energies over 4800 J/em should
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be applied.

The scattering properties of the diffuser coating used in this study are determined by the
size of the suspended particles in the Helioseal polymer (diameter 15um) (Henderson, 1990).
Theoretically, a larger particle size would produce more scattering of the Nd:YAG laser light
(Van Staveren ef al., 1991), indicating that the diffusing capacity of the cylindrical fiber end
may to a certain extent be improved by adjusting the polymer composition. A diffusing
length of 0.5 em was chosen for this particular application, i.e., to treat tumors with a mean
diameter of 5.5 mm. Larger lesions may be produced by using a longer diffuser length and
higher laser power. In pilot experiments, however, at a power output of 8 W/ecm and 1200
J/em diffuser breakdown occurred probably due to temperatures at the cylindrical diffuser
exceeding the temperature stability of the Helioseal cap (150°C). Under such circumstances
ceramic {AL,Q,) seems to be a promising alternative to Helioseal, as this matter can withstand
temperatures of up to 1800°C (in air). However, even at higher power outputs there will be
a maximum lesion size owing to limited light penetration and heat diffusion into the tissue.
At that stage. multiple diffuser may be applied using simultaneous light delivery from one
laser source with a beam splitting device (Davis er al, 1988; Steger er al., 1992). In the
clinical setting ultrasound scanning can be used to position the fiber correctly within the
tumor and meonitor the development of thermal necrosis in real time and through the
subsequent period of healing (Dachman ef al., 1990; Bosman er al., 1991; Steger ef al.,
198%a. 1992). This method is potentially applicable to solid tumors in many parts of the body
and may be performed percutaneously.












7. Fundamentals of
Photodynamic
Therapy

Adapted from: R. vaN HILLEGERSBERG, W.J. KORT & J.H.P. WILSON. Current Status
of Photodynamic Therapy in Oncology. Drugs 1993 (in press)

INTRODUCTION

Photodynamic therapy (PDT) shows considerable promise as a new treatment modality for
localized superficial or solid malignant twmors. This type of therapy is based on the
accumulation of a photosensitizer in malignant tissues after systemic administration.
Subsequent illumination with light of an appropriate wavelength creates a photochemical
reaction that results in tissue destruction (Figure 7.1).

The first observation of chemical sensitization of tissue for light was reported by Razb
{19060). The basic concept of PDT dates from 1903, when Von Tappeiner & Jesionek (1903)
used topically applied eosin and sunlight to treat skin cancer patients. Ten years later, Meyer-
Betz (1913) self-administered hematoporphyrin to determine its biological effects. This early
work, however, did not initiate the clinical application of PDT, but the biological processes
involved in photodynamic cell killing were studied intensively. In the 1940s, Auler & Banzer
(1942) reported the affinity of hematoporphyrin for neoplastic tissues, which was confirmed
by Figge er al. (1948), using the fluorescence of the accumulated porphyring under ultra
violet (UV) light. Schwartz et al. (1935) proposed that the selective fluorescence of malignant
tissues after systemic administration might be due to an impurity in the crude preparation
rather than to hematoporphyrin itself. Lipson er al. (1961), improved tissue localization of
hematoporphyrin by first acetylating and then reducing the crude substance. The mixture
produced by this procedure was termed hematoporphyrin derivative (Hpd).

The discovery of Hpd as an effective tumor-localizing photosensitizer, and subsequently
the development of suitable lasers and optical light delivery systems, led to a renewed interest
in the 1970s. Initially, the use of Hpd was in the area of tumor detection and localization by
fluorescence at exposure to short wavelength visible light or UV. Diamond et al. (1972)
reevaluated the therapeutic effects in mouse glioma, and Dougherty et al. {1975) started the
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first major studies directed at photodynamic therapy in animal tumnors. The first full climical
report of PDT concerned a patient treated for bladder cancer using Hpd and trans-urethral
irradiation (Kelly & Snell, 1976). Since that time, there has been an increasing interest
worldwide that has ied to a large number of experimental and clinical studies in a variety of
tumor types and sites. This chapter describes the fundamentals of photodynamic action as
well as the various factors that may influence the bioclogical response to PDT.

PORPHYRINS AS PHOTOSENSITIZERS

The Hpd developed by Lipson et al. (1961) has been used in many basic and clinical
studies during the 1970s and early 1980s. This substance is a complex mixture of various
porphyrin species. many of which are less efficient in vivo tumor photosensitizers (Dougherty,
1984). Using gel filtration, an enriched fraction was isolated that is mainly responsible for
the photosensitizing properties of the Hpd (Dougherty er @f, 1984). This active fraction is
known commercially as Photofrin® (Lederle Laboratories, Pearl River, NY, U.S.A), and
thought to be an aggregated mixture of non-metallic oligomer porphyrin molecules linked:
mainly through ether bonds (Dougherty, 1987a: Kessel ef af., 1987). The oligomers range in
size from 2-8 porphyrin units, although the major portion appears to be di and trimeric
(Figure 7.2). A small amount (5-10%) of Hpd and its dehydration products are present as
well, but probably do not contribute to photosensitization (Dougherty & Marcus, 1992).
Currently, Photofrin is the most commonly used agent for clinical photodynamic therapy.

laser exposure tumor destruction

Figure 7.1. Basic principle of Photodynamic Therapy. After systemic administration, the
photosensitizer accumulates in the tumor. Subsequent exposure to light of the appropriate wavelength
creates a reactive species that generates a photochemical reaction, resulting in tumor destruction.
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HGaC{CH2)2 CHx CHz (CHz)2COzH
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Bis - t =[ 8-(4~hydroxyethy!) deuteroporphyrin-3-y1 ] ethyl ether

Figure 7.2. Chemical structure of a porphyrin ether dimer, one of the active components of Photoftin,
(From: Dougherty e al., 1984)

Toxicology

A photosensitizer should have a low systemic toxicity. For Photofrin, the 50% lethal doses
(LD350) at 24 h in mice without light exposure was found about 140 mg/kg (Dougherty ef af..
1989). Death in all cases was attributed to liver and kidney necrosis. The porphyrins were
considerably more toxic when animals were exposed to whole body illumination for 5 h to
full spectrum xenon light (6 mW/cm®) resulting in a LD50 of 4 mg/kg, 24 h after
administration (Dougherty, 1986). Under these circumstances death was attributed to a shock-
like syndrome.

As Photofrin efficiently accumulates in skin, a generalized skin photosensitivity is induced
by systemic administration, which can cause a severe sunburn-type reaction. This means that
patients after receiving Photofrin must avoid bright light, including sunlight for 2-8 weeks
(Razum ef al., 1987; Dougherty et al., 1990). Therefore, the upper limit of the clinical dose
of Photofrin (2-3 mg/kg) has been set by skin photosensitivity. The time interval between
Photofrin administration and illumination is normally 24-48 h, depending on the porphyrin
concentration ratio between tumor and surrounding tissue.

Pharmacokinetics

The plasma clearance of Photofrin after intraperitoneal (i.p) and intravenous (i.v.) injection
has been studied by Bellnier ez al. (1989) using "“C Photofrin in mice. After absorption from
the intraperitoneal cavity (T%4=1 h), plasma clearance was best fit by a triexponential
equation with elimination haif lives of 4 h, 9 days and 36 days. Intravenous administration
showed different kinetics only in the more rapid initial clearance rate, More than 65% of the
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administered “C Photofrin was excreted over 192 h and 91% of the recovered material was

found in the facces.

It has been reported that after systernic administration, the porphyrins initially {7-8 h) bind
to albumin and lipoproteins (equally to low density (LDL) and high density (HDL)
lipoproteins) and at longer periods (8 days) almost exclusively to HDL (Jori. 1987:
Dougherty. 1987b). The distribution of porphyrins among serum proteins is dependent on
their chemical structure. Hydrophilic compounds, such as hematoporphyrin and other
monomeric components, preferentially form pseudomicellar structures or non-covalent
complexes with albumin and globulins; LDL are the natural carriers of hydrophobic photo-
sensitizers, such as porphyrin oligomers and esters.

Photofrin uptake may be mediated in part via an active transport mechanism, as several
studies have shown that the distribution of the circulating porphyrins determines their
iocalization in the tissue (Jori, 1989: Korbelik & Hung, 1991), Thus, three different pools of
circulating porphyrins can be divided (Jori er al, 1984, Kessel 1986a, Jorl 1987):

1. Unbound aggregated components {e.g., micelle-like structures from porphyrin oligomers)
are easily available for uptake in macrophages and endothelial or neoplastic cells.

. Monomeric components, such as hematoporphyrin, form low affinity bonds with albumin
and globulins. In malignant tissues, these sensitizers are mainly released to the extra-
cellular matrix.

. The lipoprotein bound oligomers and porphyrin esters are endocytosed by a receptor
mediated process in the neoplastic cells, released in the cytoplasm and bound to apolar
endocellular matrices.

Finally. the HDL binding probably accounts for the prolonged presence of 5-8% of the

injected photosensitizers in serum.

Pharmacokinetic analysis of “C- and *H- labeled porphytins demonstrated accumulation
in experimental tumor tissue to a higher degree than in skin, muscle, brain and lungs but to
a Jower degree than in organs of the reticuloendothelial system, e.g., liver, kidney and spleen
(Gomer & Dougherty, 1979: Bugelski ef al., 1981; Wilson & Van Lier, 1989). Remarkably,
Bellnier et al. (1989) found lower concentrations in skin located contralaterally to subcuta-
neously implanted mice tumors, whereas skin overlying the tumors showed concentrations
not significantly different. The reason for the preferential concentration in malignant tissue
is still unclear, but may be related in part to a2 porphyrin/lipoprotein affinity, leakiness of
tumor vasculature, decreased lymphatic drainage, high LDL receptor activity (Spikes & Jori,
1987) or a decreased conversion to heme owing to low ferrochelatase activity (Wilson JHP
et al, 1991).

b2

L)

Photochemistry

Porphyrins have an intense absorption in the blue region around 400 nm (termed the Soret
band} and four additional absorption bands (with decreasing intensity) between 300 nm to
650 nm (Figure 7.3). As the penetration of light in tissue increases at higher wavelengths
(Van Gemert ef al., 1985; Wilson e al., 1985; Wilson, 1989), the weakest absorption band
at about 630 nm is normally used for illumination of Photofrin sensitized tissue (Gomer et
al., 1984). Although 630 im has been applied most commonly, Star et al. (1990) have recently
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Figure 7.3. Typical absorption spectrum for porphyrins such as Photofrin and Protoporphyrin IX
(PROTO) (=) and relative penetration depth in tissue (- - -) (log scales) vs. wavelength. The arrows
indicate the various abserption peaks of second generation photosensitizers: II, Phthalocyanines and
Chlorins; I1I. Phthalocyanines, Purpurins, Verdins and Benzoporphyrin derivative; IV, Bacteriochlorin-
a. The actual penetration depth depends on the type of tissue involved, ranging from 1-5 mm in
lightly pigmented tissue (e.g., brain) to 0.1-1 mm in highly pigmented tissue (¢.g.. liver) (Wilson,
1989). (Drawn after: Bonnet & Berenbaum. 1989; Wilson, 1989).

shown that light of 625 nm wavelength has a higher biological activity.

The tissue damage induced by PDT is believed to occur primarily as a result of singlet
oxygen ('0,) formation out of the available tissue oxygen (*0,) (Weishaupt er al., 1976).
Several studies have documented the requirement of oxygen for photosensitizing action:
Gomer & Razum (1984) reported complete resistancy of hypoxic tumor tissue to PDT, which
has been confirmed by several other studies in vive and in vitro (Mitchell ez al., 1985; Moan
& Summer, 1985; Henderson & Fingar, 1989; Chapman er al., 1991) and singlet oxygen
scavengers were found to suppress the photocytotoxic effect (Valenzo, 1987).

The singlet oxygen is generated via the so called Type II mechamism of photosensitized
oxidation (Foote, 1991) (Figure 7.4): Upon absorption of a photon, the porphyrin molecule
is brought to an excited singlet state which has an extremely short half-life. From this singlet
state the photosensitizer can decay back to the ground state and emit light in the form of
fluorescence. For the photodynamic effect, however, the photosensitizers should undergo
intersystem crossing o the excited triplet state of the molecule. This triplet species is more
stable with 2 longer lifetime (millisecond range) than the singlet species (less than 1 us)
(Gomer, 1989). Therefore, the excited triplet state has a high probability of interacting with
ground state oxygen). The transfer of energy from the triplet photosensitizer generates the
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Figure 7.4. Schematic representation of the Type II photochemical reaction, which is thought to be
the most important mechanism of PDT cytotoxicity. O, oxygen: 'Q,, singlet oxygen.

highly reactive singlet oxygen. The electrophilic nature of singlet oxygen makes it very
efficient at producing oxidized forms of biomolecules. After transfer of electronic energy to
oxygen, the sensitizers returns to its ground state (Figure 7.4). The excitation efficiency of
a photosensitizer is defined as the triplet state quantum yield. i.e., the probability of triplet
state formation per photon absorbed. The alternative Type I pathway involves the direct
interaction of an excited triplet photosensitizer with a biomolecule by electron or hydrogen
transfer. This interaction produces radical forms of the substrate or photosensitizer. The
radicals can react directly with molecular oxygen to produce active species such as hydroxyl
radicals, hydrogen peroxide and superoxide anion (Buettner & Need, 1983; Van Steveninck
et al, 1986; Athar er al., 1989). The minor role of Type I interactions in PDT is due to the
competition between substrates and oxygen for triplet photosensitizers. The porphyrins in
Photofrin undergo slow photodestruction (photobleaching) during ir vive light exposure,
which can proceed by:

1. Ground state porphyrin reaction with singlet oxygen.

2. The excited triplet state reaction with tissue components.

The products of the processes do not contribute to further photodynamic activity (Mang ef
al., 1987), but the remaining undamaged portion has been found adequate in destructing
tumors under curative light doses (Potter er al., 1987). As lower drug concentrations occur
in skin, photobleaching has even been used to diminish cutaneous photosensitivity (Boyle &
Potter, 1987).
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Targets for Photodamage

The initial target of PDT damage is still uncertain due to the efficient interaction of toxic
substrates with many cellular sites, including biomolecules and subcellular organelles such
as microsomes, mitochondria and nucleus (Zhou, 1989; Moan et al., 1989; Jori, 1990).

There is evidence that the cellular membranes are a significant target for damage (Girotti,
1990; Chapman et al., 1991; Okunaka er al., 1992). Unsaturated fatty acids can be photo-
oxidized and lipid peroxidation, as well as membrane protein cross-linking have been found
following PDT. This damage can lead to an increased permeability and inhibited transport
of amino acids, nucleosides and sugars (Kessel, 1986b). As mitochondria are a major site for
porphyrin localization, these organelles are thought to be an important target for PDT (Gomer
et al., 1988a; Salet & Moreno, 1990). Porphyrin photosensitization can also induce single-
strand breaks, alkali labile Iesions or sister chromatid exchange in DNA (Jori & Spikes, 1984;
Evensen er al, 1988). However, nuclear damage is probably not a main target in
photodynamic destruction, as PDT has been shown to induce comparable levels of cyto-
toxicity in normal human fibroblasts and in DNA repair-deficient fibroblasts (Gomer ef al.,
1988b). Moreover. porphyrin mediated PDT is negative for mutation and transformation
induction (Gomer er al., 1989).

Although in vitro studies have shown direct tumor cell death, it has been suggested that
tumor vasculature is a primary target for in photodynamic therapy (Star er al., 1986; Gomer
et al., 1988a). Several observations point towards an important role of vascular injury:

1. Clonogenicity of tumor cells is not decreased if harvested immediately following PDT that
causes significant toxicity in the host animal (Henderson et al., 1985).

. Blood flow and oxygen tension strongly decreases during PDT (Selman er al., 1984).

. Hpd concentration is higher in vascular stroma than in tumor cells (Bugelski er af., 1981;
Bellnier et al., 1989).

Thus, the initial sites of PDT-injury would involve the subendothelial collagen matrix and

endothelial cells of the microvasculature (Nelson ef al, 1987a). It is, however, most likely

that both vascular and cellular PDT damage are required to achieve complete tumor de-

struction.

W ko

LIGHT SOURCES AND DELIVERY SYSTEMS

Light Source

Initially conventional lJamps have been used for surface illumination, particularly on the
skin (Figure 7.5a). Filtering of the light spectrumn emitted by such a lamp is required to select
the relevant photoactivating wavelength and to eliminate the infrared components which
otherwise cause significant heating of the tissue. Disadvantages of these conventional gas
discharge lamps are limited methods of light delivery. precision, contrel, intensities (typically
about 50 mW/cm?), and heat production (Wilson & Patterson, 1986; Matiello er al., 1987).

The introduction of lasers combined with single-strand optical fibers has increased the
applicability of PDT. as light of a narrowly defined wavelength and power output can be
delivered to practically every site in the human body, either interstitially or endoscopically.
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Although the simple and reliable Helium Neon (HeNe) laser with a wavelength of 632.8
nm would appear to be a suitable laser for Photofrin-sensitized tissue, its low power output
Hmits the application in PDT. Therefore, the tunable argon-dye laser is mostly used with the
additional advantage of delivering light of any particular wavelength between 350 and 700
nm. The 5-25 W continuous wave argon laser at 514.5/488 nm serves as the energy source
that optically pumps the dye laser containing a dye fluid which fluoresces in the 630 nm
region, such as Rhodamine B or Kiton-red. In this way, effective power levels of up to 3 or
4 W can be obtained, of which 80-90% can be coupled into optical fibers of 200-600 pm
core diameter. Unfortunately argon-dye lasers are rather expensive and clinically not easy to
handle. The gold vapor laser is less complex and cheaper, but has the limitation of operating
at a single fixed wavelength of 628 nm, unsuitable for other photosensitizers than Photofrin.

Light Delivery

For superficial turnors, e.g., tumors of the skin or oral cavity, a simple lens and aperture
optics may be used to produce 2 uniform illumination (Figure 7.5b). For solid or deep seated
tumors the fiber optic may be placed directly into the tumor tissue (interstitially) through a
biopsy needle and eventually under ultrasound guidance (Figure 7.5¢,d). For intraluminal or
intracavitary illumination of tumors such as in bronchus, cesophagus or bladder, the flexible
quartz fiber can be placed within the instrument channel of a standard endoscope (Figure
7.5e.f). By modifying the fiber end (Marijnissen ef «l 1985) or placing the fiber in a light

Figure 7.5, Various forms of light delivery in PIYT. Superficial illumination with (a} a conventional
lamp and (b) laser light guided through a quartz fiber optic. Interstitial illumination with (¢} a
cylindrica] diffuser and (d) a spherical diffuser. Intraluminal and intracavitary illumination with (e)
a cylindrical diffuser and (f) a spherical isotropic diffuser. The dashed line represents the light
distribution in highly scattering tissue.
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diffusing medium (Muller & Wilson, 1987), the spatial distribution of the light to the target
tissue can be controlled. The output from the fiber can be made isotropic by building onto
the tip a smali spheroidal volume of highly scattering material. Similarly. a cylindrically
symmetric line source can be produced by coating the fiber along its end with a diffusing
material (Arnfield er al., 1986) (Figure 6.1). Multiple fibers can be placed interstitially to
treat a larger tissue volume (Marijnissen ef af., 1992). With simultaneous placement, a beam
splitter is required to divide the optical power between the fibers.

Light Dosimetry

At present, light exposure regimens are largely empirical and have usuvally been expressed
in terms of the incident areal power density in W/m® or areal energy density in Jem® (Joules
= Watts x seconds of exposure). Predicting, reproducing and comparing photodynamic ef-
fects, would require knowledge about the spatial distribution of absorbed light energy in
tissue.

Activation of a photosensitizer at a certain point in the tissue is proportional to the energy
fluence rate, multiplied by the absorption coefficient of the photosensitizer (Star er al., 1992).
The energy fluence rate is defined as the radiant energy incident per second on a small
sphere, divided by the cross sectional area of that sphere (W/m®). Multiplication with the
irradiation time yields the energy fluence (J/m?). Light distribution can be assessed by:

1. Determining the optical absorption and scattering properties of the tissue and calculating
the fluence distribution using a radiation transport model (Patterson ef al.. 1991a. 1991b).
2. Direct measurements of the local fluence rate using optical fiber light detectors

(Marijnissen & Star, 1987).

In vivo measurements provide direct information of the actual light distribution. Marijnissen
et al, (1989) have developed a modified cystoscope, emitting isotropic light, for monitoring
and controlling light delivery during bladder PDT in patients. By using this device, they have
shown the importance of adequate light dosimetry, as it appeared that the real fluence at the
bladder wall was 5-6 times larger than the incident unscattered light dose. This difference is
caused by the fact that the back-scattered light reenters the bladder wall elsewhere. The
clinical application of this device for PDT of multifocal bladder carcinoma, has demonstrated
considerable variation in the ratio between total and nonscattered light dose between different
patients. However, by measuring the actual light dose on the bladder wall and adjusting the
output power accordingly, a similar light dose could be applied to all patients (D°Hallewin
et al., 1992). Light dosimetry may also be useful in controlling interstitial PDT. In that case,
the isotropic detectors are placed at critical points in the target area (e.g.. tumor boundary)
(Chapter 8).
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FUTURE DIRECTIONS

The goal of each cancer treatment is to destroy the tumor selectively, with minimal damage
to the surrounding normal tissue. As, especially in an organ as liver, selectivity in
photosensitizer accumulation has not been achieved, the following two chapters of this part
are directed towards either:

1. Selective light delivery after photosensitization with Photofrin {Chapter 8).
2. Selective photosensitizer accumulation (Chapter 9).
In this section we will shortly review the current directions in experimental PDT research.

Second-generation Photosensitizers

Although Photofrin has proved to be an effective photosensitizer and tumor localizer, there
are limitations which might be overcome by alternative, so called second generation
photosensitizers (Kreimer-Birnbaum, 1989) such as phthalocyanines, chlorins, purpusins,
bacteriochiorins, verdins or protoporphyrin IX (PROTQ) endogenously produced from 5-
aminolevulinic acid (ALA). The ideal properties of a photosensitizer are (Bomnet &
Berenbaum, 1989; Gomer et al., 1989):

. Chemical purity.

. Minimal dark toxicity.

. Significant absorption at wavelengths above 650 nm.

. High quantum yields for the generation of Type I or Type II photochemical reactions.
. Preferential tumor localization.

. Rapid clearance from normal tissue.

A photosensitizer that has a strong photoactivation at longer wavelengths than Photofrin
could provide for a greater effective light penetration into tissue (Figure 7.3). At 630 nm the
effective tumoricidal depth is 3-15 mm, depending on tissue type and way of illumination.
A greater differential uptake by tumor tissue could improve the therapeutic ratio as well as
fluorescence detection and localization.

As LDL mediated endocytosis is thought to be an important factor in photosensitizer
uptake, liposome bound photosensitizers have been used for selective tumor targeting (Jori,
1989). However, Kongshaug er al (1989) did not {ind any correlation between tumor
localizing ability of various porphyrins and their affinity for LDL.

Phthalocyanines (PC) are structurally similar to porphyring, but show a strong absorption
in the 650-700 nm range (Rosenthal, 1991). Certain non-metallo as well as metallo
derivatives have been studied. Chloroaluminum PC has been shown an effective photosen-
sitizer in vitro (Ben-Hur er al., 1987). Brasseur et al. (1987) found effective photodynamic
action of cerium and aluminum PC complexes, however normal tissue toxicity occurred with
cerium PC. Metal-free PC display little PDT effect. Roberts er al. (1991) have found good
response in spontaneous tumers in pet animals photosensitized with chloro-aluminum
sulfonated PC.

