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Abstract

This thesis comprises the collection of publications on the development of

electrolysis as a local ablative technique for solid tumours including the liver and

pancreas.

This work has been conducted in association with a number of colleagues
included as authors on the papers submitted. The research efforts have been
under my coordination and direction, with all patient studies exclusively
managed by myself. The work presented first establishes the feasibility of
electrolytically produced lesions in small and large animal models, and then its

effect on tumour cells in a small animal model.

Unfortunately no suitable large animal tumour model exists so dose response
calculation was determined in a pig liver that approximates human dimensions
and anatomy. Studies were also conducted to better understand the mechanism
of the destructive effects of electrolytic treatments. The pH changes not heat
production were found to be the primary mechanism of cell death. When applied
to patients in both a pilot and limited clinical study for liver tumours, complete
destruction of tumour can be achieved without any adverse effects being

detected.

The electrolytic destruction has also been applied to pancreatic tissue with
similar controllable effects which may offer a palliative option for pancreatic

cancer in the future.



Introduction

The papers put forward in this thesis comprise review-type articles of the
technology at the time as well as a number of descriptions of the experimental
processes taking place relating to electrolytic destruction of tumours. The main
sources from which the information in the papers is derived and the extent to

which | have made use of the work of others is described for each publication

below.

Publication 1
Baxter PS, Wemyss-Holden SA, Dennison AR, Maddern GJ (1998)

Electrochemically-induced hepatic necrosis — The next step forward in

patients with unresectable liver tumours?
Australian & New Zealand Journal of Surgery 68: 637-640

This was an experimental study to look at the effects of electrochemically-
induced hepatic necrosis. The concept was mine, the work was directly
Supervised by myself, although the series of experiments were conducted by

one of our Research Assistants and MD students.

Publication 2

Robertson GSM, Wemyss-Holden SA, Dennison AR, Hall P de la M,

Baxter PS, Maddem GJ (1998) _ _
Experimental study of electrolysis-induced hepatic necrosis
British Journal of Surgery 85: 1212-1216

This was also a study designed by myself and conducted by MD students
working within the Department. The original experimental design and the

issues associated with its execution were all directly under my supervision,



although again the majority of the work was conducted by higher degree

students.

Publication 3
Berry DP, Maddern GJ (2000)

Other in situ ablative techniques for unresectable liver tumours
Asian Journal of Surgery 23(1): 22-31

This is a review of the current state of the literature regarding ablation of
unresectable liver tumours and was jointly authored by myself and Mr David

Berry.

Publication 4

Wemyss-Holden SA, Robertson GSM, Dennison AR, Vanderzon PS, Hall P,

Maddem GJ (2000)
A new treatment for unresectable liver tumours: long-term studies of

electrolytic lesions in the pig liver.
Clinical Science 98(5): 561-567

This publication was primarily written by myself and Dr Simon Wemyss-Holden,
one of our Registrars working at The Queen Elizabeth Hospital. The work was
conceived by our research group and its ongoing supervision and final

publication was under my direct control and involvement.

Publication 5

Wemyss-Holden SA, Hall P de la M, Robertson GSM, Dennison AR,

Vanderzon PS, Maddern GJ (2000) .
The safety of electrolytically-induced hepatic necrosis in a pig model.
Australian and New Zealand Journal of Surgery 70(8): 607-612

This was similarly executed under the same basis as publication 4.



Publication 6
Wemyss-Holden SA, Robertson GSM, Dennison AR, Hall P de Ia M,

Fothergill JC, Maddern GJ (2000)
Electrochemical lesions in the rat liver support its potential for treatment of

liver tumors
Journal of Surgical Research 93(1): 55-62

This was conceived by myself and Dr Simon Wemyss-Holden and conducted
within the Department under my direct supervision and guidance, although in

this particular paper | had little direct hands-on involvement.

Publication 7

Wemyss-Holden SA, Robertson GSM, Dennison AR, P de la M Hall,

Maddern GJ (2000) ..
Electrolytic treatment of colorectal liver tumour deposits in a rat model: A

technique with potential for patients with unresectable liver tumours.
Digestive Diseases 18: 50-57

Dr Simon Wemyss-Holden, Mr Gavin Robertson and myself carried out the

experiments described in this paper. The conceptual issues were greatly

helped by Professor Pauline Hall and Mr Ashley Dennison.

Publication 8

Berry DP, Dennison AR, Ward R, Maddern GJ (2000)
Electrolytic ablation of colorectal liver metastases — 1 year histological patient

follow-up
Digestive Surgery 17(5): 516-519
This is a case report which was conducted on a patient of mine. | performed

the surgery, conducted the ablation and arranged the followup. The

Manuscript was prepared by Mr David Berry based on this clinical experience.



