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ABSTRACT

The treatment of liver metastases is presently unsatisfactory; many patients receive no
specific therapy because of the significant morbidity associated with current treatments
which have no proven survival advantage. Interstitial laser photocoagulation (ILP) is a
percutaneous technique of in situ liver tumour destruction by heat, using low power laser
energy which is delivered via thin flexible optical fibres.

In this thesis the potential of ILP to effectively treat liver metastases was investigated,
and the aims of the thesis were: (a) to clarify the mechanism of action of ILP; (b) to
improve the laser parameters and safely increase the extent of thermal damage; (c) to
accurately assess the extent of thermal damage radiologically and histologically; (d) to
evaluate the clinical application of ILP.

One hundred and fifty six Wistar rats and two Large White pigs had ILP to their livers.
The parameters evaluated were fibre size and material, different laser wavelengths, and
fibre-tip alterations. Significant findings were that tissue charring around the fibre-tip
was associated with greater thermal damage, and that new less penetrating wavelengths
produced larger necrotic lesions than the 1064nm wavelength, contrary to previously held
beliefs. Histological assessment demonstrated the unexpected finding of a zone of heat-
fixed hepatocytes, outside which were necrotic cells. A computed tomography (CT)-
pathologic study showed that the extent of the tissue density changes seen on CT
corresponded to the extent of thermal damage pathologically.

Ninety three liver metastases in 31 patients were treated with ILP. Monitoring by
ultrasound showed the thermal change as an irregular echogenic zone during ILP, and
dynamic CT demonstrated the laser-induced necrosis as a new area of non-enhancement
24hrs or more afterwards. Necrosis of tumour volume was more than 50% in 89% (83 of
93) of the tumours, and 100% necrosis was achieved in 55% (51 of 93). Tumours smaller

than 4cm were treated more effectively than larger tumours. Complications were minor.

ILP continues to evolve as a minimally invasive technique of irn situ tumour destruction.
This thesis highlights important new concepts on the mechanism of action of ILP, and the
clinical evaluation has shown that ILP can, at present, safely and effectively destroy small
liver metastases (2cm or less in diameter). The current drawbacks of the technique are
discussed and potential solutions suggested.
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OVERALL OBJECTIVE OF THESIS

To safely and effectively destroy human liver metastases by ILP, to define which tumours
are most suitable for this treatment (in terms of number, size and position), how they

should be treated (optimal laser parameters and fibre-tips), and how best to evaluate the
results of therapy.
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INTRODUCTION

Liver metastases occur in over 40% of all malignancies (Pickren et al, 1982), with affected
patients having a poor overall prognosis.

The commonest primary tumour to metastasise to the liver is colorectal cancer. In the UK,
there are 28000 new cases of colorectal cancer each year (Cancer Research Campaign,
1991), and over 17000 people die annually with this condition, making it the second most
common cause of cancer death (OPCS, 1990). The main cause of treatment failure for
patients with colorectal cancer is liver metastases, and these will develop in over 50% of
patients (Kelly and Daly, 1992); 20% of patients will have metastases confined to the liver
(Weiss et al, 1986).

The majority of patients with liver metastases have advanced disease, with a survival of
under 10 months. However, some patients have slow growing liver metastases, which
are usually from colorectal primaries, but have also been reported from patients with renal
or endocrine primaries (Blumgart and Studley, 1988). These patients are potentially
curable by surgical resection of their secondary tumour, provided they have limited disease
and no extra-hepatic tumour is present. About 5-10% of patients with colorectal cancer
will eventually have resectable liver metastases (Scheele, 1993), with a reported 5 year
survival after surgery of 20-30% (Cady and Stone, 1991). Patients with limited liver
metastases from colorectal cancer who do not undergo resection rarely survive for more
than 2 years after diagnosis (Adson et al, 1984).

Many patients with slow growing liver metastases and limited tumour volume do not have
surgery (Allen-Mersh, 1989), either because of a nihilistic attitude of many clinicians
towards metastatic disease (Larner, 1991), or the tumour may be adjacent to vital
structures, or the patient may be unfit for surgery. Furthermore, recurrence occurs in up
to 70% of patients who do have surgery (Greenway, 1988).

It is for these reasons that there is increasing interest in a variety of new treatment
modalities for the large number of patients who may potentially benefit - these include new
systemic chemotherapy regimes, as well as regional and local liver tumour therapies.

Crucial to treatment planning (especially surgery and local treatments) is accurate and
reliable tumour detection, in particular to avoid needless laparotomy. Imaging plays a key
role in this and is vital for precise tumour localisation. Indeed, with the rapid advances in
imaging technology, far more patients are being detected with earlier, small volume liver

tumour.
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This introduction has set out the scale of the problem. The remainder of this chapter will
discuss the detection of liver metastases, the natural history of untreated tumours, and the
various treatment modalities currently available for affected patients. Patients with liver
secondaries from colorectal cancer have the best outlook, and the majority of the literature
is on such patients; therefore, the discussion will be mainly concerned with colorectal
liver metastases.

1.1. DETECTION OF LIVER METASTASES

1.1.1. BIOCHEMICAL TESTS
1.1.2. IMAGING
1.1.3. CONCLUSIONS

With major advances in the surgical and non-surgical treatment of liver metastases over the
past decade, tumour detection has taken on great relevance in the management of these
patients.

Patients presenting with symptoms of liver metastases usually have advanced disease,
whereas those with solitary or several isolated hepatic metastases are usually
asymptomatic. This latter group of patients are potentially curable and it is argued that
early detection of recurrence in these patients allows more effective treatment (Martin et al,
1985), since they are at a more resectable stage (Ovasaka et al, 1990).

Hepatic metastases are said to be present in up to one third of patients undergoing
apparently curative resection of their primary tumour (Greenway, 1988), many of which
are not evident to the surgeon at the time of laparotomy (occult hepatic metastases) (Finlay
and McArdle, 1986). The method of detection must maximise the sensitivity to these

small metastases so that appropriate management decisions can be made.

The most important time for follow-up of patients is the first 2-3 years after resection of
the primary cancer, since 85% of recurrences occur within this time (Kelly and Daly,
1992). This is carried out with clinical evaluation, laboratory tests and imaging.

1.1.1. BIOCHEMICAL TESTS

1.1.1.1. Liver function tests

Serum alkaline phosphatase (ALP) and lactate dehydrogenase are the most reliable liver

function tests for detecting liver metastases, and significant elevations of these usually

indicate extensive liver disease (Kemeny et al, 1986). However, they are often normal in

the presence of small volume liver tumour, and also with extensive tumour infiltration
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(Kelly and Daly, 1992). Tartter et al (1981) evaluated ALP as a screening test for liver
metastases in 327 patients with colorectal cancer; this was found to be elevated in 43 of
the 56 patients subsequently established to have liver metastases (sensitivity 77%).
However, ALP was also raised in 110 patients without metastases (false positive rate of
34%); thirteen patients with liver metastases had a normal ALP (false negative rate of
4%). Baden et al (1971) found neither ALP or gamma-glutamyl transpeptidase of any real
predictive value as markers for liver metastases discovered at laparotomy.

These tests are of limited diagnostic value for the early detection of hepatic metastases.

1.1.1.2. Tumour markers

Carcinoembryonic antigen (CEA) is a glycoprotein which was first described in 1965
(Gold and Freedman, 1965) as a tumour marker for colorectal cancer, but has since been
shown to be produced by other tumours, in non-malignant disorders, and by normal
individuals (Northover, 1986). However, most interest has been in the role of CEA to
detect recurrent colorectal cancer after removal of the primary. Northover (1986)
performed a meta-analysis of six studies reported between 1982 and 1984. In a total of
2147 patients with colorectal cancer, 537 (25%) developed recurrent disease. Of these,
404 (75%) had an elevated CEA before or at the same time as the recurrence became
clinically obvious. Of the patients that underwent laparotomy on the basis of a raised
CEA, 85-90% had abdominal recurrent disease and most of the remainder were found to
have extra-abdominal metastases within a year. Attiyeh and Stearns (1981) reported a
resectability rate of recurrent disease of 43% of patients after a second-look laparotomy
based on a raised CEA level. Similarly, Martin et al (1985) found a resectability rate of
58%, but also reported a 45% overall incidence of needless laparotomy in 145 patients.

The crucial question is whether a second-look laparotomy prompted by a raised CEA level
after resection of the primary, improves overall survival or reduces morbidity. Two
uncontrolled studies have reported overall improvements in survival rates of 2.5%
(Scheissel et al, 1986) and 4% (Martin et al, 1985) following second-look operations
based on a raised CEA level. However, randomised, controlled studies are needed and
any survival improvement needs to be considered in the light of morbidity resulting from
further major surgery, often in difficult circumstances (Lewis, 1988). Such a trial is
currently being conducted in the UK, supported by the Cancer Research Campaign
(Begent, 1992).

Measurement of serum CEA is relatively inexpensive and although not uniformly sensitive
or specific, is a reliable marker of recurrent disease (Northover, 1986); regular
measurements are useful since they are easily performed and can prompt further
investigation if a rise occurs (Kelly and Daly, 1992).
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Another tumour marker is carbohydrate antigen 19.9 (CA 19.9) which is primarily used in
the diagnosis and management of pancreatic cancer. Raised levels of this marker have
been found in 53-58% of patients with advanced colorectal cancer (Fillela et al, 1992), but
it is not as sensitive as CEA for detecting recurrent disease (Szymendera et al, 1985).

The main limitation of biochemical indices in the detection of liver metastases is that they
fail to provide the detailed anatomical information that is required when detecting early,
small volume tumour, which is needed to allow adequate treatment planning. This
requires some form of imaging.

1.1.2. IMAGING

Imaging plays a vital role in evaluating patients with liver metastases, in order to allow
selection of candidates for hepatic resection or alternative therapy. Imaging should not
only be able to detect tumour, but be able to characterise the size, number and segmental
location of the lesions, and assess their relationship to the portal and hepatic veins and bile
ducts. Imaging should also reliably detect extra-hepatic tumour, so that the incidence of
unnecessary surgery is reduced (Balfe, 1992). '

There has recently been a dramatic improvement in the imaging modalities available for
liver tumour detection. The sensitivities of the different techniques have increased
considerably, with nodules less than 1cm in size being frequently found (Ferrucci, 1990).
However, despite the improvements, there is still no single imaging technique which is
optimal for examination of potential surgical candidates.

There have been a large number of comparative studies performed, evaluating the relative
sensitivity of different imaging techniques to detect liver metastases, but they all have the
problem of choosing a reference gold standard. The ideal reference is pathological
assessment, and although some studies do use this, it is confined to the resected specimen,
making it impossible to be certain that the remaining liver is completely tumour-free. The
surgeons hand at laparotomy can frequently miss tumours less than 2cm in diameter
(Allen-Mersh, 1991), and Clarke et al (1989) found that 40% of lesions shown by intra-
operative ultrasound were neither visible or palpable.

A description of the various imaging techniques is given below, followed by the results of
some recent comparative studies.

1.1.2.1. Ultrasound (US)

The last decade has seen considerable improvements in ultrasound technology, with real-

time scanning now being universally performed, and electronic focusing capabilities

resulting in improved images and better resolution. Hepatic ultrasound is performed using
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a 3.5MHz or SMHz transducer. Metastases may be hyperechoic, hypoechoic or of mixed
echogenicity (Marn et al, 1991) and they often have a hypoechoic halo (Wemecke, 1992).
Some metastases may appear only as an area of heterogeneity with poorly defined
margins. In these cases, and in others where histological proof is needed, ultrasound can
be used to guide needles for tissue biopsy allowing tumours as small as 5Smm to be seen
and targeted. One of the main advantages of ultrasound is to differentiate solid from cystic
lesions, but it is not as helpful in distinguishing different causes of solid lesions.

Attempts are being made to improve the sensitivity of ultrasound examinations by using
contrast agents such as perfluoro-chemicals (Behan, 1993) or carbon dioxide
microbubbles (Kudo, 1992).

1.1.2.2. Computed tomography (CT)

CT plays a major role in the detection of liver metastases because of its high resolution
images, short scan times and fast patient throughput. The contrast on a CT image depends
on differences in tissue density . There are several technical parameters which need to be
optimised when imaging liver tumours; these include the scanning time, slice thickness,
slice spacing, and contrast agent (ie. type, volume, rate, and route of administration). The
contrast used is iodine based and this increases the CT density (measured in Hounsfield
units, HU) of perfused tissue; this allows improved detection of some liver lesions.
Whether a tumour is seen on CT depends on the density difference between tumour and
surrounding tissue, as well as the size of the tumour; for example, a 1mm calcified lesion
may be easily seen, but tumours of several centimetres may not be visible if their density is
only slightly different from adjacent tissue. However, CT will reveal the majority of liver
metastases 1cm or larger.

Liver CT may be performed without contrast, following dynamic contrast enhancement, or
4-6 hours after contrast (delayed scans). On non-contrast scans, most hepatic neoplasms
appear hypodense, but in the presence of liver steatosis they may be isodense or
hyperdense (Ueda et al, 1988); calcification is often seen in colorectal liver metastases
(Bernadino, 1979).

Dynamic contrast enhanced CT is performed during a bolus intra-venous injection of
contrast (40-50g iodine) and rapid scanning (after a delay of 30-45 seconds) of the whole
liver within 2-3 minutes (Foley, 1989). This technique gives high lesion-to-liver contrast,
particularly of hypovascular tumours such as colorectal liver metastases, and it is estimated
that the sensitivity of contrast enhanced CT is 10-15% higher than unenhanced CT
(Nelson, 1991). There is very little agreement amongst Radiologists about the ideal type
of contrast agent, optimal dose, rate of injection, or scan delay after injection (Dodd and
Baron, 1993). Up to 39% of hyper-vascular metastases (eg. from an endocrine primary)
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become iso-attenuating to normal liver after dynamic CT (Bressler et al, 1987), and in
these cases a non-contrast CT or delayed CT is indicated.

Delayed CT scanning is useful in some patients, and is based on the fact that normal
hepatocytes slowly excrete 1-2% of contrast agent (Chamberlain and Sherwood, 1966),
and so normal liver will become hyper-attenuating relative to tumours (which do not
contain functioning hepatocytes) usually 4-6 hours after contrast (40-60g iodine)
administration (Bernadino et al, 1986).

Several hepatotropic contrast agents are being developed to improve the detection of liver
metastases by CT. These include ethiodised oil emulsion (EOE-13) (Sugarbaker et al,
1984), perflubron emulsion (Behan et al, 1993), liposomes containing water soluble
iodinated contrast agents (Musu et al, 1988), and polyiodinated triglycerides (Weichert et
al, 1989); EOE-13 and perflubron emulsion do increase the conspicuity of liver
metastases, but the former is not available commercially and the latter is limited by its side-
effects (Miller et al, 1987; Behan et al, 1993). CT with iodised poppyseed oil (Lipiodol)
is very sensitive for detecting primary hepatocellular carcinomas and their intrahepatic
metastases, but is not useful for showing the hypovascular metastases of colorectal cancer
(Matsui et al, 1987).

A recent major advance in CT is the advent of spiral CT (Bluemke and Fishman, 1993),
which allows scanning of the whole liver within 24 seconds. More widespread use of this
system will require re-evaluation of the parameters and techniques presently being used for
liver CT.

1.1.2.3. CT Angiography

The blood supply to normal hepatic parenchyma is mainly from the portal vein, whereas
the hepatic artery supplies most of the blood to liver tumours, primary or secondary
(Breedis and Young, 1954; Taylor et al, 1979). This difference in predominant blood
supply can be taken advantage of by selectively injecting contrast into either the hepatic
artery (directly) or portél vein (indirectly), in order to maximise the enhancement
difference between normal liver and hepatic tumours.

CT hepatic arteriography (CTHA) is performed by placing the tip of a SF or 7F catheter
into the hepatic artery (via the femoral artery), rapidly injecting contrast, and followed
immediately by a dynamic incremental CT scan through the entire liver (Prando et al,
1979); tumours are seen as lesions with hyperattenuating rims (Moss et al, 1982).

CT arterial portography (CTAP) is performed by placing the catheter tip in the proximal

superior mesenteric artery (SMA) or splenic artery. About 10s after starting a rapid

contrast injection, a dynamic incremental CT scan of the liver is performed, the delay
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allowing time for the contrast to pass from the SMA through the mesenteric capillary bed
into the portal venous and eventually the hepatic venous systems (Nelson et al, 1989).
Tumours are seen as hypoattenuating lesions, compared with marked enhancement of the

surrounding hepatic parenchyma.

The choice between using CTHA or CTAP is often based on individual preference, but
CTAP is the more popular technique (Harned et al, 1992), and it probably has fewer
artefacts (Freeny and Marks, 1986) and slightly better sensitivity for detecting liver
metastases (Lundstedt et al, 1986). CTAP can detect metastases Smm in size, and
sometimes smaller ones, although problems exist with misinterpretation of nodular
perfusion defects (Nelson, 1991). Even so, CTAP is reported to be the most sensitive
pre-operative imaging modality for hepatic lesion detection, particularly those less than
2cm in diameter (Harned et al, 1992); it also outlines the hepatic and portal venous
structures very well.

1.1.2.4. Magnetic resonance imaging (MRI)

In MRI there at least ten tissue parameters which can influence the resultant image
(Bydder, 1988); the most important of these are proton density, T1 and T2 relaxation
times. The way in which these parameters influence the MR signal intensity is determined
by the pulse sequence applied, the most frequently used being the spin echo, partial
saturation and inversion recovery sequences; faster sequences include gradient echo and
echo planar imaging. Pulse sequence parameters (such as repetition time, TR, and time to
echo, TE) are crucial for determining tissue contrast, and altering them affects T1 and T2
dependent contrast; subsequent images may be T1 weighted (T1W) or T2 weighted
(T2W). The quality of an MR image is determined by a variety of factors which include
the tissue parameters, pulse sequence parameters, magnetic field strength, number of data

acquisitions, and in abdominal imaging the reduction of motion artefact.

Hepatic metastases have longer T1 and T2 relaxation times compared to normal liver
(Moss et al, 1984), and typically have a low signal intensity on TIW images and high
signal intensity on T2W images. Some authors have described distinctive MR
appearances of hepatic metastases, such as amorphous, target and halo signs on T2W
images, and a doughnut sign on T1W images (Wittenberg et al, 1988); however, these
appearances are only suggestive of metastases and not absolute indicators (Halvorsen and
Thompson, 1991).

The optimal pulse sequence for the detection of hepatic metastases has been controversial

(Kanzer and Weinreb, 1991). Some authors found a higher sensitivity with T1W spin

echo sequences at low (0.6T) magnetic field strength (Henkelman et al, 1986), but at high

field (1.5T) T2W sequences were better (Foley et al, 1987; Vassiliades et al, 1991).

Others have found T1W and T2W sequences to be equivalent at 0.35T (Heiken et al,
27



1985; Schmidt et al, 1985). Paling et al (1988) showed a short inversion time inversion
recovery (STIR) sequence to be most sensitive for metastatic disease at 1.0T. There are
many more reports showing various sequences to be optimal at different magnetic field
strength for detecting liver metastases, including gradient echo T2*W at 0.5T and 1.5T
(Nelson et al, 1988), T1W spin echo at 0.5T (Reinig et al, 1989), T1W inversion recovery
at 1.5T (Reinig et al, 1989), and equivalent sensitivities between T1W inversion recovery
and T2W spin echo at both 0.5T and 1.5T (Steinberg et al, 1990).

The available data is contradictory. Valid comparison of two studies is almost impossible
because of manufacturer and inter-machine variability, as well as different sequence
parameters (TR and TE) being applied. The best solution is to use several sequences
(T1W and T2W) to increase the confidence of detecting liver metastases.

Contrast agents are also available. Gadolinium DTPA is widely used; since this is an
extracellular agent rapid imaging (using fast spin echo or gradient echo, breath-holding
sequences) is needed to maximise the tumour-to-liver contrast (Hamm et al, 1987). This
dynamic scanning may improve the sensitivity of MRI for liver tumour detection (Semelka
et al, 1992). New hepatocyte specific and reticuloendothelial system targeted contrast
agents are also being evaluated; these include manganese dipyridoxal diphosphate
(MnDPDP) and superparamagnetic iron oxide, respectively, and early results look
promising (Hamm et al, 1992; Ferrucci and Stark, 1990).

Liver tumours as small as 3mm can be detected with superparamagnetic oxide enhanced
MRI (Stark et al, 1988). One of the drawbacks of MRI is that it is not very sensitive to
extra-hepatic tumour, but with new oral contrast agents becoming available, this situation
is likely to improve. |

1.1.2.5. Intraoperative ultrasound (IOUS)

This technique has developed considerably over the past decade, with the development of
real-time, high resolution scanners and hand held transducers (5-10MHz). Small
transducers which can be held between the fingers to reach less accessible parts of the liver
are also available (Rifkin et al, 1986).

Prior to metastectomy IOUS can show the size and extent of tumour, its depth from the
liver surface, and any intervening or adjacent blood vessels, as well as any simultaneous
minimal hepatic disease in the remaining hepatic parenchyma. Tumours as small as 3mm
can be detected (Soyer et al, 1993).

IOUS can detect 25-35% additional liver lesions compared with preoperative ultrasound

and CT, and up to 40% more lesions than are palpable by the surgeon (Clarke et al, 1989).

Traynor et al (1988) found 13 out of 40 tumours less than lcm in diameter by IOUS,
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which had not been detected by preoperative imaging and were not palpable. Other
surgeons have not found IOUS to detect any new metastases which were not palpable in a
non-cirrhotic liver (Sugarbaker, 1990). Soyer et al (1992) using preoperative CTAP and
IOUS found 3 out of 56 metastases by IOUS which were not seen on CTAP, and only 2
metastases missed by palpation. The high sensitivity of IOUS to small liver lesions means
that benign nodules can often be found (Benjamin, 1991), which may require biopsy and
histology before resection can proceed; this is ideally done with a sensitive preoperative
technique (Sugarbaker, 1990). The use of IOUS necessitates a wide surgical exposure of
the liver, and the technique is operator dependent.