The aspartate esters of Chiorin e6 (NPe,) produce cell death in vitro and tumor control i
vivo (Nelson er al., 1987b; Roberts et al., 1988). This sensitizer has an absorption maximum
at 664 nm. Recently, Pandey et ¢l (1991) have shown that the long carbon chain ether
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derivatives are better photosensitizers than their ester analogues. The initial clinical results

of intraoperative PDT with meso-tetra-(hydroxyphenyl)-chlorin (mTHPC) after surgery for

malignant mesothelioma showed selective tumor uptake and tamor necrosis up to 10 mm in

depth (Ris er al., 1991).

Purpurins have a reduced pyrrole group and as such are similar to the chlorins. The
advantage of these compounds is their much stronger and red-shifted absorption band with
a peak near 700 nm, A considerable PDT effect was found after systemic injection in an
experimental animal tumor (Morgan er af., 1987a; Selman er al., 1987)

Bacteriochlorin-a has an absorption band at 765 nm and has proved effective in destruction
of murine leukemia cells in vitro (Beems et al., 1987). Schuitmaker er al. (1990) have shown
preferential retention of this substance in rabbit eye melanoma.

A Verdin containing a cyclohexanone ring fused to one of the pyrroles of a porphyrin
nucleus presents a visible absorption peak at 695 nm. (Morgan ez af., 1987b). PDT showed
an extensive necrosis in animal tumors iz vivo (Morgan et al., 1987b; Hayden et al., 1990).

A Benzo-porphyrin derivative of PROTO was prepared by Pangka er al. (1986). This
compound is known as Benzoporphyrin derivative (BPD) and has an absorption peak at 690
nm. BPD was found a better photosensitizer than Hpd in vire (Richter e al.. 1987).
Photosensitivity disappears 72 hours after administration to human volunieers. Phase [ clinical
studies have been started to evaluate its effects on basal cell carcinoma and skin metastases
of breast cancer (D. Dolphin, Quadra Logic Technologies Inc., Vancouver, BC, Canada.
Personal communication, 1992).

Finally, 5-aminolevulinic acid (ALA)} induced photosensitization may be a promising
approach. This method of photosensitization is based on the following observations:

1. In every cell porphyrins are being produced as precursor of heme.

2. Ferrochelatase, which converts PROTQO to heme, has been found decreased in various
malignant and regenerating tissues (Rubino & Rasseti, 1966; Schoenfeld er al, 1988:
Leibovici er af,, 1988).

We therefore proposed that bypassing the rate limiting step in the synthesis of heme, by the

oral administration of ALA would result in the selective accumulation of porphyrins in the

malignant tissue. Studies in the rat liver metastasis model showed that indeed PROTO
accumulated progressively in colon carcinoma with increasing duration of ALA
administration., whereas no increase was found in normal liver. A porphyrin concentration
ratio of 4:1 (tumor to liver) was found in animals treated with AL A for 11 days. In contrast,

the ratio in animals treated with 5 mg/kg i.v. Photofrin was 1:3 (tumor to liver) (Chapter 9).

The absorption maximum for PROTO is at 630 nm (Pottier er al, 1986)

From several second-generation photosensitizers, such as aluminum sulfonated
phthalocyanines, chlorins and ALA induced PROTO, a reduced skin photosensitivity
compared to Photofrin has been reported (Roberts et al. 1989, Tralau er al. 1989, Ris er al.
1991, Bedwell ef al. 1992). Further research should establish whether one of these or future
substances can meet the requirements of the ideal photosensitizer.
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Light Delivery

When light is delivered interstitially, the damage is confined to the target volume by the
light distribution especially in most solid organs. Therefore, Photofrin concentration in
surrounding tissue may not be critical under those circumstances. In our study on interstitial
PDT of experimental rat liver metastases, we showed that selective light defivery can prevent
major normal tissue damage even in an organ that efficiently retains Photofrin (Chapter 8).

Gibson er af. (1990) have studied the effects of various photoradiation regimens on fumor
growth delay. They found a significant delay in growth of Photofrin sensitized rat mammary
carcinomas treated with periodic illumination using 1 h dark interval, compared to tumors
recelving continuous illumination. Remarkably, 2 growth delay was also found in amimals
treated continuously, with light of 50 mW/em® for 2 h (total fluence 360 J/em?) compared
to animals exposed to the same total fluence but with light of 100 or 200 mW/em® and
exposure times of 1 or (.5 h respectively. These results suggest that modifications in the light
delivery regimes can substantially improve PDT efficacy.

Light Source

The currently available argon-dye laser systems are expensive and clinically not easy to
handle. Recently, a new PDT laser system has been introduced which uses the casy
fransportable pulsed 532 nm potassium titanjum phosphate (KTP) laser as a pump (Ferrario
et al.. 1991). However, this system is still relatively complex and large. A better solution
would be a diode laser that emits light of 630 nm. Advantages of diode lasers are the low
capital cost, negligible runming cost, high refiability. and small size and portability (Wilson,
1989). Currently. diode lasers can generate a power of 1 W at 750-800 nm. This wavelength
range would already be suitable to treat second-generation photosensitizers such as
Bacteriochlorin-a. Until now, however, the intensities of red light emitting diode systems are
wo low for PDT with Photofrin. Another approach could be the injection of a
chemiluminescent activator into the photoactivated tumor (Phillip ez al., 1984) or the systemic
administration of the activator coupled to a monoclonal antibody directed against the tumnor.
This last strategy has already been investigated to selectively target a photosensitizer to the
malignant tissue (Oseroff er al . 1987; Rakestraw ¢t al., 1990).

Monitoring PDT

Several investigators have stundied the possibility of assessing the efficacy of a PDT
treatrnent. Keene er al. (1986) have used in vivo measurements of the singlet oxygen
production during illumination and Tromberg er ¢l (1990) have determined transcutaneous
oxygen tension after a PDT treatment. Magnetic resonance imaging (MRI) has been shown
useful in monitoring the effects of PDT (Dodd er al., 1989; Moore er al., 1989). Nuclear
magnetic resonance (NMR) spectroscopy (Gibson et al, 1989; Matticllo ef al, 1990) and
#Technetium methyipropylene-amine oxime scintigraphy (Moore er al., 1992) have also been
used to exarmnine tumor metabolism and blood flow. To date these PDT feedback methods
have only been studied experimentally.
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Combination Therapy

In many of the earlier studies, the PDT illumination itself caused significant temperature
rise as a result of light absorption by the target tissue. Therefore. rough upper limits have
been established for applied power densities to avoid heating effects. Conversely,
hyperthermia could be applied deiiberately with PDT, either using the PDT-light itself or by
an independent laser, microwave or ultrasonic irradiation. PDT has been shown to be
synergistic with sub-lethal hyperthermia (Waldow & Dougherty, 1984). A synergistic
response was observed when the hyperthermia (generally 43.5°C for 30 min) was delivered
either simultaneously or within 30 min of PDT illumination (Matsumoto er al., 1990;
Glassberg e al, 1991). Potentiation decreased with increasing time between PDT and heat
delivery (Waldow, 1985, 1987). For heat generation, a Neodymium:Yttrium-Aluminum-
Garnet (Nd:YAQG) laser is very useful, as the light used to activate the photosensitizer (630
nm}) and the light used to produce hyperthermia (1,064 nm) can be guided through the same
quartz fiber (Mang, 1990). Other combinations of PDT with chemotherapy, radiotherapy and
surgery have also been proposed or examined in the laboratory.

The possibility of taking advantage of the hypoxic environment induced by PDT has
initiated studies that evaluate the combination with hypoxic cytotoxins, such as misonidazole
(Gonzalez et al., 1986). Changes in cellular pH can have a significant influence on porphyrin
biodistribution (Pottier & Kennedy, 1990). Thomas & Girotti {1989) showed 2 transient
decrease in cellular pH after multiple glucose injections combined with an increased retention
of Hpd. Recently, Nelson er al. (1992) demonstrated enhanced cytotoxicity of PDT in
combination glucose administration.

As vascular injury is thought to play a major role in PDT damage, combination with
vasoactive drugs have been studied. Verapamil was found to enhance PDT induced tumor
destruction associated with increased porphyrin uptake (Cowled & Forbes, 1989).

Finally, PDT may be used as an adjunct to other treatments. Thus, previously untreatable
tumors may become resectable after PDT reduction or PDT may be used in tumors pre-
treated with other modalities.
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INTRODUCTION

Photodynamic therapy (PDT) is a relatively new local treatment modality, which has been
used successfully in the treatment of various malignant tumors, including cancer of the
bladder, skin, upper respiratory tract and gastro-intestinal tract (Dougherty, 1987a. 1989;
Manyak er ol 1988; Gomer, 1989; Wilson er «l.. 1991). This type of therapy is based on
the accumulation of a photosensitizer in malignant tissues and the subsequent illumination
with light of an appropriate wavelength, which creates a reactive species that upon decay to
its ground state transforms available oxygen into singlet oxygen (Chapter 7). It is this very
reactive singlet oxygen which is thought to be the most important cytotoxic agent in PDT
{(Weishaupt er al, 1976), causing direct damage to many cellular sites as well as to the
microvasculature (Henderson & Bellnier, 1989). For clinical application, the most commonly
used photosensitizers have been hematoporphyrin derivative (Hpd), a mixture of various
porphyrins and Photofrin®, a substance derived from Hpd and enriched in the
photodynamically active fraction (Lipson ef al, 1961; Dougherty at al., 1984; Bonnet &
Berenbaum, 1689).

Until now, PDT of tumors in the liver has been restricted as liver tissue accurnulates
Photofrin more efficiently than the malignant tissue (Gomer & Dougherty, 1979; Bugelski
et al, 1981; Cozzani er al, 1984; Bellnier et al, 1989). Therefore, superficial tumor
illumination causes substantial liver necrosis (Pimstone er al., 1982). Moreover, the limited
light penetration during superficial illumination makes it impossible to tweat deep seated or
larger solid tumors (Doiron ef al., 1983). These limitations could be overcome by implanting
the light delivery fibers with diffusing cylinder tips directly into the tumor (interstitial
therapy), thus applying the light selectively and with greater accessibility (Dougherty er al.,

Laser Treatment for Liver Metastases
R. van Hillegersberg 1993
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1981; Holt et al., 1985; Amfield er al., 1986, 1989; Gatenby et af., 1987; Marijnissen et af,
1992). :

In the present study we therefore investigated the effects of photodynamic therapy on
tumor and surrounding normal hepatic tissue using interstitial illumination in a rat liver
metastasis model.

MATERIALS AND METHODS

Experimental Design

Laser illumination was performed 20+1 days after intrahepatic tumor inoculation in 108
animals. A relaparotomy was made under anesthesia with Hypnorm® (Janssen Pharmaceutica
B.V., Tilburg, The Netherlands), 1 mg/kg body weight i.m., and the visible diameter of the
mor was measured with sliding calipers.

The animals were randomly allocated to two experiments: I, to assess short-term
photodynamic effects and the biochemistry of liver damage and II. to assess liver function
and long-term effects, especially in relation to tumor remission.

In experiment I, the animals were randomly assigned to 4 groups: The experimental group
{Photofrin and light, n=6 per light dose), a control group (laser light only, n=6 per light
dose), a control group (Photofrin only, n=6) and a control group (diffuser insertion only,
n=6). Two days before laser illumination Photofrin was administered. To measure the amount
of liver damage. blood was collected for serum aspartate aminotransferase (ASAT) and
alanine aminotransferase (ALAT) determination on the first and second day after laser
treatment. On the second day after laser, the animals were sacrificed and the liver was
removed for light microscopical determination of short-term effects.

In experiment II, the animals were randomly assigned to 2 groups. The experimental group
(n=6 per light dose) underwent the same treatment as in experiment 1. The animals in the
control group (n=6) received Photofrin without any laser illumination. To determine liver
function, an antipyrine clearance test was performed on the first day after laser treatment. All
animals were sacrificed on day 36 after laser treatment for histological determination of Iong-
term effects.

Photosensitizer

Photofiin® (Lederle Laboratories, Pearl River, NY, U.S.A.) was administered in a dose of
5 mg/kg body weight by penile vein injection. After Photofrin administration the animals
were kept in subdued light, with preservation of night-day rhythm, to avoid light induced skin
damage as a result of Photofrin accumulation,

Light Source

A Rhodamine B dye laser (Model 3758, Spectra Physics Lasers, Mountain View, U.5.A.)
pumped by an argon-ion laser (Model 171, Spectra Physics Lasers) was used to generate red
light of 62542 nm. This wavelength was chosen because light of 625 nm wavelength appears
to have a higher biological effectivity than the conventionally used 630 nm (Star ef al,
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(1990). The dye-laser was tuned by a two-plate birefringent filter using a rhonochromator.
Light intensities were monitored with a calibrated Optometer (Model 81, United Detector
Technology, Hawthorne, CA, U.S.A.), which served as the reference.

Light Delivery and Dosimetry

The light was transmitted through a 200 pm silicone cladded flexible quartz fiber (Quartz
and Silice, QSF-200) with a custom built cylindrical diffusing end of 0.5 cm length
(Marijnissen et al. 1985). The overall diameter of both the light diffusing length and fiber
ttself was 600 pm. The power emitted by the diffuser was determined wsing an integrating
sphere (Model 2550, United Detector Technology) with a radiometer {Optometer, model 181,
United Detector Technelogy). A 19 gauge needle was used to ¢reate an entry into the center
of the tumor. To prevent adherence to the tissue, some Vaseline was put on the diffuser.
Following this, the needle was withdrawn and the diffuser inserted using a stand on which
the fiber system was fixed (Figure 8.1). Laser illumination was then performed with energies
(Joule/em = Watts/em x seconds of exposure) of either 100, 200, 400, 800 or 1600 J/cm (per
cm length of cylindrical diffuser} at a power setting of 200 mW/cm. During illumination the
liver was covered with a black gauze soaked in saline solution to protect the tissue from
dehydration and to avoid influences from ambient light and laser light reflection. During
treatment the animals were kept on a heating plate to avoid cooling down and rectal
temperature was measured with a thermocouple (Type C-RR2, Exacon). To give an indication
of the actual light dose delivered to the tissue, in a number of experiments the light energy

Figure 8.1. Schematic representation of the experimentai set-up. The cylindrical diffuser of the laser
fiber (dashed end} is mserted into the tumor (L}. The radiant energy fluence at the tumor boundary
is measured with a miniature isotropic probe (F). Tissue temperature is measured with a thermocouple
system that is installed at the edge of the tumor (T).
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fluence (J/em®) at the tumor boundary was measured with a miniature isotropic detector
(Marijnissen er al, 1985, 1987). Tumor temperature was determined with a needle
thermocouple (Type C-N35, Exacon) comnected to a read out instrurpent (Model MC-9200,
Exacon) that was positioned at the edge of the tumor (Figure 8.1). The tumor periphery was
chosen for these measurements, as this would be the most critical region for complete tumor
cell destruction due to the central diffuser position.

Determination of Photodynamic Effects

On histological slides taken from animals sacrificed on the second day after PDT
treatment, the areas of hepatic necrosis and vital or necrotic tumor were calculated by
computer-assisted integration of the circumference (IBAS 2000, Kontron Bildanalyse GmbH,
Minchen, Germany). The maximal width of the rim of hepatic necrosis was determined by
IBAS assisted measurements.

On specimens taken from animals sacrificed 36 days after PDT treatment, the tumor area
was measured by IBAS to give an indication of tumor growth retardation.

Statistical Analysis

The values are expressed as meanststandard error of the mean (SEM). Spearman’s rank-
order correlation was used to analyze the relation between percentage of liver or tumor
necrosis, the ASAT, ALAT levels, the antipyrine elirnination half-life (T'4) values and long-
term tumor area on the energy applied. The relation between liver necrosis and energy in the
control group treated with light energy only was tested after dichotomization, by the Mann-
Whitney U test. The influence of energy on tumor remission was determined by an Exact-
trend test. Other comparisons were made using the Student’s t-test. A difference was
considered to be significant at P values of <0.03.

RESULTS

In one animal the tumor implant did not take; another animal died during anesthesia. All
remaining animals survived and none of the animals showed signs of discomfort after PDT
ireatment.

On the day of laser illumination the meantSEM visible tumor diameter of all animals
(0=106) was 5.7+0.1 mm, varying from 4.0-8.0 mm.

Temperature and Fluence

With 400 J/em from the diffuser a fluence of 17030 J/om® was measured at the boundary
of 5.5+0.5 mm diameter tumor (n=5). Slight changes in light penetration through the furnor
could be observed during PDT treatment.

Baseline rectal temperature was 31.9+0.4°C (n=18), remaining constant during PDT
treatment. The tumor core temperature was 29.740.6°C, varying from 27.5 to 34.3°C.
Generally, the temperature at the tumor boundary increased during illumination with a mean
value of 3.320.3°C, ranging from 0.2 to 6°C. The actual tissue temperature was always less
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Figure 8.2. Histological overview of the tumor in the liver at different stages after PDT. (a) On the
second day after PDT the tumor is largely necrotic, surrounded by a zone of necrotic liver tissue. (b)
On day 36 the necrotic area has been replaced by connective scar tissue. This tumor shows complete
remission. Tn, tumor necrosis;, Ln, Liver necrosis; L, Normal liver tissue. Bar: 1.7 mm (hematoxylin,
azophloxin & saffron stain).
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Figure 8.3. Histological sections of tumor tissue in the liver. (a) Tumor necrosis on the second day
after PDT is characterized by disintegrated cells with acidophilic cytoplasm and pyknotic or
fragmented nuclei. (b) Thirty-six days post-treatment a granulomatous reaction with multinucleated
giant cells is present. Bar: 50 pm, (hematoxylin, azophloxin & saffron stain).



8. INTERSTITIAL PHOTODYNAMIC THERAPY 93

Figare 8.4. Histological section on the second day after PDT. The necrotic tumor is surrounded by
a zone of hepatic necrosis. consisting of dilated sinusoids and deliquesced hepatocytes. The border
between tumor and tiver necrosis is infiltrated by inflammatory cells. Bar: 130 um (hematoxylin,
azophloxin & saffron stain).

than 40°C. Tissue changes as previously observed after thermal laser therapy, such as
charring, cavitation or elongation of cellular nuclei (Chapters 4-6) could not be identified in
illuminated areas.

Histopathology

The general pattern of PDT induced tissue damage and subsequent healing was unaffected
by the variations in light energy applied (Figure 8.2; for pre-treatment histology see Figure
2.4a). Sections on the second day after laser treatment showed massive tumor necrosis,
characterized by celiular debris and disintegrated cells with acidophilic cytoplasm and
pyknotic or fragmented nuclel (Figure §.3a; for pre-treatment histology see Figure 2.1),
surrounded by a polymorphonuclear inflammatory infiltrate (Figure 8.4). Depending on the
amount of light energy applied, islands of vital tumor cells could be identified in the necrotic
wurnor area (Figure 8.5). Around this area a zone of necrotic liver tissue was visible,
consisting of dilated sinusoids and deliquesced hepatocytes with vacuolated acidophilic cyto-
plasm without nuclei (Figures 3.2a, 8.4). Remarkably, the hepatic tissue had remained intact
around the portal areas (Figure 8.6}, A second zone of inflammatory infiltrate surrounded the
hepatic necrosis.
Thirty-six days after PDT treatment two different situations could be observed:
1. Complete tumor remission (Figure 8.2b); the necrotic area was replaced by regenerated
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Figure 8.5. Histological section on day 2 after PDT. An island of vital tumor cells in the necrotic
tumor area, Bar: 30 um (hematoxylin, azophloxin & saffron stain).

Figure 8.6. Histological section on day 2 after PDT. Liver tissue around the portzl areas has remained
intact. Bar: 150 um (hematoxylin, azophloxin & saffron stain).
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liver tissue and connective scar tissue in which a granulomatous reaction with multi-nucleated
giant cells was present (Figure 8.3b).
2. Tumor outgrowth, most certainly from the remaining islands of vital tumor tissue.

Short-term Photodynamic Effects

Tissue damage. The meantSEM mmor diameter, derived from measurements on the tumor
area (n=71), was 5.820.1 mm. Maximal width of the surrounding rim of liver necrosis varied
from 2.640.2 mm, after 100 Jem illumination to 3.7£0.4 after 400 Jem.

The results of the measurements on the areas of hepatic necrosis and vital or necrotic
tumor are shown in Table 8.1. The total (i.e., vital plus necrotic)} tumor area ranged from
10.2 to 36.9 mm?®, with a meantSEM of 26.740.7 mm® (n=71). The mean tumor necrosis
varied from 3.4+0.6 mm® after Photofrin administration only, to 23.620.8 mm® in the
experimental group treated with 1600 J/cm. The meantSEM vital tumor area was 26.9£1.7
mm® in conirols after Photofrin only, and 0.240.1 mm® after PDT with 1600 J/em. Hepatic
necrosis occurred in all experimental groups. with a mean maximal value of 30.5+1.4 mm®
after 1600 J/cm.

As the amount of turor necrosis is related to tumor size, each measurement was expressed
as percentage of the individual total tumeor area. For comparison, the same was done for liver
necrosis (Figure 8.7). Tumor necrosis was found to increase with light energy delivered, with
mean values of 60.636.6% at 100 Vem compared with 99.040.6% at 1600 Fem (£<0.001).

Table 8.1. MeantSEM area of hepatic necrosis, tumor necrosis and vital tumeor tissue on the second
day after PDT (in mm™).*

Energy Ne. of Tumor Tumor Liver
(¥em) animals vital necrosis necrosis
Control groupst

Photofrin 6 26.9£1.7 3.440.6

Diffuser 6 27.3£15 48105 -
100 6 22.9:0.8 5.8£0.7 -
200 6 22.6:1.6 4.9£0.7 -
400 6 18.7x2.7 5.1x1.2 -
300 6 18.113.7 $.7z1.8 0.420.3
1600 & 12.3+2.9 15.813.9 1.3+1.0
Experimental groups

100 6 10.2+1.7 16.2£2.5 22.2+1.8
200 6 3.6x1.5 23.1x2.2 25.3%1.1
400 6 2.541.0 20.0x1.4 25.846.0
800 3 0.3+0.1 23.212.0 28.0+£2.9
1600 6 0.220.1 23.620.8 30.5£14

*Laser illumination with 200 mW/cm was performed 2 days after Photofrin 5 mg/kg i.v..
+Control animals received either Photofrin only, diffuser insertion only, or laser illumination only.
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Figure 8.7. Tumor {~—) and liver (- - -} necrosis as percentage of the mdividual total tumor area vs.
energy delivered on the second day after [aser treatment in (a) the experimental and (b) control group
treated with laser light oniy. Each point represents the mean+SEM of 6 experimental results, except
for the experimental group treated with 800 J/em (n=5). Control animals treated with Photofrin only,
served as starting point at energy level 0. The dashed line describes the total tumor area-
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Figure 8.8. Serum ASAT (—) and ALAT (- - -) levels vs. energy delivered in the experimental
group (-s-) and control group treated with laser light only (-c-) on the first day afier laser treatment.
Animals treated with Photofrin only served as controls. Each point represents the meantSEM of 6
experimental results.

Liver necrosis was also related to light energy. ranging from 87.7+£9.8% at 100 J/em to
128.8+8.3% at 1600 J/em (P=0.001) (Figure 8.7a).