Publication 9
Fosh B, Finch JG, Anthony A, Texler M, Maddem GJ (2001 )

Electrolytic ablation of the rat pancreas: a feasibility trial
BMC Gastroenterology 1(1): 9

The work associated with this publication was carried out by one of our
Research Registrars, Dr Beverley Fosh, under my direct supervision. The
conceptual idea behind the work was my own and, indeed, it is at this stage a
completely novel and somewhat radical technique designed at managing
pancreatic lesions. In this particular study, the technical aspects were worked

through by myself and the research group but the experiments were conducted

predominantly by Dr Fosh.

Publication 10

Teague BD, Wemyss-Holden SA, Fosh BG, Dennison AR, Maddem GJ

(2002)
Electrolysis and other local ablative treatments for non-resectable colorectal

liver metastases

Australian & New Zealand Journal of Surgery 72(2): 137-141
This articles encapsulates the current state of knowledge of non-resective
techniques available for liver tumours. It was written by myself and the other

Cco-authors as a review article for the Australian & New Zealand Journal of

Surgery.

Publication 11

Finch JG, Fosh B, Anthony A, Slimani EK, Texler M, Berry DP, Dennison AR,

Maddem GJ (2002) _

Liver electrolysis: pH can reliably monitor the extent of hepatic ablation in
pigs

Clinical Science 102: 389-395



This was a paper put together by the efforts of Dr Guy Finch with input from
myself regarding the use of pH changes to monitor the extent of necrosis
occurring during electrolytic destruction. The experimental design and the
concept behind the work was mainly my own but many of the technical aspects

were solved by Dr Finch in discussion with the general research group.

Publication 12

Wemyss-Holden SA, Dennison AR, Finch JG, Hall P, Maddern GJ (2002)
Electrolytic ablation as an adjunct to liver resection: experimental studies of

predictability and safety
British Journal of Surgery 89: 579-85

This publication appeared in the British Journal of Surgery and was an
important work in that it demonstrated that electrolytic destruction near major
vessels did not seem to cause any adverse effects. The experimental design

was my own and the work was conducted by both myself and Dr Wemyss-

Holden.

Publication 13

Wemyss-Holden SA, Berry DP, Robertson GSM, Dennison AR, Hall P de Ia

M, Maddern GJ (2002) _ _ _
Electrolytic ablation as an adjunct to liver resection: safety and efficacy in

patients
Australian & New Zealand Journal of Surgery 72(8):589-593

This reports the early clinical experience with a number of my patients on whom

| performed all of the electrolytic procedures reported and on whom | have

maintained on-going followup.

10



Publication 14
Fosh BG, Finch JG, Lea M, Black C, Wong S, Wemyss-Holden SA, Maddern
GJ (2002)
The use of electrolysis as an adjunct to liver resection
British Journal of Surgery 89: 999-1002
This reports further the clinical results of this technique in a number of patients.
They are all patients under my care, | performed the surgery on all of them and

the followup has also been performed by myself. The data was collated and

written up by Dr Fosh.

Publication 15
Wemyss-Holden SA, Court FG, Burrell A, Morrison CP, Morales DR, Teague

BD, Rodgers N, Anthony AA, Metcalfe MS, Dennison AR, Maddern GJ
(2003)

Palliation of pancreatic cancer using electrolytic ablation

Surgical Endoscopy 17: 207-211

DOI: 10.1007/s00464-002-9109. y

This, again, represented a novel idea using the pancreatic duct as a conduit to
deliver the electrolytic dose by the use of an ERCP machine. This paper
demonstrates the feasibility of delivering the electrode without the need for an
Open procedure. The idea was entirely mine, the technical issues were helped
greatly by the input of Dr Wemyss-Holden, Dr Fiona Court and Dr Charles

Morrison.
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ORIGINAL ARTICLE

ELECTROCHEMICALLY INDUCED HEPATIC NECROSIS:
THE NEXT STEP FORWARD IN PATIENTS WITH UNRESECTABLE
LIVER TUMOURS?