1.1.2.6. Comparative studies of US, CT, CTAP, MRI, and IOUS

Although many authors have reported comparative imaging of liver tumours, these studies
are often hampered by a small number of cases, different patient populations, considerable
differences in technique used, inadequate pathologic proof, or researcher bias. These
factors make comparison of reported differences in sensitivity very difficult (Dodd and
Baron, 1993); for example, a subtle difference in the technique of contrast administration
during dynamic CT could alter tumour detection rates by as much as 20% (Dodd and
Baron, 1993). ’

Tables 1.1 and 1.2 show the sensitivities of the main imaging modalities found in recent
comparative studies. Surgical or pathological proof was obtained in the majority of cases,
but not all liver tumours were metastases. All CTs were contrast enhanced (dynamic or
delayed), and the overall sensitivity of CT is given for each study. The MRI scans were
usually obtained with several sequences, and the sensitivities given are the overall or best
ones. Although the machines and techniques used do vary (sometimes considerably), the
figures do represent what each modality is capable of at a particular institution (presumably
using their preferred and locally optimised technique for CT and/or MRI).

In Table 1.1 there is a fairly wide discrepancy in the sensitivity of tumour detection for
ultrasound (41-68%), CT (48-72%) and MRI (57-78%). One of the principle reasons is
likely to be the various gold standards used in different studies. If pathologic specimens
from liver resection or autopsy are used as the standard, many lesions smaller than 1-2cm
could be found which were missed by imaging. However, if clinical follow-up or
palpation during surgery is used, the sensitivities of most diagnostic tests will be higher
because small lesions are unlikely to be included.

Ultrasound has the lowest sensitivity in these studies, but this modality is highly operator
dependent and can often detect tumour not seen by CT. Ultrasound can also have a high
false positive rate and the images are not easily reproducible for comparative purposes
(Ferrucci, 1990). However, it is quick and easy to perform and is frequently used for
initial assessment of liver metastases.
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Table 1.1: Sensitivities of US, CT, MRI, CTAP, and IOUS for detecting liver tumours

from 10 recent studies.

First author, year US CT MRI CTAP 1I0US
Machi, 1987 41% 48% 98%
Matsui, 1987 58% 63% 84%

Stark, 1987 51% 64%

Heiken, 1989 52% 57% 81%

Nelson, 1989 66% 64% 85%
Sitzman, 1990 66% 70% 94%
Vassiliades, 1991 72% 78%

Wernecke, 1991 53% 68% 63%

Soyer, 1992 68% 71% 91% 96%
Soyer, 1993a 78% 94%

Table 1.2: Sensitivities of US, CT, MRI, and CTAP for detecting liver tumours less than

lcm in diameter.

First author, year US CT MRI CTAP
Heiken, 1989 0% 17% 61%
Sitzman, 1990 5% 20% 82%
Wernecke, 1991 20% 49% 31%

Soyer, 1993a 17% 66%

For more accurate staging of liver tumours, CT is performed. Although some studies have

found MRI to be more sensitive than CT (Stark et al, 1987), the evidence is not

conclusive, and for detection of extra-hepatic disease it is generally accepted that CT is
better than MRI (Chezmar et al, 1988; Vassiliades et al, 1991; Halvorsen and Thompson,
1991). CT is also more readily available and cheaper than MRI, and is currently the

preferred modality for liver imaging in the UK. Although some authors have reported a

very high specificity (99%) for CT in detecting liver tumours (Ferrucci et al, 1988), this is

not the case with solitary deposits when biopsy and histological confirmation of the

diagnosis is frequently required (Halvorsen and Thompson, 1991).
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CTAP has consistently been shown to be the most sensitive pre-operative imaging
modality for detection of liver metastases (Balfe, 1992; Harned et al, 1992), especially for
small tumours (Table 1.2). However, it is a more expensive, cumbersome and invasive
technique, and has a significant false positive rate (Peterson et al, 1992). Combining
CTAP with MRI reduces the false positive rate, and Nelson et al (1989) found a combined
sensitivity of 96%. CTAP is particularly popular in the United States, and greater interest
in this technique is being taken in the UK; a recent study has shown an improved survival
in patients who have CTAP prior to hepatic resection (Langmo et al, 1992).

Two studies from the same centre (Miller et al, 1987; Ward et al, 1989) reported CTAP to
be less sensitive than CT (77-78% versus 82-83%, respectively). However, their CTAP
technique was flawed because they performed diagnostic angiography immediately prior to
CTAP - this leads to contrast perfusing into the interstitial spaces of the tumour thus
significantly reducing tumour-to-liver contrast during CTAP. For conventional CT they
used a much higher dose of contrast (80-90g iodine) than is routine (40-60g), which may
explain the high sensitivity of CT in their studies.

IOUS is very sensitive and can affect surgical decision making in several patients (Soyer et
al, 1993). However, there is some debate over the overall utility of IOUS (Sugarbaker,
1990); it can be valuable in preventing some unnecessary hepatic resection (Benjamin,
1991), but has less impact when high quality preoperative imaging is available (Ferrucci,
1990).

Combining imaging modalities may improve the accuracy of tumour detection, and this
has been shown to be the case for CTAP and MRI (Nelson et al, 1989). However, using
combinations of US/CT, US/CT/MRI, and CT/MRI did not increase sensitivity beyond
80% (Nelson et al, 1989; Wernecke et al, 1991; Soyer et al, 1993).

1.1.2.7. Other imaging modalities

Radionuclide hepatic imaging

The liver-spleen technetium-99m sulphur colloid scan is now only rarely used for the
detection of liver metastases (Drane, 1991). This decline is largely due to its inability to
characterise a lesion - a "cold spot" on the scan may represent a solid or cystic lesion or an
anatomical variant; the test also lacks spatial resolution and is less sensitive and specific
than ultrasound and CT (Alderson et al, 1983). Single photon emission computed
tomography (SPECT) improves tumour detection, and is said to have a sensitivity of
around 90%, but its specificity is lower (Drane, 1991), and it is inferior to CT or MRI
(Charnsangavej, 1993). Technetium-99m red cell scintigraphy is still useful in evaluating
a solitary liver lesion, when the possibility of it being an haemangioma is high (Brown et
al, 1987).
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Hepatic arterial perfusion scintigraphy (HAPS) is a new method for early detection of liver
metastases whereby technetium-99m-macroaggregated albumin is perfused into the hepatic
artery, and tumours appear as hot spots on planar or SPECT scans (Drane, 1991).
Tumour deposits as small as Smm have been detected, and in one study a sensitivity of
97% was found, but the specificity was 50% because of hot spots from the gallbladder
and duodenum (Fagien et al, 1990).

Dynamic hepatic scintigraphy has been used to determine the hepatic artery to total liver
blood flow ratio, using activity-time curves from regions of interest over the liver
(Leveson et al, 1983); early liver metastases cause an increase in hepatic arterial flow, and
this is depicted by an increase in this ratio. Gough et al (1985) found that 50% of patients
with colorectal cancer who had a raised ratio and initially normal liver scans, developed

overt liver metastases within 6 months of follow-up.

Radioimmunoscintigraphy with monoclonal antibodies raised to CEA and labelled with I-
131 or indium-111 allows gamma camera imaging, and can be useful in locating
metastases (Begent et al, 1986) - this technique currently has a sensitivity of 45-64% for
detecting liver metastases, but continues to develop (Norton, 1991). Radioimmuno-
guided surgery using a hand held gamma probe to detect labelled I-125 antibodies
(reacting with colorectal cancer antigens) has also been applied per-operatively to locate
tumour (Blair et al, 1991). However, because of variable tumour vascularity and
heterogeneous antigen expression, uptake of monoclonal antibody by tumour can be poor.

Colour Doppler and duplex ultrasound

This has been used to try to characterise liver tumours. Taylor et al (1987) found high
velocity Doppler signals in primary hepatocellular carcinomas (due to arterioportal
shunting) but low or absent signal in metastases or benign lesions. More recently, Nino-
Murcia et al (1992) showed a considerable overlap between the internal vascularity of
primary and secondary liver tumours.

Colour Doppler and duplex ultrasound has also been used to calculate the Doppler
perfusion index (ratio of hepatic arterial to total liver blood flow); Leen et al (1993) found
this to be significantly raised in patients with liver metastases compared to normal
controls. This may be due to the fact that tumour blood supply is predominantly arterial,
and so the presence of metastases would result in a relative increase of arterial blood flow;
there may also be a circulating vasoactive agent causing an increase in splanchnic
resistance with reduced portal venous flow and a relative increase in hepatic arterial blood
flow.
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Angiography

Diagnostic hepatic angiography has in general become an ancillary technique, its main role
in liver metastases detection being in the catheter placement for CTAP (Ferrucci, 1990).
As a diagnostic modality, it has a low sensitivity for liver metastases (Matsui et al, 1987),
and consistently misses tumour in the left lobe of liver and extrahepatic tumour (Lundstedt
et al, 1985). Prior to surgery, angiography is useful in providing a "road map" of arterial
anatomy (Benjamin, 1991), and slightly delayed imaging allows visualisation of the portal
vein.

1.1.3. CONCLUSIONS ON DETECTION OF LIVER METASTASES

Serum CEA level is a simple test to perform during follow-up of patients who have had
their primary colorectal cancer resected, and many patients referred for hepatic resection
are initially diagnosed as a result of abnormalities in CEA level (Sugarbaker, 1990). The
widespread use of tumour markers and improvements in ultrasound, CT and MRI, as well
as the development of CTAP and IOUS has markedly increased the detection of early
small liver neoplasms.

However, there are no randomised prospective controlled studies to support the
assumption that early detection and early treatment improve patient survival, and so the
most important task of preoperative imaging prior to a planned liver resection is to prevent
needless surgery. However, significant hepatic and extra-hepatic disease is still being
missed. Extra-hepatic tumour presents a particular problem and currently, no pre-
operative imaging method is sensitive to small extrahepatic metastases, especially in
hepatic lymph nodes and on the peritoneal surface (Balfe, 1992).

Significant improvements in the imaging are still needed, not only to accurately localise
tumour deposits, but also to characterise them as benign or malignant, this being a
particular problem with smaller nodules (Ferrucci, 1990).

The rapid pace of new developments requires continuous reassessment of the relative
merits, clinical roles, and optimal techniques of the imaging modalities.

Standardisation of techniques and larger comparative studies are required; these should
include combined state-of-the-art ultrasound and CT to compare with CTAP and MRI,
since the former are still the simplest, cheapest and most widely available modalities for
evaluating liver metastases.
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1.2. NATURAL HISTORY OF LIVER METASTASES

1.2.1. GROWTH RATE

1.2.2. EXTENT OF LIVER TUMOUR
1.2.3. EXTRAHEPATIC TUMOUR
1.2.4. HISTOLOGY OF TUMOUR
1.2.5. CONCLUSIONS

A good understanding of the natural history of untreated liver metastases, and of the
various factors which influence prognosis, is most important for appropriate patient
management. This is needed to evaluate fully the significance of the many treatment
modalities which are now available for patients with liver metastases, since it is impractical
to have a no-treatment arm as a control in a clinical trial (Taylor, 1985); most patients
would desire some form of treatment, even if unproven (Allen-Mersh, 1989). Our
information on the natural history of liver metastases is largely based on earlier non-
randomised, retrospective studies.

The overall prognosis for patients with liver metastases is dismal, regardless of the site of
origin, with an average survival of approximately 6 months (Jaffe et al, 1968), and most
patients dying within 2 years of diagnosis. However, there are several factors which
determine the prognosis, and produce an extensive range of survival patterns, even up to 5
years from the time of diagnosis. These include the general condition of the patient, the
extent of liver tumour present, the presence or absence of extra-hepatic tumour, and the
histological grade of the metastasis. Symptomatic patients have a much worse prognosis
than those without symptoms, the median survival being 6 months and 18 months,
respectively (Steele and Ravikumar, 1989). The other prognostic factors listed are
discussed below.

The observation that liver metastases from colorectal origin have a different natural history
to those from other gastrointestinal neoplasms was made by Jaffe et al (1968), who found
the median survival time of patients with liver secondaries from stomach cancer was 60
days, from biliary tract neoplasms 42 days, and from colorectal cancer 146 days. The
mean survival times of patients with untreated liver metastases from pancreas and breast
primaries is less than 8 months (Wolf et al, 1991). Neuro-endocrine liver metastases give
a better prognosis since these tumours are relatively slow-growing; patients with untreated
carcinoid liver metastases can have a 6 year survival rate of up to 25%, and those with
pancreatic islet cell metastases have a median survival of 40 months (Wolf et al, 1991).
Some patients with metastatic renal carcinoma can also have a relatively long survival if the
metastases are limited to one organ and the disease free interval from diagnosis of the
primary to detection of metastases is over 2 years (Maldazys and deKernion, 1986). Most
data is on colorectal liver metastases, and this will now be discussed in more detail.
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1.2.1. GROWTH RATE

Colorectal liver metastases tend to grow slowly and are said to be present for an average of
4 years before a patients death (Finlay et al, 1988); a tumour of 2cm will have had around
3 years of growth before being detected (Allen-Mersh, 1991). The doubling time for overt
liver metastases is 5-6 months, and for occult metastases it is 3 months (Finlay et al,
1988). The growth rate declines with increasing tumour size (Laird, 1964). Dissemination
to extra-hepatic sites such as lung and bone is often by secondary metastasis from
metastases that have already developed in the liver (Weiss et al, 1986) - but this process
may take several years (Allen-Mersh, 1991).

1.2.2. EXTENT OF LIVER TUMOUR

The overall survival of patients with colorectal liver metastases has been reported in
several studies, which have been summarised by Hughes et al (1988), the median survival
varying from 3 months to 14 months from the time the metastases are detected. The
survival of patients in relation to the extent of tumour present in the liver has been
described in several recent reviews (Taylor, 1985; Greenway, 1988; Hughes et al, 1988).
The relevant data is summarised in Table 1.3. It is clear that survival is related to the
extent of liver involvement by tumour. Hunt et al (1990) collated the survival data from 5
series and found a median survival of 21 months and a 3 year survival of 18% for solitary
liver metastases; the corresponding figures for multiple metastases in one lobe of the liver
were 14 months and 7%, respectively. Five year survivors are extremely rare; the 7%
and 16% S year survival rates quoted in Table 1.3 by Wood (1976 and 1984) represents
only 1 and 2 patients, respectively. Hughes et al (1988) reviewed 18 studies, and out of
1650 patients 11 survived 5 years (only 4 were histologically proven).

Table 1.3 highlights the lack of a well-defined and consistent method of describing the
extent of the liver replaced by tumour; this makes valid comparison between one study and
another very difficult. Simply describing the metastases as single, bilateral or multiple is
inadequate, and a system which takes account of the volume of tumour present is
preferable. The percentage hepatic replacement (PHR) is a more sensitive measure of
tumour extent since it takes account of variation in liver size between patients. PHR can
be assessed at laparotomy, or by imaging with scintigraphy, CT, or ultrasound (Hunt et
al, 1989). However, there is considerable inter-observer variation when using these
modalities for staging liver metastases into 4 broad groups of PHR, <25%, 25-50%, 50-
75%, and >75% (Hunt et al, 1989). Purkiss and Williams (1992) found CT planimetry to
be an accurate method of PHR assessment, using cadaver liver containing metastases. An
inverse relationship between PHR and survival has been confirmed by several
investigators (Purkiss and Williams, 1992; Finan et al, 1985). However, there is a need
for an accurate and standardised methodology for measuring PHR.
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Table 1.3: Survival of patients with untreated liver metastases. All of these studies are

based on colorectal liver metastases except the one by Jaffe et al (1968) which includes

pancreas, stomach and colon primaries.

First author,] Tumour Mean or median Survival (%)
year extent survival (months) lyr 3yr Syr
Jaffe, Solitary 4.5
1968 One lobe 3.1
Widespread 2.8
Nielson, Few 18
1971 Several 9
Multiple 5
Wood, Solitary 16.7 60% 7%
1976 One lobe 10.5 27%
Widespread 3.1 6%
Bengtsson, <25% 6.2
1981 25-75% 5.5
>75% 3.4
Boey, Unilobar 9
1981 Bilobar 6
Goslin, <4 24
1982 >4 10
Lahr, Unilobar 12 2%
1983 Bilobar 4.5
Wagner, Solitary 21 21%
1984 Unilobar 15 6%
Widespread 10 4%
Wood, Solitary 21% 16%
1984 Unilobar 26%
Finan, Solitary 15.5
1985 Multiple 8
Steele, <4 24 85%
1989 >4 10 40%

36




1.2.3. EXTRAHEPATIC TUMOUR

Surgery to the primary tumour not only provides palliation with relief of symptoms, but
may also improve survival in patients with liver metastases. Abrams and Lerner (1971)
found a median survival of 219 days in patients with liver metastases who had their
primary resected compared with 65 days in patients who had a bypass or no procedure;
Nielson et al (1971) and Oxley and Ellis (1969) also found improved survival in patients
with liver metastases in whom the primary tumour was resected. However, these studies
were not randomised, and it is likely that those patients with more advanced disease had
the lesser surgical procedure. Finan et al (1985) showed that survival of patients with
established liver metastases is related to the histological grade and stage of the primary;
patients with a well or moderately differentiated primary had a median survival of 13
months compared to 7 months for those with a poorly differentiated primary, and the
presence of affected lymph nodes reduced the median survival from 16.7 months to 10.8
months.

Patients who are found to have extrahepatic disease as well as liver metastases, following
resection of the primary, also have a worse prognosis than those with liver metastases
only; median survivals of 3 months and 6 months, respectively, have been reported by
Purkiss and Williams (1992). Wood et al (1976) found patients with solitary liver
metastases and extrahepatic disease to have a median survival of 16.7 months, whereas
similar patients without extrahepatic disease had a median survival of 25 months.

1.2.4. HISTOLOGY OF TUMOUR

Pestana et al (1964) noted that patients with well-differentiated liver metastases had a
survival of 11 months compared to 5.5 months for patients with poorly differentiated
lesions. Goslin et al (1982) reported a median survival of 6 months in patients with
poorly differentiated tumour, compared to 17 months and 30 months in patients with
moderately and well differentiated metastases, respectively. However, the authors did not
take into account the extent of liver tumour in their analyses.

1.2.5. CONCLUSIONS OF NATURAL HISTORY

The most important factor which influences survival in patients with untreated liver
metastases is the extent of tumour in the liver. Other factors which are likely to affect
survival are the extent of surgery to the primary tumour, the presence of extrahepatic
tumour, and the histology of the metastasis.

Improvements in tumour detection by imaging means that greater numbers of patients with
smaller volume disease are being found, at a much earlier stage. The survival of untreated
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patients with early, small volume disease is likely to be better than reported in previous
natural history studies. Silen (1989) postulated that if the mean age of overt metastases
when detected is 3.7 years (Finlay et al, 1988), then the reported 5 year survival rates in
the natural history studies actually correspond to a survival of about 9 years, with no
treattment.

There is still much to learn about the natural course of liver metastases, and we have little
understanding of the biological relationship which exists between the patient and the
colorectal cancer. Some patients have a very rapid course between diagnosis and death
with widespread metastatic disease consuming them, while others appear to form a sort of
commensal relationship with their tumour and survive for a number of years.

When evaluating treatments it should be remembered that a large proportion of patients
with relatively little liver involvement will bias any study favourably. All future treatment
trials should stratify patients according to PHR; ideally an international standardised
staging system should be used which categorises patients according to the major
prognostic factors discussed above. This would allow more valid comparison of the
results of different treatments. '

1.3. TREATMENT OF LIVER METASTASES

1.3.1. SURGERY

1.3.2. SYSTEMIC CHEMOTHERAPY
1.3.3. REGIONAL TREATMENTS
1.3.4. LOCAL TREATMENTS

1.3.5. CONCLUSIONS

It is generally accepted that the majority of patients with liver metastases are not helped by
currently available treatments. However, there is a group of patients, mainly with
colorectal liver metastases, who have small volume tumour confined to the liver, which
may be surgically resected and the patient potentially "cured”. This number was estimated
to be around 600 in 1989 (Allen-Mersh, 1989), but a more recent estimate is up to 2000
patients each year in the UK (Poston and Winstanley, 1992); Scheele (1993) suggested
that 1-3% of all patients with colorectal cancer (28000 in the UK) may at some time benefit
from hepatectomy. Since around 50% of patients with colorectal cancer develop liver
metastases (Pickren et al, 1982), and 20% have tumour limited to the liver (Weiss et al,
1986), there remains a large number of patients with small volume tumour who are
unsuitable for surgery and for whom an alternative effective treatment is needed. Many of
these patients have a tumour volume significantly less than 25% PHR, but are unsuitable
for surgery either because of several small deposits in different parts of the liver or the
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tumours are very close to essential intrahepatic vascular structures. It is for these patients
that some of the new regional and local treatment modalities may be particularly suitable,
especially since the results of systemic chemotherapy have been disappointing.

Furthermore, far fewer than the estimated number of patients suitable for resection actually
undergo surgery. In the UK, the traditional management of patients with liver metastases
has emphasised the importance of maintaining quality of life; as a result it has been
common for no treatment to be given prior to the development of symptoms, and thereafter
only symptom relieving treatment to be given a trial. This approach has been based on the
view that available treatments have virtually no effect on survival, and since hepatic
metastases may be asymptomatic and slow growing, it is preferable to avoid subjecting the
patient to treatment-induced morbidity (Hunt et al, 1990).

1.3.1. SURGERY

The selection criteria for surgical resection have changed over the past 20 years, but still
remain controversial. The general consensus appears to be that resection is the treatment
of choice for up to 3 colorectal liver metastases confined to one lobe and in the absence of
extra-hepatic disease, assuming that satisfactory surgical margins can be achieved
(Scheele, 1993; Taylor, 1992).

The majority of the literature deals with colorectal liver metastases, and reports of surgery
for non-colorectal metastases are sparse and inconsistent. Wolf et al (1991) reviewed the
literature on 151 reported cases; favourable results were obtained after resecting
metastases from Wilms' tumour or carcinoid (40% 5 year survival). Anecdotal reports of
long term survival after hepatic resection of metastases were also found in patients with
renal, adrenal, gastric and breast primaries, as well as malignant melanoma and
leiomyosarcoma. Blumgart and Studley (1988) suggest that resection of solitary
metastases from unfavourable primaries should be considered, if a low operative mortality
can be maintained; the likelihood of therapeutic benefit may be so marginal that more than
a single metastases should not be resected (Scheele, 1993). Endocrine metastases, such as
carcinoid, islet cell carcinoma and gastrinoma, may grow extremely slowly, patients
sometimes surviving up to 10 years without treatment (Scheele, 1993). Debulking these
tumours by surgery or embolization can significantly improve symptoms and quality of
life (Allison et al, 1985; Modlin et al, 1993).