Control animals treated with Photofrin only, showed the usual preexistent ¢entral tumor
necrosis, measuring 11.1£1.7%. Diffuser insertion did not cause significant additional damage
(P=0.09). However, after laser illumination only, a significant relationship was found between
tumor (P=0.003) or liver (P=0.03) necrosis and energy delivered, with tumor necrosis of
35.749.8% at 800 J/cm and 34.0£12.3% at 1600 J/cm., accompanied by liver necrosis of
1.4%0.9% and 5.0£3.5% respectively (Figure 8.7b). Tumor necrosis in this group was limited
to the central area around the diffuser and had a similar appearance as the earlier described
photodynamic damage. Liver necrosis occurred only at the dorsal twmor border, were the
diffuser probably had penetrated hepatic tissue.

Serum ASAT/ALAT. Serum ASAT and ALAT levels on the first day post-treatment were
increased in the experimental group and the control group treated with light only (Figure
8.8). The values were significantly related to the amount of light energy applied (P<0.001).
After 2 plateau at 100 J/em, however, a strong increase was found at energies over 460 J/em.
No difference was found between ALAT levels of control animals treated with Photofrin only
compared to diffuser insertion only (P=0.9). ASAT levels, however, showed a significanz
difference, with values of 42.4£3.1 iU/ after Photofrin only compared to 62.4%7.7 iU/ after
diffuser insertion (P=0.01).

On the second day post-treatmnent enzyme levels were still slightly increased with
maximum values in the experimental group of 71.743.9 iU/ for ALAT and 119.7+7.5 iU/l
for ASAT at 1600 Vem.
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Antipyrine clearance test. The antipyrine plasma elimination half-life levels on the second
day after laser application were not related to energy applied (P=0.29) (Table 8.2).

Long-term effect on tumor remission

All tumors in control animals showed massive outgrowth with infiltration to adjacent
tissue. In the experimental group, several animals showed complete tumor remission. Best
results were obtained at 800 J/em with complete remission in 4 out of 6 animals (Table 8.3).
Owing to the unfavorable results at 1600 J/em - merely 1 out of 6 tumors in complete
remission - no significant relation was found between number of tumors in remission and
light energy delivered (P=0.08). The size of the tumor area on day 36 after PDT (Table 8.3)
was related to the amount of light energy delivered (P<0.001) as would be expected from the
results on the second day post-treatment (Figure 8.7a).

DISCUSSION

In this study the ability of interstitial photodynamic therapy to cause major destruction of
solid tamors within the liver was demonstrated. Histological examination showed tumor cell
necrosis on day 2 post-treatment and connective scar tissue on day 36. Interstitial treatment
enabled effective illumination of the tumor, resulting in complete tumor remission in 4 out
of 6 cases at 800 J/em from a 0.5 cm cylindrical diffuser. Despite local illumination,
surrounding liver damage occurred at 2ll energies appiied. However, liver necrosis was
limited to a distinct zone of 2-4 mm width and did not deteriorate liver function as measured
by antipyrine clearance.

In previous studies, several attempts have been made to solve the probiem of efficient
photosensitizer accumulation In the liver. Kita er al. (1987) found that indocyanine green
after intravenous injection, protects photosensitized hepatocytes against illumination with
green light. Nishiwaki er al. (1989) used intraarterial administration of the photosensitizer
Pheophorbide to cause selective accumulation in liver tumors. Interstitial therapy, however,
can be applied in combination with Photofrin, the only clinically used photosensitizer, and
additionally provides the possibility of treating deep seated solid turmors.

There are no data available on Photofrin distribution of intrahepatic tumor and surrounding
liver at different time intervals after administration. We therefore based the interval between
Photofrin administration and illumination on previous studies in experimental animals
carrying extrahepatic tumors. These studies showed an optimal porphyrin concentration ratio
between tumor and liver after a period of 2 days (Gomer & Dougherty, 1979; Cozzani ef al.,
1984; Jori et al., 1986).

An increase in light dose delivered, resulted in a higher percentage of tumor necrosis in
the experimental group, with maximal values of 99.0+0.6% at 1600 Jem (Figure 8.7a).
Tumor necrosis also appeared in control animals treated with laser light only (Figure 3.7b).
Bown et al. (1986) have studied the effects of different power outputs on PDT in normal rat
liver. They found that 400 mW red light from an interstitial bare tipped fiber significantly
heated the tissue, resulting in charring at the fiber tip within 1 min.
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Table 8.2. Mean+SEM antipyrine plasma elimination half-life (T')
on the first day after laser treatment®.

Energy No. of T (h)
(Jiem) animals

Control¥ 5 2.0£0.1
100 4 2.040.1
200 6 1.940.0
400 6 1.940.1
800 6 2.1x0.1
1600 6 2.0+0.1

*Laser illumination with 200 mW/cm, 2 days after Photofrin (3 mg/kg i.v.).
TControl animals received Photofrin only.

Tabie 8.3, Tumor remission and vital tumor area on the 36th day after laser illumination.*

Vital Tumor area (mm®)f

Energy No. of tumors

J/em) in remission} Individual value Mean+SEM
Control§ 0/6 160 162 185 203 260 281 205121
100 0/5 106 119 135 145 - 396 1804354
200 2/6 0 0 8 124 162 170 T7£34
400 216 0 0 2 16 29 30 1316
800 4/6 ¢ 0 0 ¢ 14 31 85
1600 1/6 0 13 63 79 112 116 64120

*Laser illumination with 200 mW/cem, 2 days after Photofrin (5 mg/keg iv.).
1No. of tumors in complete remission / no. of animals.

fMeasured by computer assisted integration of the circumference.

§Control animals received Photofrin without any laser illumination.

The light transmission in the tissue dropped accordingly to under 10%. At 100 mW power
output, however, light transmission remained constant and no thermal tissue changes were
found. In the present study we used the same power cutput of 100 mW, from a 0.5 cm
cylindrical diffuser (i.e., 200 mW/em). With a diffuser, the light is emitted from a larger
surface area resulting in a more uniform light delivery. Thus, the heat generated in this
manner s much less localized and intense than with a bare fiber tip. Indeed, charring could
not be observed on histological specimen and temperature at the tumeor boundary was always
less than 40°C. However, higher temperatures might have occurred at the diffuser, resulting
in hyperthermic effects at longer exposure times (Field er al., 1987). Indeed, tumor necrosis
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in the control group treated with light only was limited to the arca around the diffuser.
Another explanation, however, might be the activation of preexistent endogenous porphyrins
{Chapter 9).

Although PDT has been shown to be synergistic with hyperthermia (Waldow & Dougherty,
1984; Waldow ef @/, 1987; Matsumoto et al. , 1990), thermal influences are normally avoided
in fundamental studies to investigate exclusively the PDT effect. A power output of 200
mW/em was therefore applied in this study. However, as PDT damage largely depends on
the total energy delivered (Joules = Watts x seconds), the exposure time has to be
correspondingly longer at lower dose rates. We used a maximal exposure time of 2 h and 13
min (1600 J/cm) in this study. In clinica] PDT, however, higher power outputs may be
applied (as long as charring is avoided) to keep exposure time within boundaries. For
example, 400 mW/cm delivered interstitially during 8-12 min {200-300 J/em) is a standard
treatment for patients with endobronchial tumors (Balchum & Doiron, 1985}

Tumor growth retardation, as measured by the tumor area on the 36th day after PDT. was
related to the amount of light energy delivered, as would be expected from the amount of
tumor necrosis on the second day after treatment. Up to 800 J/em, a similar relation was
found for the number of tumors in complete remission. The unfavorable results at 1600 J/cm,
however, led to an overall nonsignificant relation between tumor remission and energy
applied, suggesting an optimum relation between light dose and tumor response (Table 8.3).
From the current knowledge of the photodynamic reaction, however, these results can hardly
be explained. Singlet oxygen, the most important cytotoxic agent in PDT, is generated via
the so called Type Il mechanism of photosensitized oxidation (Chapter 7). Upon absorption
of a photon, the porphyrin molecule is brought to an excited singlet state that undergoes
intersystem crossover to the excited triplet state. Transfer of energy from the triplet
photosensitizer to available oxygen creates the reactive singlet oxygen. The electrophilic
nature of singlet oxygen makes it very efficient at producing oxidized forms of biomolecules
(Gomer, 1989a). Thus, the photocytotoxic reaction occurs exclusively during illumination,
which makes it unlikely that doubling the light dose (i.e., from 800 J/em to 1600 Jem)
would reduce the photodynamic effect.

The appearance of nests of apparently therapy resistant tumor cells in the necrotic area
after PDT has previously been described by Pimstone et all (1982) and Holt es al (1985) in
rat hepatoma. There could be several mechanisms underlying this phenomenon, assuming the
heterogeneity of twmor tissue:

1. The incorporation of Photofrin in these cells is disturbed as a result of poor vascular
supply or altered transmembrane passage which may cause low levels of photosensitizer.
The cells are in a dormant state with very low O, metabolism and no singlet oxygen
production.

Vessels with a diameter larger than 1.3 mm produce a cytoprotective shadowing effect,
thus preventing appropriate illumination of the cells (Pimstone ef al, 1982).

4. The total light dose is too low to achieve photodynamic destruction in all tumor cells.
Kato et al. found an uneven distribution of Photofrin fluorescence in early stage bronchus
carcinoma, which could be evidence for state 1) (H. Kato, Tokyo Medical College, Tokyo,
Japan. Personal communication, 1991}. The nests of vital tumor cells were randomly spread

b2

(7%
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over the necrotic tumor area and a clear relation to vascular structures could only be
identified twice (statement 3). Liver damage, however, was strongly related to the liver
anatorny, as hepatic cells survived around the portal areas (Figure 8.6). This phenomenon is
probably due to a different hepatocyte environment (perfusion, and hence supply of nutrients)
and enzyme content in the periportal compared to pericentral domains (Lamers et al., 1989).
Thus. substances such as unsaturated fatty acids, that act as oxygen scavengers, and higher
levels of enzymes such as superoxide dismutases would prevent oxidative damage in the
periportal areas (Jungermann & Katz, 1989; Byczkowski & Gessner, 1988; Gutteridge &
Halliwell, 1990). Knowledge about the mechanism responsible for the survival of specific
tumor cells could lezd to treatment strategies causing complete tumor destruction. When for
instance a low concentration of Photofrin is caused by efficient transmembrane transport of
porphyrins out of the cells, Ca* blocking agents could be a solution. Photofrin delivery to
intrahepatic turnors might be improved by increasing tumor capillary flow with appropriate
vasoactive agents (Ackerman er al, 1988). The mechanism responsible for porphyrin
accumulation in tumors is still unclear. In a recent study, however, we showed that a
decreased conversion to heme, owing to decreased ferrochelatase activity may be an
important factor (Chapter 9). Dailey & Smith (1984) have shown that several representative
porphyrins in Photofrin are substrates for ferrochelatase. Therefore, modulation of this
enzyme could be another approach (Smith, 1987).

As the diffuser was inserted into the center of the tumor, higher light doses were applied
to the turmnor than to the surrounding liver tissue. However, on the second day post-treatment
at all energies a rim of liver necrosis was visible around the tumor, whereas at lower energies
tumor tissue had remained largely intact. This couid be the result of the unfavorable
porphyTin concentration ratio between liver and tumor, which was found 3:1 (liver to tumor)
after intravenous Photofrin in this model (Chapter 9).

In this study, liver necrosis increased with energy delivered, but a plateau occurred beyond
400 J/em, indicating that higher laser energies could be applied without much more liver
damage. An important factor in this matter is the difference in optical properties between the
dark red colored liver and the whitish tumor (Chapter 10). The hepatic tissue effectively
absorbs 625 nm light, which limits the light penetration in liver, and by that limits liver
damage. This difference in absorption coefficient might be beneficial in the clinical
application, where the peripheral interstitial diffuser would produce a comparable amount of
Liver damage.

Serum ASAT and ALAT levels on the first and second day post-treatment were used as
biochemical parameters for liver damage. Indeed, a significant relation between enzyme level
and delivered light energy was found, confirming our measurements on the area of hepatic
necrosis in the experimental group. However, the rise in ASAT level after diffuser insertion
only, did not correspond to the normal histological appearance of surrounding liver tissue.
Recently, we measured ASAT and ALAT levels in rat liver and tumor CC3531 (Chapter 2).
The ALAT activity in liver and turnor showed a ration of 40:1 (liver to tumor), whereas
ASAT ratio was 2:1, indicating that the serum ALAT level may be the most appropriate
parameter for liver damage in this model. Thus, the increase in serum ASAT after diffuser
insertion is probably due to tumeor, rather than liver damage. A similar explanation could be
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applied to the rise in ASAT level post-treatment with light only, especially at energies <400
J/cm. In this group liver necrosis appeared at 800 and 1600 J/cm, resulting in a higher ALAT
level (Figures 8.7. 8.8).

In this study, we used a single PDT treatment with a fixed diffuser position to determine
the photodynamic effects as standardized as possible. We therefore chose a tumor model in
the rat, where the mean diameter of the tumor at time of treatment was approximately 6 mm
50 that the effects on the tumor and on the adjacent liver tissue could be determined. Larger
tumors, however, could be treated by multiple diffuser implantation (Marijnissen ef al.,
1692). As the diffuser can be passed down a needle under ultrasound guiding, percutaneous
treatment of several tumors at different liver lobes would be possible (Gatenby er al., 1987).
This local treatment of tumor can substantially reduce the surgical trauma and may as such
diminish complications like bleeding and liver failure.
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Adapted from: R. vaN HILLEGERSBERG, J.W.0Q. van DEN BERG, W.). KORT, O.T.
TERPSTRA & J.H.P WILSON. Selective Accumulation of Endogenously Produced
Porphyrins in a Liver Metastasis Model in Rats. Gastroenterology 1992; 103: 647-651

INTRODUCTION

Photodynamic therapy (PDT) has received much attention in the past two decades as a
means of treating certain malignant tumors (Dougherty, 1987; Pimstone, 1985; Kreimer-
Birnbaum, 1989). This form of treatment is based on the accumulation of 2 photosensitizer
in malignant tissue after systemic administration. Subsequent illumination with light of an
appropriate wavelength creates a photochemical reaction that results on tissue destruction
{Chapter 7). The photosensitizers mainly used are Hematoporphyrin derivative (Hpd) a
mixture of different porphyrins, and dihematoporphyrin ester/ether, an enriched form of Hpd
marketed as Photofrin® (Lederle Laboratories, Pearl River, NY, U1.S.A).

For selective tumor therapy more photosensitizer should accumulate in the tumor than in
the surrounding tissue. Unfortunately, normal liver accumulates Photofrin efficiently, and
higher levels have been found in the liver than in the malignant tissue (Holt er al, 1985;
Gomer & Dougherty, 1979; Bugelski er al., 1981; Bellnier ¢ al., 1989). This means that
Photofrin is not a suitabie photosensitizer for PDT of liver cancer. As an alternative
approach, we considered the possibility of using the varying capacity of tissues to metabolize
porphyrins, as a means of photosensitization. It has been shown that porphobilinogen
deaminase (PBGD) has higher activity in various malignant and regenerating tissues than in
normal tissues; the opposite was found for ferrochelatase (Figure 9.1) (Rubino & Rasetii,
1966, Schoenfeld et al., 1988; Dailey & Smith, 1984; Smith, 1987; Leibovici e al., 1988).
If the amount of porphobilinogen (PBG) available in the cell could be increased, the
increased PBGD activity and the decreased activity of ferrochelatase would result in
accumulation of porphyrins in the tumor to a greater extent than in surrounding tissue.

Laser Treatment for Liver Metastases
R. van Hillegersberg 1993
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Figure 9.1. Schematic representation of the heme biosynthetic pathway. The first intermediate is 5-
Aminolevulinic acid (ALA), a aminoketone, which is formed by the condensation of glycine and
succinyl-CoA. Two molecules of ALA are combined to form porphobilinogen (PBG), a monopyrrole,
and 4 molecules of PBG are combined to form uroporphyrinogen (URQ), a tetrapyrrole. URQ is
converted to coproporphyrinegen (COPRO) and subsequently to protoporphyrin IX (PROTO).
Malignant cells may have altered activities of PBG deaminase (PBGD) and ferrochelatase, which
converts PROTO to heme.

In the present study, we used the rat liver metastases model to investigate this proposition.
Shedlofsky er al. (1987) showed that cell membranes are much less permeable for PBG than
for it’s precursor 5-aminolevulinic acid (ALA)., a 5-carbon aminoketone (Figure 9.2). We
therefore administered ALA as a substrate for porphyrin synthesis and measured porphyrin
concentrations in twmor and liver tissue. For comparison we examined the porphyrin
accumulation following a usual dose of Photofrin. In addition, ferrochelatase and PBGD
activities were measured in tumor and liver tissue.

MATERIALS AND METHODS

Experimental Design

Thirty-seven rats were used for the experiments. They had free access to either tap water
or a soluation of ALA-HCL (Sigma Chemica Company, St. Louis, MO, U.5.A.) in tap water
(2 mg/ml) that was freshly prepared every day. The animals were randomly allocated to two
experiments: I, to assess the porphyrin concentration ratio between turnor and liver after oral
ALA or intravenous Photofrin (n=26) and II, to determine the activity of PBGD and
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Figuere 9.2. Molecular structure of S-aminolevalinic acid (ALA), a S-carbon aminoketone with a
motlecular weight of 167,

ferrochelatase in tumor and liver tissue (n=11).

In experiment 1, the tumor was implanted in the liver (Chapter 2). The animals were
randomly assigned to 6 groups of 3 or 6 animals each. Three groups received the ALA
solution from either the 8th (n=6), 14th (0=3) or 17th (n=3) day after tumor implantation.
In 2 other groups Photefrin® (Lederle Laboratories, Pear]l River, NY, US.A) was
administered in a dose of either 2.5 mg/kg body weight (n=3) or 5 mg/kg body weight (n=6),
by penile vein injection on the 17th day after implantation. The animals in the sixth group
served as controls (n=6) and did not receive any medication. During treatment the animals
were placed in metabolic cages to determine consumption of water or ALA solution, volume
of urine excreted, and to collect urine samples for the measurement of porphyrin
concentrations. The animals were kept in subdued light, with preservation of night-day
rhythm, to avoid possible skin injuries as a result of porphyrin accumulation. On the 19th day
after tumor implantation the animals were sacrificed. The median lobe of the liver was
removed and the tumor, having a diameter of approximately 5 mm, was dissected. Liver
tissue of at least 1 cm distance from the tumor and the entire dissected tumor were used for
the porphyrin analysis.

In experiment II. a piece of tumor was inserted subcutaneously in the flank. Two months
after inoculation the periphery of the tumor without central necrosis and the liver were
isolated for ferrochelatase and PBGD determination.
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Materials

The following reagents were purchased from Porphyrin Products (Logan, UT. U.S.A):
protoporphyrin IX (PROTO), disodium salt and zinc PROTO. Tris-HCI was purchased from
Bochringer Mannheim (Mannheim. Germany). and other chemicals were purchased from
Merck (Darmstadt, Germany).

Porphyrin Analysis

The analysis was carried out according to the method of Bayley & Needham (1986) with
the following modifications. The tissue was suspended in saline (1:10 wt/vol) and
homogenized in a tissue grinder. To 50 pl of this homogenate were added 100 pl of formic
acid (0.8 mol/1}, 800 i of acetone and 30 ul of HCL (1.5 mol/l). The material was mixed
and subsequently centrifuged for 4 minutes at 10,000 x g. Aliquots of this supernatant were
analyzed by reverse phase high-performance liquid chromatography (HPLC) on a 10-cm
column (Lichrosorb RP.18, hypersil SAS; Chrompack, Middelburg, The Netherlands).
Porphyrins were detected using their natural fluorescence with excitation and emission
wavelengths of 405 and 625 nm, respectively. The elution solvent was a mixture consisting
of 560 volumes of acetone, 240 volumes of methanol, 200 volumes of water, and 2 volumes
of formic acid, 88% (wt/vol). The eluent flow was 1 mI/min. Calibration chromatograms
were run with known concentrations of PROTO in 1.5 moll HCL Before application,
porphyrin standards were analyzed separately for their actual concentration using uitraviolet
(UV) spectroscopy and the molar extinction coefficient {(E=207 for lpumol/m] at 407 nm).
Recovery of porphyrins was checked by adding standard PROTO to the samples. A recovery
of 80%-100% was regularly found during the assays.

Determination of Ferrochelatase and PBGD Activity

Ferrochelatase was measured by a modification of the method of Li er al. (1987), using
zinc and PROTO as substrates. The samples were homogenized in water (110 wt/wt} using
a Potter Elvehjern homogenizer (Kontess Glass Co., Vineland, NJ, U.S.A.). Fifty microliters
of the homogenate was then added to 100 ul 0.25 mol/l Tris-HC! buffer, pH 8.2, containing
10 g/1 Triton X-100 (Sigma, St. Louis, MO, U.S.A.) and 1.75 mmol/l palmitic acid. Fifty pl
of a 250 pmol/ solution of PROTO in 0.01 N KOH was added and the reaction started by
the addition of 50 pl of a 200 pumol/l solution of zinc acetate in water, The mixture was
incubated at 37°C for 60 min, and the reaction stopped by the addition of 1 ml of
dimethylsulfoxide-methanol (30:70) solution. After centrifugation in an Eppendorf centrifuge
(Eppendorf Gerdtebau, Hambu:g, Germany) for 5 minutes at maximum speed, 100 pl of
supernatant was injected on a Perkin Elmer HPLC (Gouda, The Netherlands) with a reversed
phase Chrompack RP18 column, with acetone/methanol/water/formic acid (560:240:200:2)
1 ml/min as mobile phase. Zinc PROTO was detected by a Perkin Elmer L840 fluorimeter,
excitation wavelength 415 nm, emission wavelength 580 nm. Results were expressed as
nanomoles per milligram of protein.

After an initial incubation at 55°C for 60 min and cooling to room temperature to destroy
the activity of uroporphyrinogen decarboxylase and to prevent further metabolism of uro-
porphyrinogen, PBGD was measured as previously described by Wilson JHP e al. (1986).



9. 5-AMINOLEVULINIC ACID 167

a . b
z P z 1
3 g
@ o c
=] =l
2
Z £ 2
‘-r-‘_mnu——.-_ T —— J
T T T | 1 I I 1 1 1
0 2 4 6 8 10 0 2 4 5] 8 10
Time (minutes) Time (minutes)

Figure 9.3. HPLC chromatogram of porphyrins in liver tissue {2) after 11 days of oral ALA 28
mg/day or (b) 2 days after a single dose of Photofrin 5 mg/kg i.v. (b). The various peaks were
identified as follows: P, Protoporphyrin IX; C, Coproporphyrinogen I+ and Uroporphyrinogen III+I;
1 and 2, Photofrin compounds.

Protein was measured using the method of Lowry et al (1951).

Statistical Analysis

The values are expressed as mean + standard error of the mean (SEM). The Kruskal-Wallis
test and Spearman rank-order correlation for paired difference against time course were used
10 analyze the, relation between the duration of ALA administration and the porphyrin
concentration in liver and tumor, respectively. Other comparisons were made using Student’s
t-test. A significant difference was considered at P values of <0.05.
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RESULTS

All animals survived and none showed signs of discomfort. Skin lesions could not be seen
macroscopically.