P.S. BAXTER,* S. A. WEMYSS-HOLDEN,* A. R. DENNISONT AND G. J. MADDERN*

*Department of Surgery, University of Adelaide, Queen Elizabeth Hospital, South Australia, Australia and 'Department of
Surgery, Leicester General Hospital, Leicester, Unired Kingdom

Background: The treatment of patients with unre

Tegional treatment have been developed. These method
inherent limitations in clinical usage. The ‘ideal’

ative predictability of thermal insults, without the associated complications. This study aims to investigate whether the direct chemical

effect of electrolytic hepatic necrosis is associate
Methods: An electrolytic ‘dose’ sufficient to induce a
Via implanted platinum electrodes.
esults: The results showed that there w
Pig, there was a significant (P <0.01) inc

Ke)’ words: electrolysis, liver, thermal, tumour.

r INTRODUCTION
h

recfalmaJ:Of‘ily of patients who develop hepatic meFastases of Folo-
Cang; Ongin are incurable. Only 5-10% qf th;se patients are suitable
thag 'dates for surgical resection,! whl_ch is the only treatment
138 been shown to improve survival.2 For the remainder,
atielan Survival is 6 months and an effective treatment for these
nts ig urgently needed.? .
mmZ"era] methods of local treatment for unrc§ectable liver
i“ler Urs have been developed. Many of these tec'hmques, such as
the,. Sfltla] laser therapy,+ cryotherapy,5' anFi microwave hyper-
insu a8 cause tissue necrosis by delivering a 'dlrect thermgl
Sffee to the tumour. Other methods use the direct cytotoxic
De\ltics of certain chemicals such as alcohol,” and chemothera-
dic[abl drugs.s However, the effects of these are largely unpre-
hay © and uncontrollable. Thermal methods of tumour ablation
the iccena‘n inherent limitations, and dangers such as fracturing
bonize ball wigp, potentially fatal haemorrhage (cryotherapy), car-
®neq Alion ang charring (interstitial laser therapy) would not be
teny Ntered jf tissue destruction could be produced at arpbwnl
relah-vrat“re- Theoretically, the ‘ideal’ treatment woulq combm; the
QYtgtO e. Predlctability of the thermal treatrpcnts w1th .the. Q1rect
dfawb:.l: effects of the chemical methods, without their individual
s,
seclz:;)qrolysis is a new local treatment for patients with unre-
¢ Primary or secondary liver tumours which is currently

Co

s O

Ehlabefspo"dcnce: Professor Guy Maddern, Department of Surge‘ry. Queen
™il: <y 1OSpital, Woodville Road, Woodville, SA 5011 Aust o/t

Maddern @ medicine.adelaide edu.au>

ch
Ped for publication 19 March 1998,

d with any heating effect, and if so, whether the temperature change is dose-dependent.
localized zone of hepatic necrosis was delivered to the livers of rats and pigs

as no significant temperature increase at low current levels (24 mA) in the rat liver. In the
rease in temperature of 4.2°C during electrolysis, when delivered at bétween 20 and 50 mA.
rature would have been insufficient to cause appreciable thermal necrosis.

being developed for use in patients at the Queen Elizabeth Hospital.
Early results suggest that this technique Incorporates the advanta-

cathode and hydrochloric acid, oxygen and chlorine gas at
the anode.-13 This results in a significant pH gradient being
established between the electrodes. 1415 Consequently, the local
environment becomes intensely cytotoxic and cell necrosis
results. The resulting spherical zone of necrosis is sharply
demarcated from the surrounding normal liver and the tissues
between the electrodes are unaffected. Results in the rat and pig
livers showed that electrolysis is a safe and effective method
for creating areas of hepatic necrosis. His[opathology confirmed
the presence of necrotic tissue at the electrode sites. Moreover, the
induced necrosis was dose-dependent and was produced at a rate
of between 2.0 cm¥/100 coulombs (C) (rat) and 2.3 cm3/100 C
(pig). It was proposed that the observed inter-species variation in
rates of necrosis resulted from the difference in resistivity of the
liver parenchyma between the two species (unpub). observ.).

Because electrolysis uses electric current, it is reasonable to
assume that cell necrosis may in part result from a heating effect.
Were this so, it would potentially be associated with the complica-
tions of thermal treatments. A review of the literature on the
temperature change associated with electrolysis showed varjable
results. Temperature changes ranging from 0 to 20°C have been
reported.'s-18 However, all papers suggest that the thermal effect of
electrolysis is negligible.

For electrolysis to be accepted as a new treatment method for

12
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Patients with unresectable liver tumours it must be shown to be
Superior to those techniques currently available. As such it
should be demonstrated that the direct electrochemical insult is
delivered without a significant heating effect and the associated
Potentially life-threatening complications.Using both small and
large animal models this study aimed to (i) determine if hepatic
PeCrosis could be produced in the rat liver at low amperage with no
associated temperature increase; and (ii) determine if thermally
Induced necrosis is likely to occur in the clinical setting where
higher amperages will be employed using a pig model.