Operative mortality ranges from 0% to 14% (Iwatsuki et al, 1983; Hunt et al, 1990;

Petrelli et al, 1985), although over the last 5 years this has been commonly reported to be

5% or less (Steele and Ravikumar, 1989; Franco, 1991). Minor and/or major morbidity

has been reported in 10% to 48% of patients (Gennari et al, 1986; Vetto et al, 1990), but

with improvements in surgical technique this is also decreasing (van Ooijen et al, 1992).
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Scheele et al (1991) found a decrease in mortality and morbidity over the most recent 2
years of their series, from 11.5% and 22% to 2.7% and 8%, respectively.

1.3.1.1. Survival after surgery
There are numerous reports in the literature of results of surgical resection in selected
patients with colorectal liver metastases, and Table 1.4 summarises some of these.

Comparing this data with the natural history data in Table 1.3, there is little difference in
the 1 year survival when considering single metastases, but at 3 years and 5 years the
results following surgery appear considerably better than the natural history data. Many 5
year disease-free survivors may be regarded as "cured" (Scheele, 1993), and several
patients have been reported to have survived for more than 20 years after surgery (Scheele
et al, 1990; Adson, 1981; Butler et al, 1986). However, one of the difficulties of
comparing this data with the natural history data is that the latter is likely to include many
unresectable patients, and the surgical patients are highly selected. In order to determine
whether a patient really benefits from surgical resection of their liver metastases, a
randomised comparison is needed with similar patients who are left untreated or receive
medical treatment; no such trials are available and so reliance has to be put-on historical
controls.

Steele et al (1991) performed a prospective evaluation of patients presenting for resection
of their colorectal liver metastases; 150 patients had a laparotomy with a view to resection.
Sixty nine (46%) patients had a "curative" resection and their median survival was 37
months, whereas 18 (12%) patients who had a "non-curative" resection had a significantly
shorter survival of 21 months. The other 63 patients (42%) were found to be unresectable
yet still had a median survival of 16.5 months. They concluded that resection does
improve survival in a selected group of patients, but "palliative" resection or "debulking"
in asymptomatic patients provides no benefit. Similar conclusions were drawn by Scheele
et al (1990). Out of 921 patients with unresectable liver metastases, the median survival
was 6.9 months; 62 patients had demonstrable resectable disease at laparotomy but this
was not treated because of the different therapeutic approach at the time, and their median
survival was 14.2 months. Of 226 patients who had a resection, in 43 this was non-
radical and some tumour was left behind; these patients had a median survival of 13.3
months. In none of these groups were there any 5 year survivors, but of the 183 patients
who had a potentially curative resection, the 5 and 10 year actuarial survival rates were
40% and 27%, respectively.
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Table 1.4: Survival rate after resection of colorectal hepatic metastases

Survival
First author, No. of Median Actuarial (%)
ear patients (months) lyr 3yr Syr 10yr
Attiyeh, 1978 25 40 28
Wanebo, 1978 25 36 92 28
Rajpal, 1982 30 31 85 40
Iwatsuki, 1983 24 91 73 52
Fortner, 1984 65 89 57 40
Adson, 1984 141 70 40 25
Butler, 1986 62 36 50 34 21
Ekberg, 1986 72 22 16
Hughes, 1986 607 33
Scheele, 1991 266 41 31 21
van Ooijen, 1992 118 26 25

1.3.1.2. Factors influencing outcome after surgery

Factors which determine survival or recurrence following resection have been evaluated in
several series, although conflicting results have been published for most of these. Those
that probably have no significant effect on long-term survival include the patients age and
sex, size and location of the tumour, and type of resection (van Ooijen et al, 1992;
Benjamin, 1991; Franco, 1991).

Most series have shown an improved survival of patients who have had smaller volume of
liver tumour resected; Hunt et al (1990) combined the data from several studies and found
the median survival of patients with solitary metastases resected to be 36 months,
compared with 23 months for those who had multiple metastases resected. Ekberg et al
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(1986) found a 5 year survival of 24% after surgery in patients with a PHR <25%, 7%
with a PHR of 25-50%, and 0% with a PHR of 50-75%. Several groups have found
impaired survival in patients with 4 or more metastases resected, and it is widely felt that
patients with more than 3 metastases should not have surgical resection (Hughes et al,
1988; Taylor, 1992; Benotti and Steele, 1992; van Ooijen et al, 1992). However, some
authors have reported long-term survival following resection of 4 to 7 metastases
(Nordlinger et al, 1987; Scheele et al 1991), and in one case up to 13 nodules (Minton et
al, 1989).

The presence of extrahepatic metastases, whether nodal or visceral, is consistently
associated with poor survival (Hughes et al, 1988; Scheele et al, 1991) and resection in
these cases is rarely indicated (Benjamin, 1991).

A resection margin of at least 1cm clear of tumour is associated with a much improved
survival (van Ooijen et al, 1992; Ekberg et al, 1986; Cady et al, 1992). Scheele (1993)
recommends margins of 1.5-2cm in the non-cirrhotic patient, unless more than half of the
hepatic parenchyma would need to be removed.

The Dukes' stage of the primary tumour has been shown in several studies to have a
significant effect on survival, a Dukes' C primary being a bad prognostic indicator
compared to Dukes' A or B (Attiyeh et al, 1978; Adson et al, 1984; Butler et al, 1986).
Others have found no significant effect of the stage of the primary on patient survival
(Petrelli et al, 1985; Ekberg et al, 1986; van Ooijen et al, 1992). However, it seems
reasonable to assume that the long-term prognosis is related to the stage of the primary,
and is poor when there is lymph node or peritoneal involvement (Franco, 1991).

Other factors which are associated with a poor prognosis include the presence of satellite
nodules (Scheele et al, 1990), per-operative blood loss greater than 1000ml (van Ooijen et
al, 1992), and a disease-free interval (from original surgery to detection of metastases) of
less than one year (Hughes et al, 1988).

The most important factors determining outcome after surgery are the presence of
extrahepatic disease, the extent of liver involvement, and the resection margin; these need
careful evaluation, ideally with pre-operative imaging, and also at operation - the use of
intra-operative ultrasound may help in attaining tumour-free margins.

1.3.1.3. Recurrence after surgery

The majority of patients having surgical resection of their liver metastases will suffer a

tumour relapse, the liver being the predominant site (Scheele, 1993). Most patients will

die within 3 years, and 75% will die of recurrent disease within 5 years (Greenway,

1988). Recurrence tends to occur within a year to 18 months of surgery, and it is likely
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that it is due to micrometastases which were not detected at operation or by pre-operative

imaging.

Most authors report a 35-60% recurrence rate over a variable period of follow-up (Hunt et
al, 1990), and there is a high incidence of extra-hepatic recurrence (Greenway, 1988).
Hughes et al (1986) collected the data from 24 centres, and out of 607 patients who had
had a "curative" resection, recurrent tumour was found in 424 (70%) patients; the liver
was involved in 242 (43%) patients. Therefore, 57% of patients did not have recurrent
disease affecting the liver, and Hughes et al concluded that hepatic resection has taken a
group of patients all of whom had hepatic metastases and achieved complete control of
liver tumour in about half of them.

Recurrent tumour isolated to the liver occurs in 10-55% of cases (Vaillant et al, 1993), and
in a small number of these, resection of the recurrence may be appropriate (Bozzetti et al,
1992; Vaillant et al, 1993).

Because of the high rate of recurrence, most surgeons assess the biological behaviour of
metastases by waiting a few months before resection, especially for small lesions
(Scheele, 1993). This allows micrometastases to be detected before undertaking a
possibly unnecessary major procedure. The argument against waiting is that it may
increase the risk of further tumour embolization (Greenway, 1988). Some surgeons
recommend a routine waiting period of 4-6 months (Cady and Stone, 1991), others 3
months (Benjamin, 1991; Scheele, 1993); however, a lesion of 5-6cm at first recognition
is usually removed without a delay (Scheele, 1993).

1.3.1.4. Conclusions of surgical treatment

Surgical resection of liver metastases can, in selected patients, produce impressive 5 year
survival rates (25-40%) with a low operative mortality, and this has been confirmed in
most of the reported surgical series. Despite having a significant morbidity and high
recurrence rate, surgery is the only treatment which offers the chance of a cure in some
patients; even though this number is small, surgery does have an important role in the
management of patients with liver metastases, and should be offered to selected patients
(Taylor, 1992). Tumour biology needs to be better understood to aid in selecting
appropriate patients. Effective medical treatment is also urgently needed, not only to
reduce recurrence after surgery, but also to give some hope to the large number of patients
for whom surgery is inappropriate.

1.3.2. SYSTEMIC CHEMOTHERAPY

Most patients with colorectal liver metastases receive treatment with systemic
chemotherapy, and so this has been the focus of considerable attention. However,
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progress has been slow and the results disappointing; complete responses are rare, and
partial responses generally are reported in fewer than 25% of affected patients (Mayer,
1992).

1.3.2.1. Single agent chemotherapy

Since its introduction into clinical trials more than 30 years ago, 5-fluorouracil (5-FU)
remains the most effective single agent. A review of the literature of more than 2000 cases
of metastatic colorectal cancers treated with 5-FU by various schedules found a response
rate of only 21% (Carter and Friedman, 1974). The response duration is only 3-6
months, and the majority of patients will not survive a year (Thompson and Wrigley,
1988). Parenteral 5-FU has been shown to be more effective than the oral form (Hahn et
al, 1975), and low dose continuous infusion produces a greater response than a standard
bolus schedule (30% versus 7%) but with no improvement in overall survival (Lokich et
al, 1989). The reported survival times from studies using single agent 5-FU range from 7
to 13 months (Mayer, 1992). Toxicity can be a particular problem and includes bone
marrow suppression, diarrhoea, and mucositis. 5-FU alone is not considered to improve
median survival, although a controlled trial against no chemotherapy has never been
performed.

Many other single agents have been tried in advanced colorectal cancer, the majority of
which are ineffective (Mayer, 1992). Similarly, recombinant biotherapeutic agents such as
the interferons, human tumour necrosis factor, and interleukin-2 have not been shown to
be effective (Mayer, 1992).

1.3.2.2. Combination chemotherapy

Attempts to combine various chemotherapeutic agents with 5-FU have failed to
consistently improve response rates over 5-FU alone, largely because of the dose
reductions needed to prevent additive toxicities (Herrmann, 1993). Although there was
initial enthusiasm with combinations such as semustine, vincristine, streptozotocin and 5-
FU, with partial responses in more than 30% of patients (Kemeny et al, 1983), other
studies showed similar response rates and median survival times with 5-FU alone
(Richards et al, 1986). More recently, several prospective studies have compared cisplatin
and 5-FU with 5-FU alone; no improvement in median survival time was found with the
combination, and the cisplatin gave rise to significant toxicity (Mayer, 1992). The
combination of 5-FU and levamisole has also generated interest, since this has been found
to reduce the recurrence rate and prolong survival in patients with Dukes' stage C
colorectal carcinoma, when used as adjuvant therapy (Moertel et al, 1990). However, for
treating advanced colorectal cancer, this combination was no better than 5-FU alone in
terms of response rates and median survival times (Buroker et al, 1985).
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1.3.2.3. Biochemical modulation of 5-FU

This involves the use of a pharmacologic agent to increase the biologic effect of a second
drug; in this context, such agents include allopurinol, methotrexate, PALA
(phosphonacetyl-L-aspartate), interferon, and folinic acid (Kemeny et al, 1993).
Allopurinol has been abandoned because of CNS toxicity and failure to improve clinical
results (Herrmann, 1993). With methotrexate the results have been conflicting, and
despite 10 years of clinical trials, it is still uncertain whether the methotrexate and 5-FU
combination is superior to 5-FU alone (Mayer, 1992). Two recent uncontrolled studies
showed an objective response in 42% of patients given PALA and a low dose infusion of
5-FU (Ardalan et al, 1988; O'Dwyer et al, 1990); this encouraging data warrants further
investigation. In an initial report of interferon plus 5-FU, there was a 63% response rate
(Wadler et al, 1990); however, two other reports, using the same dose and schedules,
yielded only a 24% response rate with significant toxicity in one (Kemeny et al, 1990),
and a 35% response rate in the second study (Pazdur et al, 1990).

The most successful method of modulating the cytotoxicity of 5-FU has been to combine it
with folinic acid (leucovorin). Various schedules of folinic acid and 5-FU have yielded
response rates of 15-45% in previously untreated patients with metastatic colorectal
cancer, which on average are considerably higher than what is to be expected from 5-FU
alone (Herrman, 1993). The results of several randomised studies have confirmed the
better response rate of folinic acid and 5-FU over 5-FU alone (Arbuck, 1989); the doses
and schedules of both drugs varied greatly and have not yet been optimised. In two of
these trials there was a significant improvement in median survival, from 7 months to 12
months (Poon et al, 1989; Ehrlichman et al, 1988); however, for one of these, this claim
has been withdrawn after longer follow-up (Ehrlichman, 1991). A recent meta-analysis of
most of the reported studies has concluded that overall survival is not improved by the use
of folinic acid and 5-FU compared with 5-FU alone (Advanced Colorectal Cancer Meta-
Analysis Project, 1992). While overall responses are more frequent with the combination,
this advantage is lost for studies that used a high dose intensity of 5-FU in their control
arm (Valone et al, 1989). The addition of folinic acid appears to markedly increase the
degree of gastrointestinal toxicity (Grem et al, 1987).

After all these studies the oncology community is not unanimous about the use of folinic
acid and 5-FU. While some are claiming this combination to be the new standard, others
tend to be less convinced. Even so, this combination is currently the most widely used
initial form of treatment for patients with advanced colorectal cancer (Rubens et al, 1992);
the best results in terms of response, quality of life, and survival have been reported by
Poon et al (1989), and since their regimen is fairly easy to manage and not too expensive it
has gained the most popularity (Herrmann, 1993).
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1.3.2.4. Conclusions of systemic chemotherapy

Although systemic chemotherapy for advanced colorectal cancer has improved over the
past decade, with increased response rates, the impact on survival has been minimal, and
toxicity remains a significant problem. Many studies do not clarify how often the liver is
the predominant area under study as opposed to other sites of metastases, which makes
interpretation with respect to liver metastases difficult.

A recent study from the Nordic Gastrointestinal Tumour Adjuvant Therapy Group (1992)
showed that early chemotherapy in patients with asymptomatic advanced colorectal cancer
improved median survival by 5 months (p<0.01) and symptom free period by 6 months
(p<0.001), as opposed to giving chemotherapy only after development of symptoms.
Scheithauer et al (1993) performed a randomised comparison in patients with advanced
colorectal cancer, of chemotherapy (5-FU+leucovorin+cisplatin) and supportive care
versus supportive care alone. Although the numbers were small, overall survival was
significantly longer for patients given chemotherapy (11 months) than for those receiving
supportive care alone (5 months; p=0.006). There was no significant difference between
the 2 groups in quality of life scores, and in those patients with abnormal scores before
treatment, quality of life seemed better in the chemotherapy arm. These studies, if
confirmed, could justify the case for careful follow-up of patients after resection of their
primary and use of chemotherapy as soon as recurrence is detected.

One area which shows promise is surgical adjuvant chemotherapy to reduce the incidence
of recurrence after resection of the primary. Given systemically to patients with Dukes
stage C colon cancer, 5-FU and levamisole have been shown to reduce the recurrence rate
by 41% (p<0.00005) and the death rate by 33% (p=0.0052) at a median follow-up time of
3 years (Moertel, 1992); although this has been recommended as routine therapy for
Dukes C cancers by the National Cancer Institute in the USA, many clinicans in the UK
remain sceptical and await the results of further randomised trials (Consensus on adjuvant
treatment of colorectal cancer, British Institute of Radiology Conference, Glasgow, May
1993). Taylor et al (1985) in a randomised, prospective study, found a significant
reduction in the incidence of liver metastases and an improvement in survival in patients
receiving 5-FU infusion into the portal vein at the time of surgery to the primary; this was
not confirmed by Beart et al (1990) in a similar study. The UKCCCR are currently
performing a large randomised study to clarify the role of intra-portal 5-FU infusion for
the prevention of hepatic metastases, and this forms part of the AXIS trial (Gray et al,
1991).
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1.3.3. REGIONAL TREATMENTS

The very limited benefit from systemic chemotherapy has stimulated attempts at regional
treatments to the liver for metastatic disease, since in a large number of patients the tumour
is confined to the liver.

1.3.3.1. Regional chemotherapy

This is administered via the hepatic artery, since liver metastases derive the majority of
their blood supply from the hepatic artery (Breedis and Young, 1954; Taylor et al, 1979).
Metabolism of 5-FU or floxuridine (FUDR) by the liver allows maximal effect to the
tumour and reduces systemic toxicity (Ensminger et al, 1978). Earlier, uncontrolled
studies showed very good partial responses, up to 83% (Niederhuber et al, 1984). The
results of several randomised trials comparing hepatic arterial infusion of FUDR with
systemic therapy (5-FU or FUDR) are now available. They all show significantly
improved hepatic response rates in patients receiving intra-arterial therapy (response rates
42-62%) compared with those receiving systemic treatment (response rates 10-21%)
(Ensminger, 1993). The patients who received regional therapy had a 1-6 month
improvement in median survival, but this was statistically significant in only one trial
(Rougier et al, 1992). The toxicity with intra-arterial therapy was significant; 50% of
patients in one trial had biliary cirrhosis, and chemical hepatitis occurred in 42% of
patients in one study and 79% of patients in another (Mayer, 1992).

It is generally accepted that regional chemotherapy improves the response rate of liver
metastases compared to systemic therapy, but there is disagreement on whether the former
improves survival, particularly with the responses currently being obtained from systemic
5-FU plus folinic acid (Kemeny, 1992; O'Connell, 1992). However, to date, no
controlled trial has convincingly shown improved survival rates with regional rather than
systemic therapy (Pentecost, 1993). A major problem with regional therapy is the
progression of extra-hepatic disease which the majority of patients eventually succumb to
(Allen-Mersh, 1989), and a combined regimen of regional and systemic chemotherapy
may have a role (Safi et al, 1989).

1.3.3.2. Ischaemic therapies

Because the predominant blood supply of liver tumours is from the hepatic artery, attempts
have been made to restrict the blood flow to these tumours, the objective being to reduce
tumour mass and improve survival. Hepatic artery ligation or dearterialization on their
own have no survival benefit in patients with liver metastases (Bengmark and Jeppsson,
1989), the latter also being associated with significant morbidity and mortality (Almersjo et
al, 1972). However, repeated transient dearterialization with an inflatable balloon in the
hepatic artery can improve symptoms in patients with carcinoid liver metastases (Persson
et al, 1989).
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Taylor (1978) combined hepatic artery ligation with distal artery infusion of 5-FU with or
without portal vein infusion of 5-FU, in a randomised, controlled study. He found no
survival benefit of hepatic artery ligation and intra-arterial 5-FU over untreated controls;
however, combined with portal vein infusion, the survival improved significantly, from a
median of 3 months to 9.8 months (although numbers were small). Ekberg et al (1986a)
found no survival improvement in patients receiving temporary dearterialization plus intra-
arterial 5-FU over those receiving 5-FU alone. Gerard et al (1986) reported no survival
benefit of hepatic artery ligation and portal vein infusion of 5-FU compared to hepatic
artery ligation alone, both groups having a median survival of 11 months. Laufman et al
(1984) found a 63% response rate and a median survival of 13 months in 19 patients with
colorectal liver metastases treated by hepatic artery ligation and portal vein infusion of 5-
FU and mitomycin C. These studies do suggest that delivering chemotherapy via both the
hepatic artery and portal vein gives better responses than either alone, indicating that the
portal vein supply of metastases, although limited, is of importance (Lin et al, 1984;
Taniguchi et al, 1993).

Hepatic artery embolization performed under radiological control is an alternative method
of occluding hepatic arterial flow, which may improve symptoms in patients with
endocrine metastases (Allison et al, 1985) and in some patients with colorectal liver
metastases (Taylor, 1985). Chuang and Wallace (1981) obtained promising survival
results with this technique, but Hunt et al (1990a) in a randomised trial, found no survival
benefit from embolization of colorectal liver metastases compared with untreated controls.

Embolization has also been performed with hepatic arterial infusion of cytotoxic agents,
with variable results, and no convincing survival benefit (Okamura et al, 1982; Patt et al,
1983; Shimamura et al, 1988). Chemoembolization has also been performed for liver
metastases, by attaching drugs to microspheres prior to delivery via the hepatic artery.
Small metastases capture these microspheres in preference to normal liver because they
have a relatively greater blood flow; use of degradable material such as starch
microspheres allows repeated treatments. Encouraging results have been reported by Hunt
et al (1990a); they found an improved survival in patients receiving intra-arterial 5-FU and
starch microspheres compared to untreated controls (median survival 9.6 versus 13
months, respectively), but this was not statistically significant, which may have been due
to the small patient numbers.

1.3.3.3. Radiation therapies

This can be delivered as external beam therapy or by injection of radioactive substances.

External beam radiotherapy for liver metastases is limited by the radiosensitivity of normal

liver; the maximum dose which can be given without a high probability of inducing

radiation hepatitis is 35Gy (Thomas, 1984). This does not influence survival (Taylor,

1985), although it may palliate symptoms such as pain, nausea and fever (Borgelt et al,
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1981). Combined radiotherapy and regional chemotherapy (FUDR or 5-FU) has been
used by several investigators, but the average response rate is no higher than regional
chemotherapy alone, and toxicity may increase (Kemeny and Sugarbaker, 1989).

Several studies have reported injection of yttrium-90 microspheres into the hepatic artery,
with good objective reduction of tumour volume (Grady, 1979; Gray et al, 1992);
however, the morbidity can be significant (Novell et al, 1991), and a survival benefit has
not been shown. Ariel and Padula (1978) combined intra-arterial radiation with 5-FU, and
found a 60% improvement in symptoms and mean survival times of 12-14 months in 65
symptomatic patients with liver metastases. Lipiodol (labelled with I-131) may also be
used as a vehicle for selective internal radiotherapy of liver tumours, although localisation
of lipiodol in large colorectal liver metastases is very poor (Hind et al, 1991).