The meanSEM daily water consumption in control and Photofrin-injected animals was
17.7£0.2 ml. In ALA treated animals, this value was significantly lower, 14.3£0.2 ml,
possibly as a resuit of an unpleasant taste of the ALA solution. Because the ALA solution
had a concentration of 2 mg/mi, the meantSEM daily ALA intake was 28.6+0.4 mg. The
mean daily urine production in the group of ALA treated animals was 6.1+:0.1 ml,
significantly lower than the value of 7.9+0.1 ml found in control and Photofrin-injected
arimals.

The main porphyrin found in urine was coproporphyrinogen I+l (COPRQO), the
concentration of which increased from the first day of ALA treatment to a meantSEM level
of 12.2+0.6 pmol/l. In controls and Photofrin injected animals the mean COPRO
concentration was 1.6£0.1 umol/l.

Porphyrin Distribution

Two typical HPLC profiles of iiver tissue after oral ALA and intravenous Photofrin
administration are shown in Figure 9.3. In tumor and Iiver tissue of Photofrin-treated animals
we found PROTO and COPROG+uroporphyrinogen (URQ) as well as the Photofrin
components. In ALA-treated animals, PROTO and COPRO+URQ were identified.

6o Porphyrin ¢onc. {nmol/g)

Days on oral ALA

Figure 9.4. Total porphyrin concentration in tumor (—) and liver (- - -) vs. number of days on oral
ALA. All measurements were made 19 days after tumor implantation. Each point represents the
mean+SEM.
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No difference was found in the amount of COPRO+URO in liver and tumor tissue after
treatment with Photofrin or ALA compared with controls. However, PROTO accumulated
progressively in the tumor with increasing duration of ALA administration (P<0.001).
whereas no increase was found in normal liver (P=0.7) (Figure 9.4).

The total amount of porphyrins in liver or tumor tissue after treatment with ALA or

Table 9.1. MeantSEM total tissue porphyrin concentration (nmol/g tissue) on day 19 after
inoculation, after oral ALA or intravenous Photofrin®.

Individual value Mean
Tumor Liver Ratio Tumor Liver Ratio
ALA 2 days 27.6 12.8 2:1 23.6+2.7 11.3£1.5 2:1
24.7 8.4 3
18.4 12.6 2:1
ALA 5 days 29.0 12.5 2:1 27.6+1.4 10,5410 371
289 95 31
24.8 9.4 3:1
ALA 11 days 82.0 9.4 9:1 45.8+9.3 10.9+0.8 4:1
65.1 11.1 6:1
40.6 10.8 4:1
31.0 11.8 3:1
30.6 4.1 2:1
252 8.1 3:1
Phll 25 mgkg 2.5 7.8 1:3 3.0£0.3 8.420.8 13
2.9 76 1:3
3.5 10.0 13
Ph il 5.0 mg/kg 11.4 226 1:2 5.241.3 17.782.2 13
4.7 203 1:4
4.6 244 1.3
43 12,7 1:3
35 12.5 1:4
28 13.9 1:5
Controls 5.3 12.9 13 2.8+£0.7 8.6x1.1 1:3
3.2 10.8 1:3
22 6.6 1:3
1.9 6.2 1:3
1.7 6.3 1:4

*Photofrin was administered i.v., on day 17.
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Photofrin is listed in Table 9.1. The highest values were found in animals treated with ALA
for 11 days (mean 45.849.3 nmol/g tissue). In the liver this value was significantly lower,
(mean 10.9+0.8 nmol/g, P<0.01) resulting in an average porphyrin concentration ratio
between tumor and normal liver tissue of about 4:1. In contrast with this finding, the mean
porphyrin concentration in the livers of animals treated with Photofrin was significantly
higher (P<0.001) than in the tumor resulting in a tumeor to liver ratio of 1:3. This ratio was
also found in control animals, with mean+SEM values in tumor and liver tissue of 2.8+0.7
nmol/g and 8.6x1.1 nmol/g, respectively.

Ferrochelatase and PBGD Activity

The ferrochelatase activity in tumor was found to be 0.84£0.10 nmol/h of zinc PROTO
per mg protein, a 3 fold decrease from that of normal liver tissue (P<0.001). A 2 fold
decrease in PBOD activity was found, with a meantSEM activity in tumor of 49.3%4.7
pmol/h of URO per mg protein {(P<0.001) {(Table 9.2).

Table 9.2. MeantSEM ferrochelatase and PBGD activity in tumor and normal liver tissue.*

Enzyme Tumor Liver
Ferrochelatase, nmol/h 0.84+0.10 2471026
of zine PROTQ per mg protein

PBG deaminase, pmol/h 49.31+4.7 78.8+2.1

of URQ per mg protein

*n=]1 for all groups.

DISCUSSION

In this study. oral administration of 5-aminolevulinic acid resulted in the progressive
accumulation of porphyrin in a transpiantable colon carcinoma. without accumulation in the
surrounding liver tissue, After 11 days of ALA, the porphyrin concentration ratio between
tumor and liver was 4:1 (after Photofrin this ratio was 1:3).

The choice of the ALA dosage was based on the normal activity of PBGD, which is the
rate limiting enzyme in the synthesis of porphyrins during ALA admimstration (Kappas et
al., 1989). This activity is determined mainly by the activity in the liver and erythroid cells,
2.75 and 37.7 nmol/h of URO per gram of human tissue, respectively (Kappas er al.. 1989).
Rat tissue weights (7.5 g liver and 5 g erythroid cells) were used to calculate the total PBGD
activity (199 nmol/h of URQ). Because the formation of PBG requires 2 molecules of ALA
and the formaticn of URC requires 4 molecules of PBG, the PBGD activity per hour was
multiplied by 8 to find the maximal turnover of ALA (1.6 umolh) (Figure 9.1). The mean
dajly water consumption of the anjmals (17 ml/day, previous observation) was used to choose
the concentration of ALA (MW=167) in drinking water (0.4 mg/ml). To assure that a
sufficient amount of ALA was applied, 5 times the calculated value was administered (2
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mg/mi). In this study, the actual mean daily water consumption of ALA treated animals was
lower (14 ml/day) than the value used for calculazion (17 ml/day). The ALA intake, however,
was sufficient (28 mg/day) to provide the estimated need for substrate.

The main product found after ALA treatment was PROTO. This substance has
photosensitizing properties as evidenced by the severe cutaneous phototoxicity in erythro-
poietic protoporphyvria (Kappas et al., 1989). Moreover, desiruction of malignant cells in virro
or skin tumors after local administration of ALA or PROTO and subsequent exposure 1o
photoactivating light has been demonstrated (Menon er al.. 1989; Malik & Lugaci, 1987;
Kennedy et al., 1990). Because porphyrin accumulation is restricted to the tumor. PDT would
act specifically on the tumor causing minimal damage to the adjacent tissue. Another
application of ALA administration could be the early detection of malignant tissue, utilizing
the fluorescence properties of PROTQ during illumination with UV light, A recent study
reports good correlation between the location of the red fluorescence and the phototoxic
damage to specific structures in mouse skin after intraperitoneal administration of ALA and
subsequent illumination (Divaris et al, 1990).

This study is based on previous investigations in which the activity of ferrochelatase was
found to be decreased while the opposite was found for PBGD in malignant and regenerating
tissues (Rubino & Rasetti, 1966; Schoenfeld er @f., 1988; Dailey & Smith, 1984; Leibovici
et al.. 1988). Measurements on the activity of these two enzymes in the tissues we examined
showed a 3 fold decrease of ferrochelatase activity in coloncarcinoma CC531 (0.8 nmol/h of
zinc PROTO per mg protein) compared to normat liver (2.47 nmol/h of zine PROTO per mg
protein). confirming our proposition about the mechanism of porphyrin accumulation after
oral ALA. In contrast to other studies. however, PBGD was decreased 2 fold. The reason for
low ferrochelatase activity in tumors might be the use of glycolysis rather than oxidative
phosphorylation for their metabolism. Especially rapidly growing tumors contain lower
activities of mitochondrial cytochrome oxidase (Friedkin, 1973; Weinhouse, 1960). Therefore,
mitochondrial ferrochelatase would be deficient as well. The lipophilic protoporphyrin has
been found to accumulate in mitochondria of rodent hepatic cells after feeding the animals
with toxic compounds {griseofulvin and hexachlorobenzene), disturbing the endogenous heme
synthesis (Sandberg & Romslo, 1981). Information about tissue ferrochelatase activity could
be useful in predicting the effect of ALA administration on porphyrin accumulation in
different tissues. Preliminary results show ferrochelatase activities in rat BN472 mamma
carcinoma and rat BN175 fibrosarcoma comparable to those found in colon carcinoma CC531
used in this study. Further experiments should show to what extent the selective accumulation
of porphyrins after ATLA is related to the type of tumor and tissue.

Photofrin 1s a mixture of many different porphyrins some of which may be responsible for
the photosensitizing activity, probably porphyrins linked via ester and/or ether bonds, and
others for the tumor localizing properties (Dougherty, 1989; Manyak et al., 1988; Gomer,
1989). Thus, the amount of tissue fluorescence after photosensitizer administration is not
directly related to the possible effect of PDT. An advantage of endogenous photosensitization
with ALA is that the main product is PROTO, a defined molecular structure with the
potential of controlled PDT and quantitative detection of fluorescence (MacRobert et al.,
1989).












10. Tissue Optical
Properties at
633 nm and 1,064 nm

Adapted from: R.van HILLEGERSBERG, J.W. PICKERING, M. AALDERS & ].F. BEEK.
Onptical Properties of Rat Liver and Tumor at 633 nm and 1,064 nm: Photofrin enhances
scattering. Lasers Surg Med 1993; 13: 31-39

INTRODUCTION

Two promising laser applications in oncology are photodynamic therapy (PDT) and
thermal Nd:YAG laser coagulation. We investigated the use of these techniques in the
previous chapters. Interstitial PDT could produce complete long-term destruction of experi-
mental liver metastases combined with minimal liver damage (Chapter 8). In thermal laser
therapy, we used the Nd:YAG laser for localized superficial or interstitial destruction of
malignant tissue within the liver (Part IT). To avoid carbonization, which prevents light
penetration, a cylindrical diffusing fiber-tip was used in the interstitial application and
superficial water-jet cooling in the noncontact laser mode. In this manmer the intrahepatic
tumor was selectively coagulated (Chapters 3. 6).

In the clinical situation, one would like to know which laser parameters (i.e., output power,
exposure time, position and number of optical fibers) are required to treat a certain tumor,
combined with minimal adjacent normal tissue damage. One approach is to model the light
transport in the tissue, to determine the probability of a photon reaching a certain point in
the tissue and therefore, to determine the local temperature rise (thermal laser therapy) or rate
of photosensitizer activation (PDT). This requires knowledge of the intrinsic bulk optical
parameters of the tissues for a particular wavelength: the absorption coefficient, w,, the
scattering coefficient, p,, and the anisotropy factor, g. The reciprocal of the sum of the
absorption and scattering coefficients gives the average path length of a photon through the
tissue between scattering events, whilst the anisotropy factor is the average cosine of the
scaftering angle for all scattering events. Given these properties, one of several light transport
models may be applied to predict the light distribution in tissue, e.g., 2-flux models, diffusion
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theory, and Monte Carlo simulations (Patterson er al., 1991a, 1991b; Flock er al. 1987;
Jacques & Prahl, 1987; Wilson & Adam, 1983). The temperature distribution and heat
conduction may then be calculated (Dowden er al., 1988).

This chapter presents optical properties of the rat liver and colon carcinoma at the relevant
wavelengths for PDT (around 630 nm) and thermal therapy (1,064 nm) in normal and
Photofrin sensitized tissue.

MATERIALS AND METHODS

Experimental Design

The measurements were performed, 2 months after subcutaneous implantation of a piece
of tumor in the flank of 14 animals. :

The animals were randomly assigned to 2 groups of 7 animals each. In the first group,
Photofrin® (Lederle Laboratories, Pearl River, NY, U.5.A.) was administered in a dose of 5
mg/kg body weight by penile vein injection 48 h before determination of optical properties.
After administration, the animals were kept in subdued light, with preservation of night-day
rhythm, to avoid possible skin injuries as a result of Photofrin accumulation. The animals in
the second group did not receive any medication. The animals were sacrificed, the tumor
dissected and the left lateral lobe of the liver removed. The largest and smaliest diameter of
the tumor and the length and width of the left lateral liver lobe were measured with calipers.
The periphery of the tumor without central necrosis was used for the optical measurements.

Determination of Tissue Optical Properties

Sample Preparation. Immediately after excision the tissues were sectioned 250-650 pm
thick using 2 microtome knife and a custom-built stand in which the tissue was clamped.
These margins were set to minimize a possible influence of large variations in tissue
thickness on the measurements of optical properties. In pilot studies, a range of 250-650 pm
was found to be most practicable in this particular experimental set-up. Normally two
samples were taken from each liver or tumor. A sample was placed on a glass slide and a
small quantity of phosphate-buffered saline was added to prevent air bubbles between tissue
and slide. A second slide was then placed on top of the sample, and the two slides were
clamped together. Aluminum spacers of approximately the same thickness of the sample were
used between the slides to prevent compression of the sample. The sample thickness was
determined by measuring the thickness of the slide-sample-slide arrangement and subtracting
the thickness of the slides.

Measurement and Equipment. The sample was placed between two identical integrating
spheres of 70 mm diameter with a circular sample port of 25 mm diameter (Figure 10.1), and
illuminated with collimated light from either a 1 mW, 1 mm beam diameter, 632.8 nm HeNe
laser (Polytec, Waldbronn, Germany) or an approximately 2 mm beam diameter,1,064 nm
Nd:YAG laser (SLT CL60, Malvern, U.8.A.). Measurements of the light fivence within each
sphere and the collimated transmittance signal at a distance of 70 ¢m bevond the second
sphere were made by Telefunken BPW 34 photodiodes {Germany) with a solid collection
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angle of 5.5x10™ sr (stereo radial).

The input light beams were chopped and the signals measured using standard
lock-in-arnplifier techniques (Model 3209, EG&G Princeton Applied Research, Princeton, NJ,
U.8.A.). All measurements within the spheres were made relative to the signal when a 99%
reflecting plate (Labsphere SRS-99-010, North Sutton, NH, U.S.A.)} was placed at the sample
aperture. All measurements on Photofrin sensitized tissue were carried out in subdued light.

With the sample in place, three measurements are necessary to obtain the optical
properties:

1. The signal in the first sphere, mainly remitted light.

2. The signal in the second sphere, mainly diffuse transmitted light.

3. The signal that exits the second sphere, the collimated transmitted light.

In addition. there are background measurements made in each sphere without a sample
present and reference signals made with a standard reflector in each sphere and of the
collimated light with no sample present.

The collimated transmission measurement has in the past proved to be the most difficult
to make because of the high attenuation by the sample. In order not to saturate the
photodiode with the collimated signal without the sample present (the baseline 100%
collimated transmission), we always used band pass filters with an attenuation of
(5.620.1)x107 at 632.8 nm and (1.30£0.03)x107 at 1,064 nm. As a means of assessing the
accuracy of the optical properties, the collimated signal with the sample present was

HeNe laser

integrating

beam ’ spheres .

collimator coflimated
v 'y detector

i % Tt
beam  gprional filters
splitter  mirror

Nd:YAG chopper  sphere  collimated
laser reference  signals signal

tock-im amplifier

Figure 10.1. Two integrating spheres with an intervening sample. The sample may be illuminated by
either a HeNe laser or a collimated beam from a Nd:YAG laser. The beams are chopped before
entering the spheres and measurements are made with a lock-in-amplifier. The collimated signal may
be attenuated by filters after it has passed through the spheres.
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measured both with and withour the filters present. Thus, when the coliimated signal is low,
the presence of the filters attenuating this signal may mean the photodiode is measuring
signals only a little above its neise level. When the filters are removed, the signal on the
photodiode is considerably stronger: however, there is an additional uncertainty introduced
into the calculations due to the uncertainty in the filter attenuation coefficients.

Furthermere, for each sample, a full set of measurements was made at two different
positions of the sample (i.¢.. after one set of measurements, the sample was displaced a few
millimeters to allow the incident beam to fall on a different part of the tissue). This allowed
some quantitative analysis of the variability in the optical properties within the samples.

Calculations. The method of determination of the optical properties from the three optical
measurements and the sample thickness has been described in other articles (Pickering et al..
1992a, 1992b; Prahl, 1988; Prahl er al, 1993; Pickering, 1992). Briefly. the optical signals
can be expressed in terms of the remittance. and diffuse and collimated transmittance of the
sample through equations that account for the multiple exchange of light between the spheres
through the sample (Prahl, 1988: Prahl er ol 1993), With an initial guess of the optical
properties, the remiftance and transmittances for a sample are calculated using the
adding-doubling sclution to the equation of radiative transfer (Prahl, 1988; Prahl er al., 1993).
This also takes into account the refractive index mismatch between the air (#=1.0), glass
{(n=1.54), and sample (#=1.37) boundaries. The calculated and measured signals are
compared, and 2 new set of optical properties are estimated. This inverse procedure continues
unti] the calculated remittance and fransmittances give identical signals to those measured
{(Pickering er al, 1992b). The system has been extensively tested with tissue phantoms
(Pickering ef al, 1992b) and used on other tissue types (Pickering, 1992).

Statistical Analysis

The optical properties are expressed as mean * standard error of the mean (SEM). The
mean for each group of samples (e.g., liver at 632.8 nm) was calculated from the average of
the two measuremenits made on each sample. The variability in the optical properties within
a sample could be compared for different tissue types by expressing the difference between
the two measurements made on each sample (by displacing the sample a few millimeters) as
a percentage of the average of these two measurements. Thus, the mean of this percentage
for each tissue group expresses the variability within a sample (i.e., intra-individual variation)
independently of the variability between different samples (i.e., inter-individual variation).
The student’s t-test was employed for the difference between two means. A difference was
considered to be significant at P values of <0.05.

RESULTS

One tumor implant did not grow. so only the liver parameters could be determined in that
animal. Another animal was sacrificed before optical measurements were possible, because
the tumor size had become too large. Two months after tumor inoculation, the meantSEM
tumor diameter was 3432 x 2942 mm and the mean length and width of the left lateral lobe
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of the liver was 43+3 x 2343 mm. The sample size was generally large enough to cover the
entire sample port, however, four times (2 tumors, 2 livers) a sample had to be composed of
two tissue slabs. The optical parameters of these composed samples did not differ
significantly from the normal samples. The mean+SEM thickness of the samples wasg 440+10
um for liver and 430£20 pm for tumor.

Optical Properties

The meantSEM optical properties are presented in Tables 10.1 and 16.2 for 632.8 nm and
1.064 nm respectively, with and without the addition of Photofrin. The reduced scattering
coefficient,

B = (- g)

and the effective attenuation coefficient,

Por = V 31, (5 + 10, (1 - 2))

are calculated from the measured optical properties. Additionally, Figures 10.2-10.4 show the
average optical properties for every sample (i.e.. the average of the two measurements made
on each sample} illustrating the variation between samples.

Liver vs. Tumor. At 632.8 nm, the absorption coefficient was always greater in liver than
in tumor (Table 10.1). MeantSEM values were 3.8+0.2 cm™ for liver, compared with 1.440.2
em’' for tumor (P<0.001). For tissues with Photofrin, the anisotropy factor was smaller in
tumor, 0.92£0.01, compared with liver, 0.94620.01 (P<0.05). This smaller anisotrcpy
contributed to a greater reduced scattering coefficient for tumor, 2946 cm™, compared to
liver. 16.8+0.5 cm™ (P<0.025). Overall, there was a greater effective attenuation coefficient
for liver than tumor (#<(.005 without Photofrin; P<0.05 with Photofrin).

At 1,064 nm there was no significant difference in absorption between liver and tumor
(Table 10.2): however, the meantSEM scattering coefficient was higher in tumor, 18010
cm, than in liver 15146 cm™ (P<0.05). With Photofrin the reduced scattering coefficient and
effective attenuation coefficient were both higher for tumor than for liver (P<0.05).

Tissue with Photofrin vs. Tissue without. At 632.8 nm, the addition of Photofrin did not
alter the absorption coefficient in either of the tissue types (Table 10.1). However, there was
an increase in scaftering coefficient for both tissues. For liver, the meantSEM scattering
coefficient increased from 280+10 cm™ to 310+10 e, while for tumor the mean value
increased from 28020 cm™' to 340420 cm! (P<(.025). Furthermore, Photofrin administration
decreased the mean anisotropy in tumor tssue from 0.94640.004 to 0.92£0.01 (P<0.025).
Overall, these changes resulted in an increase in reduced scattering and effective attenuation
for both tissues. The reduced scattering coefficient increased from 13£1 em™ to 16.8+0.5 cm™
for liver (P<0.01) and from 152 ecm™ to 2946 cm™ for tumor (#<0.025). The effective
attenuation coefficient increased from 13.8£0.9 cm™ to 16.020.4 cm' for liver (P<0.05) and
8.340.9 cm™ to 1242 cm™* for tumor {(P<0.03).
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Table 10.1. MeantSEM optical properties measured with the HeNe (632.8 nm) laser.

Tissue Type Number of M, K, g T Herr
samples,n  (cm™) {em™) {em™) (cm™)
Liver 14 3.8x0.2 280x10 0.952+0.004 131 13.8+0.9
Livert+Photofrin 12 4.1x0.1 310£10 0.946+0.002 16.8+0.5 16.0£0.4
Tumor 14 1.4+£0.2 280120 0.946x0.004 1582 8.30.9
Tumor+Photofrin =~ 10 1.6+0.2 340120 0.92£0.01 2916 1242

Table 10.2. Mean+SEM optical properties measured with the Nd:YAG (1,064 nm) laser.

Tissue Type Number of i, 18 g L, Mo
samples,n  (cm™) (cm™) (cm™ {em™)
Liver 14 2.0£0.3 15146 0.948+0.005 7.9+0.7 7.510.8
Livert+Photofrin 12 2.440.2 19615 0.942+0.003 11.210.7 9.83+0.4
Tumor 14 2.5£0.5 180£10 0.95220.005 941 O+1
Tumor+Photofrin 10 25402 220420 0.92+0.01 18£3 1242

Similar results were found at 1,064 nm (Table 10.2). With Photofrin, an increase in
scattering coefficient was found for both tissues: from 15126 cm' to 19645 for liver
(P<0.001) and from 18010 cm™” to 22020 cm™ for tumor (P<0.05). The anisotropy
decreased for tumor from 0.952:+0.005 to 0.92+0.01 (P<0.025). These events resulted in an
increase in a reduced scattering for both tissue types: for liver from 7.9+0.7 cm™ to 11.240.7
em' and for tumor from 91 cm™” to 1843 cm’! (P<0.005). The mean effective attenuation
increased for liver from 7.5+0.8 cm™ to 9.820.4 ¢cm™', P<0.005).

Variability within a Sample. There was less intra-indjvidual variation in the anisotropy
factor of the liver samples compared with the tumor samples at both 632.8 nm and 1,064 nm.
At 632.8 nm, the mean variation was 0.39% for liver compared with 1.88% for tumor
(P<0.005). With Photofrin these values were 0.57% for liver compared with 1.99% for tumor
(P<0.023). At 1,064 nm, values were 0.42% compared with 1.37% without Photofrin
(P<0.01), and 0.26% compared with 1.18% with Photofyin (P<0.01).

At 1,064 nm, there was also a lower vaniability in the absorption coefficient for liver than
for tumor for samples without Photofrin, 9.32% for liver compared with 22.7% for tumor
{P<0.05). These results reflect the Jess homogeneous appearance of tumor compared with
liver.