METHODS

The direct current generator was manufactured by the Bioengi-
eering, Transducers and Signal Processing Research Group,
niVersily of Leicester, United Kingdom. All experiments on
AMimals were approved by the ethics committees of the University
of Adelajde and the Queen Elizabeth Hospital and conform to
the Statements of Animal Experimentation by the NH&MRC.

Rats

Sixteen SPF female Wistar WAG rats weighing a mean of 199 g
(r.ange 192-205 g) were anaesthetized using standard halothane/
Nitroys Oxide/oxygen anaesthesia. Anaesthesia induction was
Performeq using a perspex box with 3.5% halothane, 1 L/min
Mtrous ang 1000 cc/min oxygen. Maintenance of anaesthesia
Wag achieved with an inhalation system using 1.5% halothane,
min nitrous and 300 cc/min oxygen. The liver was
“XPOsed and everted through a midline incision. Two platinum
electrodes (0.5-mm diameter) were inserted to a depth of 2 mm into
gpe lobe of the rat’s liver with a separation of 2 mm. A 0.8-mm-
‘ameter thermocouple (80TK Thermocouple Module FLUKE
e with Escort EDM.1695 TUV, Rheinland Group) was
USerted intg the liver between the electrodes with care taken not to
ch the electrodes with the thermocouple. Core temperature
reas cOnlinuously monitored and recorded using a 3-mm-diameter
21 probe (KM250, Kane-May Limited)
the en.HOCOUple and electrodes were plac?ed into the liver and
p(__rsequlpment set up prior to randomlza(19n of treatment. The
grou(;)" fecording the temperatures was not blinded to the treatment
A{leien[ environmental temperature was also continuously
ONitoreq 44 recorded using a temperature probe (HMP 35,
u“ailtsa]a Pty L, Helsinki, Finland) connected to an indicator
ur, (Hmy, Vaisala Pty Ltd) placed next to the rat. Liver temper-
i me at the electrode site, ambient environmental temperature
a Cdiate]y Surrounding the rat and rectal temperature were all
SUred and recorded. -
sh \r:m Previous work (G. Maddem et al. unpubl. data, 1998) it was
" that a current of 4 C produced a 5-mm-diameter lesion in
alterrei; “v?“ The rate at which the dose could be delivered was
Wheyy, b)" INcreasing or decreasing the current. In order to determine
Wer, ¥ INCreased rate of delivery influenced the temperature, 4 C
elivered at both 2 and 4 mA. All rats were killed at the end of
i’:em by anaesthetic overdose. _
liver\: Tats received electrolysis: in each rat one lot?e of the
2 35 treated with 4 C at 4 mA, and the other lobe with 4 C at
Tec()ra .Seven ran were used as controls where every procedure and
Pagge Igg Was identical to the treatment rats, but no current was
eagy... LVeen the electrodes. The mean time of egch eflectrolysxs
€Nt wag Mmatched with the temperature recording time for the

treay
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controls (18 min for 4 mA, 32 min for 2 mA) and both lobes of the

liver were used.

Pigs

Due to size limitations in the rat liver, pigs were used to deliver the
electrolytic dose at higher currents similar to those that are used in
the clinical setting to determine if there was significant heating
around the electrodes.

Pigs were fasted overnight and sedated with a deep-intramus-
cular injection of ketamine (20 mg/kg) and xylazine (1.5 mgrkg).
Pigs were maintained on gaseous anaesthesia of 1,59, halothane
in oxygen via a laryngeal mask airway. Temperature studies
were performed on the pigs at doses of between 20 and 50 mA
(the range likely to be used in patients) by measuring core tem-
perature, ambient temperature and liver temperature at the elec-
trolysis site every 2 min for a total of 10 min at each setting.
Temperature measurements were also continued for 2 min after the
end of electrolysis to determine if any rises in temperature con-
tinued after the electrolysis had finished. All measuring devices and
randomizing methods were the Same as those used for the rat
studies. The electrodes used were supplied by Johnson & Johnson
Medical Pty Ltd, North Ryde, NSW. They were 6 French G with a
diameter of 2 mm.

A total of five pigs were used for this analysis. Three pigs
were controls with a total of eight 12-minute control studies per-
formed. The remaining two pigs underwent thirteen 12-minute
studies (six studies on one and 7 on the other).

A repeated measures analysis of variance was used to analyse the
temperature change of the liver around the electrodes over lime.,
Baseline measurements of rectal temperature, liver temperature and
ambient temperature were included as covariates, and the recta] and
ambient temperatures over time were included as time—varying
covariates. An auto-regressive error structure was assumed.