I-131 labelled anti-CEA monoclonal antibody has been described for treating colorectal
liver metastases (Delaloye et al, 1985), but the delivery of a lethal radiation dose to tumour
cells is not yet within the scope of monoclonal techniques (Novell et al, 1991), and
toxicity remains a significant problem (Beatty, 1992). Uptake of monoclonal antibody by
tumour is poor because of variable tumour vascularity and heterogenéous antigen
expression.

1.3.3.4. Conclusions of regional therapies

Hepatic arterial chemotherapy is at an impasse, with an inability to conclude whether the
benefits outweigh the risks (Ensminger, 1993); technical progress and improved regimens
are needed, although, if a more effective systemic therapy is found, regional therapy alone
may have little to offer. Combining ischaemic therapies with regional chemotherapy may
have a useful role in the future, particularly with repeatable therapy using degradable
starch microspheres. Irradiation, either internal or external, may be valuable in palliation
of severe pain, but there is no convincing evidence that overall survival is improved at a
dose which can be safely delivered to the liver.

Overall, regional therapies require further improvements, and controlled trials are needed
to show any worthwhile benefit; the likelihood of extra-hepatic disease remains high,
even in patients whose disease appears macroscopically confined to the liver.

1.3.4. LOCAL TREATMENTS

Since the results of systemic and regional therapies have been generally poor, and surgery

is appropriate in only a small number of patients, there has been considerable interest

recently in different ways of locally destroying liver tumours. The main objective is to

destroy liver metastases completely, while keeping morbidity to a minimum. The rationale

is that effective in situ destruction of tumour plus a margin of surrounding normal liver
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may provide a survival benefit, if applied to a similar group of patients who benefit from
surgical resection. Furthermore, local therapy could also be used to treat a much larger
group of patients who have small volume tumour confined to the liver, but do not fit the
criteria for surgery. These local therapies are described below; all are either minimally

invasive or non-invasive, apart from cryotherapy which requires a laparotomy.

1.3.4.1. Cryotherapy

This involves freezing tumours by cryoprobes, and is the most invasive local therapy since
it requires a laparotomy. Using intra-operative ultrasound (IOUS) guidance, 3-8mm
cryoprobes are inserted into the tumour, and freezing accomplished by circulating liquid
nitrogen at -196°C through the inside of the probe (Bayjoo and Jacob, 1992). The volume
of tumour destroyed can be accurately assessed by IOUS and is seen as an enlarging
echogenic "iceball" (Onik et al, 1986); a 3cm iceball is produced by an 8mm cryoprobe
(Bayjoo and Jacob, 1992). Charnley et al (1989) reported 7 patients with 39 liver
metastases (size 0.5-6.5cm) treated by cryosurgery; CT scanning of all lesions after
treatment showed evidence of tumour necrosis and regression in size at 6 weeks, and CEA
levels fell in 3 patients, although no survival data was available. Ravikumar et al (1991)
treated 24 patients with colorectal liver metastases, and at a median follow-up of 2 years
(range 5 months to 5 years), 7 (29%) were disease-free, 8 (33%) were alive with tumour
recurrence, and 9 (38%) had died. In only 2 (8%) patients, recurrence was noted at the
cryo-ablated site in the liver. In an earlier study of 20 patients, Ravikumar and Steele
(1989) reported a 3 year disease-free survival of 25%. From the published studies,
smaller tumours (less than 4cm) appear to respond well, and survival data from these
uncontrolled early studies looks promising (Bayjoo and Jacob, 1992).

Cryosurgery has low morbidity and no operative mortality has been reported.
Complications include asymptomatic pleural effusions, bleeding after "freeze-thaw"
cracking of the liver surface, myoglobinuria, and hepatic abscess (Bayjoo and Jacob,
1992).

Modern technology has allowed cryotherapy to evolve as a feasible and relatively safe
technique for destroying small liver tumours. The main disadvantage is that it requires a
laparotomy with its associated morbidity and limitation of repeatability for recurrent
tumour. An advantage of performing a laparotomy is that it permits the use of IOUS,
which improves tumour detection and allows accurate targeting of the tumour.

1.3.4.2. High intensity focused ultrasound (HIFU)

In this technique, ultrasonic energy of frequency 1-7.5MHz is generated in an external

transducer, and brought to a sharp focus at a pre-determined depth within the body. With

high intensity (>100W/cm?) ultrasound there is rapid tissue destruction in the focal zone

(within 1 second), and the local temperature rises up to 120°C in vivo (Vallencien et al,
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1992). Focal coagulative necrosis is produced by a combination of cavitation and thermal
effects (Vallencien et al, 1991), and experimental work in animal liver and tumour models
has demonstrated that well-defined zones of coagulative necrosis can be safely and
reproducibly induced (Chapelon et al, 1992; Yang et al, 1992; ter Haar et al, 1991).

Clinical experience is currently very limited. Vallencien et al (1992) treated 2 patients with
solitary liver metastases prior to surgical resection. In one patient there was no effect
seen, which was attributed to an error in the composition of the coupling fluid; in the
other patient there was enormous laceration of the tissues and patchy areas of necrosis
within the tumour which may have been spontaneous and unrelated to HIFU. One of these
patients also received a third degree skin burn.

Although the concept of HIFU is attractive, with the potential of non-invasively ablating
liver tumours, considerable improvements are still needed in the technique. Intervening
subcutaneous fat, bone, lung or bowel may considerably attenuate the ultrasound beam,
and movement of the liver due to respiratory excursion may severely aggravate targeting
difficulties.

1.3.4.3. Percutaneous alcohol injection

This is performed under ultrasound guidance, 1-8mls of sterile absolute (95-99%) alcohol
being injected through thin (22 gauge) needles directly into liver tumours (Livraghi et al,
1992; Shiina et al, 1993). The exact quantity of alcohol used is not precisely defined, and
depends to some extent on the size of the tumour and response after initial therapy;
injection of 10-20mls three times weekly for up to 12 treatments is common (Dusheiko et
al, 1992). Alcohol exerts its cytotoxic effect by a direct action, causing cellular
dehydration and coagulative necrosis (Van Eyken et al, 1991). Most experience of this
technique has been reported in patients with small hepatocellular carcinomas, largely by
Italian and Japanese groups, who have found long term survival after alcohol injection to
be comparable to surgical resection series (Livraghi et al, 1992; Shiina et al, 1993).
Although large numbers of patients have been reported as being treated by alcohol, there
has not yet been a randomised controlled study. Experience of treating liver metastases
with alcohol injection is more limited and less effective (Masters et al, 1991; Amin et al,
1993). It may sometimes be effective at destroying small (<2cm) liver metastases,
particularly from endocrine primaries, but is less likely to be effective in treating colorectal
liver metastases (Livraghi et al, 1991). The reason for this is that colorectal liver
metastases tend to be hard tumours, without a capsule, surrounded by soft liver, and so
the tendency for injected alcohol is to track back around the needle into surrounding liver
rather than stay in the tumour, through which it diffuses in an irregular and
inhomogeneous way; in contrast, hepatocellular carcinomas are soft tumours with a
fibrous capsule, often surrounded by hard cirrhotic liver, so that injected alcohol tends to
remain within the tumour and diffuses through it relatively homogeneously (Amin et al,
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1993). Alcohol tracking back up and around the needle often spills into the peritoneal
cavity causing severe pain, which is the main complication. Other side-effects of
percutaneous alcohol injection are minimal.

Despite the advantages of being a cheap and simple technique, percutaneous alcohol
injection is relatively ineffective for treating colorectal liver metastases; this was the
unanimous conclusion of the First International Workshop on Liver Tumour Ablation
(Chicago, Illinois, November 1992).

1.3.4.4. Radiofrequency (RF) electrocautery

This is a promising, recently introduced technique in which a standard electrosurgical
generator is used to apply radiofrequency energy interstitially, via a percutaneously
introduced fine needle sheathed in non-conductive plastic (McGahan et al, 1990). The
bare lcm tip of the needle is placed into the desired target (ie. tumour) using ultrasound
guidance; the diameter of needle is about 1mm (18 gauge). During RF electrocautery a
high frequency alternating current flows from the uninsulated tip of the electrode into
surrounding tissue, and thermal damage occurs by ionic agitation - this results in frictional
heating in the tissue around the electrode, rather than the electrode itself being a primary
heat source (McGahan et al, 1990). Eventual drying of the tissue around the needle-tip
causes a decrease in the current flow, and halting of thermal destruction (McGahan et al,
1990). In vivo experimental work in pig liver has resulted in the safe production of well-
defined and predictable lesions of coagulative necrosis of 1-2cm in diameter, when using a
coagulation setting on the electrosurgical unit for 1-2 minutes (Rossi et al, 1990; Sanchez
et al, 1991; McGahan et al, 1992); the temperature at the needle-tip has been recorded as
90°C (Rossi et al, 1991). The extent of thermal damage is seen on ultrasound as an
expanding echogenic zone around the needle-tip, and the size of the necrotic lesion is
dependent on the type and dimensions of the probe as well as the energy settings used
(Sanchez et al, 1991).

Clinical application of this technique has been reported by Buscarini et al (1991) in 10
patients with small (1.2-3cm) but inoperable hepatocellular carcinomas; they claimed an
immediate tumour destruction rate of 100% (all post-treatment biopsies were negative for
tumour). Three patients remained free of tumour at 1 year follow-up, but recurrence was
found in the other 7 patients.

RF electrocautery has the potential to be a safe, cheap and effective percutaneous technique

for destroying small liver tumours, particularly if multiple electrodes are used. No patients
with liver metastases treated by RF electrocautery have so far been reported.
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1.3.4.5. Interstitial radiotherapy

The rationale for interstitial radiotherapy is that much higher radiation doses can be
delivered to the tumour directly, sparing normal liver and so minimising hepatic toxicity,
which is a common problem with external radiotherapy (Masters et al, 1991). Nauta et al
(1987) treated 12 patients with inoperable liver metastases by inserting an iridium-192
source into superficial lesions at laparotomy; the length of the procedure varied from 3 to
7.5 hours, and out of 10 patients who had an initially raised CEA level, 6 showed a fall
within 2.5 months of treatment. Dritschilo et al (1986) applied this technique
percutaneously (under ultrasound guidance) using a 14 gauge needle applicator and a high
intensity iridium-192 source. They treated 6 patients with colorectal liver metastases (size
2-9.5cm), and at 1 month follow-up there was a 25% tumour regression in 1 patient and
no increase in tumour size in the other 5 patients. All that can be concluded from this
study is that the technique is feasible, with little toxicity; the duration of patient response

and survival were not mentioned.

Although interstitial radiotherapy has sound rationale for its use, the effects of treatment
cannot be monitored during therapy, and further evaluation of its efficacy is required
before its potential role can be determined. '

1.3.4.6. Hyperthermia

Conventionally, hyperthermia indicates elevation of tissue temperatures to 41-45°C, this
form of treatment often being practised by Radiotherapists/Oncologists mainly for
superficial malignancies (Diamond et al, 1988); the rationale is that the tumour micro-
environment (ie. low pH, low oxygen, and low glucose) makes tumour cells more heat
sensitive than cells in normal tissue (Song et al, 1980). Combination of hyperthermic
treatments with chemotherapy and particularly radiotherapy have been widely reported to
give better tumour response compared to chemotherapy or radiotherapy alone (Perez et al,
1983; Green et al, 1989). Most centres use external applicators (microwave,
radiofrequency, or low intensity ultrasound) to achieve moderate temperatures (41-45°C)
in superficial tumours - this requires long exposure times (1-2 hours) for cell death to
occur; cells die during their remaining cycle, which can take up to 1 week (Nishimura et
al, 1989). These relatively small temperature rises inevitably result in non-uniform
heating, with subsequent patchy and imprecise tumour destruction (Bleehen, 1982).
Targeting of deep-seated tumours has become possible with the use of interstitial heating
devices (Emami et al, 1991), but the temperatures are still being kept below 45°C
(Coughlin, 1990) - this is due to the desire to keep damage to normal tissues minimal, and
also because of the concern that patients may not tolerate local elevations of temperature
greater than 45°C. In organs such as the liver which often have small tumours surrounded
by plenty of well perfused normal tissue, it is particularly difficult to keep temperatures
around an interstitial heating device uniformly below 45°C. Furthermore, it is desirable to
destroy a margin of surrounding normal liver as well as the tumour itself; therefore,
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maintaining temperatures below 45°C is unlikely to be of any significant benefit when
treating liver tumours.

Reports of true hyperthermia treatment to liver tumours are few. Nagata et al (1990)
reported on 26 patients with liver tumours (20 with metastases and 6 with
cholangiocarcinoma) who were treated with radiofrequency thermotherapy (temperatures
kept below 44°C) combined with chemotherapy or radiotherapy; local response rates were
11% and 33%, respectively, which increased to 86% when embolization was also
performed. The 1 year survival of these 26 patients was 50%. Storm et al (1982) also
used radiofrequency hyperthermia to treat 10 patients with melanoma liver metastases, in
combination with chemotherapy; tumour regression was found in 3 patients, there was no
change in tumour size in 5 patients, and 2 patients had tumour progression. All patients
died of progressive disease elsewhere.

Hyperthermia treatment to liver tumours has no proven survival benefit. It may have a
potential role in the palliation of symptomatic patients, and for additive or synergistic
effects when combined with chemotherapy or radiotherapy; the toxicity of the latter two
modalities may then be reduced (Hugander, 1990).

Confusion with the terminology of heat treatments is frequently encountered. Although
hyperthermia means elevated temperature, it has conventionally become defined as a
uniform temperature rise to 41-45°C. Heating modalities using temperatures much greater
than 45°C should preferably not be termed hyperthermic treatments, in order to avoid any

confusion.

1.3.4.7. Conclusions of local treatments

There are a variety of local therapies available for liver tumour destruction. All show some
degree of effectiveness. However, most of these treatments are still being evaluated, and
as there are no controlled trials, it is not possible to make any valid comments on survival
benefit. There are also no comparative clinical studies on the relative merits of the
different modalities. The ideal local treatment should be simple to perform, cheap, readily
available, minimally invasive, easily repeated, with minimal morbidity and no long term
adverse effects. This latter point is especially important since the majority of patients who
are suitable for local therapy have asymptomatic, small volume liver tumour. The
objective of local therapy should be complete destruction of targeted liver tumour, except
in the case of endocrine metastases, when debulking may be reasonable. Ideally, the
tumour destruction should be amenable to monitoring with non-invasive modalities (such
as ultrasound, CT or MRI). Patients who may be suitable for local therapy should have
less than 10% replacement of liver volume by tumour, and preferably less than 5%; in
addition, there should only be a small number of tumour deposits, since multiple small
metastases are unlikely to be amenable to local therapy, even if the PHR is less than 5%.
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The potential advantages of local therapy include low morbidity and mortality rates, short
hospital stay, repeatability, and relatively safe treatment of lesions in close proximity to
major vessels.

With further developments and improvements, local techniques may rival and improve
upon the results of surgery, with much lower morbidity and negligible mortality rates for
suitably chosen patients (Masters et al, 1991), particularly for tumours under 3cm in
diameter.

Another promising local treatment of liver tumours is interstitial laser photocoagulation
(ILP); this is a percutaneous technique in which tumours are destroyed by direct heating
using low power laser energy. ILP is described in detail in chapter 2, and forms the
subject of this thesis. |

1.4. CONCLUSION OF TREATMENT OF LIVER TUMOURS

Considerable progress over the last few years has improved the techniques and available
treatment options for managing patients with liver metastases. The only hope of cure is
surgical resection, but this is effective in only a very small number of patients. Improved
tumour detection and surgical techniques may mean that patients can be better selected for
surgery with subsequent improvement in survival rates, and a consequent reduction in
unnecessary operations. The majority of patients remain incurable and effective systemic
treatment is urgently needed. Newer chemotherapy regimes show some promise, but
further evaluation and considerable improvements are still needed. Regional
chemotherapy improves local response rates but produces no convincing improvement in
survival. Some new local treatments show promise, and with improved techniques may
be capable of consistently destroying small (<3cm) liver tumours. On their own, local
therapies are unlikely to improve survival. Using an effective local therapy with a more
effective systemic therapy than is currently available could become a promising
combination in the future; this would be of potential benefit to a large number of patients
with liver metastases.

The treatment of patients with liver metastases should, whenever possible, be in the
context of a carefully planned clinical trial, so that reliable information about the effects of
treatment can be obtained. Once new treatment modalities have been shown to be capable
of effectively and safely eradicating liver metastases, the aim should be to perform
controlled, randomised trials. Since a no-treatment arm in such trials is unlikely to be
acceptable to patients, comparative studies between different modalities should be
performed. Unfortunately, only about 1% of patients with metastatic cancer enter
prospective randomised trials (Kemeny et al, 1993). Currently, most asymptomatic
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patients with liver metastases are not given any treatment, and are simply monitored until

symptoms occur (Kemeny et al, 1993).
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CHAPTER 2: INTERSTITIAL LASER PHOTOCOAGULATION (ILP)

Introduction
2.1. Principles of ILP
2.2. Laser-tissue interaction
2.3. Experimental work on ILP
2.3.1. Terminology: ILP or ILH?
2.3.2. Normal liver
2.3.3. Tumour models
2.3.4. Imaging of ILP

2.4. Clinical work on ILP

2.5. Conclusion

57



INTRODUCTION

Chapter 1 reviewed the different local methods for destroying liver tumours. Another
local technique for tumour destruction, called interstitial laser photocoagulation (ILP), will
be discussed in detail in this chapter.

The rationale for using local therapy for treating liver tumours has been discussed earlier.
If surgical resection improves survival in selected patients, then complete in situ
destruction of tumour as well as a margin of normal liver, could theoretically also improve
survival in similarly selected patients. An effective, minimally invasive, local therapy may
also be of potential benefit to a large number of patients who have small volume liver

tumour but are unsuitable for surgery.

ILP is a percutaneous technique of tumour destruction in which tumours are slowly heated
to temperatures exceeding the threshold for protein denaturation, using low power laser
energy delivered directly to the tumour via thin flexible optical fibres.

ILP has undergone evaluation for the last 10 years and the majority of the work has been
experimental. In common with many other new treatments for liver tumour destruction,
ILP has not yet reached the stage of controlled clinical trials, but continues to evolve and

improve as a technique of local tumour destruction.

In this chapter the principles of ILP and laser-tissue interaction will first be briefly
discussed. A review of the relevant experimental and clinical literature on ILP will follow.

2.1. PRINCIPLES OF ILP

The principles of ILP were first described by Bown (1983). Thin (0.2-0.8mm) flexible
optical fibres are inserted percutaneously, via hollow metal needles, so that the fibre-tip
lies within the tumour to be treated. The other end of the fibre is connected to a laser
which emits light of an appropriate wavelength. The laser is then activated at low power
(1-3W) for a long exposure time (300-1000s). The laser light emitted from the fibre-tip
penetrates and scatters in the surrounding tumour tissue, and is absorbed as heat, with
subsequent denaturation and coagulation of the tissue proteins. This results in a fairly
predictable, well-defined, spherical zone of coagulative necrosis around the fibre-tip.
Maximum effect occurs at the desired site with minimal effects on other adjacent tissue,
apart from the thin track required for insertion of the needle and optical fibre. The
resulting in situ tumour necrosis is gradually resorbed, and healing occurs over several
months, the necrosed tissue eventually being replaced by a small fibrous scar.
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When the optical fibre-tip is buried in tissue, the response occurs in a very confined space.
If the energy delivered is too fast, the result can be drastic. An excessive amount of tissue
water may be vaporised, and since there is nowhere for this to escape, local pressure
disruption of tissues may occur; also, the fibre-tip can be damaged if it gets too hot while
in contact with biological material. Thus, interstitial therapy is best carried out at relatively
low laser powers (less than SW).

For ILP to be safe, it is essential to be able to predict the nature, extent and healing of the
tissue damage that given laser parameters will produce; this is particularly important since
it is not possible to assess the results of ILP by any immediate visual effect. Hence, the
laser parameters need to be carefully evaluated and defined by in vivo experimental work,
so that a predictable size of necrosis can be produced by appropriately selected parameters.
Ideally, an accurate, non-invasive monitoring modality is also desirable, since biological
variability can reduce the predictability of tissue response to ILP.

ILP is most suitable for tumours of solid organs, which are surrounded by plenty of
normal tissue. Small tumours in the liver are particularly suitable for ILP, since the liver is
a well-perfused organ (which assists in containing thermal damage around the fibre-tip)
and has excellent regenerative potential (allowing destruction of significant volumes of
tissue).

2.2. LASER-TISSUE INTERACTION

A laser is a device which amplifies light to produce an intense beam, and differs from
other light sources in that it produces a beam which is coherent, monochromatic and
highly collimated (Carruth and McKenzie, 1986). These properties allow laser light of
appropriate wavelength to be delivered in a precise, controlled and predictable manner to a
very small area. The laser light is transmitted by thin flexible optical fibres, and the effects
produced are limited to the desired target area.

Lasers are playing an increasingly important role in a wide variety of clinical applications.
They deliver light energy to tissue with great precision, and can produce a range of tissue
effects. For the majority of clinical applications, the most important laser-tissue effects are
thermal, and include tissue vaporisation, necrosis, and coagulation (Bown, 1991).
Medical lasers are widely used in the non-contact mode, with the fibre-tip a few
millimetres above the target area, which is vaporised using high powers (50-80W) over a
short exposure time (1-2s); this technique is commonly used to recanalise advanced
obstructing cancers of the oesophagus or bronchus (Fleischer, 1984; Hetzel et al, 1985).
In contrast, ILP is performed with relatively low powers (less than SW) over a long
exposure time (300-1000s), with the fibre-tip buried within the tissue - this gives rise to
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slow and controlled heating, and a gradually enlarging zone of coagulative necrosis around
the fibre-tip (Bown, 1983).