Accuracy of the Technique. For only one optical property, the scattering coefficient at
632.8 nm for liver with the addition of Photofrin, was there a significant difference between
measurements made with and without the filters present (310 cm” compared with 290 cm™,
P<0.05). The absorption coefficient exhibited a relatively larger standard error of the mean
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Figure 10.2. The absorption coefficient (u,) for all the samples of each tissue type at 632.8 nm and
1.064 nm. Each point represents the average of two measurements. L, Liver; T, tumor; Ph, Photofrin.
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Figure 10.3. The scattering coefficient (u) for all the samples of each tissue type at 632.8 nm and
1,064 nm. Each point represents the average of two measurements. L, liver; T, tumor; Ph, Photofrin.
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Figure 10.4. The anisotropy factor {g) for all the samples of each tissue type at 632.8 nm and 1,064
nm. Each peint represents the average of two measurements. L, liver; T, tumor; Ph, Photofrin.

compared with the scattering coefficient. which in turn was relatively larger compared with
that of the anisotropy factor (Figures 10.2-10.4).

DISCUSSION

In this study, the optical properties of normal and Photofrin sensitized rat colon carcinoma
and liver were determined at 632.8 and 1.064 nm, using indirect methods with two
integrating spheres. At 632.8 nm, the absorption coefficient in liver was sigmficantly higher
than in tumor (a factor of 2.7), whereas no difference was found for scattering. At 1,064 nm,
however, the scattering coefficient was higher in tumor compared to liver (a factor of 1.2).
Remarkably, scattering increased in both tissues and both wavelengths, 48 h after a usual 5
mg/kg intravenous Photofrin dose {factors of 1.1, liver 632.8 nmy; 1.2, tumor 632.8 nm; 1.3,
liver 1,064 nm; 1.2, tumor 1,064 nm).

The experimental method allowed an additional check on the accuracy of the measurements
and statistics by calculating two sets of optical properties based on the measurement of the
collimated signal (generaliy the most difficult to make) with and without a set of attenuating
filters that are necessary for the collimated reference signal. Only one of the measured optical
properties showed a significant difference due to the removal of the filter, suggesting that the
collimated transmission measurements were made above the background noise level and in
the linear response region of the photodiodes. Also, as the optical properties were determined
twice for each sample (by moving the sample slightly), we were able to compare the
variability of the optical properties within a sample (intra-individual variation).
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Table 10.3. Optical properties of liver and tumor measured by various authors.

Species TN B g T P Reference
{em™)  (em™) (cm™) {em™)

Liver at 630-635 nm

Rat 38 280  0.952 13 13.8 This Chapter

Rat 65 1437 095 72 16.3 Parsa et al. (1989)
Bovine 10.6 Preus et al (1932)
Bovine 3.21 523 6.8 Karagiannes er al, (1989)
Bovine 2.7 17.0 12.6 Wilson BC er al. (1986)
Rabbit 12.5 Wilson er al. (19835)
Human 32 414 0.95 20.7 15.1 Andreola er al. (1988)
Human 23 313 0.68 100 26.6 Marchessini er al. (1989)
Liver at 1,064 nm

Rat 2.0 151 0.948 7.9 7.5 This Chapter

Rat 39 60.9 0.92 4.9 13.8 Parsa ef al. (1989)
Bovine 0.53 1.76 1.9 Karagiannes et al. (1989)
Porcine 10.0 Macleod er al. (1988)
Tumor at 630-635 nm

Rat adenocarcinoma 1.4 280 0946 15 83 This Chapter

Rat rhabdomyosarcoma 1,1 7.0 5.2 Van Gemert ef al. (1985)
Rat prostate 0.49 270 0.97 5.4-8.1 2.9-3.6 Arnfield er al (1988)
Rat fibrosarcoma 4.4-9.8 Driver et al. (1988)
Rabbit VX2 M=628 0.639 Flock ez al, (1987)
Human intracranial 3.9-59 Svaasand & Ellingsen (1985)
Human in vivo 31 94] 214-340  Driver er al. (1991)
Tumor at 1,064 nm

Rat adenocarcinoma 2.5 180 0952 9 9 This Chapter

Human intracranial 1.9-3.3 Svaasand & Ellingsen (1985)

The absorption coefficient varies more within tumor than within liver. Additionally, there is
a greater intra-individual variability in the anisotropy of tumor than liver. The difference in
the standard errors of the different optical properties indicates that our measurement and
calculation method yields the anisotropy more reproducible than the scattering coefficient,
which in ten is more reproducible than the absorption coefficient. The relatively high
standard error of the absorption coefficient is in part the result of measuring an absorption
coefficient that is very small compared with the scattering coefficient.

There have been only a few studies of the optical properties of liver and even less of
turnors despite their importance in laser medicine and surgery (Van Gemert er al., 1985;
Wilson er al., 1985). Table 10.3 compares our results for tissue without Photofrin with those
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of other studies. The most closely related of these is that of Parsa er al. (1989} in which the
optical properties of rat liver were measured. Here, the technique was to use integrating
spheres for the diffuse reflectance and diffuse transmittance measurements and a second
sample, which had been cut very thinly after freezing for the collimated transmission
measurements. The optical transmission measurements were then calculated using an iterative
inverse diffusion approximation. The diffusion approximation is generally thought to be less
accurate than the adding-doubling method used in our study (Prahl, 1988; Prahl ef af., 1993).
Nevertheless, the absorption and scattering coefficients agree within a factor of two and the
anisotropy is very similar.

Van Gemert e al. (1985) measured the optical properties of rat thabdomyosarcoma at 630
nm. When converted from Kubelka-Munk properties to transport equation properties these
are: p=1.1 cm” and p,’=7.0 cm™ (Cheong er al., 1990), which compare with our p,=1.4::0.6
crr! and p.=15%8 cm’. Recently, Driver ef al. (1991) gave a table of measured optical
properties of different human tumors at 630 nm in which the variation was nearly two orders
of magnitude in the absorption coefficient and over one order of magnitude in scattering.
Thus, comparisons should actually be made between similar tumor types.

Photofrin has an absorption maximum near 632.8 nm (Manyak er af., 1988), and it may
be expected that the addition of Photofrin to tissue would increase the bulk absorption of that
tissue at that wavelength. To the contrary, this study showed no such increase but rather an
increase in overall scattering (reduction in the anisotropy factor and an increase in the
scattering coefficient). As no attempt was made to filter fluorescence due to light absorption
by Photofrin, it may be suggested that the fluorescent signal compensates for the light
absorbed by the Photofrin and the resuiting signal gives an anomalous measurement resulting
in an apparent increase in scalttering. However, this is unlikely because the fluorescence
efficiency (fraction of absorbed energy that emitted as fluorescence) at 632.8 nm is low.
From the data of Profic (1984), we estimate this to be less than 1.2 x 107, which would not
result in a significant quantity of light compared with the scattered light. Also, the Nd:YAG
1,064 nm light is not well absorbed by Photofrin, yet there was a similar increase in
scattering properties as a result of the addition of Photofrin. One possible explanation is, that
the Photofrin induces a reaction in the tissue that changes the tissue structure or composition
slightly. In a previous study we examined this tumor implanted in rat liver before and 48 h
after a 5 mg/kg intravenous dose of Photofrin (Chapter 8). IHowever, light microscopical
changes could not be identified in either the liver or the tumor on histological samples.
Additionally, measurement of serum liver enzyme levels (ASAT and ALAT) did not indicate
any liver damage due to the Photofrin.

In oncology it is important to predict how deep light will penetrate into the tissue, since
complete destruction of the tumor must be achieved without major damage to the surrounding
normal tissues. The optical properties given here are of particular relevance to experimental
studies directed towards predicting regions of tissue necrosis using dosimetry calculations,
or for optically detecting tumors. Also illustrated is the possible influence of Photofrin on the
scattering properties of liver and tumor, suggesting that for modelling the dosimetry of
photodynaric therapy the optical properties of photosensitized tissue shouid be used.
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Adapted from: R. vaN HILLEGERSBERG, M.T. DE WITTE, W_J. KORT & O.T. TERPSTRA.
Water-jet-cooled Nd:YAG Laser Coagulation of Experimental Liver Metastases:
Correlation Between Ultrasonography and Histology. Lasers Surg Med 1993; 13: 332-
343

INTRODUCTION

Thermal laser therapy is based on the transformation of light energy into heat, upon
absorption in the tissue (Chapter 3). At temperatures of 60-140°C the tissue is coagulated,
which can be observed macroscopically by blanching; at ternperatures of 300-1000°C tissue
ablation, vaporization and carbonization occur. For tumor coagulation the Neodymium:
Ytrium-Aluminem-Garnet (Nd:YAG) laser is mostly used, as its wavelength of 1,064 nm
penetrates up to 10 mm into tissue (Jacques, 1992). The light may be delivered noncontactly
by aiming the laser beam on the tissue surface, or interstitially by implanting the light
delivery fibers directly into the tissue.

In the studies described in Part II, we investigated the noncontact techmique in
experimental liver metastases. As others had reported extensive bleeding of the hepatic tissue
during noncontact laser vaporization of intrahepatic turnors (Nims & MecCaughan, 1983), we
aimed at coagulating the tumor. It proved to be that without surface cooling, vaporization and
carbonization occurred, precluding light penetration into deeper tissue regions (Chapter 4).
Water-jet cooling during treatment prevented carbonization, resulting in perfect tissue
coagulation with selective tumor destruction (Chapter 5).

Although Nd:'YAG laser coagulation extends deeply into the tissue, the only visible effect
is superficial. Optimal clinical application, however. would require knowledge of the
quantitative and spatial extent of the lesion, to achieve complete tumor destruction, combined
with minimal adjacent normal tissue damage. Several experimental studies report 2 good
correspondence between ultrasonography and histology of laser induced coagulation
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{Godlewski et al, 1988; Dachman et al, 1990; Bosman et al, 1991). Until now, most
research has been concentrated on the effects in normal liver, which is an excellent model
as it comprises solid, homogeneous, and well-vascularized tissue that efficiently absorbs Jaser
light. However. conditions in other tissues are often less ideal and very little is known about
the effects on tumeor and surrounding normal liver (Dachman ef af.. 1590).

In the present study we therefore investigated the use of ultrasonography in assessing the
extent of laser induced coagulation in the rat liver metastasis model.

MATERIALS AND METHODS

Experimental Design

Twenty-one rats were used for the experiments. Twenty days after intrahepatic tumor
implantation a relaparotomy was made under anesthesia with Hypnorm® (Janssen
Pharmaceutica B.V., Tilburg, The Netherlands). 1 mg/kg body weight i.m.. and the visible
diameter of the tumor was measured with sliding calipers. The animals were randomly
assigned to 6 experimental groups and 1 control group of 3 animals each. In each
experimental group laser therapy was performed with a water-jet-cooled Nd:YAG laser (for
methods see Chapter 5), at previously fixed energy and power setting. One dose of laser
energy (Joule = Waits x seconds of exposure) was applied in each respective treatment group,
either 150, 300, 600, 1,200, 1,700 or 2,400 J, at a power setting of 10 W. The control group
did not receive any laser treatment. Just pre-laser and immediately post-laser treatment, an
ultrasound image of the turor and surrounding liver was made. We were primarily interested
in immediate laser effects, as in the clinical setting this information would atlow direct
assessment of the treatment effects, with eventually continuation of laser therapy in case of
incomplete tumor destruction. Although Dachman ef al. (1990) reported changes in the size
of the lesion during 5-10 minutes after laser application, in our pilot studies, no differences
were found in ultrasound images taken either immediately or at 5, 19, or 15 minutes post-
treatment. Following ultrasonography, the animals were sacrificed and the livers removed for
histological determination of the laser effects.

Ultrasonography

A high definition ultrasound device (A3200, Domier, Deutsche Aerospace, Germany) was
used. The 7.5 MHz small parts linear array transducer was placed transversely on the liver
surface using 2 2 x 9 cm ultrasound gel pad (Aquaflex, Parker Laborateries Inc., Orange,
U.8.A)). The dimensions of a structure were determined by moving the ultrasound transducer
at various angles to the tissue surface. When the optimal transducer position was found, the
image was frozen. Following that, the maximal width and depth of the various structures
were indicated directly on the ultrascund image, using the measurement facilities of the
ultrasound device (Figure 11.1). The tumor (i.e., tumor core and total tumor) was measured
immediately pre and post-laser. The coagulation zone (i.e., total tumor plus surrounding
affected liver) was measured immediately post-laser (Figure 11.1).

The echogenicity of the various structures was always defined in comparison to the normal
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Figure 11.1. Schematic drawing of the various measurements made on ultrasound and histology pre
and post-laser treatment. Pre-laser. (a) the hyperechoic focus and (b) total tumor were measured on
ultrasound. (b*) Pre-laser, histology was only used for morphological comparison to pre-laser
ultrasonography. Post-laser. (¢) the hyperechoic focus, (d) total tumor and (e) coagulation zone (i.e.,
total tumor plus surrounding liver damage) were measured on ultrasound. Post-laser histological
measurements included (d”) total tumor and (¢”) coagulation zone. The comparisons between pre-laser
ultrasonography and post-laser ultrasonography, and between post-laser ultrasonography and post-laser
histology are indicated by arrows.

hepatic parenchyma. Thus, a lesion was termed either hyperechoic (brighter than the
surrounding hepatic parenchyma), isoechoic (the same brightness as the hepatic parenchyma)
or hypoechoic (darker than the hepatic parenchyma).

Histology

Sections from the control group (pre-laser; n=3) were used to compare the morphology of
untreated tumor and liver with ultrasonography (Figure 11.1). In the experimental groups
(post-laser, n=18), the maximal width and depth of the total tumor and the coagulation zone
(i.e., total tumor plus the surrounding rim of liver damage) were measured by computer-
assisted image analysis (IBAS 2000, Kontron Bildanalyse GmbH, Miinchen, Germany)
(Chapter 2). All measurements were performed without knowledge of the applied laser
treatment parameters.

Statistical Analysis
The values are expressed as mean + standard error of the mean (SEM). A multiple
regression model was used to analyze the relation of depth and width measurements between
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histology and ultrasonography, and to determine the influence of energy on coagulation size
measured on histology. Spearman’s rank order correlation for paired difference (pre-laser
minus post-laser) against energy applied was used to analyze the relation between total tumor
size or hyperechoic focus on uitrasound pre versus post laser treatment. A difference was
considered to be significant at P values of <0.05.

RESULTS

All animals survived the procedure without complications. On the day of laser treatment
the mean+SEM visible tumor diameter was 5.320.1 mm (n=21).

Correspondence Between Ultrasonography and Histology

Pre-laser, the tumor could be identified in the normal hepatic parenchyma as a sphere,
build up of a hyperechoic focus, surrounded by a concentric isoechoic layer. This isoechoic
tumor periphery was separated from the normal hepatic parenchyma by a thin hypoechoic rim
(Figure 11.2a), corresponding to a small zone of compressed hepatic tissue on histology. It
proved to be, that the hyperechoic focus on ultrasound corresponded to the central tumor area
(Figure 11.2a,b). On histology, this region had an irregular aspect, containing garland shaped
areas of cellular fragmentation and fibrosis (the lighter central areas in Figure 11.2b), as well
as clusters of vital tumor cells without acinus formation. The surrounding isoechoic zone on
ultrasound represented viable tumor tissue (Figure 11.2ab), which showed a regular acipus
arrangement on histology.

Generally, laser treatment did not change the aspect of the tumor on ultrasound (Figure
11.3a,b). Indeed, histology did not show signs of tissue damage after laser energies of 150
J and 300 J. However, after energies of 600-2,400 J, characteristic changes of tumor
coagulation were found (Chapters 4, 5): histological and cytological structures had remained
intact and tumor cells had dark and spindled nuclei. In contrast to previous observations on
day 1 post-faser (Chapter 5), tumor cells did not appear with acidophilic cytoplasm.
Ultrasonography showed a clear hypoechoic area in the surrounding hepatic tissue at energies
of 600-2,400 J (Figure 11.3b). On histology. this area corresponded to a rim of liver tissue
with degenerative changes (Figure 11.3¢), which could be divided into two zones:

1. An inner zone of hepatocytes with vacuolated acidophilic cytoplasm and normal nuclei
(Figure 11.4a); the sinusoids in this layer were dilated containing interstitial edema.

2. A transition zone to normal hepatic tissue (Figure 11.4b,c); the sinusoids in this zone were
hyperemic and the cellular cytoplasm was less vacuolated.

Measurements on Ultrasound

In the experimental groups, no difference was found between the pre-laser and post-laser
size of the total tumor on ultrasonography (n=18) (Table 11.1). The overal} pre and post-laser
mean+SEM depth > width of the hyperechoic focus was 2.740.1 % 3.320.3 mm and 2.9+0.1
x 3.8%0.2, respectively (F=0.082, r=-0.342 for depth; P=0.080, r,=-0.345 for width).
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b

Figure 11.2. (a) Ultrasonography and (b) histology of an untreated tumor in the liver. The
hyperechoic focus on ultrasound corresponds to the central tumor arez on histology (between arrows),
containing garland shaped areas of cellular fragmentation (the lighter central areas) and fibrosis,
beside clusters of vital tumor cells without acinus formation. The surrounding isoechoic zone on
ultrasound represents viable tumor tissue, which shows a regular acinus arrangement on histology.
The isoechoic zone on ultrasound is separated from the hepatic parenchyma by a thin hypoechoic rim
(arrows), corresponding to a small zone of compressed hepatic tissue. T. Tumor; L. Liver; + - +
Total tumor depth; X - X, Total tumor width. Bar: 1.7 mm (hematoxylin. azophloxin & saffron stain).
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Figare 11.3. Ultrasonography (a) pre-laser and (b) post-laser, and (¢) corresponding histology post-
faser of a tumor in the liver treated with 1,200 J at 10 W. On ultrasound, laser treatment does not
change the aspect of the tumor, whereas the surrounding hepatic damage appears hypoechoic
compared to normal parenchyma. On histology the affected tumor is surrounded by a zone of liver
damage, which can be separated into two zones, representing a decline in temperature towards the
periphery of the lesion. T, Tumor; L, Liver; + - +, Coagulation depth; X - X, Coagulation width; 1,
Inner zone of liver damage; 2, QOuter wansition zone to normal hepatic tissue. Bar: 1.7 mm,
(hematoxylin, azophloxin & saffron stain).
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Figure 11.4. Histological sections of the rim of hepatic damage, surrounding the tumor immediately
post-laser with 1,200 J (magnification of Figure 11.3¢). Numbering corresponds to the text. (a) The
inner zone (1) contains dilated edematous sinusoids and hepatocytes with vacuolated cytoplasm. (b)
The outer transition zone (2) consists of cells with less vacuolated cytoplasm and hyperemic sinusoids.
(¢) Normal hepatic tissue. Bar: 50um (hematoxylin, azophloxin & saffron stain).
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Table 11.1. Mean+SEM depth and width of the total tumor and hyperechoic focus on ultrasound. *

Hyperechoic focus Total tumor

Energy Pre-laser Post-laser Pre-laser Post-laser

0] Depth  Width Depth Width Depth Width Depth  Width
150 3.3+03 4.340.1 32202 42101 48402 7.3x03 51404 7.3x02
300 3.0£03 40405 27203 3.5x0.0 4.5£0.7  7.11£0.7 49404 7.4203
600 2.0+01 26404 24402 2.8+0.1 45201 6.9+0.1 35.2:0.1 74204
1200 22404 2.8:0.8  3.1402  4.9+0.6 42+0.3 5.8+1.6  4.0:0.6 6.3z0.7
1700 3.040.3 35204  2.8402 3.520.1 5.0£0.1  8.0£0.5  5.0x0.5 7.5x04
2400 27402 3602  3.2+0.0 3.3+02 3.640.7 5.6+09 4.5+0.7 6.6%1.7

*n=3 for all groups.

The mean depth x width of the entire tumor was 4.420.2 x 6.840.4 mm pre-laser and 4.8£0.2
x 7.1%£0.3 mm post-laser (P=0.288, r=-0.141 for depth; P=0.306, r.=0.129 for width).

Measuraments on Histology

The measurements on histology were all made post-treatment (n=18) (Figure 11.1).
Mean+SEM total tumor depth x width was 5.3+0.2 x 5.940.2 mm. Coagulation width was
directly related to the amount of energy applied and was fitted by a logarithmic curve
(P<0.0001, R*=0.983) (Figure 11.5a). Width values ranged from 5.920.4 mm at 150 J to
9.3+0.3 mm at 1,200 J. Coagulation depth was also fitted logarithmically to the amount of
laser energy delivered (P=0.048, R*=0.174) (Figure 11.5b). Mean depth values varied form
5.220.5 mm at 300 J to 6.6£0.2 mm at 1,700 J. As the central tumor area displayed an
irregular pattern, exact depth and width of this area could not be defined properly on
histological specimen.

Correlation Between Measurements on Ultrasound and Histology

Figures 11.6 and 11.7 compare the results of the post-laser measurements on ultrasound
and histology. Coagulation size on ultrasound wversus histology showed a significant
correlation (P=0.0135, =0.57 for depth; P=0.012, r=0.58 for width) (Figure 11.6a.b). The total
tumor size correlated well too (P=0.004, r=0.64 for depth; P=0.002, r=0.68 for width)
(Figure 11.7a,b). Width measurements were generally larger on ultrasound than on histology,
whereas the opposite was found for depth.

DISCUSSION

In this study, laser coagulation of the transplantable rat colon carcinoma and surrounding
liver tissue was determined by ultrasonography and histology. On ultrasound, tumors of 5-6
mm in diameter presented as isoechoic entities with a hyperechoic center.
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Figure 11.5. (a) Coagulation width and (b) depth on histology immediately post-laser vs. energy
delivered. Each point represents the meantSEM of 3 experimental results. The dashed line describes
the mean tumor size (depth: 5.3+0.2 mm, width: 5.9+0.2 mm).
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Figure 11.6. (a) Total coagulation width and (b) depth on histology vs. ultrasonography, immediately
post laser treatment with energies of either 150, 300, 600, 1,200, 1,700 or 2,400 J at 10 W,
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Figure 11.7. (a) Total tumor width and (b) depth on histology vs. ultrasonography, immediately post
laser treatment with energies of either 150, 300, 600, 1,200, 1,700 or 2,400 J at 10 W.
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In generzal, the tumor aspect and size on ultrasound did not change as a result of laser
coagulation. On histology, the tumor showed characteristic changes of laser coagulation after
600-2,400 J. At these laser energies, surrounding affected liver tissue appeared hypoechoic
on ultrasound, corresponding to the zone of hepatic damage on histological samples. A good
correlation was found between the size of the entire coagulation zone (i.e.. total tumor plus
surrounding hepatic damage) on ultrasound and histology.

Imaging laser induced tissue coagulation is one of the major challenges in the field of laser
medicine. Methods such as thermocouple or light detector insertion, can provide information
about the light distribution or heat development at different points in the tissue (Daikuzono
et al., 1988; Jacques & Prahl, 1987; Davis er g/, 1988; Marijnissen & Star, 1987). These
parameters may be used as feedback tools for laser adjustment during therapy, to achieve
optimal localized tumor destruction. However, the probes have to be placed directly into the
tissue, their position is rather critical and they provide only information about the possible
changes in the tissue (e.g.. at a certain temperature level). Radiodiagnostic techniques, such
as ultrasonography or magnetic resonance imaging (MRI), would enable:

1. The direct visualization of the laser induced coagulation.
2. Non-invasive application with the possibility of lesion follow-up. .