Program 5 V from the BMDP statistica] software package was
used for this analysis by a consultant statistician.

RESULTS

All animals tolerated the treatment wel]. No intra-operative com-
plications were observed and no animal died prior to the anaesthetjc

overdose.

Rats

The change in temperature around the electrodes wasg signifi-
cantly different during electrolysis when compared with the
control group (P <0.01). Interestingly, a mean temperature
increase of 1.5°C was recorded in the contro] &roup; no tempera-
ture change was observed in the electrolysis aroup (Table 1).
The site of electrolysis in the rat liver (left or right lobe) made no
significant difference to the temperature changes.

Pigs

There was also a significant difference in the termnperatyre
recordings n the pig liver between the treated and contrg]
groups. The baseline liver temperature increased by a mean of
4.2°C over the course of electrolysis and decreased by a mean
of 0.7°C in the control group of animals where no current was
passed between the electrodes (P < 0.01) (Table 2). The mean
temperature increase after electrolysis using 20 mA of current

13
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Table Results of the temperature changes in the rat liver (°C) at the site of electrolysis with the estimated mean values and the standard error
of the estimare in parenthesis

Estimated mean liver temperature Estimated mean liver temperature Temperature change Significance
at the start of electrolysis at the end of electrolysis
O °O)
—
EleC(ro]ysjg group 324 (022) 324 (035) 0 NS
ontrol group 32.4 (0.22) 33.9 (0.35) 1.5°CT P <001

NS, not significant.

Table 2. Results of the temperature changes in the pig liver (°C) at the site of electrolysis with the estimated mean values and the standard error

of ¢ . . b
he estimae in parenthesis

Estimated mean liver temperature Estimated mean liver temperature Temperature change Significance
at the start of electrolysis at the end of electrolysis
(°C) 4]
Elect oot
Tolysis grou 41.0 (1.31) 45.2 (1.28) 4.2°C P<0.0]
Ontro] groui P 36.3 (1.66) 35.6 (1.63) 0.7°Cl NS

N Lo
» POt significant.

r‘:;as 26°C, 9°C with 30 mA, 8°C with 40 mA, and there was 2 2°C  or cold is undoubtedly effective and relatively predictable, both have
ean "®Mperature increase for the 50-mA. group. Therefore the  been associated with certain complications such as haemorrhage,
magnilude of the current did not significantly affect the tempera-  biliary fistulae and renal impairment,20 carboni_zation and char-
tere “hange over time. It is difficult to explain why there is a  ring. Other methods tha} _dell.vcr a direct chr_am:cal insult to the
th'enperamre difference at baseline between the control animals and  tumour su'ch as alcohol Injectior: and locoregional chemotherapy
ley, Clectrolysis animals. Operative conditions, theatre lights and  are attractive but largely unpredictable in effect.7 This study has
Of anaesthesia all may contribute to this. shown that the dxrgctly de_hvered g]ec_trochcmlca.l insult of elec-
trolysis is not associated with any significant heating effect and is
therefore likely te be associated with a lower complication rate thap
N DISCUSSION thermal or chemical treatments when treating patients with unre.-

his . .
Jeg Study has shown that with electrolytic doses which have  sectable liver tumours.
Showy to kill tumours in the rat liver (G. Maddern et al.

In :
:IS::L data, 1997) the necrosis does not result from hyperthermia. ACKNOWLEDGEMENTS
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Experimental study of electrolysis-induced hepatic necrosis
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Background One of the most promising but unexplored methods for treating patients with
irresectable liver tumours is electrolysis. This study examined the effect of increasing 'current dose’
on the volume of the lesion induced in normal rat liver.

Methods A direct current generator, connected to platinum electrodes implanted in the rat liver, was
used to examine the effect of (1) varying current doses from 1 to 5 coulombs and (2) electrode
separation (2 or 20 mm), on the volume of liver necrosis.

Results There was a significant correlation (P< 0-001) between the current dose and the volume of
necrosis produced for each electrode separation. Placing the electrodes 2 mm apart resulted in
smaller total volumes of necrosis than placing them 20 mm apart when anode lesions were
significantly larger than cathode lesions (P< 0-05). Liver enzymes (aspartate aminotransferase,
alanine aminotransferase) were significantly raised 1 day after treatment (P< 0-001) and predicted
the total volume of hepatic necrosis (P< 0-001).