There are several types of lasers, each producing light of a specific wavelength in the
electromagnetic spectrum. The three main medical lasers which have been used for their
thermal effects are: the carbon dioxide (COj,) laser with a wavelength of 10600nm in the
far infra-red part of the spectrum; the neodymium yttrium aluminium garnet (Nd:YAG)
laser with a wavelength of 1064nm in the near infra-red part of the spectrum; the Argon
ion laser which has two main lines at 488nm and 514nm in the blue and green region,
respectively, of the visible spectrum. There are two new lasers which are currently
undergoing evaluation of their potential utility in clinical practise. These are the Nd:YAG
laser producing a wavelength of 1320nm (Mordon et al, 1990; George et al, 1991), and a
portable diode laser (gallium aluminium arsenide, GaAlAs) with a wavelength of 805nm
(Manni, 1992; Wyman et al, 1992).

The light which is emitted from the fibre-tip during ILP may be reflected, transmitted,
scattered or absorbed, the latter resulting in heat deposition in the tissue with subsequent
thermal damage (Fisher, 1992). The tissue changes which take place are related to the
temperature reached and the time for which the tissue remains at these temperatures
(Thomsen, 1991). At temperatures below 45°C tissue effects are only produced over a
long time (30 minutes to several hours) and are often reversible. They include mitotic
arrest (Sisken et al, 1965), decreased cell metabolism (Muckle and Dixon, 1971), fall in
cellular oxygen and pH (Bicher et al, 1980), and changes in local blood flow (Dudar and
Jain, 1984). At 45-99°C there is irreversible denaturation of tissue proteins and
coagulation occurs. The changes that take place are similar to those seen during heating of
egg-white, and their production is dependent on the length of time for which a temperature
is maintained, this being shorter at higher temperatures (Priebe et al, 1975). At
temperatures greater than 100°C tissue water boils; the conversion of water to steam
results in a thousand-fold expansion and the cell walls rupture, allowing steam to escape
(Carruth and McKenzie, 1986; Brackett et al, 1986). During ILP, with the heating
occurring in a closed space, the steam escapes along tissue planes and into any adjacent
blood vessels. Once the water around the fibre-tip has dried, the temperature will rapidly
rise to 300-400°C, with subsequent tissue blackening, carbonisation and smoke
production (Carruth and McKenzie, 1986; Matthewson, 1991).

The extent of thermal necrosis occurring in tissues is dependent on the laser wavelength
used, energy deposited, and the thermal and optical properties of the target tissue
(Svaasand et al, 1985). The absorption of laser light in tissue is highly dependent on its
wavelength (Blanc and Colles, 1990). It is the absorbed energy which produces the
biological effect, but reflection, transmission and scattering determine where the light
goes, and consequently the volume of tissue in which it is absorbed. During ILP, the laser
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beam exits from the fibre-tip and undergoes multiple scatterings in the surrounding tissue,
so that the light becomes distributed in an almost spherical pattern around the fibre-tip
(Matthewson, 1991). The size of this spherical distribution depends on the optical
penetration of the light into the tissue, which in turn depends on the wavelength of the
light and the optical properties of the tissue (Blanc and Colles, 1990; Svaasand et al,
1985). The 1064nm Nd:YAG laser has excellent tissue penetrating qualities and is highly
scattered compared to the other medical lasers (Bown, 1983); it can penetrate pure water
up to 90mm (Haldorsson and Langerholc, 1978), but in soft tissue this decreases to a few
millimetres (Haldorsson et al, 1981; Brackett et al, 1986) due to increased absorption by
blood (Jacques et al, 1992) and increased scattering by tissue inhomogeneities (Svaasand
et al, 1985). In contrast, the CO7 laser beam is highly absorbed in water and penetrates to
a depth of only 0.1mm in soft tissue, with minimal scattering; it is used mainly for cutting
in surgery (McKenzie and Carruth, 1984). The Argon laser light is also more heavily
absorbed than the 1064nm Nd:YAG laser light, with a soft tissue penetration of around
Imm, absorption occurring mainly in haemoglobin and melanin; this laser is used in
ophthalmology and for treating port wine haemangiomas (Dolsky, 1984).

The two new laser wavelengths (1320nm and 805nm) are currently being evaluated for
possible clinical roles. Compared to the 1064nm Nd:YAG laser, the 1320nm Nd:YAG
wavelength is more heavily absorbed in water, less absorbed in blood and less scattered in
blood-containing tissue (Frank et al, 1987). In vivo work on canine gastric mucosa has
shown that the 1320nm wavelength produces similar volumes of vaporisation as the
1064nm, but 3-4 fold greater volumes of coagulation (Heldwein et al, 1987). The depth
of soft tissue penetration of the 1320nm Nd:YAG laser has been shown to lie between that
of the CO» laser and the 1064nm Nd:YAG laser (Mordon et al, 1990). The 805nm diode
laser has a similar scattering coefficient to the 1064nm wavelength in liver, but an
absorption coefficient 3.5 times greater (Jacques et al, 1992). The increased absorption of
the 805nm wavelength occurs principally in deoxygenated blood, in which it is 15 times
more strongly absorbed than the 1064nm wavelength (Cheong et al, 1990). During non-
contact laser therapy, the 805nm wavelength is more strongly absorbed and has less
penetration depth than 1064nm, and may be more effective for cutting tissue (Jacques et
al, 1992). Experimental work has shown that, overall, there are more similarities than
differences with respect to the soft tissue laser-tissue interaction (Jacques et al, 1992;
Wyman et al, 1992).

Hence, from the above discussion, it is clear that the 1064nm Nd:YAG laser gives the

deepest penetration of laser light into soft tissue, and so theoretically should give rise to

the largest volumes of thermal necrosis (Svaasand, 1989). This theoretical assumption

combined with the fact that Nd:YAG laser light is easily transmitted down thin flexible

fibres, has made this laser widely accepted as the most suitable laser for ILP. This has

resulted in virtually all of the current work on ILP being performed using the 1064nm
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Nd:YAG laser, with no comparative studies to evaluate the actual effects of less
penetrating wavelengths during ILP. The experimental section (chapter 4) of this thesis
addresses this question, and shows that the theoretical assumptions are, in practise,
wrong, when it comes to finding the best way to apply ILP.

2.3 EXPERIMENTAL WORK ON ILP

2.3.1. TERMINOLOGY: ILP or ILH?
2.3.2. ILP TO NORMAL LIVER
2.3.3. ILP TO TUMOUR MODELS
2.3.4. IMAGING OF ILP

Most of the experimental work on ILP has been concerned with the determination of
appropriate technical parameters (optimal fibre-tips, power and exposure time) and
assessing its safety and efficacy using animal models. Most studies have used normal
tissue, with more limited data available on tumour models. The appreciation of the
importance of imaging in ILP has prompted several studies to evaluate the role of
ultrasound and magnetic resonance imaging during and after ILP. Although the
experimental studies have used several different tissues in vitro and in vivo, including
pancreas (Nuutinen et al, 1992), brain (Schatz et al, 1992) and prostate (McNicholas et al,
1993), most of the literature is on liver tissue, and these studies will form the main subject
of this review section.

All of the work on ILP has to date been performed using the Nd:YAG laser with a
wavelength of 1064nm.

2.3.1. TERMINOLOGY: ILP OR ILH?

There is some confusion with the terminology used to describe interstitial laser therapy.
Several groups call this technique interstitial laser hyperthermia (ILH), although some are
now preferring the term interstitial laser photocoagulation (ILP). The problem with using
the term "hyperthermia" is that this conventionally indicates fairly uniform temperature
rises to 41-45°C for up to several hours, so that cells die during the remaining cell cycle
over several days (see section 1.3.4.6). However, using laser powers of 1.5-3W over 5-
15 minutes with bare optical fibres results in immediate tissue necrosis around the optical
fibre-tip (Thomsen, 1991), and much higher tissue temperatures than those used during
hyperthermia. Therefore, this form of treatment should preferably not be called
hyperthermia (Sweetland et al, 1989), and a more accurate term is photocoagulation.
Unfortunately, this has not yet become generally accepted, and many authors are still
using the term hyperthermia inappropriately. To add to the confusion, some groups are
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trying to avoid very high temperatures (and tissue charring) by using a diffusing optical
fibre-tip and intentionally keeping the temperatures below 45°C with a computer-linked
feedback system (Daikuzono et al, 1987; Panjehpour et al, 1990); this can be described as
hyperthermia, but does not use the potential of lasers to cause immediate tissue necrosis,
and appears to offer no real benefit over non-laser hyperthermic treatments.

2.3.2. ILP TO NORMAL LIVER

ILP has been performed in normal rat, rabbit and pig liver, in vivo. Many studies have
used low power (0.5-4W) over a long exposure time (50-2400s) and a bare optical fibre-
tip. There has also been much interest in various modified fibre-tips, often with much
higher laser powers, and multiple fibres have also been used. The predominant
pathological finding is that of a well-defined, fairly uniform zone of coagulative necrosis
around the fibre-tip, with relative sparing around larger blood vessels because of the
cooling effect of flowing blood; with the bare fibre-tips and/or at higher powers, a small
central cavity surrounded by a thin zone of charred tissue (due to the high temperatures
around the fibre-tip) is also present.

2.3.2.1. Bare fibre-tip work

This is the simplest way of performing ILP; the optical fibre tip is plane-cleaved at its
distal end, and sometimes the distal 3-5Smm of cladding and/or jacket is also stripped,
leaving the exposed core or cladding at the fibre-tip. The earliest and most comprehensive
work was performed by Matthewson et al (1987) in rat liver, using a 0.4mm optical fibre.
They originally used a pulsed laser (0.1ms pulses at 40Hz) but subsequently showed that
the results were identical to those obtained with a continuous wave laser (Matthewson et
al, 1986). Well-defined, symmetrical and reproducible necrotic lesions up to 16mm in
diameter were found, which increased in size with increasing power and energy, although
there was a plateau effect above a power of 1W and energy of 600J. Above 0.75W
charring around the fibre-tip was almost universal, but was reported as being
disadvantageous. Temperatures of up to 100°C were recorded at the fibre-tip, dropping to
52°C 8mm away, using a power of 2W. The relative light intensity 4mm away from the
fibre-tip fell to 27% of its initial value after a 200s exposure at 2W, indicating that the
optical properties of liver can change markedly during ILP. Arteriography demonstrated
loss of all small and some large (up to 1.5mm diameter) vessels in the treated area. All
lesions healed by regeneration, without complication, within 60 days, leaving a small
fibrous scar.

Matsumoto et al (1992) performed ILP in rabbit liver using a 0.6mm plastic clad fibre. At

powers of 2W and energy of 600J, the longitudinal (along the fibre-track) and transverse

(perpendicular to the fibre-track) diameters of necrosis were 17mm and 13mm,

respectively; at 3W and 900J, these diameters increased tc 27mm and 15mm,
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respectively. The variation in the longitudinal diameters at 3W was significant, with a
standard deviation of +/-5mm. This can be explained by the fact that at 3W there is greater
heating in front of the fibre-tip and a small cavity forms. This cavitation causes a forward
shift of the point of energy absorption, which in turn results in a more ellipsoidal lesion,

with a more variable length.

Dachman et al (1990) performed ILP in pig liver using a 0.6mm optical fibre, and powers
of 1-4W for 300s in order to produce necrotic lesions measuring about 1cm in diameter.
They showed that the necrosis heals safely over 7 weeks, the only abnormality being a
mild and transient rise in serum liver function tests. The same group reported a further
study in pig liver correlating temperature rises with necrotic lesion morphology (Dachman
et al, 1991). Powers of 0.15-3.8W were used for 360s, and the subsequent size of
necrosis was roughly proportional to the cube root of the power. Powers of 0.5-1.6W
produced lesions of 9-19mm in diameter (mean 8.5mm), with a maximum temperature of
244°C at the fibre-tip and 56°C 4mm away. Powers of 1.7-3.9W produced 10-20mm
lesions, and temperatures of 597°C at the fibre-tip and 102°C 4mm away. No mention
was made whether the thermocouples were gold plated so that they would not directly
absorb laser light. Bosman et al (1991) also used a 0.6mm fibre to produce three ILP
lesions in the liver of each of four pigs, with a power of 1.5W for 600s. The variation in
necrotic lesion size was marked: immediate evaluation showed sizes of 3mm, 10mm, and
11mm; in another pig, one week later the sizes were 0mm, 10mm and 12mm; in the third
pig, at 2 weeks the sizes were Omm, Smm and Smm; in the fourth pig, no lesion could be
identified at 4 weeks. The authors explained this variation by the fact that some of the
smaller lesions were adjacent to blood vessels; they also stated that the larger part of the
necrosis developed during the first week, although their data is insufficient to support such
a claim.

Higuchi et al (1992) used slightly higher powers for ILP to rat liver. At 9W and energies
of 45-360] ellipsoid necrotic lesions were produced, the transverse diameter plateauing at
Smm with energies of 180J or above; the longitudinal diameter continued to increase with
increasing energies, being 12mm at 200J and 16mm at 360J. They also used a constant
energy of 180J, and increased the power from 2W to 18W; at 2W fairly circular necrotic
lesions were produced measuring Smm in diameter, but at 4W or above the longitudinal
length of necrosis increased, plateauing at 12mm above 9W. Cavitation around the fibre-
tip was seen at 4W or above, which is the reason for the ellipsoid lesions (see above).
Plateauing of the transverse diameters is expected since the focus of energy is propagating
forwards; this was also observed in the longitudinal diameters with powers above 9W,
presumably because of the relatively short exposure times.

These studies on bare fibre-tip ILP have shown that low power (less than 3W) application
can consistently produce fairly symmetrical necrotic lesions of 10-20mm in diameter, the
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sizes in the larger pig livers being slightly smaller than in rabbit or rat liver, which is likely
to be due to the greater loss of heat in the former to the large volume of surrounding
vascular tissue. The size of necrosis produced by a bare fibre-tip is limited by the power
which can be safely applied, to avoid forward channelling of the light beam.

2.3.2.2. Multiple fibre-tip work

In order to safely increase the volume of tissue necrosis, and still use one laser as the
energy source, beam splitters or fibre-optic coupling systems have been used (Steger and
Bown, 1989; Joffe et al, 1989). These allow simultaneous activation of several optical
fibres. The most promising system tested has been the 1x4 Star Coupler (Canstar,
Canada), which is made by the fused biconic technique. This allows equal splitting ratios
from a single input optical fibre to 4 output fibres, and the power outputs remain stable
despite the loss of up to 40% of the input power at the fibre junctions (Steger, 1991).
This coupler has been used to produce thermal necrosis in normal canine liver (Steger et
al, 1992). The optimal parameters for producing uniform necrosis were found to be a
power output of 1.5W per fibre, an exposure time of 670s, and fibre-tip spacing of 1.5cm
positioned approximately at the 4 corners of an arbitrary square. This set-up gave well-
defined, spherical necrotic lesions of up to 4cm in diameter. Tissue charring was
consistently seen at the sites of the fibre-tips, and the recorded temperature in the centre of
the necrotic lesion (10mm from the fibre-tips) was 60°C after 500s of ILP. There was one
complication of an hepatic abscess one month after ILP, and there were transient rises in
serum liver enzymes by 24hrs which returned to normal by 60 days. Liver angiography
showed a clear "hole"” in the treated area with no arterial supply to the laser-induced
thermal necrosis. Healing occurred safely and by 1 year, only 4 small chars remained in
normal liver.

One of the problems with beam splitters is excessive heating of the coupler when using
powers above 1.5W per output fibre, which may result in permanent damage. Another
difficulty is in good alignment of the beam from the laser with the input fibre of the
coupler; this requires very careful construction of an appropriate connector, otherwise the
connector rapidly "burns out”. These are the main reasons why beam splitters have not so
far been more widely used.

2.3.2.3. Modified fibre-tip work

Several groups have developed various diffuser fibre-tips to increase the surface area from
which tissue heating occurs. The first of these was the artificial sapphire probe which was
made of a ceramic material with a high melting point and great tensile strength (Daikuzono
and Joffe, 1985). Most proponents of these sapphire tips combine their use with
thermocouple-linked feedback systems to keep temperatures below 45°C, the objective
being to increase light diffusion into tissue (Joffe et al, 1989). Tissue charring is avoided
by using flowing saline, although initially gas cooling was used resulting in fatal air
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embolus (Baggish and Daniell, 1989; Schroder et al, 1989). Several studies have shown
that sapphire tips are less effective at producing necrosis and are less efficient than bare
fibre-tips (Castren-Persons et al, 1992; Karanov et al, 1992), with up to half of the
delivered energy lost in coupling to the sapphire tip (van Eeden et al, 1988); these tips are
also too large for percutaneous use. Malone et al (1992) performed a comparative study
between plane-cut bare fibre-tips, and specially designed cylindrical diffusing fibre-tips
and spherical diffusing fibre-tips, in pig liver. They found that the bare fibre-tips
produced much more effective necrosis than the diffusing tips, the latter being unable to
withstand powers of 3-6W. Van Eeden et al (1988) also evaluated fibre-tips following
chemical stripping of the cladding or silica etching by hydrofluoric acid, but found no
advantage of these modifications over bare fibre-tips. Huang et al (1991) surrounded a
bare fibre by a light diffusing material to produce a 10x1.8mm fibre-tip; interstitial
application to rabbit liver at 2-3W for 10 minutes resulted in a lcm diameter necrotic
lesion, although temperatures over 42°C were achieved in a 3cm diameter zone around the
probe. Higher powers were not used for fear of damaging the probe. More recently,
Nolsoe et al (1992) have described a diffuser tip made by grinding the distal 2-3mm of the
quartz core of a bare optical fibre, to give a cone shaped frosted diffuser tip, with a
maximum external diameter similar to the unmodified bare fibre-tip (0.6-0.8mm). This
emits light in a roughly spherical distribution. In vitro evaluation in pig liver with a power
output of 4W for 600s resulted in spherical necrotic lesions (mean diameter 23.5mm) with
the diffuser tip compared to cylindrical lesions (mean length 40mm, mean diameter 15mm)
with the bare fibre tip. The diffuser tip produced necrotic lesions up to 44mm in diameter
with central cavitation and charring, using a power of 4W for 1800s (energy 7200J); the
size of cavitation remained constant at 10mm at energies above 2400J, while the zone of
coagulation continued to increase as the energy increased.

Most of these studies have shown that most modified fibre-tips are no better than bare tips
for ILP. The recent report from Nolsoe et al (1992) shows that their thin diffuser tips can
tolerate higher powers and allow larger necrotic lesions to be safely produced at these
powers, which is not possible with bare fibres (see section 2.3.2.1).

2.3.2.4. High power work

Lasers have been applied at high powers to the liver surface. This leads to areas of
necrosis which heal, but when applied to implanted tumours can cause dissemination as a
result of the ferocity of tissue disruption from a pulsed laser (Hoye et al, 1968). More
recently, Godlewski et al (1988) have used a purpose-built hand-piece to deliver 8§0-100W
interstitially to pig liver, at laparotomy. The fibre-tip was cooled with circulating saline.
Using 80W for 10s resulted in 12-18mm lesions consisting largely of vaporised tissue;
the temperature at the fibre-tip was 440°C, falling to 86°C 10mm away, and 53°C 15mm
away. Ultrasound showed an echogenic spherical lesion which correlated with the
pathological size of necrosis; sometimes the lesion had irregular margins on ultrasound,
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with lateral extensions into the perivascular spaces. No complications were apparent, and
healing occurred safely over 4 months. However, if this technique is used to treat
tumours, the rapid build-up of energy is likely to result in pressure disruption and
dispersion of some tumour cells into the systemic circulation. The short heating time (10s)
means that some of these cells will remain viable. The short treatment time also precludes
adequate monitoring and control of the thermal effects of treatment. The large diameter of
the hand-piece (Smm) precludes percutaneous application.

2.3.2.5. Histological features of ILP

Several groups have reported in detail the histological features of ILP-induced necrosis,
and there is fairly general agreement on the findings. A central zone of cavitation and
charring is surrounded by a broad zone of coagulative necrosis, which is bounded by a
transition zone of inflammatory cells, outside which is normal liver (Matthewson et al,
1987; Dachman et al, 1990; Bosman et al, 1991; Matsumoto et al, 1992). The central
cavitation and charring are due to the very high temperatures around the fibre-tip, tissue
water boiling, and steam formation (Brackett et al, 1986; Thomsen, 1991). The zone of
coagulative necrosis comprises the bulk of the lesion and is more apparent 24hrs after ILP
(Matthewson et al, 1987; Steger et al, 1992). By 4-7 days, granulation tissue is seen in
the periphery of the lesion, with infiltration of neutrophils, giant cells and macrophages,
and the appearance of proliferating bile ductules and neovascularisation (Matthewson et al,
1987; Bosman et al, 1991). This is followed by a gradually enlarging fibrous capsule,
and the necrotic tissue is replaced by phagocytosis and liver regeneration, eventually only
a small fibrous nodule remaining (Matthewson et al, 1987).

2.3.3. ILP TO TUMOUR MODELS

Karanov et al (1992) performed ILP with a bare fibre on transplanted flank tumours
(mammary adenocarcinoma) in mice using 1W and 1200J, and 3 days later found necrosis
of up to 60% of tumour volume (mean diameter of necrosis was 5.4mm). Matthewson et
al (1989) performed bare fibre ILP on rat transplanted fibrosarcoma (tumour size 1.5cm),
and completely destroyed them in 10 rats using 2W and 1200J; follow-up showed no
evidence of recurrence in 5 of these rats, and survival was significantly improved
compared to an untreated group (median survival was 70 days and 30 days, respectively).
Dowlatshahi et al (1992) used higher powers of SW but with saline flow to keep the bare
fibre-tips cool and prevent charring, and kept temperatures 1mm from the fibre-tip below
45°C. They found a linear relationship between the energy deposited and volume of
necrosis following ILP to a rat mammary carcinoma; 1500J of energy resulted in a mean
volume of necrosis of 2.4cm3. ILP to a VX2 tumour in rabbit liver with 3-4W for 20
minutes was found to be effective for destroying tumours less than 500mm3 in volume
(Bito et al, 1993). Dachman et al (1992) also performed ILP to a VX2 carcinoma in rabbit
liver; they applied 1-2W for 360s, and found smaller necrotic lesions (less than 1cm) and
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lower temperatures (50-100°C, 2mm from fibre-tip) in the tumour compared with ILP to
normal liver (Dachman et al, 1991).

These results show that tumours can respond differently to ILP. This is partly due to
different techniques used to perform ILP, but is also likely to be due to the variable optical
and thermal properties of different tumours. This also emphasises that applying ILP to
human tumours may well require different laser parameters to those optimised on normal
animal liver. Ideally an accurate monitoring modality is needed which can evaluate the
effectiveness of ILP during and after treatment. This requires imaging which is discussed
below.