Other investigators have studied the use of MRI as a means of visualizing laser
coagulation. Jolezs er al. (1988), Anzai er al (1991) and recently Tracz e al. (1992) reported
good correspondence of the MR-image to reversible and irreversible thermal tissue changes
using i vitro and in vivo models. Unfortunately, the currently available conventional MRI
needs several minutes to collect data for an image. which causes disturbance owing to
respiratory movements of the liver (A.R. Bleier, Harvard Medical School, Department of
Radiology, Boston, MA, USA. Persornal communication, 1991). When faster devices become
available, MRI may be useful in determining the amount of intrahepatic laser coagulation.

An important advantage of ultrasonography compared to MRI is the possibility of
intrapperative utilization, allowing direct assessment of the treatment effects, with eventually
continuation of laser therapy at a single procedure in case of incomplete tumor destruction.
In percutaneous interstitial laser therapy, ultrasonography has been performed during
treatment to monitor the development of a lesion, allowing instantaneous adjustment of laser
parameters (Bosman er al.. 1991). It has to be established whether the water-jet technique can
be applied in a laparoscopic procedure, which would have important advantages in palliative
therapy. However, for intended curation an operative approach is desirable, as under such
circumstances tumor staging and optimal identification of the metastases 1s of utmost
importance (Foster, 1990; Steele & Ravikumar, 1989). In clinical studies. intraoperative
ultrasonography was found to be the most accurate method of detecting colorectal liver
metastases (De Jong er al., 1989; Schreve er al., 1984; Charnley et al., 1991). Human hepatic
metastases may be either hyperechoic, hypoechoic or mixed echogenic (Delorme & Kaick,
1692). Characteristically, metastases from colorectal cancer display hyperechoic compared
to the hepatic tissue, possibly with a surrounding hypoechoic halo ("bulls eye") (Olsen, 1950;
Bruneton et al, 1982; Bever, 1981). More or less the same pattern was found for the rat
colon carcinoma used in this study. The hyperechoic focus corresponded to the central tumor
area found on histology. The preexistent central necrosis in these relatively small tumors
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consists of solid material, and displays a garland like pattern (Figure 11.2b). In larger tumors
the necrosis often becomes liquid, which may appear anechoic or hypoechoic on ultrasound.
The exact mechanism underlying hyperechogenicity of the central necrosis is unclear.
Marchal et al. (1985) demonstrated correspondence between strongly reflective hepatic metas-
tases on ultrasound and irregular histologic configuration due to either hypervascularity or
an irregular pattern of fibrosis. Indeed. In our model the central tumor necrosis displayed
irregular with increased fibrosis, which may be responsible for the hyperechogenicity. The
adjacent isoechoic area represented viable tumor tissue. This isoechoic tumor periphery was
separated from the hepatic parenchyma by a thin hypoechoic rim, corresponding to a small
zone of compressed hepatic tissue, which probably represents actively growing tumor (Beyer,
1981) (Figure 11.2a).

Previous experimental studies on normal tissue demonstrated coagulation as an increase in
echodensity on the ultrasound image (Godlewski er al., 1988; Dachman ef al., 1990; Bosman
et al, 1991; Littrup et al., 1988). Such an increase was not found post-laser coagulation of
the mixed echogenic colon carcinoma used in this study. This observation may very well
represent the situation in clinical practice, as 84% of the hepatic metastases from colorectal
cancer appear echogenic at intraoperative ultrasonography (Olsen, 1990). In this study, the
liver tissue around the tumor presented hypoechoic post treatment with higher laser energies.
Dachman er al. (1990) and recently Steger er ol (1992) found a similar hypoechoic area
around an echogenic focus produced by laser in normal pig and canine liver. In a clinical
study, Steger ef al. (1989a) demonstrated hypoechogenicity around a hepatic metastasis
treated with interstitial Nd:YAG laser. This hypoechoic zone may correspond to a lesser
degree of thermal tissue damage (compared to the echogenic coagulation) combined with the
development of edema.

In general, width measurements on ultrasound were larger than on histology, whereas the
oppostte was found for depth. These differences may be explained by flattening of the liver
as a result of pressure of the gel pad and ultrasound transducer. We have used open surgery
in this model to determine laser and ultrasound parameters as standardized as possible and
the use of a gel pad window was necessary to obtain an image of the superficial tumor.

Previous histological studies on laser tissue-interactions have shown 2 different types of
thermal tissue damage:

1. Coagulation necrosis, which appears immediately post treatment resulting in heat fixation

of the tissue as a result of protein denaturation.

2, Indirect thermal damage which appears about 1 day post laser therapy.

This delay of necrosis is attributed to a different mechanism of destruction, namely the
inactivation of vital enzymes which comes to expression during metabolism (Thomsen, 1991;
Van Hillegersberg ef al., 1992; Brackett ef al., 1986).

In this study, the tumor showed coagulation necrosis after energies of 600-2.400 J. The rim
of liver damage that surrounded the tumor immediately post laser treatment could be divided
into 2 different zones (Figure 11.4a,b). These zones represent a decline in temperature
towards the periphery of the lesion. The inner zone contained hepatocytes with vacuolated
acidophilic cytoplasm and normal nuclei, corresponding to type 1 thermal damage as referred
to above. The outer trapsition zone consisted of cells with less vacuolated cytoplasm and
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hyperemic sinusoids, probably corresponding to type 2. In Chapter 5. we investigated water-
jet-cooled Nd: YAG laser effects on day 1 and 36 post-therapy. Indeed, on day 1 the transition
zone had become largely necrotic, comtaining deliquesced cells without nuclei. The
histological aspect of the inner zone had not changed during the subsequent period of 36
days, probably as result of heat-fixation. In this study, the size of coagulation measured on
histology included both zones of hepatic damage. As a good correlation was found between
coagulation size on histology and ultrasonography. the hypoechoic area on ultrasound would
probably represent the entire rim (both zones) of liver damage.

The shape of the laser-induced lesion was ellipsoid, with coagulation depth as the short
axis ({total tumor size} + {rim of hepatic damage}) and coagulation width as the long axis
({total tumor size} + 2{rim of hepatic damage}) (Figure 11.3c). At lower cnergies.
coagulation depth did not reach the hepatic tissue. whereas lateral liver damage was always
found from 300 J-2,400 J (Figure 11.5). The shape of coagulation is the complex result of
many parameters, such as laser wavelength, surface cooling, and optical properties, heat
capacity, thermal conductance and vascularization of the tissue. The whitish colon carcinoma
appears 10 be a slightly better scattering medium for Nd:'YAG laser light than the surrounding
liver tissue (Chapter 10). Water-jet-cooling shifts the maximal tissue temperature to a zone
located within the tissue, normally occurring at the tissue surface (Svaasand er al., 1985).
Thus, most probably light and temperature distribution were divided equally around the
margins of the total tumor sphere, resulting in a homogeneous rim of hepatic necrosis (Figure
11.3c).

The aim of this study was to assess whether laser coagulation of tumor and surrounding
liver could be identified by ultrasonography. As laser coagulation did not effect the
appearance of the tumor on ultrasound, the amount of turmor destruction could not be judged
by the image of the tumor itself. However, the coagulation size (i.e., total tumor plus
surrounding rim of hepatic damage) on ultrasound correlated well to the coagulation size on
histology. This last parameter showed a significant relation with laser energy applied (Figure
11.5ab). In Chapter 5, long-term observations showed a significant relation between the
percentage of tumors in complete remission and the amount of laser energy applied. Thus,
final tumor necrosis may be judged immediately post laser treatment by the total lesion size
on ultrasound, i.e.. the size of the surrounding hypoechoic rim of hepatic damage. Further
studies should confirm this proposition.









12. General Discussion:
Considerations for
Clinical Application

The rational of treating hepatic metastases of colon cancer is based on the substantial
improvement of survival rates after surgical resection in selected patients (Sugarbaker, 1993).
However, accompanied destruction of normal hepatic tissue limits the application of this
procedure. In this study we investigated the use of laser treatment as a means of selective
destruction of tumor tissue within the liver, using a rat tumor model for hepatic metastasis
of colon cancer.

THERMAL THERAPY

The noncontact Neodymium:Yttrium Aluminum Garnet (Nd:YAG) laser was used in
combination with a focussing handpiece. A power output of 20 W was applied in pulsed
mode, at energies of either 60, 120 or 180 J. As we aimed at coagulating the tumor, 2 pulsed
temporal mode was used with 0.3 s pause between laser pulses of 0.5 s, to allow cooling of
the tissue between laser exposure. The laser beam was focussed at the center of the tumor
sphere to achieve maximal heat conduction from this point to the tumor margins. Histology
of the lesions at various intervals post-treatment (0-8 days) showed a superficial coagulation
necrosis at the lowest laser energy (60 J), whereas at higher energies (120 J, 180 J) ablation
and carbonization occurred. The charred tissue effectively absorbed the laser light, which
hindered light transfer to the underlaying tumor regions and therefore total in depth tumor
destruction was not accomplished. Probably, tissue temperatures at teh higher energy range,
were much above the coagulation range (60-140°C), owing to the relative high power setting,
focussing of the laser light upon the tissue, and short period of cooling berween the laser
pulses (Meijering er al., 1993).

In the succeeding study, we therefore investigated the possibility of cooling the tissue
surface during N&:YAG laser treatment in order to avoid charring and to attain absolute
tumor coagulation. For that purpose, laser fiber was enclosed within a teflon hose, through
which a saline solution was pumped, resulting in a water-jet which transmitted the laser beam

Laser Treatment for Liver Metastases
R. van Hillegersberg 1993

141



142 PART V GENERAL DISCUSSION

beyond the fiber tip (Sander er al., 1988). Tissue cooling allowed irradiation with energies
of 2,400 J, at either 10 or 20 W, without tissue carbonization or ablation. The water-jet
enabled precise targeting on the tissue surface, resulting in tumor coagulation, combined with
minimal liver damage. The maximal depth of tissue damage was 10 mm, measured after
1,700 J and 20 W. The short-term diameter of the induced lesion was 22% larger at a power
setting of 20 W than at a power setting of 10 W. It has to be established to what extent
higher power settings can enlarge the diameter of the induced lesion. The maximal power
setting at which water-cooling can still avoid carbonization will be related to the laser energy
applied and the temperature of the cooling-water. Complete tumor remission was found in
this study, related to the laser energy delivered, but irrespective of the power setting applied.
This may imply that within the power and energy range delivered, the degree of tumor
coagulation is primarily determined by the delivered laser energy. i.e., exposure time to a
temperature within the coagulation range.

In the two studies described above, the laser light was delivered noncontactly by aiming
the laser beam on the tissue surface. This may be a proper treatment modality for superficial
tumors, avoiding spread of tumor cells and bieeding as a result of tissue manipulation.
However, deep seated tumors may not be accessible in the noncontact mode owing to lmited
light penetration. For that purpose, we investigated interstitial light delivery, implanting the
laser fiber directly into the malignant tissue. The heat generated by a bare tipped fiber is very
localized, inducing a blackish clot at the insertion site, which suppresses the light transmis-
sion into the tissue (Matthewson er al., 1987). The charring transforms the bare fiber tip from
a distributed heat source into a point heat source (Wyman et ai., 1992). We therefore
developed a cylindrical diffusing fiber-tip, to provide for homogeneous heat distribution by
uniform light delivery. Indeed, the use of this tip allowed gentle tissue heating within the
coagulation range, resulting in sharply defined tumor coagulation without any charring with
4 W/em and up to 4,800 J/em. The light transmission did not decrease during treatment; on
the contrary, an increase in fluence rate was found during laser treatment (up to 170%),
probably as a result of the changing optical properties of the coagulating tissue. The total
lesion size increased with energy applied to a maximum of 11 mm after 4 W/em and 4,800
J/em, Jeading to complete tumor remission 3 out of 4 animals. The lesion size found with the
cylindrical diffuser is comparable to the that found in previous studies using the bare fiber,
suggesting that preservation of light transmission would not significantly increase the treat-
ment range. However, higher output powers can probably be applied to the cylindrical
diffuser before tissue ablation occurs. The tissue ablation creates a cavity around the fiber,
which strongly suppresses heat transfer into the tissue. It is therefore proposed that with a
cylindrical diffuser higher coagulation volumes can be reached. Definite conclusions can only
be drawn after comparing the various methods in the same experimental set-up under standar-
dized conditions.
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Post-Nd:YAG Laser Histology

With the noncontact technique, 5 different zones of tumor destruction were found,
representing the decreasing levels of energy absorbed by the tissue at an increasing radius
from the point of maximal laser energy. In the center of the tumor elevation of tissue tem-
perature to 300-1000°C probably occurred, leading to tissue carbonization and ablation (zone
I and 2). In the adjacent zone (zone 3} temperatures >100°C resulted in vaporization of tissue
water content, creating tissue cavities filled with steam. Towards the tumor periphery protein
denaturation occurred (temperatures of >60°C), resulting in tissue coagulation (zone 4). At
the tumor margins (zone 3) temperatures between 45 and 60°C probably resulted in reversible
and irreversible cellular damage. It was found that histological laser effects could be deter-
mined most properly on the first or second day post-treatment.

Tumor coagulation showed characteristic cellular changes: spindle formed cells with
pyknotic elongated nuclei. These changes are thought to be secondary to the collapse of the
cytoskeleton (Thomsen, 1991). With the water-iet, cavities of boiled tissue water were often
observed at the border between tumnor and liver. These cavities were not found after the
interstitial application; probably tissue temperatures were lower than with the water-jet. The
only marked difference between the coagulated cells immediately post-laser and on the first
day post-laser, was the appearance of acidophiic cytoplasm in the latter, indicating cellular
NECrosis.

The histological structures of the coagulated tissue had remained intact up to even 36 days
post-treatment. Most probably, only the tissue frame had remained, consisting of denatured
tissue proteins. The heat-fixed tissue is hardly infiltrated by inflammatory cells and is
therefore cleared up very slowly. Enzymatically induced lysis and subsequent phagocytosis
may be hampered owing to protein denaturation and the relative absence of tissue water,
which evaporated during laser heating. Especially at higher laser energies applied, tumor
outgrowth could not be observed in these coagulated areas. We demonstrated that these
coagulated areas do not incorporate bromodeoxyuriding (a thymidine analogue), which evi-
dences absence of proliferative activity.

The rim of liver damage, that surrounded the tumor immediately post-laser treatment could
be divided into 2 different zones. The inner zone contained hepatocytes with vacuolated
acidophilic cytoplasm and normal nuclei, while the outer transition zone consisted of cells
with less vacuolated cytoplasm and hyperemic sinusoids. On day 1 post-laser, the transition
zone had become largely necrotic, containing deliquesced cells without nuclel. This delay of
necrosis is attributed to a different mechanism of destruction, namely the inactjvation of vital
enzymes, which comes to expression during metabolism. The histological aspect of the inner
zone had not changed during the subsequent period of 36 days, probably as result of the heat-
fixation as mentioned above.

In conclusion, 2 different types of thermal tissue damage can be distinguished in Nd:YAG
laser coagulation:

1. Coagulation necrosis, which appears immediately post treatment, resulting in heat-fixation
of the tissue as a result of protein denaturation.
2. Indirect thermal damage which appears about 1 day post laser therapy.
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PHOTODYNAMIC THERAPY

As mentioned previously, to be of potential value as aiternative to partial hepatic resection,
& treatment modality should cause complete tumor destruction combined with minimal hepatic
damage. However, especially in an organ as liver, selectivity in photosensitizer accurnulation
had not been achieved, and superficial tumor illumination had caused substantial liver
necrosis (Pimstone ef al., 1982). Cur research was therefore directed towards either selective
light delivery after photosensitization with Photofrin, or selective photosensitizer accumalati-
on.

In ouwr first approach, we investigated the effects of photodynamic therapy (PDT) on tissue
photosensiuzed with Photofrin (5 mg/kg i.v.), using interstitial tumor illurnination to achieve
selectively. An argon-pumped dye laser was used to generate light of 625 nm. To provide
for homogeneous light delivery a custom-built 9.5 cm cylindrical diffusing fiber-end was used
(Marijnissen et al., 1985).

Interstitial light delivery enabled effective illumination of the tumor, resuliing in major
tumor destruction. Surrounding liver damage was limited to a distinet zone of 2-4 mm width
and did not deteriorate liver function as measured by antipyrine clearance. Liver damage was
strongly related to the liver anatomy as hepatic cells survived around the portal areas. This
phenomeron is probably due to a different hepatocyte environment {perfusion. and hence
supply of nutrients) and enzyme content in the periportal compared to pericentral domains
(Lamers et al., 1989). Short-term liver necrosis increased with energy delivered, but a plateaun
occurred beyond 400 J/em, indicating that higher laser energies could be applied without
much more liver damage. Probably. the hepatic tissue effectively absorbed 625 nm light,
which limited the light penetration in liver, and by that limited hepatic damage. Tumor
necrosis also increased with light dose delivered, to 99% of the original tumor area after
1,600 J/em at 200 mW/em. Depending on the amount of light energy applied, islands of vital
tumor cells could be identified in the necrotic tumor area. The appearance these apparently
therapy resistant tumor cells has previously been described in rat hepatoma (Pimstone ef af.,
1982: Holt ef al., 1985). There could be several mechanisms underlying this phenomenon,
assuming the heterogeneity of tumor tissue. For example, these tumnor cells may not incor-
porate sufficient Photofrin or may have low metabolism and correspondingly low singlet
oxygen production.

Tumor growth retardation was significantly related to the amount of light energy delivered
as would be expected from the short-term observations. Up to 800 J/em, a similar relation
was found for the number of tumors in complete remission. Unfavorable results at 1,600
J/em. however, led to an overall nonsignificant relation between tumor remission and energy
applied, suggesting an optimum relation between light dose and tumor response. In the
present stage of knowledge of the photodynamic reaction these results can hardly be
explained. Better understanding of photodynamic toxicity and the mechanism responsible for
survival of specific tumor cells may lead to treatment strategies causing complete tumor
destruction.

In our second approach, we considered the possibility of using the varying capacity of
tissues to metabolize porphyrins, as a means of selective photosensitization. In every cel
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porphyrins are produced as precursors of heme. Previous studies had demonstrated altered
activities of the enzymes of the heme biosynthetic pathway in malignant and regenerating
tissues; the activity of ferrochelatase, which converts protoporphyrin IX (PROTO) to heme,
would be decreased while the opposite was found for porphobilinogen deaminase (PBGD)
{Dailey & Smith, 1984). Thus, if the amount of 5-aminolevulinic acid (ALA) available in the
cell could be increased, the higher activity of PBGD and lower activity of ferrochelatase
would result in accumulation of porphyrins in the tumor, whereas in the normal surrounding
hepatic tissue porphyrins would be metabolized to heme. We therefore administered ALA in
drinking water during 2-11 days and subsequently tissue porphyrin concentrations were
measured in tumor and liver. For comparison porphyrin accumulation was also determined
following a usual dose of Photofrin. Furthermore, ferrochelatase and PBGD activities were
measured in the tumor and liver.

Oral admindstration of ALA (28 mg/day) resulted in the progressive accumulation of
porphyrins in the tumor, without accumulation in the surrounding liver tissue. After 11 days
of ALA the porphyrin concentration ratio between tumor and liver was 4:1 (after Photofrin
this ratic was 1:3). The main product found in the tissues after ALA treatment was PROTO,
This substance has photosensitizing properties as evidenced by the severe cutaneous
phototoxicity in erythropoietic protoporphyria (Kappas et al.. 1989) and the good results of
studies on PDT after the topical application of ALA to skin lesions (Kennedy & Pottier,
1992}. A recent clinical pilot study reports the selective accumulation of PROTO in colorectal
carcinoma {compared to adjacent mucosa), measured by fluorescence 4-6 h after oral
administration of ALA 60 mg/kg (n=1) or 30 mg/kg (selectivity in 1 out of 2 patients) {Lch
er al., 1993). It has to be established whether the oral administration of ALA can indeed
cause effective and more selective photodynamic destruction of intrahepatic tumors. Another
application of ALA administration could be the early detection of malignant tissue, utilizing
the fluorescence properties of PROTO during illumination with ultraviolet light (Bedwell er
al., 1992).

Analysis of the activity of PBGD and ferrochelatase in the tissues, showed a 3 fold
decrease of ferrochelatase activity in tumor compared to normal liver, confirming our
proposition about the mechanism of porphyrin accumulation after oral AL A. In contrast to
other studies, however, PBGD was decreased 2 fold. Information about tissue ferrochelatase
activity could be useful in predicting the effect of ALA administration on porphyrin accu-
mulation in different tissues. Our preliminary results show a similar decrease of ferrochelatase
activities in rat mamma carcinoma and fibrosarcoma. Further experiments should show to
what extent the selective accurnulation of porphyrins after ALA is related to the type of
tumor and tissue.

Post-PDT Histology

Sections on the second day after PDT showed massive tumor necrosis, characterized by
cellular debris and disintegrated cells with acidophilic cytoplasm and pyknotic or fragmented
nuclei, surrounded by a polymorphonuclear inflarnmatory infiltrate. PDT induced damage
could clearly be distinguished from the vital tumor tissue.

The surrounding necrotic liver tissue consisted of deliquesced hepatocytes with vacuolated
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acidophilic cytoplasm without nuclei, containing dilated sinusoids. A second zone of
inflammatory infiltrate surrounded the hepatic necrosis.

Thirty-six days after PDT treatment the necrotic area was replaced by regenerated liver
tissue and connective scar tissue in which a granulomatous reaction with multinucleated giant
cells was present.

PREDICTING LASER-TISSUE INTERACTICN

As described in the previous sectioms, interstitial PDT or thermal Nd:YAG laser
coagulation can produce complete destruction of experimental liver metastases combined with
minimal liver damage. In both treatment modalities, the induced tissue damage extends
deeply into the tissue, whereas the only visible effect is superficial. In the clinical situation,
however, one would like to predict the quantitative and spatial extent of a lesion, in order to
preset laser parameters, i.e., output power, exposure time, position and number of optical
fibers. We used two different approaches that may contribute to better knowledge of laser-
tissue interaction.

Qur first approach was to determine the optical properties of the tissues, for modelling the
light transport; estimating temperature rise or photosensitizer activation. Modelling the light
transport in the tissue requires knowledge of the intrinsic bulk optical properties of the tissues
for a particular wavelength (Patterson et al, 1991b): the absorption coefficient, p,, the
scattering coefficient, 1, and the average cosine of the scattering angle (the anisotropy factor,
g). We therefore determined the optical properties of normal and Photofrin sensitized rat
colon carcinoma and liver at the relevant wavelengths for PDT (around 630 nm) and thermal
therapy (1.064 nm), using indirect methods with two identical integrating spheres.

At 632.8 nm the absorption coefficient in the dark red colored liver was significantly
higher than in tumor (a factor of 2.7), whereas no difference was found for scattering. At
1.064 nm. however, the whitish colon carcinoma appeared to be a better scattering medium
than the surrounding liver tissue. Remarkably, scattering increased in both tissues and both
wavelengths, 48 h after a usual 3 mg/kg intravenous Photofrin dose. As Photofrin has an
absorption maximum near 632.8 nm (Star ef al.. 1990), it was expected that the addition of
Photofrin would increase the bulk absorption of tissue at that wavelength. To the contrary this
study showed no such increase but rather an increase in overall scattering. It 1s unlikely that
the fluorescence of Photofrin during illumination compensated for the light absorbed by the
Photofrin, because the fluorescence efficiency (fraction of absorbed energy that emitted as
fluorescence) at 632.8 nm is too low compared with the scattered light (Profio, 1984). Also,
the Nd:YAG 1,064 nm light is not well absorbed by Photofrin, yet there was a similar
increase in scattering properties as a result of the addition of Photofrin. A possible
explanation is that Photofrin induces a reaction in the tissue that changes the tissue structure
or composition slightly, suggesting that for modelling the dosimetry of PDT, the optical
properties of photosensitized tissue should be used.