Conclusion Predictable and reproducibie areas of liver necrosis are produced with electrolysis. If
these results extrapolate to larger animal models, this technique has potential for patients with
irresectable primary and secondary liver tumours.

P.Fimary and secondary liver tumours represent a i{nmggxologically competent cells have all been hypothe-
Significant problem worldwide both numerically and sized. .
SOCioeconomically. Presently only surgical resection offers Animal experiments have been conducted to examine
€ potential for cure with between a quarter and a third the effects of Clectrolysis in the mouse'®?!,  rat?22r-2s
patients surviving 5 years'2 Unfortunately only a rabbit", and pig?**-%, These studies which started in the
relatively small number of patients (less than 10 per cent) mid-1970s were followed by clinical studies in a small
hec, Suitable for surgery® and the remaining 90-95 per cent ~ number of patients with pulmonary lesions™ ¥ and mose

ave a dismal outlook! with a median survival of recently r%ports. from China of the treatment of liver
aPPFOXimatelyﬁ months’7_ tumours?*? - This new treatment modality nevertheless

number of different non-resectional approaches have remains in its infancy and considerable evaluation of the
been investigated including percutaneous alcohol injec- basic physiological changes induced and the best method

of current delivery are required before its widespread
clinical introduction.

This study examined the effect of variations in current
dose and electrode separation on the volume of hepatic
necrosis and resultant liver enzyme derangement in the
normal rat liver.

tiong, instillation of specific toxins®™, cryotherapy'!, laser
“rmotherapy’?, both regional and systemic chemo-
€rapy®, and liver transplantation™. These methods have
all been shown to be invasive or clinically unreliable and
fone has conferred a reproducible long-term survival
ad"antage, although several are useful as palliation*!5.
Electrolysis is a simple and extensively investigated
Clectrochemical phenomenon with a negligible thermal

f_ffeCt”-‘“. Potentially it fulfils all of the criteria for safe Materials and methods
alSS‘l{e -destructl'on which  would allow its clinical A DC generator was designed to deliver a preset current dose
Pblication to liver lesions. The effect is produced b{ (coulombs =current (amperes) X time (seconds)). Automatic
irect current (DC) generated between a pair (or more voltage adjustment between 1 and 25 V allowed a preset rate of
f electrodes designated anode and cathode. When current delivery (variable between 1 and 100 mA) regardless of
Urrent s applied in human plasma, sodium hydroxide alterations in hepatic parenchymal resistance during treatment.
ang hydrogen are produced at the cathode and Anode and cathode electrodes were identical and constructed
hydro(;hloric acid, oxygen and chlorine gas at the from ' fine _platinum wire 05 mm .diamete.r). which was
e o T fowls in o sgnfcant pli gradien  dtcicaly mubated wing 3 st s v Tug
e . : a e (i
e“\["ﬁii?n?:t e;:i(:jtrg dress plr((j);?u%r;%l adggilceﬂypcgrtt&tg]mgfl C::(:ﬁ producing an effective electrode surface area of 3-34 mm?, P
Necrosis?tes The sit ‘:_U ing iderably more complex in The use of laboratory animals in this study was approved by
vin . situation is considerably plex 1 local animal ethics committees (Upwerstty of Adelaide and The
O. however, and a direct effect of the DC on ionic Queen Elizabeth Hospital, Adelaide) and conformed with the
ansport systems, capillary circulation and movement of ‘Code of practice for the care and use of animals for scientific

purposes’ (NHMRC/CSIRO/AAQ 1990) and The Prevention of

Cruelty to Animals Act 1985.
Fifty Wistar-WAG male rats (210-320 g) obtained from the
Animal Resources Centre (Perth, Australia) were divided into
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ELECTROLYSIS-INDUCED HEPATIC NECROSIS

two groups of 25 according to the separation of the anode and
cathode. In group 1, the electrodes were both placed in the same
lobe of the liver with the tips separated by 2-0 mm. In group 2,
the electrodes were inserted into different lobes of the liver
(right and left) 20 mm apart. Under standard halothane/nitrous
oxide anaesthesia and aseptic conditions, the liver was exposed
through a midline incision and delivered through the wound.
Electrodes were inserted into the liver parenchyma to a depth of
smm and supported during the electrolysis using a gantry-type
frame designed to allow atraumatic electrode movement with
respiration.

For each animal the preset combination of coulombs and
milliamps  was then delivered by the DC generator
(1-5 coulombs, delivered at 1-5mA). In two groups of four
control animals, electrodes were implanted as in groups 1 and 2
and connected to the DC generator, but no current was passed
between the electrades. To control for the varying treatment
times in groups 1 and 2, the electrodes were left jn situ for 10,
30, 60 or 90 min, All animals were killed after 48 h.