2.3.4. IMAGING OF ILP

Although one of the main advantages of ILP over other treatment modalities is that it
allows delivery of a precise energy dose to the target area, the effect on the tissue may be
different at different treatment sites even if the same energy is used. This is due to the
reasons discussed above as well as biological variability (Cheong et al, 1990), fibre-tip
deterioration during ILP, and changing optical and thermal properties of the tissue during
ILP (Svaasand et al, 1985). This means that accurate real-time monitoring of thermal
effects during ILP and accurate assessment of the full extent of necrosis after ILP are very
important for its success. Thermocouples give only single point temperature
measurements, and are of relatively little value clinically because they are invasive and may
absorb light and contribute to tissue heating (Philipp et al, 1993); in addition, intra-
tumoral temperatures have a non-uniform distribution during heat treatment (Fessenden et
al, 1984). Imaging provides a non-invasive way of monitoring the tissue changes during
and after ILP. Experimentally, ultrasound (US) and magnetic resonance imaging (MRI)
of ILP have been evaluated.

2.3.4.1. Ultrasound of ILP

Several in vivo studies in dog and pig liver have used ultrasound to monitor ILP. During
ILP, a bright spherical and expanding echogenic zone is seen around the fibre-tip, which
is due to tissue water boiling and microbubble formation (Thomsen, 1991). Dachman et al
(1990) found the initially strong echogenic focus to decrease slightly and echogenicity 10
minutes after ILP. Bosman et al (1991) found the size of the echogenic lesion on
ultrasound to plateau after 6-8 minutes of ILP, using a power of 1.5W, and decrease
slightly in size 2 minutes after ILP. Steger et al (1992a) reported a delay of 20-30s before
the sudden appearance of the brightly echogenic zone, which was also surrounded by a
thin hypoechoic rim (approximately 3mm); the whole lesion expanded for 300-400s,
using a power of 1.5W, then plateaued. During healing, the echogenic lesion decreases in
size over several weeks and also develops a more echogenic rim due to inﬂémmatory
repair and fibrosis (Dachman et al, 1990; Bosman et al, 1991). Good correlation of the
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size of the echogenic lesion on ultrasound with pathological size has been reported, at the
end of ILP and at various times after ILP (Bosman et al, 1991; Nolsoe et al, 1991; Steger
et al, 1992a). Malone et al (1992) emphasised that ultrasound images taken immediately
after ILP tended to overestimate the size of necrosis, but later images (2hrs after ILP)
better approximated the true extent of necrosis with a tendency to slightly underestimate
the actual size. Steger et al (1992a) also monitored the tissue changes occurring in dog
liver when activating 4 fibres simultaneously, placed 1.5¢cm apart. An expanding
hyperechoic zone was seen around each fibre-tip, surrounded by a hypoechoic zone, the
latter gradually coalescing by 670s, when using a power of 1.5W per fibre. The margins
of the acute echogenic zone are sometimes poorly defined, with irregular echogenic streaks
radiating away from it and trails of microbubbles seen "washing" away in nearby vessels
(Bosman et al, 1991; Nolsoe et al, 1991; Steger et al, 1992).

Ultrasound is limited by the fact that it is essentially imaging microbubbles and charring,
and is unlikely to depict thermal damage if temperatures are not high enough to cause
microbubbles but are still adequate for cell death. Furthermore, the field of view may
become distorted with echogenic streaks. Ultrasound is also operator dependent, and is
unlikely to differentiate treated from untreated tumour, since the echogenic properties of
coagulative necrosis are likely to be similar to those of tumours, and also because tumours
are heterogeneous.

2.3.4.2. Magnetic resonance imaging (MRI) of ILP

MRI is less operator dependent and has better soft tissue contrast than ultrasound. MRI is
also very sensitive to tissue water mobility and distribution (Bottomley et al, 1984), and
there is a temperature dependence of MR relaxation parameters such as T1 relaxation time
and diffusion coefficient (Dickinson et al, 1983; Le Bihan et al, 1989). Since the acute
effects of laser irradiation cause a significant rise in tissue temperature (affecting the
thermal motion of protons), and the distribution of water is altered in ILP-induced
necrosis, MRI may theoretically have a significant role to play in ILP as a non-invasive
monitoring modality. Furthermore, the multiplanar and 3-dimensional capability of MRI
makes it particularly suited for evaluating the spatial distribution of thermal tissue damage
(Knuttel and Juretschke, 1986). These factors have resulted in considerable interest being
generated in the evaluation of MRI of laser-tissue interaction.

The earliest work on MRI of laser-induced tissue damage was by Jolesz et al (1988) who
performed ILP in rabbit brain and mouse flank tumour. They found a large expanding
zone of signal loss around the fibre-tip during ILP, on T1 weighted, T2 weighted, and
proton density spin-echo sequences; the majority of this signal loss was reversible, with a
small irreversible component immediately around the fibre-tip. A hysteresis was also
found in the relationship between T1 and T2 weighted signal intensities and tissue
temperature during and after ILP, indicating that MRI has a limited role as a tissue
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thermometer. A reversible signal loss during ILP has also been found by others in vitro
and in vivo, using T1 weighted standard spin-echo (Higuchi et al, 1992), fast spin-echo
(Matsumoto et al, 1992), and gradient-echo (Marchesini et al, 1992) sequences, and is
thought to be due to a temperature dependent change in the tissue T1 relaxation time
(Parker et al, 1983). The maximum size of signal loss was found to roughly correspond
to the extent of necrosis induced by ILP (Marchesini et al, 1992; Matsumoto et al, 1992),
although its boundaries were not clearly demarcated because of the gradual rather than
abrupt decline in temperature at the transition between necrotic and normal tissue.
Marchesini et al (1992) measured the changes in T1 relaxation times of bovine liver during
ILP using 2W, in vitro. They found an increase in T1 from 115ms before ILP to a
maximum of 2500ms after 15 minutes of irradiation; the T1 relaxation time at the margin
of the necrosis was approximately 350ms, during ILP. Muller et al (1992) proposed
using sequence parameters which would give complete signal loss at a specified
temperature (chosen as 45°C); they determined the T1 relaxation time at 45°C, and used
this to calculate the inversion time (TI) required to produce zero signal intensity during a
turbo-FLASH sequence. Application of these parameters to image ILP of rabbit liver
showed a dark (no signal) band moving away from the fibre-tip during ILP, which
represented an isothermal region at 45°C. Because of the temperature gradients achieved
during ILP, it can be assumed that beyond this band the temperatures are below 45°C and
within it they are above 45°C.

The rapid change of temperature during ILP means that real-time imaging is only of value
if very rapid MR sequences are employed; diffusion sensitive echo-planar imaging
(acquisition time 150ms) during ILP has successfully shown thermal change as signal loss
in rabbit brain (Bleier et al, 1991). However, the long echo times required to produce
diffusion weighted images mean that the signal intensity from liver is low due to its short
T2. This would make it difficult to identify a further decrease in signal intensity related to
the temperature rise during ILP. Respiratory motion of the liver could also cause
considerable artefact during diffusion MRI, unless very rapid imaging is used (echo-planar
imaging or turbo-FLASH).

Following ILP, T2 weighted sequences show the necrosis with the best contrast, and this
appears as a low signal intensity zone surrounded by a high signal intensity rim (Anzai et
al, 1992; Higuchi et al, 1992; Tracz et al, 1992). Anzai et al (1992) found the high signal
intensity rim to correspond to oedema, which progressed to necrosis by 7 days after ILP.
They also claimed that on serial images the necrosis reached a maximum size 7 days after
ILP; however, they did not use any markers to define the imaging plane, which was
clearly different on the days imaging was performed. Tracz et al (1992) used T2 weighted
spin-echo sequences to image cat brain during and after ILP. They found the signal loss
during ILP to underestimate the pathological size of necrosis found 2 days later. Images
immediately after ILP also underestimated the necrosis at 2 days. T2 weighted images
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taken just before killing the cat (at 2 days) slightly overestimated the extent of necrosis.
However, they also used gadolinium enhanced T1 weighted sequences immediately after
ILP, and found these to most precisely predict the extent of necrosis 48hrs later.

This summary represents the early evaluation of MRI of ILP induced thermal damage.
The results are promising, but in vivo work applied to liver is still needed, to optimise MR
sequences and more clearly define how accurately MRI can predict the true extent of
thermal damage.

Ultrasound has some limitations as a real-time monitoring device, but does give an
indication that thermal damage is taking place, and is likely to be useful clinically;
problems may occur with accurately defining the margins of thermal damage. Ultrasound
is also useful for monitoring healing, but there are likely to be problems in detecting

recurrent tumour.

There has so far been no experimental animal work assessing the role of computed
tomography (CT) to evaluate ILP-induced necrosis. Clinically, ultrasound and CT have
been used during and after ILP, but no work on MRI has been performed on patients
having ILP to their liver tumours.

2.4. CLINICAL WORK ON ILP

Initial clinical work with ILP was undertaken at laparotomy. Hashimoto et al (1985) used
a modified diffuser fibre-tip inserted into the liver under ultrasound guidance to deliver up
to 14000J at a power of SW from a Nd:YAG laser. They treated 2 cases of hepatocellular
carcinoma and 8 cases of liver metastases; an enlarging echogenic area was seen on
ultrasound and treatment continued until this replaced the whole tumour. A moderate and
transient rise in hepatic transaminases was noted, and significant falls in serum tumour
markers were achieved. Hahl et al (1990) treated 7 patients with liver tumours (1 primary
and 6 secondaries), again at laparotomy, using a sapphire fibre-tip at a power of 6W for
10 minutes. Fine-needle biopsies 3-5 days later showed evidence of necrosis in all treated
tumours; however, in 30% of cases viable tumour cells were also seen in the necrotic
tissue. CT follow-up at 4 weeks showed sharply bordered hypodense areas up to 2cm in
diameter, which were assumed to represent necrosis. However, one patient died from an
air embolus due to the use of coaxial gas to cool the sapphire fibre-tip (Schroder et al,
1989), and subsequent cooling was with flowing saline; another patient developed a
subphrenic abscess.

Percutaneous, ultrasound guided ILP, was first reported by Steger et al (1989a); two
patients with liver metastases were treated, in one patient by using 4 fibres fired
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simultaneously (via a 1x4 coupler) to increase the extent of thermal damage. Necrotic
changes within the tumour were seen on CT in one patient, and confirmed from core
biopsies in the other patient. Dowlatshahi et al (1992a) treated one patient with a recurrent
hepatoma (4.5cm), under general anaesthesia. They used a single bare fibre inserted
percutaneously (5W, 21000J), with saline flow to keep the fibre-tip cool. Echogenic
changes were seen on ultrasound during ILP, and 6 weeks later CT scan showed small
low density necrotic areas within the tumour, which were confirmed on biopsy. The
tumour growth was said to be halted for 3 months, after which there was progression and
the patient died 9 months after ILP. Dachman et al (1992a) also reported one case who
had 10 colorectal liver metastases, treated with a 1x4 coupler using 1W per fibre for 8
minutes. Similar ultrasound changes were seen, and contrast CT showed non-enhancing
low density areas after treatment. Huang et al (1991) used a specially designed diffuser
fibre-tip and a power setting of 2-3W for 20-30 minutes. They treated five patients with
small hepatomas. Guided biopsies were taken from four patients following treatment, and
all showed evidence of necrosis. In one patient there was no recurrence after 16 months
of follow-up, three patients had recurrent disease after 5, 12 and 18 months, and one
patient died of liver failure after 2.5 months which was thought to be unrelated to the laser
therapy. '

More recently, Masters et al (1992) and Nolsoe et al (1993) have reported larger series of
percutaneous ILP. Masters et al (1992) treated 18 metastases in ten patients using a 1x4
coupler and 1.5-2W per fibre. Ultrasound showed thermal damage as increased
echogenicity and enhanced CT showed necrosis as a new area of non-enhancement.
Seven metastases (diameter 3cm or less) had necrosis of 30-100% of their volume at 2
months follow-up; larger metastases had minimal necrosis or no necrosis. All patients
tolerated the procedure well. Nolsoe et al (1993) used a thin diffuser tip (power 4-8W for
5-45 minutes) to treat 11 patients with 16 colorectal liver metastases (size 1-4cm); ten of
these patients had the procedure under general anaesthesia. The fibre-tip was placed in the
centre of the tumour, and a thermocouple at its margin; the objective was to treat the
tumour until the thermocouple recorded a temperature of 60°C, or a temperature of 45°C
was maintained for at least 15 minutes. Ultrasound during treatment showed the typical
hyperechoic zone, but afterwards a central cavity was apparent. This was confirmed
pathologically in one tumour which was resected after ILP, and was thought to be due to
vaporised tissue around the fibre-tip because of the high powers used. This tumour was
resected because inadequate necrosis was suspected with ILP, and pathological
examination confirmed extensive laser-induced necrosis with a peripheral margin of viable
tumour. Fine needle biopsy after ILP showed necrotic material in 9 cases, and residual
tumour in 2 cases; serum CEA decreased in 7 out of 8 patients after ILP. Twelve out of
16 metastases (1-3.7cm) were said to be completely destroyed. Treatment failure occurred
in 4 tumours (sizes 4, 3.9, 3.7, and 2cm), but they were significantly debulked. Minor
complications included pain (3 cases), raised temperature (2 cases), and pleural effusion (1
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case). At the end of follow-up (7-29 months) 10 out of 11 patients had recurrent tumour

separate from the treated sites.

The clinical work on ILP has involved small numbers of patients and the techniques used
have varied considerably. Ultrasound has shown thermal tissue changes as seen
experimentally, and CT after ILP has shown low density non-enhancing areas at the
treatment sites. Biopsies of these areas have confirmed necrotic tissue, but no attempt has
been made to perform a detailed correlation of changes seen on imaging with proven
pathological necrosis, in the clinical setting. This would be difficult to achieve, and
Nolsoe et al (1993) have reported the only case of a liver tumour excised after ILP,
confirming extensive necrosis. The fibre-tip modifications applied in the clinical cases
reported above should ideally be compared experimentally with the bare fibre-tip, and then
be used in the clinical setting if they are found to be advantageous; this has rarely been
done. Much more clinical evaluation of ILP is needed, and the ability of monitoring

modalities to predict the extent of necrosis during and after ILP needs to be assessed.

2.5. CONCLUSIONS

The concept of ILP was introduced in 1983 (Bown), and the technique was applied
clinically to liver tumours at laparotomy in 1985 (Hashimoto et al) and percutaneously in
1989 (Steger et al). The first detailed experimental results were reported in 1987
(Matthewson et al) but it is only over the last 2-3 years that several other groups have
reported their experimental and clinical experience. There is considerable variation in the
techniques and laser parameters used and also in the results obtained, indicating that ILP is
still in the stages of evolution. New findings of practical relevance continue to be
reported.

It is with careful experimental and clinical work by several groups that ILP will continue to
improve. When the technique is optimised and standardised, further evaluation can be
performed with controlled clinical trials, most likely to compare ILP with another treatment
modality for liver tumours.

There are presently several gaps in the understanding of the factors which result in

maximum thermal damage during ILP. These are discussed in the next chapter, together
with the aims of this thesis.
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CHAPTER 3: CURRENT DEFICIENCIES IN KNOWLEDGE OF ILP,
AND AIMS OF THESIS

3.1. Mechanism of action of ILP

3.2. Significance of charring

3.3. Bare fibre-tip core diameter and cladding material

3.4. Laser wavelength and power

3.5. Histological extent of necrosis

3.6. Imaging of ILP

3.7. Clinical experience

3.8. Summary of aims of thesis
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On reviewing the experimental and clinical work on ILP to date, it is clear that there are still
several important aspects of the technique which need to be clarified. These are

summarised below, together with the aims of this thesis.

3.1. MECHANISM OF ACTION OF ILP

All of the work on ILP has been based on the assumption that the deeper the penetration of
laser light into tissue, the greater the extent of thermal damage. Under these circumstances
the fibre-tip would act as a distributed light source, with isotropic scattering and penetration
of the light around it, resulting in a spherical volume of tissue necrosis. Surprisingly, no
experimental work has been performed to verify whether this theoretical assumption is
correct. Many groups have used interstitial laser therapy without questioning its supposed
mechanism of action. Indeed, several investigators and fibre-tip manufacturers have
dedicated considerable time and money to further this theory by developing and evaluating
various diffuser fibre-tips, which are specially designed to increase the surface area from
which light is emitted and to avoid any charring around the fibre-tip which would reduce
light penetration. Mathematical modelling has also been performed to predict the
temperature rises around a fibre-tip, assuming a distributed optical source (Davis et al,
1989).

Steger (1991) did propose an alternative mechanism for ILP. He suggested that after 20-
30s charring occurs around the fibre-tip; light is then strongly absorbed in the black char.
This focuses the energy immediately around the fibre-tip, which then acts as a point heat
source, subsequent necrosis occurring by thermal conduction into surrounding tissue. This
alternative explanation for the mechanism of ILP has not been tested in practice.

The experimental section of this thesis provides strong evidence to support this alternative
mechanism, that the optical fibre-tip is nearly always acting as "hot-tip" (ie. a point heat
source) during ILP, rather than a distributed optical source.

3.2. SIGNIFICANCE OF CHARRING

Most of the experimental studies on ILP clearly show that charring does occur fairly
consistently around the fibre-tip during ILP. However, its significance is usually ignored,
and comments often made about ways of trying to avoid it. Matthewson et al (1987) found
charring to be universally present at powers greater than 1.5W. Steger et al (1992) also
had significant charring around each of 4 fibre-tips from a 1x4 coupler, at a power of 1.5W
per fibre. Nolsoe et al (1992) even showed the presence of central cavitation and marked
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charring around a diffuser fibre-tip, the latter almost always being designed to avoid
charring.

Char formation around the optical fibre-tip is clearly an important aspect of ILP, but its
exact role and potential have not been addressed. In this thesis the relationship between the
presence of charring and the extent of necrosis induced by ILP will be evaluated, and the
value of pre-charring the fibre-tip prior to ILP will be assessed. The factors which cause
charring will also be explored.

3.3. BARE FIBRE-TIP CORE DIAMETER AND CLADDING MATERIAL

An optical fibre typically has a silica core surrounded by a cladding, with an outer covering
of a jacket or buffer coat. The cladding is made of plastic, silica, or hard polymer.
Although the size of the fibre core is usually quoted in the literature dealing with ILP, the
cladding material is rarely, if ever, mentioned. Furthermore, many investigators seem to
confuse the jacket/buffer coat and the cladding. The distal few millimetres of the
jacket/buffer coat and sometimes also the cladding are frequently removed prior to ILP.
However, it is usually not clear whether only the jacket/buffer coat is removed, or the
cladding stripped off as well. The presence or absence of fibre-tip cladding may influence
the size of necrosis produced by ILP; if the cladding is left intact, the type of material of
which it is made may also affect the size of necrosis.

These factors, together with the influence of the diameter of the optical fibre on ILP-
induced necrosis have not previously been evaluated, and will be addressed in this thesis.

3.4. LASER WAVELENGTH AND POWER

Since the 1064nm Nd:YAG laser gives the deepest tissue penetration, it has been assumed
to be the optimal wavelength for ILP. However, this assumption has not been tested in
practice, and no other laser wavelength has been evaluated. The effect of several different,
less penetrating wavelengths on ILP will be investigated. These include the 1320nm
Nd:YAG, the 805nm diode, and the 488nm/514nm Argon laser wavelengths.

Several studies have shown that at powers above 3W, the necrosis produced by ILP is
ellipsoidal in shape, and its longitudinal length can be quite variable and unpredictable. A
new method of safely increasing the power applied during ILP is suggested and evaluated
in this thesis. This involves attaching a segment of metal needle to the fibre-tip, and so
focusing all of the laser light to heat the needle. Necrosis then occurs entirely by thermal
conduction, and its longitudinal length is limited and controlled by the length of the needle
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segment; the transverse length of necrosis should then increase by increasing the power
and energy delivered

3.5. HISTOLOGICAL EXTENT OF NECROSIS

Several authors have described the histological features of ILP-induced necrosis using
standard haematoxylin and eosin (H & E) staining. Since ILP can produce necrosis with or
without tissue charring around the fibre-tip with a somewhat different mechanism (the
fibre-tip acting as point heat source or distributed optical source), the histological features
may differ in the presence or absence of charring. Also, H & E staining may not define the
true extent of necrosis, and it is possible that morphologically normal but non-viable cells
exist outside the boundaries of necrosis seen on H & E staining. Histochemical staining
for intracellular enzymes, would differentiate viable from non-viable cells even if they
appear normal on H & E staining.

The histological features of charred and uncharred necrotic lesions will be evaluated in this
thesis, and the extent of necrosis defined by histochemical staining compared to that seen
on H & E staining.

3.6. IMAGING OF ILP

Ultrasound has shown thermal damage during ILP in normal animal liver experimentally,
and in tumours clinically, as an expanding echogenic zone. Although it has not been
evaluated to differentiate treated from untreated tumour on follow-up scans, it 1s unlikely to
be useful. Experimental work has also been performed using MRI to monitor thermal
changes during ILP and evaluate the extent of necrosis afterwards. Further work is still
needed in different tissues (particularly liver), and a methodical approach to sequence
optimisation for imaging laser-induced thermal damage in vivo is required.

No experimental work has been done to assess CT in the animal model, even though
clinically, dynamic contrast enhanced CT is thought to be a useful modality for
differentiating treated from untreated tumour after ILP (Masters et al, 1990). The changes
seen on dynamic CT which are thought to represent laser-induced necrosis need to be
evaluated experimentally, and an imaging-pathologic correlation performed, in order to
confirm that the extent of these changes on CT correspond to the extent of necrosis
pathologically. Furthermore, the optimal CT technique (non-contrast, dynamic or delayed
scanning) and the optimal time to perform CT after ILP need to be evaluated.
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The role of CT in ILP will be addressed in the experimental and clinical section of this
thesis.

3.7. CLINICAL EXPERIENCE

Although some clinical work using ILP to treat liver tumours has already been reported,
experience is still very limited. Further clinical evaluation of ILP will be presented in this
thesis. It will be attempted to define the selection criteria for ILP, based on a detailed
analysis of the results obtained from an assessment of patient outcome and tumour
destruction.