In our second approach, we investigated the use of ultrasonography as a means of imaging
Nd:YAG laser coagulation. Several experimental studies had reported a good correspondence
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between ultrasonography and histology of laser induced coagulation in mnormal liver
{(Dachman er al., 1990; Bosman et al., 1991). However, very little was known about the
effects on tumor and surrounding normal tissue. In our liver metastasis meodel, we therefore
compared ultrasonography with histology of water-jet cooled Nd:Y AG laser-induced lesions
at 10 W and 150-2,400 J.

Untreated tumors presented as isoechoic entities with a hyperechoic center. The
hyperechoic focus corresponded to the central tumor area found on histology. The irregular
histologic configuration of this central area may be responsible for the hyperechogenicity
(Marchal ef al., 1985). The surrounding isoechoic zone on ultrasound represented vital tumor
tissue. A similar pattern: is found in most human hepatic metastases from colorectal cancer
{Olsen, 1990; Delorme & Kaick, 1992). In contrast to previous experimental studies on liver,
the tumor aspect and size on ultrasound did not change as a result of laser coagulation. On
histology. however, after 600-2,400 J the tumor showed characteristic changes of laser
coagulation as described previously. At these laser energies, surrounding affected liver tissue
appeared hypoechoic on ultrasound, corresponding 2 zone of hepatic damage on histological
samples. Dachman er al, (1990) and recently Steger ef ol (1992) found a similar hypoechoic
area around an echogenic focus produced by laser in normal pig and canine liver. This
hypoechoic zone may correspond to a lesser degree of thermal tissue damage (compared to
the echogenic coagulation) combined with the development of edema.

A significant correlation was found between the size of the entire coagulation zone (Le.,
total tumor plus surrounding hepatic damage) on ulirasound and histology. This coagulation
size on histology showed a significant relaton with laser energy applied. As in previous
studies, tumor remission was directly related to laser energy applied, final tumor necrosis may
be judged immediately post laser treatment by the total lesion size on ultrasound (i.e., the size
of the hypoechoic rim of hepatic damage). Further studies should confirm this proposition.

GENERAL CONSIDERATIONS FOR CLINICAL APPLICATION

In this study, laser therapy has been found to produce discrete areas of tissue necrosis
combined with minimal liver damage. In thermal laser therapy we used the Nd:YAG laser. -
with a wavelength of 1.064 nm for localized superficial or interstitial tumor destruction. To
avoid carbonization, which prevents light penetration, a cylindrical diffusing fiber-tip was
used in the interstitial application and superficial water-jet cooling in the noncontact laser
mode. In PDT of Photofrin sensitized tissue, we used interstitial Jight delivery for selective
illumination of the malignant tissue. Photodynamically induced damage was found to heal
faster and with less scar than the coagulation induced by heat. Thirty-six days after reatment
the damaged area had been completely cleared up and replaced by connective scar tissue.
However, the presence of apparently therapy resistant cells after PDT may have consequences
its clinical application.

In our experimental set-up we used a fixed fiber position and single exposure time for
standardized determination of the tissue effects. In the clinical setting, however, repeated
exposure and/or step-like movements of the fiber along the tissue surface may be needed to



148 PART V GENERAL DISCUSSION

treat larger tumors. Similarly, a diffusing length of 0.5 cm was chosen to treat tumors with
a mean diameter of 5.5 mm. Larger lesions may be produced with a longer diffuser length,
higher Iaser power (thermal therapy), or multiple diffuser implantation. The diffusers can be
applied simultaneousty from one laser source using a beam splitting device (Steger ef al.,
1992: Marijnissen er ol., 1992). Mathematical models have been developed to predict the
insertion place and number of fibers required to treat a certain tissue volume by thermal or
photodynamic therapy (Davis et ai.. 1988; Bolin e al., 1987). Measurements of the fluence
rate at the tumor boundary could give an indication of the actual light dose delivered. which
allows comparison between different clinical or experimental treatments.

The interstitial techniques may be performed percutancously on an ambulatory basis. Ultra-
sound scanming can be used to position the fiber correctly within the tumor and monitor the
development of thermal necrosis in real time and through the subsequent period of healing
(Steger er al., 1989, 1992; Dachman er al.. 1990). Metastases previously inaccessible for
surgery may be treated intraoperatively under ultrasound guidance. It has to be noted. that
the introduction of interstitial laser probes may predispose to infection in the induced
necrosis. Thus, antibiotic prophylaxis and monitoring for infection are probably required
(Schneider, 1992). A recent article reports on a case were a subcutaneous metastasis
developed at the site of a percutaneous needle puncture for biopsy of suspicious liver
metastasis of colon cancer (Goletti e af., 1992). There are no data available on the chance
of tumor spread owing to tissue manipulation by laser fiber insertion. However, cellular
spread as a result of fiber removal will probably not occur, as those tumor cells attached to
the diffuser will have received the highest light dose and will therefore be completely
destructed.

With the water-jet technique, a zone of steam vacuoles was found at the periphery of the
coagulated tumor. The generation of these vacuoles is usually a slow process, however
explosive vaporization ("popcorn” effect) may occur). The popcom effect should always be
avoided as the explosion may cause damage to larger vessels or gas emboli. Jt has to be
established whether the water-jet technique can be applied in a laparoscopic procedure, which
would have important advantages in palliative therapy. However, a disadvantage of a
laparoscopic technique may be the lirnited accessibility of certain parts of the liver. For
intended curation an operative approach may be desirable anyway, as under such circum-
stances tumor staging and optimal identification of the metastases is of utmost importance
(Foster, 1990; Lind et al., 1992). Preoperative radiologic studies can demonstrate the nmumber
of metastases and their relation to vascular and ductal structures in the liver. However, tumor
spread to the hepatic lymph nodes, or smail tumor nodules (<5 mm) within the liver or on
the peritoneal surface are below the detection threshold (Sugarbaker, 1950).

PDT has been shown synergistic with hyperthermia (generally 45.5°C for 30 min) delivered
either simultaneously or within 30 min of PDT illumination (Matsumoto er al.. 1990;
Glassberg er al., 1991). Potentiation decreased with increasing time between PDT and heat
delivery (Waldow, 1985, 1987). For heat generation, a Neodymium: Ytirium-Aluminum-
Garnet (Nd:YAG) laser 1s very useful, as the light used to activate the photosensitizer (630
nm) and the light used to produce hyperthermia (1,064 nm) can be guided through the same
quartz fiber (Mang, 1990). Tumors localized contiguous to major hepatic veins or vena cava
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may also be treated by a combination of interstitial Nd:YAG laser coagulation and PDT.
Under these circumstances blood flow might hinder adequate heating of the tumor deposit.
In combination therapy, however, rapid blood flow may rather confer some protection to the
vessel wall.

There will always remain a relatively large group of patients in which curation can not be
achieved owing to extrahepatic disease. Curation will 2also be limited inm patients with
widespread hepatic metastases. Althongh it may be theoretically possible to selectively
destroy all tumor deposits, therapy is limited by the biological status of the disease (FHughes
et al., 1988; Steele & Ravikumar, 1989). In these patients there may be a place for palliation.
Palliative treatment should have minimal or no side effects and should preferably be
performed on an ambulatory basis (Bengmark, 1989). As laser therapy can be applied
percutaneously, it could very well fulfil the demands of such treatment and hospital stay
could be substantially reduced (in liver resection post-operative stay averages 10-16 days)
(Lind et al., 1992).

Thus, laser therapy could be:

1. An alternative to surgical resection, aiming at curation with less complications.

2. An extension of the therapeutic possibilities for the group of patients not amenable to

surgery (i.e., high-risk patients or patients with irresectable metastases).

Several studies have reported the need of a 1 cm resection margin to achieve complete
intrahepatic tumor removal (Scheele ar @l 1990; Cady ef al., 1992). It has to be established
whether this policy must be adapted to laser therapy. The situation after hepatic resection
may differ significantly from local laser destruction. Surgical manipulation may represent an
important cause of recurrence following hepatic resection, as was demoenstrated in animal
experiments (Nishizak] e al., 1990; Mitzutani, 1992). Furthermore, hepatic wedge resection
has been found to stimulate experimental tumor formation on the site of trauma (Murthy er
al., 1989). A disadvantage of incorporating a rim of normal hepatic tissue could be an increa-
sed growth stimulus to possible occult micrometastases (Panis er al. 1992; Loizidu ef al.,
1991; Mitzutani er al. 1992). There has been increasing evidence of release of hepatic growth
factors following partial hepatectomy that may stimulate liver as well as tumor regeneration
(Namieno et al., 1991; Asaga ef al., 1991; Loizidu er al, 1991).

There are very few clinical studies on thermal interstitial laser therapy in hepatic tumors
(Steger et al., 1989) and none of clinical PDT. We believe that our studies have justiﬁed

Phase I clinical studies to investigate the feasibility of the laser technigues described in this
study.
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PART | GENERAL INTRGCDUCTION

1. Hepatic Metastases: Aims of the Study

In The Netherlands annually about 7400 new cases of colon and rectum carcinoma are
diagnosed; ultimately liver metastases develop in over 50% of patients. Mean survival time
in untreated patients with hepatic metastases from colorectal carcinoma is approximately 6
months. Surgical resection is the only curative treatment currently available, leading to 5-year
survival rates of 20-40% in selected patients. However, only 10-20% of patients are amenable
for surgery and the operative morbidity and mortality rates are relatively high, owing to
associated normal tissue damage. These limitations may be overcome by laser therapy,
producing focalized thermat or photochemical tumor destruction. The studies described in this
thesis were all aimed at investigating this proposition.

2. Tumor Model and Parameters for Tissue Damage

A rat tumor model for hepatic metastasis of colon cancer was chosen to investigate the
effects of the various treatments under standardized in vive conditions. A piece of syngeneic
colon adenocarcinoma CC531 was implanted in the liver of Wag/RJj rats. Laser treatment was
performed on day 20 after implantation; at that time the tumor was approximately 6 mm in
diameter. The tissue at various periods post-treatment was evaluated by light microscopy. On
day 1 and 2 post-treatment liver damage was determined by serum aspartate aminotransferase
(ASAT) and alanine aminotransferase (ALAT): liver function was measured by serum
antipyrine clearance on day | or 2. Complete tumor remission was considered when no vital
tumor tissue couid be observed by light microscopy on day 36 post-treatment.

PART I} THERMAL THERAPY

3. Fundamentals of Laser Medicine

Laser light is generated by a process of [ight emplification by stimulated emission of
radiation. This light has unique properties that enable transmission of high amounts of energy
to a narrowly defined location. The first working laser was built in 1960. Shortly thereafter
medical applications where explored and currently lasers are used in almost any medical
specialty. Biological effects may be thermal. chemical or mechanical. The majority of

Laser Treatment for Liver Metastases
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medical procedures involve thermal destruction by coagulation (>60°C) or tissue ablation
{(>300°C). For a certain tigsue type the scattering coefficient (), absorption coefficient (u,)
and the average cosine of the scattering angle (anisotropy factor, g) determine light distributi-
on, while thermal diffusion depends on the rate of heat conduction, heat storage and blood
perfusion. The laser medium determines the emitted laser wavelength. The most commonly
used medical lasers are CO, (10,600 nm), Nd:YAG {1.064 nm) and Argon (488/515 nm). The
CO, laser requires transmission through arculating arms with mirrors, whereas Nd:YAG and
Argon can be transmitted through flexible quartz fibers. Important jaser parameter are: the
contact/noncontact mode. focus mode. output power (W), exposure time (). temporal mode
and delivered energy (J=Wxs). The CO, lasers are mainly used for high preciston tissue
ablation; Nd:YAG lasers can coagulate or vaporize larger tissue areas and Argon laser
applications involve vascular destruction, based on selective absorption by hemoglobin.

4. Noncontact Nd:YAG Laser Treatment

The noncontact Nd:YAG laser was investigated using a focussing handpiece with either
60, 120, or 180 J at 20 W in pulsed temporal mode (0.5 s exposure, 0.3 s pause), The pulsed
temporal mode was used to allow tissue cooling down during the time pauses. To assess the
effects upon the tissues three animals were sacrificed immediately after treatment, and I, 2.
4, and 8 days later. Five different zones could be distinguished of which the maximal depth
and width were measured by light microscopy: (1) a superficial crater of ablated tissue
covered with (2} a small zone of carbonized tissue, (3) underlain by a thin layer of cavities.
(4} a zone of heat coagulation necrosis consisting of elongated, distorted cells with pyknotic
nuclei and (5) from days I to § after treatment a broad surrounding zone of thermally
damaged cells. Laser effects could be determined most accurately on days 1 and 2 after
treatrent. Multiple linear regression analysis indicated 2 linear relationship between laser
energy and depth of tumor damage (P<0.01). However, total in depth tumor destruction was
not accomplished. At lower faser energies tissue coagulation was only superficial, whereas
at hugher energies vaporization and carbonization occurred which precluded light penetration.
Tumor destruction was limited to a zone just undemeath the dark coloring carbonized tissue.
In the succeeding study we therefore investigated the use of superficial water cooling to
prevent charring and vaporization.

5. Water-jet-cooled Nd:YAG Laser Coagulation

The water-jet-cooled Nd:YAG laser system consisted of a flexable quartz fiber enclosed
within a teflon hose which was clenched to the fiber by an apical metal tip. Through the
aperture between the fiber and hose a saline solution was pumped using a roller pump,
resulting in a water-jet which transmitted the laser beam beyond the fiber tip with a spot size
of 1 mm. The water jet was pointed to the middle of the tumor and laser therapy was
performed with 6006, 850, 1,200, 1,700 or 2,400 J at a power setting of either 16 or 20 W,
Light microscopic examination on day 1 post-treatrnent showed a lesion of up to 10 mm in
diameter without carbonization. The tumor showed characteristic changes of heat coagulation,
surrounded by a rim of necrotic liver tissue. At 20 W liver damage was 22% larger than at
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10 W (P=0.0001). A significant relationship was found between laser enmergy and liver
damage (P=0.01). with complete tumor destruction in all animals at 2,400 J. These results
suggest that laser energy mainly determines the degree of tissue necrosis. whereas power
output mainly determines the size of the lesion. No deterioration in liver function was found.
In conclusion, the water-jet-cooled Nd:YAG laser can produce coagulation necrosis of a
superficial solid coloncarcinoma combined with minor liver damage.

6. Interstitial Nd:YAG Laser Coagulation

Owing to limited light penetration into the tissue, larger or deep seated hepatic metastases
may only be treated by implanting the light delivery fibers directly into the tumor. In
previous studies this interstitial Nd:YAG laser therapy had resulted in charring of the bare-
tipped laser fiber which reduced the light transmission into the tissue. We therefore developed
a cylindrical diffusing fiber-tip with Helioseal® as the diffusing coating, to provide for
homogeneous light distribution. Interstitial application was investigated at 4 W/cm from the
0.5 cm cylindrical diffuser and either 600, 1,200, 2,400, 3,400, or 4.800 J/cm. Temperature
and fluence rate were measured at the tumor boundary. Tumor proliferative activity was
assessed by bromodeoxyuridine (BrdU) incorporation. Fluence rate increased during laser
treatment up to 170%; mean temperature increased logarithmically to 69.7°C. Light microsco-
py on day 2 post-treatment showed coagulation necrosis of 7-11 mm without charring. The
tumor showed a mixed pattern of coagulated and deliquesced areas surrounded by hepatic
necrosis. Lesion size and liver enzymes increased logarithmically with laser energy applied
(P<0.0001). No deterioration in liver function was found. The histological structures of the
coagulated tumor could often still be identified on day 36 post-treatment owing to heat
fixation. This coagulated tissue did not label with BrdU, indicating lack of proliferative
activity. Best long-term results were obtained at 4,800 J/em with complete tumor remission
in 3 out of 4 animals. The results of this study show the ability of interstitial laser
coagulation to cause selective destruction of colonic tumor deposits within the liver.

PART Il PHOTODYNAMIC THERAPY

7. Fundamentals of Photoedynamic Therapy

Photodynamic therapy (PDT) is a cancer treatment modality based on the accumulation of
a photosensitizer with low systemic toxicity in malignant tissue. Subsequent illumination
induces a photochemical reaction with singlet oxygen production, resulting in destruction of
biomolecules and subcellular organelles. The first full clinical report of PDT dates from 1976.
Hematoporphyrin derivative, a complex mixture of porphyrins, was initially used as
photosensitizer. An enriched fraction (Photofrin®) is now the most commonly used clinical
agent. After systemic administration porphyrins bind to albumin and lipoproteins.
Accurmulation occurs mainly in tumor and organs of the reticuloendothelial system. The light
of an argon-dye laser can be tuned to the appropriate wavelength and delivered either
superficially, interstitially or intraluminally. Light distribution can be assessed by using a
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radiation transport mode! and tissue optical properties, or direct measurement with light
detectors. The effects of PDT depend in a complex way on: (1) characteristics, tissue con-
centration and localization of the photosensitizer, (2) the target tissue optical properties and
oxygenation and (3) activation wavelength, power density and treatment regimen. PDT of
hepatic tummors has been restricted by the preferential retention of photosensitizers in liver
fissue, causing considerable normal tissue damage at superficial illumination. Our studies
were therefore aimed at (1) selective light delivery and (2) selective photosensitizer accumu-
fatton.

8. Interstitial Photodynamic Therapy

Interstitial PDT as a means of selective tumor illumination was investigated after
photosensitization with Photofrin (5 mg/kg i.v.) 2 days pre-illumination. Tumors were illumi-
nated with 625 nm light, at 200 mW/cm from a 0.5 cm cylindrical diffuser and either 100,
200, 400, 800, or 1,600 J/cm. Control groups received either laser illumination only.
Photofrin only or diffuser insertion only. Tissue effects were studied by light microscopy and
computer assisted integration of the circumference of damaged areas. Sections on the second
day after illumination showed massive tumor necrosis, however, islands of vital tumor cells
could often be identified in the damaged areas. The necrotic tumor area was surrounded by .
a zone of deliquesced liver cells. Tumor and liver necrosis increased with light dose delivered
(P<0.001). The entire lesion healed with little scar. Best long-term results were obtained at
800 J/em with complete tumor remission in 4 out of 6 animals. Despite local illumination,
swrrounding liver damage occurred at all energies applied. However, liver necrosis was
limited to a distinct zone of 2-4 mm width and did not deteriorate liver function as measured
by antipyrine clearance. The results of this study show the ability of interstitial PDT to cause
major destruction of tumor tissue in the liver combined with minimal liver damage.

9. 5-Aminolevulinic acid-induced Endogenous Photosensitization

Endogenous porphyrins are produced in every cell as precursors of heme in the heme
biosynthetic pathway. Previous studies had shown a Jower ferrochelatase and higher
porphobilinogen deaminase (PBGD) activity in malignant tissues. We therefore considered
the possibility of using this varying capacity of tumor to metabolize porphyrins as a means
of selective photosensitization. Groups of 3-6 animals each were given 5-aminolevulinic acid
(ALA) 2 mg/ml in drinking water from the 8th, 14th or 17th day after intrahepatic tumor
implantation. For comparison, 2 other groups received Photofrin either 2.5 or 5 mg/kg iv.
on day 17. On day 19 the livers were removed and porphyrin concentrations measured in
normal liver and tumor by solvent extraction and high-performance liquid chromatography.
Protoporphyrin accumulated progressively in the tumor with increasing duration of ALA
administration, whereas no Increase was found in normal liver. After 11 days of ALA the
porphyrin concentration ratio between tumor and liver was 4:1. In contrast, after Photofrin,
the concentration was higher in normal liver than in the tumor (1:3, tumeor:liver). Enzyme
measurements showed 2 3 fold lower ferrochelatase in tumor compared to liver, In
conclusion, oral administration of ALA results in the progressive accumulation of
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protoporphyrin (PROTO) in a transplantable celon carcinoma, without accumulation in the
surrounding liver tissue. This selective accumulation of porphyrins appears to be due to a
relative ferrochelatase deficiency in malignant tissue. ALA administration may be a suitable
approach 1o photosensitizing liver tumors for photodynamic therapy or to early detection of
tumors by fluorescence in ultraviolet light.

PART IV PREDICTING LASER-TISSUE INTERACTION

10. Tissue Optical Properties at 633 nm and 1,064 nm

The optical properties of tissue may be used to predict the light distribution in tissue and
thereby the effects of PDT or Nd:'YAG laser coagulation. Therefore, absorption and scattering
coefficients and the anisotropy factor were measured in rat liver and tumor at 632.8 and
1,064 nm. The tumor was implanted subcutaneously in 2 groups of 7 animals. In one group
Photofrin was administered (5 mg/kg i.v.) 2 days before determination of optical properties.
Two months after implantation, samples were taken from tumor and liver and optical
properties determined using indirect methods with two integrating spheres at 632.8 nm (HeNe
laser) or 1,064 nm (NA:YAG laser). The absorption coefficient was larger in liver than in
tumor at 632.8 nm (P<0.0003), whereas the scattering coefficient was larger in tumor than
in liver at 1064 nm (P<0.05). Addition of Photofrin increased the scattering coefficient in
liver and in tumor at both wavelengths and decreased the anisotropy in tumor {(P<0.023),
suggesting that for modelling the dosimetry of PDT the optical properties of photosensitized
tissue should be used.