Blood samples were analysed before operation for levels of
serum aspartate aminotransferase (AST), alanine aminotrans-
ferase (ALT), alkaline phosphatase, y-glutamyltranspeptidase
and bilirubin (Technicon AXON analyser, Bayer Health Care,
Pymble, Australia). The results were compared with those taken
at completion of the electrolysis, 24 h later and at the time of
death,

After the experiment the livers were removed and fixed in 10
per cent buffered formalin. After 2 weeks the liver was sectioned
into slices 1 mm thick (£ig. /a). The three maximum diameters
(D1-3) at right angles to each other of the lesion at each
electrode site were then measured, using a micrometer, by two

A R R

Fig. 1 a Liver section 1 mm thick, taken through the centre of an
electrolytic lesion before measurement, This lesion was produced
using 5 coulombs. b Yellow wedge infarcts peripheral to the grey,
circular "primary” electrolytic lesions (electrodes separated)

1213

independent observers with no knowledge of the dose used to
create the lesion. The mean of the two observers' values for D1-
3 were calculated. As these measurements were often slightly
different, the volume of each lesion was then calculated using the
formula for an ellipsoid rather than a sphere: volume=
4/3n(R1 X R2 X R3), where R1=D1/2 etc.

In most animals there was also a wedge of secondary
ischaemic necrosis peripheral to the 'primary’ electrolytic lesion
at the site of electrode implantation (Fig. 7b). This area of
secondary necrosis was also measured and its volume was
calculated.

Blocks of liver containing the electrolysis-induced lesions were
processed, embedded in paraffin, sectioned and stained with
haematoxylin and eosin. Coded sections were examined by a
hepatopathologist (P.H.).

Results were analysed statistically using the unpaired  test and
regression analysis (Statworks, version 1.2; Cricket Software,
Philadelphia, Pennsylvania, USA).

Results

All animals tolerated the treatment well and made a good
postoperative recovery. No animal died prematurely. In
the control groups the site of electrode placement could
barely be discerned macroscopically and there was no
evidence of any 'lesion’.

Group 1 (electrode tips 2 mm apart)

There was a significant correlation between the volume of
the ‘primary’ electrolytic lesion and the number of
coulombs delivered (P<0-001) (Fig. . The relationship
was linear although variability increased with the number
of coulombs. The rate at which the treatment was given
(1-5 mA) had no significant effect on this relationship.

At autopsy, all 25 animals were found to have not only
a ‘primary’ electrolytic lesion but also a variable amount
of secondary" ischaemic necrosis peripherally (Figs /a and
Ib). There was no significant correlation” between the
volume of the ‘secondary’ lesion and either the number of
coulombs delivered or the current flow (milliamperes).
There were significant correlations between the total

140 |- R
120 -
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Volume of necrosis (mma)
Ey (2] [ne]
o o o

n
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Dose (coulombs)

Fig. 2 Correlation between the volume of the ‘primary’
electrolytic lesion and the number of coulombs delivered with
the electrodes placed 2 mm apart (r?=0-804, P<0.001). Current
delivery was preset at I mA (M), 2 mA (O), 3mA (4), 4 mA (@)
and 5 mA (A) determining the time over which each dose was
delivered
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Fig. 3 Correlation between the volume of the ‘primary’
eleCtrolytic lesion and the number of coulombs delivered with

€ electrodes placed 20 mm apart. A, Values for anode; ----- .
Mean for each dose (r? = 0.875, P< 0-001). @, Values for
Cathode; —-, mean (r2=0.742, P< 0-001)

Volume of necrosis produced (‘primary’ plus ‘secondary’
le8iOn) and the 24-h increase in levels of AST (r?= 0-693,
<0-001) and ALT (r2=0-720, P<0-001).

Group 2 (electrode tips 20 mm apart)