The role of ultrasound, CT and MRI will be critically assessed in the clinical setting, and
the potential advantages and disadvantages of each modality determined.

The areas which present problems with the clinical application of ILP will be highlighted,
and ways of improving the technique will be sought.

3.8. SUMMARY OF AIMS OF THESIS
1. To clarify the mechanism of action of ILP.

2. To safely increase the extent of necrosis around a fibre-tip by evaluating:
(a) Fibre-tip core diameter and cladding material
(b) Pre-charred fibre-tips
(c) Different laser wavelengths
(d) Metal needle-tips

3. To accurately assess the extent of necrosis by:
(a) Histopathological and histochemical evaluation

(b) Performing a CT-pathologic correlation

4, To evaluate the clinical application of ILP, determine selection criteria for
patients, and perform a critical assessment of the imaging methods used.
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SECTION B: EXPERIMENTAL WORK

CHAPTER 4: EVALUATION OF FIBRE-TIPS AND LASER
WAVELENGTHS.
CHAPTER 5: ASSESSMENT OF EXTENT OF NECROSIS

FOLLOWING ILP.
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CHAPTER 4: EVALUATION OF FIBRE-TIPS AND LASER
WAVELENGTHS
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4.1. INTRODUCTION

This chapter deals with the experimental evaluation of different optical fibres and laser
wavelengths. During preliminary work using bare optical fibres, it became apparent that
the size of necrosis following ILP was related to the type of fibre used. This prompted a
study comparing fibres of different diameters and different cladding material. The results
of this study showed a strong association between the size of charring around the fibre-tip
and the extent of necrosis. This suggested that the presumed theoretical advantage of the
deeply penetrating Nd:YAG 1064nm wavelength may not be true, in practice. Therefore,
several less penetrating wavelengths were evaluated; these included the 1320nm
Nd:YAG, the 805nm GaAlAs diode, and the 488nm/514nm Argon laser wavelengths.
These studies confirmed the correlation between charring and necrosis. A further study
was then conducted using pre-charred fibre-tips, to see if these consistently produced
greater necrosis compared to clean fibre-tips.

The benefits of focusing the laser energy immediately around the fibre-tip were taken to
the extreme by attaching a segment of a metal needle to the fibre-tip and sealing its distal
end, so that all of the laser energy was used to heat the metal needle; these experiments

were carried out in rat and pig liver, in vivo.

4.2. METHODS

4.2.1. TECHNIQUE OF ILP

Wistar rats (weight 250-300g) were anaesthetised using a combination of intra-muscular
Hypnorm (Janssen Pharmaceuticals Ltd, Oxford, UK) and diazepam (0.5ml/kg and
2mg/kg, respectively). A laparotomy was performed using a midline incision, and the
middle hepatic lobe brought out onto the anterior abdominal wall. An optical fibre was
connected to the chosen laser, and the appropriate laser parameters (power and exposure
time) were set; the power output was checked using a coherent power meter (Model 201,
Coherent UK, Cambridge, England). Mode scrambling of the optical fibre being
investigated was performed in order to have a uniform light beam profile at its output end.
The fibre-tip was then inserted into the liver so that at least 1cm of its distal end was
embedded in the tissue, and the aiming beam easily seen through the liver surface (Figure
4.1). The laser was then activated for the duration of the pre-selected exposure time.

4.2.2. ASSESSMENT OF NECROSIS

During ILP, visible changes to the liver surface, and any reduced intensity or
disappearance of the red aiming beam (He-Ne, 633nm, 2mW) were noted. At the end of
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the exposure time, the fibre was removed, sutures were placed on the right and left edge of
the liver lobe, so that a line joining the sutures corresponded to the line of insertion of the
optical fibre; the liver lobe was then replaced in the abdomen, and the wound closed. The
fibre-tip was inspected and the power re-checked. The rat was sacrificed 24hrs later, and
the treated lobe of liver resected and placed in 10% buffered formalin. Two days later, the
liver was carefully sectioned into 1-2mm slices and the maximum transverse width
(perpendicular to the fibre track) and longitudinal length (along the fibre track) of the
necrosis and charring measured (Figure 4.2).

4.2.3. FIBRE-TIP CORE DIAMETER AND CLADDING

4.2.3.1. Bare optical fibres

There are 3 types of optical fibres for medical use - their main difference is in the type of
cladding around the core. The construction of a typical optical fibre is shown in Figure
4.3. The core of all 3 types of fibres is made of fused silica, and it is the diameter of the
core which is normally quoted (0.2-0.6mm). The buffer coat or jacket of the fibre is
usually made of nylon or acrylate (0.1-0.2mm thick), but it is the cladding material (0.02-
0.1mm thick) which is the distinguishing feature of the different fibres. The cladding may
be plastic, hard polymer, or silica. Plastic cladding is soft and easily damaged if care is
not taken when removing the buffer coat/jacket; it can also be removed chemically or
mechanically scraped off the core. Silica cladding is hard, not easily damaged, and very
difficult to remove from the fibre core. Hard polymer cladding has properties lying
between plastic cladding and silica cladding.

This study compares plastic clad fibres with silica clad ones, as well as 0.2mm core
diameter fibres with 0.4mm core diameter ones. All fibres were plane cleaved and their
distal 3mm of buffer coat/jacket stripped prior to performing ILP in each rat.

4.2.3.2. Comparison of a 0.2mm plastic clad fibre with a 0.4mm silica
clad fibre

This was the preliminary study which led to the more detailed comparative work (section
4.2.3.3). The laser used for this study was a 1064nm Nd:YAG laser (CVI, Albuquerque,
New Mexico, USA). A fixed laser power of 2W and exposure time of 500s (energy
1000J) were used to induce necrotic lesions in 10 rat livers, in vivo. Five lesions were
produced with a 0.2mm plastic clad fibre, and 5 with a 0.4mm silica clad fibre. The
stripping of the buffer coat/jacket off the distal 3mm of fibre was technically more difficult
with the smaller plastic clad fibre. It is highly likely that the plastic cladding was damaged,
although this was not the intention.
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4.2.3.3. Comparison of fibre core diameter (0.2Zmm vs 0.4mm) and
cladding type (plastic vs silica)

This work was performed following the results of the preliminary study (see section
4.3.2.1). Since it was clear that the 0.2mm plastic clad fibre gave larger necrotic lesions
than the 0.4mm silica clad fibre, it was decided to intentionally strip the cladding, as well
as the buffer coat, off the distal 3mm of the plastic clad fibre. The objective was to see if
by removing the cladding, the difference in lesion size is eliminated. The plastic cladding
was mechanically stripped with a sharp blade.

Thirty two rats had ILP performed to their liver. In 16 rats the plastic clad (cladding
stripped) fibres were used, 0.2mm in 8 rats and 0.4mm in the other 8. Silica clad fibres
(cladding intact) were used in the remaining 16 rats, 0.2mm in 8 rats and 0.4mm in the
other 8. For each type of fibre the power used was kept fixed at 2W, but the exposure
time was either 100s or 500s (energies 200J or 1000J). Four lesions were produced at
each energy setting.

4.2.4. LASER WAVELENGTHS

Thirty nine Wistar rats were used for this experiment. The laser wavelengths investigated
were 1064nm Nd:YAG, 1320nm Nd:YAG, 805nm diode, and 488nm/514nm Argon.
The lasers used were: a dual wavelength (1064nm and 1320nm) Nd:YAG laser (Multilase
2100, Technomed, France); a new high power diode (805nm) laser (Diomed-25,
Diomed, Cambridge, UK); an Argon ion laser (Aurora, Cooper Medical, Santa Clara,
CA). A 0.4mm core diameter optical fibre was used for all wavelengths. With the
Multilase Nd:YAG laser it was only possible to use the optical fibre supplied with the
laser, and this was a hard polymer clad fibre; both the 1064nm and 1320nm wavelengths
were evaluated with the same laser and optical fibre. For the diode and Argon laser work a
silica clad fibre was used. Only the buffer coat/jacket was removed from the fibre-tips, the
cladding left intact in all cases. The powers used at each wavelength were 1W, 2W, and
3W, and the corresponding exposure times were 1000s, 500s and 333s, respectively, the
energy kept constant at 1000J; for the Argon laser the maximum output was 2.5W, and so
only powers of 1W and 2W were assessed. At least three lesions were produced at each
power setting and wavelength.

4.2.5. PRE-CHARRED FIBRE-TIPS

Eighteen Wistar rats had ILP performed using the two Nd:YAG laser wavelengths

(1064nm and 1320nm) from the Multilase laser. A 0.4mm hard polymer clad fibre was

fired with the tip dipped into a drop (approximately 0.1ml) of rat blood at 4-5W for a few

seconds so that the distal 3mm of the fibre-tip was blackened. Any excess debris was

gently wiped off the fibre-tip before inserting it into the rat liver. The laser power was set
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at the desired level of 1W, 2W or 3W (energy 1000J) before commencing ILP. Three rats
were used for each power setting and wavelength. The results obtained at the two
Nd:YAG wavelengths using pre-charred fibre-tips were compared to the corresponding
results with a clean fibre-tip (from section 4.2.4.).

4.2.6. METAL NEEDLE-TIPS

4.2.6.1. Short (5mm) metal needle versus bare fibre in rat liver

A 0.4mm silica clad fibre was plane cleaved and its distal 3mm of buffer coat/jacket
stripped, leaving the cladding intact. A Smm segment of a standard 21 gauge steel needle
was cut, and the distal 3mm of the fibre-tip inserted into this. The proximal end of the
needle was "crimped" onto the fibre, and the distal end of the needle was squeezed with a
clamp so that no laser light could escape from the metal needle segment.

Nine Wistar rats had ILP performed as described above. The laser used was the Multilase
Nd:YAG at a wavelength of 1064nm. The fibre with the metal needle-tip was inserted into
the rat liver so that at least 1cm of the fibre/needle-tip was embedded within the liver
tissue. The powers evaluated were 1W, 2W, and 3W (energy 1000J), with 3 rats used for
each power level. After ILP, the fibre was withdrawn from the liver, but the needle
segment remained stuck in the liver. The results obtained were compared with the data
from section 4.2.4. using clean, bare fibre-tips.

4.2.6.2. Longer metal needles and higher powers in pig liver

This study was done in a larger animal model in vivo, using a more heavily absorbed laser
wavelength with which to compare the size of necrosis from metal tips and bare fibre-tips,
at higher powers. Also, because the Smm needle-tip remained stuck to the rat liver after
ILP, it was decided to use long metal needles with the optical fibre inserted down the
needle, and the tip of the fibre lying 1-3cm proximal to the tip of the needle; this method
avoids the problem of securing a segment of needle to the fibre. The tip of the needle was
squeezed with a clamp to prevent any light from escaping distally.

Two female Large White pigs (weight 25-30kg) were anaesthetised with intramuscular
injections of ketamine (10mg/kg), diazepam (1mg/kg) and atropine (0.3mg), and
anaesthesia maintained with halothane/oxygen (initially 4% halothane, then 1.5-2%) via a
mask. A midline laparotomy was performed and the left lateral, left central and right
central hepatic lobes freed from any ligamentous attachment and brought forward onto the
anterior abdominal wall. The portable semiconductor laser was used (Diomed-25,
Diomed, Cambridge, UK), and a standard 0.4mm optical fibre (supplied with the laser)
which was hard polymer clad. The optical fibre was plane cleaved, and the distal 3mm of
buffer coat stripped, leaving the cladding intact around the fibre-tip. The metal needle
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used was a 20cm long 19 gauge steel needle (William Cook Europe, Bjaeverskov,
Denmark).

In the first pig 12 necrotic lesions were produced in the 3 lobes of liver, 6 with the bare
fibre and 6 with the metal needle. Powers of 2W and 4W were used with exposure times
of 500s and 250s, respectively, keeping the energy constant at 1000J; 3 lesions were
produced at each power/time setting. At 2W the needle or bare fibre were inserted 2.5cm
into the pig liver lobe, and at 4W they were inserted 3.5cm into the liver; a flag made from
sterile tape was attached to the needle or fibre to indicate the depth of insertion. For the
needle experiments, the optical fibre was inserted into the needle so that the tip of the fibre
lay 1cm proximal to the tip of the needle.

In the second pig, a much higher energy of 4000J was used to see if the size of necrosis
increased; the powers used were 4W and 8W, for 1000s and 500s, respectively. Seven
necrotic lesions were produced, three at 4W and metal needle, three at 8W and metal
needle, and one at 8W and bare fibre. At4W the needle was initially inserted 4cm into the
liver, and then 6¢cm for the next two lesions; the fibre-tip was 1cm proximal to the needle-
tip. At 8W the needle was initially inserted 6cm into the liver, and then 7cm for the next
two lesions; the fibre-tip was placed 3cm, 2cm, and 1cm proximal to the needle-tip (this
was varied in order to assess forward conduction of heat along the needle).

During ILP with the metal needle, the hub of the needle was gently rotated every 5-10s to
prevent any charred tissue sticking to the needle. Sutures were placed at the point of
needle/fibre entry into the liver lobe in order to define the plane for subsequent sectioning.
After ILP, the extent of char and blackening on the needle-tip was noted, and the fibre-tip
was inspected for damage. The liver lobes were returned to the abdominal cavity, the

wound closed and the pigs allowed to recover fully.

Both pigs were sacrificed 48hrs after ILP, by using sedation followed by carbon dioxide
inhalation. The liver lobes which had been treated were resected and fixed in formalin for
3-4 days. They were then sectioned into 2-3mm slices parallel to the plane of the
needle/fibre track, and the maximum size of the necrotic lesion measured in 3 planes -
along the line of the fibre-track and in 2 perpendicular planes indicating the width and
depth of the necrotic lesion.

4.2.7. STATISTICAL ANALYSIS
For comparative purposes, the mean transverse width (and range in brackets) of necrosis
and charring of the different groups are included in the text. All individual measurements

of each necrotic lesion (transverse and longitudinal) are given in the appendix. For the
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Argon laser and metal needle-tip data, the mean longitudinal length of necrosis, as well as
the transverse width, is quoted in the text.

Because of the small sample sizes (3, 4 or S rats in each group), only the means and
ranges of each group are given in the text; a better idea of the dispersion of the data in
each group can be gauged by looking at the individual measurements (3-5 per group) in
the appendix.

In view of the small sample sizes, a normal distribution of the data could not be assumed,
and so non-parametric statistical analyses were used for significance testing. The
Wilcoxon rank sum test for two independent samples was used to compare the means of
two groups, and statistical significance taken at the 5% level. However, this test was only
performed in those cases where there was a clear difference between the means of two
groups, which was thought to be of practical and clinical relevance; this amounted to a
difference of at least Smm. In such cases, inspection of the raw data (in the appendix)
shows an obvious difference between these groups, and statistical testing was performed
to emphasise this difference and allow clearer presentation of the data in the text.

The association between the size of necrosis and the size of charring was displayed on a
scatter diagram, and tested statistically by calculating Kendall’s rank correlation coefficient
(tau).

4.3. RESULTS

All of the individual measurements (transverse width and longitudinal length) are given in

the appendix, and their means and ranges are presented in the following sections.
4.3.1. SURFACE EFFECTS AND NECROTIC LESION

During ILP, the changes that were seen on the surface of the liver lobe included drying,
blackening and distortion. The red He-Ne aiming beam could easily be seen through the
liver surface at the onset of ILP, and often diminished in intensity during exposure; the
timing of its disappearance was strongly associated with the final extent of necrosis - the
quicker the light disappeared, the larger the necrotic lesion and the greater the likelihood of
charring being present around the fibre-tip. When there was no or minimal loss of aiming
beam intensity, there was also no tissue charring present. With the Argon laser; there was
no aiming beam, and the visible blue/green light which this laser emits could not be seen
through the liver surface, at the onset of ILP.

88



On resecting the treated rat liver lobe 24hrs after ILP, a well-defined zone of yellow
coagulative necrosis was clearly visible on the surface (Figure 4.4); this appeared roughly
circular. In some lesions (usually those greater than 15mm in diameter), a wedge of
infarcted liver was also seen extending from part of the necrosis to the liver edge - this did
not preclude an estimation of the size of necrosis, since this wedge of infarction always
arose from less than half of the circumference of the laser-induced necrosis. Also, the
wedge infarction was usually a more pale yellow in appearance. Therefore, the full
circumference of the necrosis could be approximately mapped out.

On sectioning the liver lobe, the transverse width and longitudinal length of necrosis were
approximately the same. The exception to this was the necrosis produced by the Argon
laser at a power of 2W (see below). The charring, if present, was also approximately
symmetrical in all lesions produced by the 1064nm Nd:YAG laser. However, the
longitudinal length of charring was significantly greater than the transverse width in
lesions produced by the 1320nm Nd:YAG, 805nm diode, and all pre-charred fibre-tips, at
powers of 2W or 3W; this phenomenon was seen with the Argon laser at 1W and 2W.

Therefore, the data presented below mainly represents the transverse width of necrosis and
charring, for comparative purposes.

The typical appearances of sectioned rat liver lobe from a charred and uncharred necrotic
lesion are shown in Figure 4.5.

4.3.2. FIBRE-TIP CORE DIAMETER AND CLADDING

With the silica clad fibres, there were mild surface effects and the intensity of the aiming
beam transmitted through the tissue had diminished noticeably after 500s, and occasionally
disappeared after 100-200s. With plastic clad fibres (cladding intact or removed), there
were more marked surface effects, with complete loss of aiming beam light by 50-100s.

4.3.2.1. Plastic clad (0.2mm) versus silica clad (0.4mm) fibres
The 0.2mm plastic clad fibre (cladding intact) produced significantly greater necrosis and
charring than the 0.4mm silica clad fibre (Table 4.1).

4.3.2.2. Further evaluation of fibre-tip diameter and cladding

The sizes of necrosis and charring produced by 0.2mm and 0.4mm plastic clad (cladding
removed from tip) and silica clad fibres are summarised in Tables 4.2 and 4.3.
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Table 4.1: Mean (range) transverse width (mm) of necrosis and charring produced by a
0.2mm plastic clad fibre and a 0.4mm silica clad fibre, in rat liver, using a power of 2W
for 500s (energy 1000J).

0.2mm plastic 0.4mm silica

clad fibre clad fibre
Necrosis 17.0 (15-20) 8.0 (6-10) (p<0.05)
Charring 3.2 (2-4) 0.4 (0-1) (p<0.05)

Table 4.2: Mean (range) transverse width (mm) of necrosis from different fibres at 200J
and 1000J (power 2W).

200J 1000)
0.2mm silica 5.0 (4-6) 9.5 (7-12)
0.4mm silica 5.3 (4-7) 10.0 (7-12)
0.2mm plastic 9.5 (8-10) 16.8 (15-16)
0.4mm plastic 5.8 (5-7) 16.3 (15-18)

Table 4.3: Mean (range) transverse width (mm) of charring from different fibres at 200J
and 1000J (power 2W).

200J 1000)
0.2mm silica 0 1.0 (0-2)
0.4mm silica 0 0.5 (0-1)
0.2mm plastic 1.3 (0-2) 3.0 (2-4)
0.4mm plastic 0 2.4 (1.5-3)
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The data from Tables 4.2 and 4.3 can be summarised as follows:

(a) There was no significant difference in necrosis size between the 0.2mm and 0.4mm
silica clad fibres at the low or high energy used.

(b) There was no significant difference in necrosis size between the 0.2mm and 0.4mm
plastic clad (cladding removed from tip) fibres at the higher energy. At the lower energy,
the 0.2mm plastic fibre gave greater necrosis than the 0.4mm plastic fibre, but the size of
the difference was not of practical relevance.

(¢c) The 0.2mm and 0.4mm plastic clad fibres (cladding removed from tip) gave
significantly greater necrosis than the corresponding silica clad (cladding intact) fibres, at
the higher energy (p<0.05).

(d) The size of necrosis showed a strong positive correlation with the size of charring
(tau=0.654, p<0.001). A scatter diagram of this data is shown in Figure 4.6.

4.3.2.3. Fibre-tip damage and power loss after ILP

If the aiming beam remained visible throughout the procedure, and in the absence of
charring, the fibre-tip was clean after ILP. However, in the presence of charring the fibre-
tip was invariably damaged following ILP; there was usually some resistance to removing
it from the liver, and there was always either tissue debris stuck to it, or some black char
around the side of the fibre-tip. The fibre-tip was always intact, and no part of it was
broken or left inside the liver lobe. The embedded buffer coat/jacket was also sometimes
burnt. The degree of blackening or tissue debris on the fibre-tip was variable, but the
distal 1mm of the fibre-tip was always free of any char (Figure 4.7).

If charring was present, light was frequently seen to be emitted laterally, ie. out of the
sides of the damaged fibre core. A power loss of up to 0.8W was observed after ILP,
probably due to this effect.

4.3.3. LASER WAVELENGTHS

During ILP with the 1064nm Nd:YAG laser, only mild surface effects were seen with
localised swelling and some diminution of the He-Ne aiming beam after 200-500s. With
the 1320nm Nd:YAG laser, there was blackening, swelling and distortion of the liver
surface, with complete loss of the He-Ne aiming beam by 15-60s. More marked surface
effects occurred with the 805nm laser, with loss of the aiming beam by 10-20s; mini-
explosions were also heard at 2W and 3W but not at 1W, and on two occasions (power
3W) the liver surface ruptured with considerable smoke production. With the Argon laser
(488/514nm), mini-explosions were consistently heard, associated with marked surface
effects; at 2W, the laser light beam was clearly propagating forwards fairly rapidly in the
liver tissue, reaching the liver surface (at the edge of the lobe) in 20-30s. The blue/green
light was then seen breaching the liver capsule, with considerable loss of smoke. Hence,
most of the energy during Argon laser ILP, was not delivered to the liver lobe.
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After ILP at each wavelength, the appearance of the fibre-tip and the power loss were

similar to those described above, in section 4.3.2.3.

The sizes of necrosis and charring produced by the 1064nm Nd:YAG, 1320nm Nd:YAG
and 805nm diode lasers, at powers of 1W, 2W and 3W, are summarised in Tables 4.4 and
4.5. Table 4.6 gives the data for the 488/514nm Argon laser separately because only part
of the delivered energy was used to create the lesions; also, since the necrotic lesion was
ellipsoidal, the longitudinal as well as the transverse sizes of necrosis and charring are
given for the Argon laser experiments.