11. Ultrasonography of Nd:YAG Laser Coagulation

To establish the value of ulwasonography in imaging laser coagulation of tumor and
surrounding tissue, we determined the relation between measurements on ultrasound and
histelogy post-laser therapy. Tumors were treated with the water-jet-cooled Nd:YAG laser
at 10 W and either 150, 300, 600, 1.200, 1,700, or 2,400 J. Ultrasonography was done just
pre- and immediately post-laser treatment. The animals were sacrificed and livers removed
for light microscopical evaluation. Depth and width of coagulation were measured directly
on ultrasound, and on histological samples by computer-assisted image analysis. Laser
treatment did not change the echogenic aspect of the tumor on ultrasound. However, liver
damage appeared hypoechoic compared to normal liver. A significant correlation was found
between the total size of the lesion on ultrasound and histology (P=0.015, r=0.57 for depth;
P=0.012, r=0.58 for width), suggesting that laser induced tumor destruction may be derived
from the amount of surrounding hepatic damage on ultrasound.
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PART V GENERAL DISCUSSION

12. General Discussion

In our studies, laser therapy has been found to produce discrete tumor necrosis combined
with minimal liver damage. In thermal laser therapy we used the Nd:YAG laser for localized
superficial or interstitial tumor destruction. To avoid carbonization, which prevents light
penetration, a cylindrical diffusing fiber-tip was used in the interstitial application and
superficial water-jet cooling in the noncontact laser mode. In PDT of Photofrin sensitized
tissue, we used interstitial light delivery for selective illumination of the malignant tissue.
Photodynaricaily induced damage was found to heal faster and with less scar than the coagu-
lation induced by heat. However, the presence of apparently therapy resistant cells after PDT
may have consequences its clinical application. ALA induced endogenous photosensitization
led to selective accumulation of porphyrins in the malignant tissue. [t has to be established
whether this strategy can indeed cause effective and more selective photodynamic destruction
of intrahepatic tumors. In our experimental set-up we used a fixed fiber position and single
exposure time for standardized determination of the tissue effects. In the clinical setting
treatment of larger tumors may require repeated exposure and/or step-like movements of the
fiber along the tissue surface, higher laser power, longer diffuser length, or multiple diffuser
implantation. Techniques to predict laser-tissue interaction, such as modeling the light
transport using the optical properties of tissue or determing the extent of the lesion using
ultrasonography, may further refine laser therapy. As laser light can be guided though flexible
delivery systems, treatment may be performed percutaneously on an ambulatory basis. At the
same time, tumors previously inaccessible for surgery may be treated intraoperatively under
ultrasound guidance. Thus. laser therapy could be (1) an alternative to current surgical resec-
tion, aiming at curation with less complications, or (2) an extension of therapeutic possibili-
ties for the group of patients not amenable to surgery. Moreover, as laser therapy may have
limited side effects, it may have a place in palliation of patients in which curation: ¢an not
be achieved owing to extrahepatic disease. There are very few clinical studies on thermal
interstitial Jaser therapy in hepatic tumors and none of clinical PDT. We believe that our
studies have justified Phase I clinical studies to investigate the feasibility of the laser
techniques described here.
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DEEL | ALGEMENE INLEIDING

1. Levermetastasen: Doel van de studie

Jaarlijks worden in Nederland ongeveer 7400 mnieuwe gevallen van colon- en
rectumearcinoom gediagnostiseerd. Bij 50% van deze patiénten ontstaat in het beloop van de
ziekte levermetastasen. De gemiddelde overleving bij onbehandelde patiénten met
levermetastasen van colorectale tumoren is ongeveer 6 maanden. Chirurgische resectie is op
dit moment de enige curatieve behandeling, met verbetering van de 5 jaars overleving tot 20-
40% in een geselecteerde patiéntengroep. Helaas komt slechts 10-20% van de patiénten in
aanmerking voor deze therapie en zijn de operatieve morbiditeit en mortaliteit relatief hoog,
doordat aanzienlijke schade aan het normale leverweefsel optreedt. Betere resultaten worden
daarom verwacht van een behandelingsmodaliteit die de metastase selectief zou kunnen
destrueren. Met de laser kan zeer nauwkeurig lichtenergie over gebracht worden op weefsel,
waardoor het mogelijk zou kunnen zijn het tumorweefsel selectief thermisch of fotochemisch
te vernietigen. De beschreven studies hadden tot doel deze hypothese te toetsen.

2. Tumor Model and Parameters voor Weefselschade

Er werd gebruik gemaakt van een levermetastasemodel in de rat, zodat het effect van de
verschillende behandelingen onder gestandaardiseerde in vive condities kon worden
onderzocht. Een stukje syngeen colon adenocarcinoom CC531 werd getmplanteerd in de lever
van Wag/Rij ratten. Laserbehandeling vond plaats op dag 20 na implantatie; de tumor was
dan ongeveer 6 mm in diameter. Het effect op het weefsel werd lichtmicroscopisch
bestudeerd op verschillende tijdstippen na behandeling. Op dag 1 en 2 na behandeling werd
de mate van leverschade bepaald met behulp van serum waarden van de enzymen aspartaat
aminotransferase (ASAT) en alanine aminotransferase {ALAT); de leverfunctie werd gemeten
door serum antipyrine klaring op dag 1 of 2 na behandeling. Wanneer op dag 36 na
behandeling lichtmicroscopisch geen vitaal tumorweefsel werd gevonden, werd gesproken van
volledige remissie.

Laser Treatment for Liver Metastases
R. van Hillegersberg 1993
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DEEL I THERMISCHE THERAPIE

3. Grondbeginselen van Medische Lasertoepassingen

Laserlicht wordt geproduceerd door gestimmuleerde emissie en versterking van licht: "fight
amplification by stimulated emission of radiation”. Dit licht heeft unieke eigenschappen,
waardoor een nauw omschreven hoeveelheid energie kan worden overgebracht op het weefsel.
De eerste operationele laser werd gebouwd in 1960. Kort daama werden medische
toepassingen onderzocht en op dit moment wordt de laser in bijna alle medische specialismen
gebruikt. De effecten op het weefsel kunnen thermisch, chemisch, of mechanisch zijn. De
meeste medische lasertoepassingen maken gebruik van thermische destructie door
weefselcoagulatie (>60°C) of ablatie (>300°C). Voor een bepaald soort weefsel bepalen de
verstrooiingscoéfficiént (). absorptiecoéfficiént (p,) en gemiddelde cosinus van de hoek van
verstrooling (anisotropiefactor, g) de verdeling van het licht in het weefsel; de warmtediffusie
is afhankelijk van warmtegeleiding., warmteopslag capaciteit en bloedperfusie. Het
lasermedium bepaalt de golflengte van het uitgezonden licht. De meest gebruikte medische
lasers zijn de CO, {10.600 nm). Nd:YAG (1.064 nm) en Argon (488/515 nm). Het CO,
laserlicht kan alleen door starre buizen met spicgels worden voortgeleid, terwijl Nd:YAG-
en Argonlicht door flexibele quartzfibers kan worden gestuurd. Belangrijke laserparameters
zijn: de comtact/noncontactmodus, focusmodus, uitgangsvermogen (W), belichtingstijd (s),
tijdsmodus en totaal geleverde energic (J=Wxs). De Argonlaser wordt voornamelijk gebruikt
voor destructie van vasculaire structuren, aangezien Argoniicht sterk wordt geabsorbeerd door
hemoglobine. De CO, lasers worden voornamelijk gebruikt voor nauwkeurige weefselablatie,
terwijl Nd:YAG lasers meer geschikt zijn voor coagulatie of evaporisatie van grotere
weefseldelen. Aangezien oppervlakkige ablatie van levertumoren had geleid tot sterke
bloeding van het leverweefsel, was ons doel het tumorweefsel met de Nd: YAG laser selectief
te coaguleren.

4. Noncontact Nd:YAG Laser Behandeling

De noncontact Nd:YAG laser werd onderzocht in combinatie met een focusserend
handstuk. Energieén van 60, 120, of 180 J werden toegediend bij een uitgangsvermogen van
20 W in de gepulste tijdsmodus (0,5 s belichting / 0,3 s pauze). De gepulste modus werd
gebrujkt met als doel het weefsel de gelegenheid te geven af te koelen in de pauzes tussen
de laserpulsen. Om het effect op het weefsel te bepalen, werden de lesies bestudeerd
onmiddellijk na behandeling, en 1. 2, 4, en 8 dagen later. De weefselschade kon worden
onderverdeeld in vijf verschillende zones., waarvan de maximale diepte en breedte
lichtmicroscopisch werd gemeten: (1) een oppervlakkige krater van geableerd weefsel bedekt
met (2) een dunne laag gecarboniseerd weefsel, (3) daaronder een laag met kleine holtes, (4)
een zone van coagulatienecrose bestaande uit lange, vervormde cellen met pyknotische
kemnen, en (5) vanaf dag 1-8 na behandeling een brede aangrenzende zone met thermisch
beschadigde cellen. De lasereffecten konden het nauwkeurigst worden bepaald op dag 1 en
2 na behandeling. Multiple lineaire regressie-analyse liet een lineaire relatie zien tussen
toegediende laserenergie en diepte van tumerschade (P<0,01). Totale tumordestructic werd
echter niet bereikt. Bij lagere laserenergieén ontstond alleen oppervlakkige coagulatie, terwijl
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bij hogere energieén evaporisatie en carbonisatie ontstond, met als gevolg een verminderde
transmissie van licht door het weefsel. De tumorschade was daardoor beperkt tot een smalle
laag onder het gecarboniseerde weefsel. In de volgende studie werd daarom onderzocht of
oppervlakkige waterkoeling deze carbonisatie en evaporisatie zou kunnen voorkomen.

5. Water-straal-gekoelde Nd:YAG Laser Coagulatie

Het water-straal-gekoelde Nd:YAG lasersysteem bestond uit een flexibele quartzfiber in
cen teflonslang die aan de fiber was bevestigd met een apicale metalen tip. Door de ruimte
tussen slang en fiber werd een zoutoplossing gepompt met een rollerpomp. Hierdoor ontstond
een waterstraal met een diameter van ongeveer 1 mm, die het laserlicht verder voortgeleidde
vanaf de fibertip. De waterstraal werd gericht op het midden van de tumor en
laserbehandeling werd uitgevoerd met energiegn van 600, 8§50, 1.200, 1.700 of 2.400 J bij
een uitgangsvermogen van 10 of 20 W. Lichtmicroscopisch werd op dag 1 na behandeling
een lesie van maximaal 10 mm gevonden zonder enige carbonisatie. Het tumorweefsel was
gecoaguleerd met karakteristicke histologische veranderingen, omgeven door een rand van
necrotisch leverweefsel. Bl 20 W werd 22% meer leverschade gevonden dan bij 10 W
{(P=0,0001). Een significante relatie werd gevonden tussen toegediende laserenergie en
leverschade (P=0,01), met complete remissie in alle dieren behandeld met 2.400 J. Deze
resultaten geven aan dat de laserenergie voornamelijk de mate van necrose bepaalt, terwijl
het uitgangsvermogen van de laser voornamelijk de grootte van de lesie bepaalt.
Veranderingen in leverfunctie werden niet gevonden. Concluderend kan worden gesteld dat
de water-straal-gekoelde Nd:YAG laser in staat is oppervlakkig solide tumorweefsel selectief
te coaguleren, zonder veel schade aan het omliggende leverweefsel.

6. Interstitidle Nd:YAG Laser Coagulatie

Door de beperkte penetratie van laserlicht in het weefsel, zijn grotere of diep gelegen
tumeoren waarschijnlijk alleen te behandelen door de laser fiber(s) direct in het tumor weefsel
te implanteren (interstitiéle therapie). Andere auteurs vonden met deze technick een sterke
carbonisatie aan het kale fiberuiteinde, waardoor de transmissie van licht naar het weefsel
aanzienlijk werd beperkt. Daarom ontwikkelden wij een cylindrisch verswooiend
fiberuiteinde, met Helioseal® als verstrooiende bekleding, om zo een homogene lichtverdeling
in het weefsel te verkrijgen. De interstitiéle therapie werd onderzocht bij 4 W/em uit de 0,5
em lange cylindrishe verstrooier en 600, 1.200, 2.400, 3.400, of 4.800 J/cm. Temperatuur en
lichtintensiteit werden gemeten aan de tumorrand. Informatie over de mate van
tumorproliferatie werd verkregen door bromodeoxyuridine (BrdU) incorporatie. De
lichtintensiteit nam toe gedurende behandeling tot een maximum van 170%; de gemiddelde
temperatuur nam logaritmisch toe tot 69,7°C. Lichtmicroscopie op dag 2 na behandeling liet
coagulatieniecrose zien van 7-11 mm in diameter zonder enige carbonisatie. De tumomecrose
bestond uit gebieden met coagulatie- en colliquatienecrose, omgeven door een zone van
ieverschade. De grootte van de lesie nam logaritmisch toe met de toegediende energie, wat
werd bevestigd door de serumwaarden van de leverenzymen (P<0,0001). Veranderingen in
leverfunctie werden niet gevonden. Het gecoaguleerde tumnorweefsel kon vaak 36 dagen na
behandeling nog worden gevonden als gevolg van hittefixatie. Dit gecoaguleerde materiaal
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kleurde immmunocytochemisch niet aan na incubatie met BrdU. wat wijst op afwezigheid
van enige tumorcelproliferatie. De beste lange-termijn-resuitaten werden gevonden na 4.800
J/em, met complete tumorremissie in 3 van de 4 behandelde dieren, Deze studie laat zien dat
interstitiéle Nd:YAG laserbehandeling selectieve tumordestructie kan veroorzaken.

DEEL i1l PHOTODYNAMISCHE THERAPIE

7. Grondbeginselen van Photodynamische Therapie

Photodynamische therapie (PDT) is een behandelingsmodaliteit die is gebaseerd op de
ophoping van een fotogevoelige stof’ met lage systemische toxiciteit in maligne weefsel.
Daaropvolgende belichting induceert een fotochemische reactie waarbij enkelvoudige zuurstof
ontstaat, die zorgt voor schade aan biomoleculen en celorganellen. De ¢erste klinische studie
is uit 1976. Hematoporfyrinederivaat, een complex mengsel van porfyrines, werd in eerste
instantie gebruikt als fotogevoelige stof. Op dit moment is Photofrin®, een verrijkie actieve
vorm, de meest gebruikte klinische stof. Na systemische toediening binden de porfyrines aan
albumine en lipoproteinen. Accumulatie vindt voornamelijk plaats in maligne weefse]l en
organen van het reticuloendotheliale systeem. Het licht van de Argon-dye laser kan worden
afgesteld op de geschikte golflengte. waarna opperviakkig, interstitieel of intraluminaal kan
worden belicht. De lichtverdeling in het weefsel kan worden voorspeld met een stralingstrans-
portmedel indien de optische eigenschappen van het weefsel bekend zijn, of door directe
metingen met lichtdetectoren. De effecten van PDT zijn de complexe resultante van: (1) de
eigenschappen, weefselconcentratie en lokalisatie van de fotogevoelige stof, (2) de optische
eigenschappen en oxygenatie van het behandelde weefsel, en (3) golflengte van het
activerende licht. uitgangsvermogen en behandelingsschema. De toepassing van PDT in
levertumoren werd altijd beperkt door de sterke ophoping van fotogevoelige stoffen in het
leverweefsel waardoor aanzienlijke leverschade ontstaat bij opperviakkige tumorbelichting.
Ons onderzoek was daarom gericht op: (1) selectieve tumorbelichting, en (2) selectieve
ophoping van de fotogevoelige stof in de tumor.

8. Interstitiéle Photodynamische Therapie

Interstitiéle belichting werd gebruikt als een manier van selectieve belichting van het
tumorweefse] na fotosensibilisatie met Photoftin (5 mg/kg i.v.), 2 dagen véér behandeling,
De tumoren werden belicht met licht van 625 nm, bij 200 mW/em uit een 0.5 cm lang cylin-
drisch verstrooiend fiberuiteinde en 100, 200, 400, 800, of 1.600 J/em. Controlegroepen
werden behandeld met of alleen laserbelichting, of alleen Photofrin, of alleen fiberinsertie.
De weefseleffecten werden bestudeerd met behulp van lichimicroscopie en computerintegratie
van de omtrek van de aangedane gebieden. Op dag 2 na belichting werd forse tumomecrose
gevonden, echter eilandjes van vitale tumorcellen waren vaak nog aanwezig in het
beschadigde weefsel. Dit necrotische gebied werd omringd door een zone van
levercolliquatienecrose. Tumor- en levernecrose namen toe met de toegediende lichtdosis
(P<0,001). De totale lesie penas zonder veel littekenvorming. De beste lange-termijn-
resultaten werden gevonden na 800 Jem met complete tumorremissie in 4 van de 6
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behandelde dieren. Ondanks de lokale belichting, werd omringende levernecrose gevonden
bij alle toegediende energicén. Deze leverschade was echter beperkt tot een nauwomschreven
zone van 2-4 mm breed en had geen effect op de leverfunctie gemeten met antipyrineklaring.
De resultaten van deze studie geven aan dat interstiti€le PDT in staat is belangrijke
tumerschade te induceren zonder grote schade azan het omliggende leverweefsel.

9. 5-Aminolevulinezuur-geinduceerde Endogene Fotosensibilisatie

Endogene porfyrines worden in iedere cel geproduceerd als voorlopers van heem. Andere
auteurs hadden aangetoond dat er mogelik een lagere ferrochelatase en hogere
porfebilinogeen deaminase (PBGD) activiteit zou kunnen bestaan in maligne weefsel. Dit
verschil in vermogen om porfyrines te metaboliseren zou kunnen worden gebruikt om weefsel
endogeen te fotosensibiliseren. Om dit te onderzoeken werd aan groepen van 3-6 dieren 5-
aminolevulinezuur (ALA) in een concentratie van 2 mg/ml in drinkwater teegediend van de
8e, l4e, of 17¢ dag na twmorimplantatie. Ter vergelijking werd aan 2 andere groepen
Photofrin toegediend in een dosis van 2.5 of 5 mg/kg i.v. op dag 17. Op dag 19 werd de
porfyrineconcentratie gemeten in lever en tumor door extractic en high presswe liquid
chromotography (HPLC). Protoporfyrine bleek in toenemende mate op te hopen in de tumor
gedurende ALA toediening, terwijl geen toename werd gevonden in de lever. Na 11 dagen
ALA per os was de porfyrineconcentratieverhouding tussen tumor en lever 4:1. Daarentegen
werd na Photofrin een hogere porfyrine concentratie in de lever gevonden dan in de tumor
(1:3. tumor:lever). Enzymmetingen lieten ¢en 3 voudige lagere ferrochelataseactiviteit zien
in tumor ten opzichte van lever. Concluderend, resulteert de orale toediening van ALA in een
toenemende protoporfyrine (PROTO) concentratie in het transplanteerbzare coloncarcinoom,
zonder ophoping in het omliggende leverweefsel. Deze selectieve porfyrine-ophoping ontstaat
waarschijnlijk door een refatieve ferrochelatasedeficigntie in maligne weefsel. Toediening van
ALA zou een selectieve manier van fotosensibilisatie van levertumoren kunnen zijn voor
PDT. Bovendien zou de ophoping van porfyrines vroege detectie van tumoren mogelijk
kunnen maken door fluorescentie onder belichting met ultraviolet licht.

DEEL 'V VOORSPELLEN VAN LASER-WEEFSEL INTERACTIE

10. Optische Eigenschappen van Weefsel bij 633 nm en 1.064 nm

De optische eigenschappen van weefsel kunnen worden gebruikt om de lichtverdeling in
het weefsel te voorspellen en daarmee de effecten van PDT of thermische Nd:YAG
lasercoagulatie. Om die reden werd de absorptie- en verstrooiingscoéfficignt en de
anisotropiefactor gemeten in het lever- en tumorweefsel bij 632.8 and 1.064 nm. De tumor
werd subcutaan geimplanteerd in 2 groepen van ieder 7 dieren. In één van beide groepen
werd Photofrin toegediend (5 mg/kg 1.v.) 2 dagen vddr bepaling van de optische
eigenschappen. Twee maanden na implantatie werden coupes gesneden van tumor en lever
en werden de optische eigenschappen bepaald met een indirecte methode tussen twee
integrerende bollen bij 632.8 nm (HeNe laser) of 1.064 nm (N&YAG laser). De
absorptiecoéfficiént was groter in lever dan in tumor bij 632.8 nm (P<0.00035), terwijl de
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verstrooiingscoéfficiént groter was in tumer dan in lever bi 1.064 nm (P<0,03).
Voorafgaande toediening van Photoftin zorgde bij beide golflengten voor een toename in
verstrooiing in zowel tumor als lever en een afname in anisotropie in tumor (P<0,025).
Hieruit blijkt dat voor de bepaling van lichidistributie bij PDT, de optische eigenschappen
van gefotosensibiliseerd weefsel moeten worden gebruikt.

11. Echografie van Nd:YAG Laser Coagulatie

Om te bepalen of lasercoagulatic van tumor en omgeven leverweefsel zichtbaar gemaakt
kan worden met echografie, werd de relatie bepaald tussen metingen van de iesies op echo
en histologie na laserbehandeling. De tumoren werden behandeld met de water-straal-
gekoelde Nd:YAG laser bij 10 W en 150, 300, 600, 1.200, 1.700, of 2.400 J. Echochrafie
werd net vodr- en meteen na laserbehandeling verricht. Hierna werden de dieren opgeofferd
en werden de levers verwijderd voor lichtmicroscopische evaluatie. De diepte en breedte van
de coagulatic werden meteen op de echo gemeten en op histologie met behulp van
computerbeeldanalyse. Het echogene aspect van de tumor op de echografie veranderde niet
na laserbehandeling. Leverschade, daarentegen was echoarm in vergelijking tot normaal
leverweefsel. De grootte van de totale lesie op echo was significant gerelateerd aan die op
histologie (P=0,013, r=0,57 voor diepte; P=0,012, r=0.58 voor breedte), suggererend dat de
laser-geinduceerde tumorschade zou kunnen worden afpeleld aan de hoeveelheid omringende
ieverschade op echografie.

DEEL V ALGEMENE DISCUSSIE

12. Algemene Discussie

De beschreven studies laten zien dat de laser nauw omschreven tumorschade kan induceren
met minimale omliggende leverschade. Bij thermische therapie werd gebruik gemaakt van
de Nd:YAG laser om de tumor lokaal superficiaal of intersitigel te destrueren. Om carboniza-
tie te voorkomen, wat lichtpenetratie verhindert, werd een cylindrisch verstrooiend
fiberuiteinde gebruikt voor de interstitiéle toepassing en opperviakkige waterstraalkoeling in
de noncontact modus. Bij PDT van Photofrin gesensitiseerd weefsel werd de interstitiéle
toediening gebruikt voor selectieve twrnorbelichting. Photodynamisch geinduceerde schade
heelde sneller met minder littekenweefsel dan de hittecoagulatie, maar de aanwezigheid van
mogelijk therapiebestendige cellen na PDT kan consequenties hebben voor de klinische
toepassingsmogelijkheden. ALA- geinduceerde endogene photosensibilisatie leidde tot
sefectieve accumulatie van porfyrines in het maligne weefsel. Verder onderzoek zal moeten
aantonen of met deze methode inderdaad effectieve en selectievere photodynamische schade
kan worden veroorzaakt. Bij de experimenten hebben wij gebruik gemaakt van een gefixeerde
fiberpositie en eemmalige belichting om de weefseleffecten gestandaardiseerd te kunpnen
bepalen. Behandeling van grotere tumoren in de klinische situatie vereist echter aanpassingen
zoals meerdere belichtingen en/of stapsgewijs bewegen wvan de fiber over het
weefselopperviak, hogere uitgangsvermogens (thermische therapie). langere lengte van het
verstrogiende fiberuiteinde, of multiple fiber implantatie. Technieken die laser-weefsel-
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interactic kunnen voorspellen, zoals stralingstransportmodelien (m.b.v. de optische
eigenschappen van weefsel) of echografie, zouden laserbehandeling verder kunnen verfijnen.
Aangezien laserlicht door flexibele fibers kan worden gestuurd, behoort percutane
behandeling, eventuee! op poliklinische basis, tot de mogelijkheden. Bovendien zouden
chirurgisch meoeilijk bereikbare of onbehandelbare tumoren peroperatief kunnen worden
behandeld onder echografische controle. Laserbehandeling zou dus: (1) een alternatief kunnen
zijn voor huidige chirurgische resectie, daarbij strevend naar curatie met minder operaticve
complicaties. of (2) een uitbreiding van de therapeutische mogelijkheden in de groep
patignten die niet in aanmerking komt voor chirurgische therapie. Aangezien lasertherapie
waarschijnlijk een minimale belasting betekent voor de patiént, is palliatieve behandeling bij
patiénten met extrahepatische metastasen wellicht cok mogelijk. Op dit moment is er nog zeer
weinig ervaring met klinische toepassing van interstitiéle thermische therapie in
intrahepatische tumoren en nog totaal geen ervaring met PDT in de lever. Wij menen dat ons
onderzoek Fase I klinische studies heeft gerechtvaardigd, om de toepasbaarheid van de hier
beschreven lasertechnicken te bepalen.
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