Table 4.4: Mean (range) transverse width (mm) of necrosis from 1064nm, 1320nm and
805nm wavelengths, and powers of 1W, 2W and 3W (constant energy, 1000J).

Wavelength Power

1w 2W 3IW
1064nm 3.4 (0-6) 8.8 (8-10) 9.4 (8-11)
1320nm 13.0 (11-14) 18.3 (18-19) 21.3 (18-24)
805nm 10.3 (8-13) 21.7 (19-24) 21.0 (20-22)

Table 4.5: Mean (range) transverse width (mm) of charring from 1064nm, 1320nm and
805nm wavelengths, and powers of 1W, 2W and 3W (constant energy, 1000J).

Wavelength Power

1W 2W 3W
1064nm 0 0 0.2 (0-1)
1320nm 0.8 (0.5-1) 4.3 (4-5) 4.0 (3-5)
805nm 3.0 (1-7) 1.7 (6-9) 4.7 (4-5)
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Table 4.6: Mean transverse width (T) and longitudinal length (L) (mm) of necrosis and
charring from 488nm/514nm Argon laser, at powers of 1W and 2W (energy 1000J). The
individual measurements are given in the appendix (page 207).

Power
1w 2W
T L T L
Necrosis 13.7 14.3 16.3 24
Charring 27 53 43 13

These tables show:

(a) The 1320nm Nd:YAG and 805nm diode lasers give significantly greater necrosis than
the 1064nm Nd:YAG laser, at the powers used (p<0.05).

(b) For practical purposes, there is no significant difference in the size of necrosis
produced by the 1320nm Nd:YAG and 805nm diode lasers. 4

(c) There is a significant increase in necrosis size when increasing the power from 1W to
2W (p<0.05), but there is a plateau effect from 2W to 3W, at all three wavelengths.

(d) Combining the data from Tables 4.4 and 4.5, and comparing the size of necrosis with
the size of charring gives a correlation coefficient, tau=0.623 (p<0.001). This is
consistent with the similar analysis of the fibre-tip data (Figure 4.6). The wavelength data
is presented as a scatter diagram in Figure 4.8.

(e) Table 4.6 shows that even though only part of the energy delivered by the Argon laser
was used to induce the necrosis, the transverse width of necrosis at 1W and 2W was still
significantly greater than that produced by the 1064nm Nd:YAG wavelength (p<0.05)

4.3.4. PRE-CHARRED FIBRE-TIPS

The surface effects were similar to those described for the 1320nm Nd: YAG laser using a
clean fibre-tip. Table 4.7 gives the size of necrosis obtained from pre-charred fibre-tips;
the corresponding sizes of charring are given in the appendix. Comparing this data with
that using clean fibre-tips (Table 4.4), it is clear that at the 1064nm Nd:YAG wavelength,
the mean size of necrosis increases significantly with the pre-charred fibre-tips at all three
powers used (p<0.05); this was by a factor of 4.5, 1.7 and 1.9 at powers of 1W, 2W and
3W, respectively. However, at the 1320nm wavelength, pre-charred fibre-tips made no
significant difference to the size of necrosis compared to clean fibre-tips. The pre-charred
fibre-tip at 1064nm and 2W appears to produce smaller lesions than those from the
1320nm and 805nm at 2W, although this is not the case at I1W and 3W.
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Figure 4.6: Scatter diagram of transverse width of necrosis versus charring, based on 42
pairs of measurements from the fibre-tip data. Correlation coefficient, tau=0.654
(p<0.001).
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Figure 4.8: Scatter diagram of transverse width of necrosis versus charring, based on 33
pairs of measurements from the wavelength data. Correlation coefficient, tau=0.623
(p<0.001).

95



Table 4.7: Mean (range) transverse width (mm) of necrosis using a pre-charred fibre-tip
and 1064nm or 1320nm wavelengths. Powers of 1W, 2W and 3W were used with an
energy of 1000J.

Power
Wavelength 1w 2W 3IW
1064nm 15.3 (14-17) 14.7 (12-17) 18.7 (17-21)
1320nm 12.0 (10-13) 20.7 (19-21) 19.3 (18-20)

4.3.5. METAL NEEDLE-TIPS

4.3.5.1. Short (5mm) metal needle vs. bare fibre in rat liver

During ILP with the bare fibre-tip (1064nm, Nd:YAG), only mild effects of drying and
slight blackening were noted on the surface of the rat liver lobe. With the metal needles,
the surface effects were much more marked: at 1W there was a controlled and gradually
expanding zone of tissue drying and blackening around the site of the needle-tip; at 2W
several small mini-explosions were heard, with a rapid expansion of the blackened zone,
appearance of charring at the site of the needle-tip, and dissipation of smoke from this
charred area; at 3W the effects were dramatic, with rupture of the liver surface in 2 cases
and marked emission of smoke - the needle-tip was visible through the liver surface, and it
appeared red hot with a cavity around it. As mentioned in the methods, on withdrawing
the fibre/needle-tip combination at the end of ILP, the needle-tip segment was always left
behind, firmly stuck to the charred tissue.

On resecting the treated liver lobe 24hrs after ILP, a small well-defined, roughly circular
zone of yellow coagulative necrosis was seen on the surface of the lobes treated by the
bare fibre; no charring or cavitation was present on sectioning. The lobes treated by the
metal needles clearly had much more extensive necrosis, frequently extending very close
to the edge of the liver lobe, and associated with marked charring and some cavitation
around the metal needle-tips; the shape of the necrosis on the liver surface was again
roughly circular. The mean extent of necrosis along (longitudinal) and perpendicular
(transverse) to the track of the fibre are given in Table 4.8, for the bare fibre-tip and metal
needle-tip.
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Table 4.8: Mean longitudinal length (L) and transverse width (T) (mm) of necrosis in a
lobe of rat liver, following ILP with a Smm segment of a metal needle-tip, at an energy of
1000J. The individual measurements are given in the appendix (page 208).

Power Necrosis
L T
1w 17.7 15.7
2W 18.3 18.3
3w 18.0 17.3

4.3.5.2. Longer metal needles and higher powers in pig liver
This data represents a preliminary evaluation of the parameters used. Some of the results
were unexpected, and their description is unavoidably lengthy. The data does provide
interesting and useful information about the potential of metal needle-tips.

No similar surface effects to the rat liver were seen, because of the much larger liver, and
the depth of insertion of the needle/fibre-tips.

In the first pig, after ILP at 2W and 1000J, the needle-tip was blackened along a 10mm
segment, but the distal Smm of the tip was clean (fibre-tip was 1cm proximal to needle-
tip). This pattern was seen in 2 of the lesions created, and in one of these there was tissue
debris 3mm thick surrounding the blackened segment after withdrawal of the needle (in
this case there had been a 50s inadvertent delay before rotating the hub of the needle, thus
allowing the charred tissue debris to stick to the metal). In the third lesion produced at 2W
with the metal needle, the distal 15mm of the needle was clean, and only a 4mm blackened
segment was present proximal to this (it was later discovered, on sectioning the liver, that
this lesion was adjacent to a large blood vessel). The bare fibres at 2W, had 5Smm, 6mm
and 3.5mm of their cladding burnt off the distal fibre after ILP (again, with the shortest of
these, 3.5mm, the fibre-tip lay adjacent to another blood vessel). At 4W and 1000J, the
needle-tip was blackened along a 20-25mm segment, with the distal 5-8mm of the tip
being clean (fibre-tip was 1cm proximal to needle-tip); this pattern was seen after all 3
lesions created at 4W (Figure 4.9). The bare fibres at 4W had 11, 11 and 7mm of their
cladding burnt off the distal fibre after ILP.
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On sectioning the liver lobes of the first pig, the necrosis was seen as a pale spherical or
ellipsoidal zone around a length of central charring. The bare fibre-tip produced more
spherical lesions compared to more ellipsoidal ones with the metal needles; the necrosis
and charring was shorter and wider with the bare fibres, but longer and more narrow with
the metal needles (Figures 4.10 and 4.11). In 2 cases (one metal needle and one bare
fibre) the necrosis was adjacent to large vessels, in which the flowing blood had a cooling
effect with subsequently smaller lesions (Figure 4.12). In another 2 cases (again one
metal needle and one bare fibre), there was tracking of necrosis away from the main
necrotic lesion , along and around small vessels passing through. This extended for about
lcm away from the main necrotic lesion, and was more prominent if the traversing vessel
was smaller - these vessels were thrombosed (Figure 4.13).

Table 4.9 shows the mean dimensions of the necrotic lesions produced at 2W and 4W
(bare fibre and metal needle), and the mean estimated volumes of necrosis (not including
the 2 lesions abutting large blood vessels, described above). It can be seen that the metal
needle produces longer but narrower necrotic lesions. At 2W the mean volume of necrosis
induced by the metal needle is only half of that produced by the bare fibre, although at 4W
this difference is less marked.

Table 4.9: Mean dimensions (mm) of necrotic lesions produced by a bare fibre and a
metal needle in pig liver, at 2W and 4W (energy constant at 1000J). L = longitudinal
length of necrosis along fibre/needle track, T = transverse width of necrosis, D = depth of
necrosis. The last column gives the mean estimated volume of necrosis, V=L x T x D x
0.52. (The constant 0.52=n+6). The individual measurements are given in the appendix
(page 208).

Fibre-tip, and Size of necrosis Volume of necrosis
Laser power L T D (mm) V (mm3d)
Bare fibre, 2W 16.5 17.5 14.5 2270

Metal needle, 2W 200 125 8.5 1134

Bare fibre, 4W 18.7 16.7 15.0 2494

Metal needle, 4W 28.3 12.7 11.3 2167
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In the second pig experiment, using 4000J, there was considerable variability in the
results. At 4W and 1000s, the needle-tip was blackened along 35mm, the distal Smm
being clean (fibre-tip was 1cm proximal to needle-tip), and more proximally the needle
was slightly discoloured (Figure 4.14a); since the blackening extended to the entry point
of the needle into the liver, the 2 subsequent 4W lesions were produced after inserting the
needle 6cm into the liver (fibre-tip still 1cm proximal to needle-tip). In one of these cases
the needle was blackened along 38mm, and in the other 48mm but with a clean 7mm
segment in this latter blackened segment (Figure 4.15a); in both cases, the distal Smm of
needle-tip was also clean. The other main feature at these higher energies was that the
fibre cladding within the needle was burnt back up the fibre 55mm (Figure 4.14a), 20mm
and 50mm, respectively. In the first and last case, the liver tissue and metal needle, at the
needle entry point, were seen to be visibly heating after 400s and 900s, respectively. The
subsequent necrotic lesions produced were morphologically very irregular. What
appeared to be happening was that a well-defined ellipsoidal zone of necrosis was initially
developing, then, after a certain time (<400s in one case, and <900s in the other), the
cladding of the fibre began to burn within the needle and rapidly back-track up the fibre
with heating of the needle along its track, and subsequent proximal extension of the
necrotic zone (Figure 4.14b). Figure 4.15b shows the necrosis from the needle which had
a clean gap in the blackening - it can be seen that a large vessel splits the necrosis into 2
separate lesions; presumably the needle passed through the vessel, the flowing blood
keeping this part of the needle and perivascular tissue free of thermal damage. The other
main reason for the irregular morphology of the necrotic lesions was the phenomenon of
perivascular necrosis around the smaller blood vessels traversing the necrosis (Figure
4.13) - this was seen in all 3 lesions produced at 4W and 4000J.

At 8W and 4000J, with the metal needle, the effects were more dramatic, and the necrotic
lesions more irregular. The variation of the placement of the fibre-tip at 3cm, 2cm, and
Icm from the needle-tip showed that the distal limit of needle blackening was only Smm
away from the site of the fibre-tip, indicating that the heat propagated back up the needle
rather than forwards. With the first lesion (fibre-tip 3cm from needle-tip, and 6cm of
needle within liver), thermal changes were seen at the needle entry point after only 100s;
by 400s the heat had propagated SOmm back up the needle (from its entry point into the
liver), and since the needle was white-hot proximally, the treatment was stopped. The
fibre was found to have snapped 60mm from its tip. With the second lesion, the needle
and fibre-tip were deeper in the liver, and thermal effects were seen at the needle entry
point after 430s - 45mm of needle was blackened, and 40mm of the fibre cladding burnt
back. The third lesion at 8W showed 50mm of needle blackening, and again 40mm of
fibre cladding burnt; in this case the fibre-tip was lcm proximal to the needle-tip which
was 7cm into the liver - no thermal effects at the entry point were seen. The volumes of
the necrotic lesions could not be estimated because of their very irregular and unpredictable
nature.
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The single bare fibre lesion in the liver at §8W had been produced with the fibre inserted
3.5cm into the liver tissue. This produced a more uniform necrotic lesion of 40 x 20 x
20mm (estimated volume, 8320mm3); however, the cladding had burnt back to the entry
point of the fibre, and the fibre fractured during withdrawal, leaving the broken segment
of fibre in situ. On sectioning the liver, it was also noted that the fibre was broken in
several places in the centre of the necrotic lesion. Furthermore, the necrosis had extended
back up to the liver capsule.

4.4. DISCUSSION
4.4.1. RAT LIVER MODEL FOR ILP

In the majority of the experiments the model used for in vivo ILP was a lobe of rat liver.
This has a diameter of 25-30mm, and there are many advantages in using it for ILP: rats
are readily available and easy to manage; the liver lobe can be easily accessed by
laparotomy for in vivo ILP; the liver lobe has a fairly consistent shape and size; accurate
localisation of the fibre-tip is possible; some of the effects of ILP (such as loss of aiming
beam and surface effects can be directly observed; there are no large blood vessels to cause
a marked reduction in the size of necrosis, eg. if the fibre-tip lies adjacent to such a vessel.

Some of the disadvantages of using the rat liver for ILP are: the extension of the necrosis
to the superior and inferior surfaces of the liver lobe means that some heat is lost to the
atmosphere; the size of necrosis is likely to be greater than one would expect in a larger
liver where the necrotic lesion would be completely surrounded by liver, hence the rat liver
model is more useful for comparative work rather than an indicator of the size of necrosis
expected in humans from the parameters used; the small size of the rat liver lobe means
that there is a limit to the size of necrosis which can be evaluated; the size of the lobe may
influence the size of necrosis itself, possibly by limiting the extent of thermal damage;
edge effects (wedge necrosis) may make reliable measurement of necrosis difficult.

Biological variability is inevitable in any in vivo experiments. Other factors causing
variable necrosis during ILP despite using the same parameters include fibre-tip
deterioration, changing optical and thermal properties of tissue as it is coagulated, and
variable cooling by flowing blood in any adjacent vessels. This latter factor is likely to

cause greater variation in larger animal models.
Overall, the rat liver served as a very useful model for the experiments that were
performed, and allowed practically relevant differences in laser parameters to be relatively

easily detected.
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4.4.2. SIGNIFICANCE OF CHARRING DURING ILP

The strong association between the extent of tissue charring around the fibre-tip and the
size of necrosis was a new finding of major importance. Lesions which showed no or
minimal central charring, had a much smaller diameter of coagulative necrosis than those
in which greater charring was present. The early loss of the He-Ne aiming beam was
consistently predictive of tissue charring and greater necrosis than if the aiming beam was
visible throughout ILP. It would be reasonable to assume that the loss of the aiming beam
is associated with decreased penetration of the laser light. Hence, it can be inferred that
decreased tissue penetration of the laser light results in a greater volume of thermal damage
than increased penetration, contrary to what was previously thought.

It is probable that once charring is initiated, the laser light is strongly absorbed by the
black char, with a subsequent large temperature rise around the immediate vicinity of the
fibre-tip, and further char formation. The fibre-tip would then act as a point heat source
rather than a distributed heat source (or a point optical source, as would be the case with
deeper tissue penetration of laser light). Tissue heating and consequent necrosis then
occurs as a result of thermal conduction, and the extent of thermal damage depends on the
temperature gradients achieved as well as the length of time the tissue is exposed to the
elevated temperatures (Thomsen, 1991).

Charring around the fibre-tip may weaken the tip itself. However, at powers of 1-4W in
rat or pig liver, there were no cases of the tip breaking and a fragment remaining behind,
even though there was sometimes resistance to withdrawing the fibre because of sticking
to the tissue char. If a fragment is left behind then this would be rendered sterile in view of
the high temperatures achieved during ILP (in the presence of charring these could
theoretically be as high as 300-400°C). The fibre-tip did break with some fragments left
behind when using the higher power of 8W in the pig experiment.

At the same time as this in vivo study was being conducted, Wyman et al (1992a)
published some in vitro work, in which they found greater thermal damage during ILP if a
small amount of tissue debris was attached to the fibre-tip prior to activating the laser; they
also found an association between tissue charring and necrosis size.

The in vivo data presented in this thesis shows that the mechanism of action of ILP during
the production of clinically useful necrosis is completely opposite to what was originally
proposed. It has always been felt that charring should be avoided during ILP, the
argument being that it reduces the extent of thermal damage by reducing the penetraticn
depth of the laser light. However, it is now clear that the less the light penetrates and the
more focused its absorption, the higher the local temperature rise and the greater the extent
of thermal damage. In the examples of no charring and ILP performed with deep
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penetration of laser light (even at 3W using the 1064nm Nd:YAG laser), the necrosis
produced is consistently much less than when charring occurs.

4.4.3. FACTORS WHICH CAUSE CHARRING

The crucial factor which causes charring of tissue around the optical fibre-tip is the
temperature achieved. This is determined by the optical fibre-tip, laser wavelength used,
the power and exposure time, as well as the optical and thermal properties of the tissue;
the last of these has been kept constant during the experiments. An unpredictable factor is
the inadvertent insertion of the fibre-tip into or close to a large blood vessel, the flowing
blood in which will tend to lower the peak temperature achieved during ILP.

4.4.3.1. Fibre-tip: cladding material

The type of material of which the cladding of an optical fibre is made has been shown to
be of considerable relevance. This has not previously been noted and most groups don't
report the type of fibre they are using for ILP, nor mention whether the cladding has been
removed.

ILP using a plastic clad fibre with its cladding intact inevitably results in burning of the
cladding - this probably initiates charring leading on to the chain of events described
above. ILP with a silica clad fibre (and a 1064nm Nd:YAG laser) resulted in less
charring, probably because the silica cladding is much more resilient to temperature rises
and does not burn easily. As a result the plastic clad fibres gave much larger necrotic
lesions than the silica clad ones. Removing the cladding from plastic clad fibres did not
negate this difference. This is likely to be related to the difficulty in completely removing
the plastic cladding by mechanical methods. It is probable that even a small amount of
debris on the fibre-tip is sufficient to initiate the cycle of burning and charring. The
0.2mm plastic fibre charred more and gave larger necrotic lesions than the 0.4mm fibre at
200J, and this may be related to the greater difficulty of removing the cladding from the
smaller fibre, thus providing more debris for burning; this difference was not apparent at
the higher energy. The other explanation is that the smaller fibre has a decreased surface
area, and therefore a higher power density at its tip, and so charring is more likely to be
initiated earlier and at lower energies.

This data suggests that to achieve greater necrosis using a 1064nm Nd:YAG laser, a
plastic clad fibre should be used, at a power of 2W and energy of 1000J. The cladding is
preferably left intact to ensure that there is something to burn and initiate char formation.
It is preferable to remove the buffer coat/jacket, since this reveals a previously unexposed
part of the fibre which is easier to sterilise. Damaging the cladding while removing the
buffer coat/jacket is of no consequence for ILP.
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4.4.3.2. Laser wavelength

The 1064nm Nd:YAG laser wavelength was originally proposed to be the most suitable
wavelength for ILP because of its relatively deep tissue penetration; this theoretical
assumption has never been questioned or tested in practice until now. The data presented
in this thesis shows clearly that less penetrating wavelengths (1320nm, 805nm, and
488/514nm) do in fact cause greater thermal damage during ILP than 1064nm.

The absorption coefficient of the 1320nm Nd:YAG wavelength is ten times greater than
the 1064nm wavelength in water and saline (Stokes et al, 1981), and it has been shown to
be highly absorbed in brain tissue (Mordon et al, 1990). The 805nm diode wavelength is
also more heavily absorbed in soft tissue compared to the 1064nm Nd:YAG wavelength
(Jacques et al, 1992), especially in the presence of blood (Shen et al, 1993), as is the
488/514nm wavelength. The data presented in this thesis has demonstrated that during
ILP the 1320nm, 805nm and 488/514nm wavelengths cause charring in liver tissue
relatively quickly and at lower powers, compared to the 1064nm wavelength. This is
likely to be due to the laser energy being deposited in a much smaller tissue volume around
the fibre-tip, resulting in higher temperatures (Svaasand et al, 1990), and early initiation of
charring. '

4.4.3.3. Laser power and energy

The power at which charring occurs is dependent on the exposure time, wavelength and
type of fibre-tip used. A 1064nm Nd:YAG laser will only rarely cause charring (at
powers of 1-3W) when a silica clad fibre is used; with a plastic clad fibre charring occurs
consistently at a power of 2W and energy of 1000J, but only sometimes with an energy of
200J. The 1320nm Nd:YAG laser produces only a small amount of charring at 1W, but at
2W and 3W this is much more marked. The 805nm diode laser and the 488nm/514nm
Argon lasers consistently produce marked charring at 1W, the laser energy being confined
to a much smaller depth with subsequent greater rise in tissue temperature even at 1W.

4.4.4. ROLE OF PRE-CHARRED FIBRE-TIPS

Pre-charring the bare optical fibre-tip using the 1064nm Nd:YAG laser allows the cycle of
reduced light penetration, higher local temperatures and more charring to be initiated, with
a subsequent consistent and dramatic increase in the size of necrosis, compared to a clean
fibre-tip at the same wavelength. Pre-charring at the 1320nm wavelength makes little
difference to the extent of necrosis, since the charring cycle begins spontaneously even
with a clean fibre-tip. With the tips pre-charred, the size of necrosis obtained by the
1064nm and 1320nm wavelengths was essentially the same at a power of 3W, although at
IW and 2W there was a difference between the two; this cannot be simply explained,
since at 1W the 1064nm laser gave larger lesions, but at 2W the 1320nm laser gave larger
lesions. This difference may be related to the amount of char present on the pre-charred
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