There was a significant correlation (P<0-001) between
the number of coulombs delivered and the volume of the
lesion produced at both the anode and the cathode (Fig.
?. although the slope of these lines was different. The
e for the anode was always steeper than that of the
€athode and at both 3 and 4 coulombs lesions were
>gnificantly larger (P<0.05). The rate at which the
Salment ‘was given (milliamperes) did not affect this
r elationship. Twenty of the 25 animals were found to have
Wedge-shaped secondary infarct peripheral to the
Primary’ lesions in one (seven) or both (13) lobes. There
Was no significant correlation between the volume of this
*econdary’ lesion and either the number of coulombs
elivered or the current flow (milliamperes). There were
3g2in significant correlations between the total volume of
Necrogis produced (‘primary’ plus ‘secondary’ anode and
Cathode lesions) and the 24-h increase seen in the liver
;HZymes AST (r2=0.587, P<0-001) and ALT (r%= 0-578,
=0-001).
istological examination of the specimens confirmed
I € results of the macroscopic study with the size of the
S10ns increasing with the electrolytic ‘dose’. In each
*Pecimen, an area of tissue destruction was observed at
f € site of the electrode tips and was clearly discernible
'om  the ‘primary’ and ‘secondary’ lesions which were
areas of coagulative necrosis (Fig. 4. There was evidence
low; 3Scular thrombosis in the vessels adjacent to the
ie310ns. The necrotic tissue was sharply demarcated from
Mmediately adjacent normal liver; a mild infiltrate of
ﬁonOnuclear cells and small numbers of proliferating
brOblasts indicated that a healing process had
®Mmenced at the junction between the necrotic and
Orma] Jjver,
~One of the livers from the control rats showed a
P fimary’ or ‘secondary’ lesion, as described above.

i

i

Fig. 4 Photomicrograph of tissue destruction seen at the site of
the electrode tip, surrounded by a zone of coagulative necrosis -
the 'primary’ lesion (A). A peripheral zone of ‘secondary’
necrosis is located between the ‘primary’ lesion and the adjacent
normal liver (B). Haematoxylin and eosin stain; objective X 4

However, small localized areas of tissue necrosis were
seen microscopically at the site of entry of the electrodes.

Discussion

For any new treatment modality to become established in
clinial practice, it must be shown to be safe and
efficacious. Previous unpublished work by the authors
demonstrated that electrolysis produced areas of hepatic
necrosis in the normal rat liver which healed without
complications over 6 months, contracting down to a small
fibrous scar. There was no long-term alteration in liver
function or associated morbidity or mortality rates in any
of the 58 rats in this previous study.

If the results of treatment of liver tumours in a clinical
situation are to be associated with similar minimal
morbidity and mortality rates the dose-response
relationship as well as the healing process need to be
predictable and reproducible. Dose-response  data
available to date have been remarkably limited and
apparently variable. In studies on the pig lung,
approximate rates of necrosis varied between 0-4 and
1.7cm® per 100 coulombs delivered, dependent on
electrode type and positioning®®. In human studies in
lung tumours this rate varied between 1-5 and 7 cm® per
100 coulombs®™*.  More recently, Chinese workers
reported a rate of 1-0 cm® per 100 coulombs in treating a
variety of tumours**!. In the liver, one study has reported
experimental dose-response data’ and the results
suggested that liver necrosis in the rabbit was produced at
a rate of 2-4 cm® per 100 coulombs compared with the rate
of 41 cm?® for lung necrosis. If the relationship between
dose in coulombs and response in terms of volume of
necrosis in the primary electrolytic lesion remained linear,
the present results suggest that a dose of 100 coulombs
would create a 2-0-cm® lesion with the electrodes together;
if they were apart a 2-0-cm® lesion would be created at the
anode and a 1-4-cm® lesion at the cathode. While all of
these results appear reassuringly similar, Chinese
workers®™* have reported a rate of destruction between
200 and 300 times that which the present authors
and Samuelsson er al"* observed (485-837 cm’ per
100 coulombs) in patients with larger hepatocellular

carcinomas.
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It is clear therefore that while the present data support
the observation that the volume of electrolytically-induced
liver necrosis is proportional to the current dose in small-
volume lesions in normal liver, further studies in a large
animal model such as the pig are needed to extrapolate
these results and allow their application to the size of liver
lesions encountered in the clinical situation. The
phenomenon of peripheral ischaemic damage may be
unique to the rat liver model used, in which vascular
thrombosis created by the relatively large electrolytic
lesion results in extensive but variable distal ischaemic
hecrosis within the relatively small lobe of the rat liver.
The flow of blood through such vessels in larger animals
would be expected to mitigate such effects.

Further work will also be necessary to apply the
observation that the combined volume of necrosis when
the electrodes are separated by 20 mm is nearly twice that
when the electrodes are together®®. This effect seems
likely to be the result of mixing of the electrode products
to reform water and sodium chloride when the electrode
tips are adjacent, thereby reducing the overall cytotoxic
effect?®. The cathode appears to be less toxic than the
anode and the acidic environment around the anode
(PH 2) is known to be more toxic than the alkalinity
(pH 12) at the cathode?.

In addition to the placement of electrodes, it is likely
that the shape and size of the electrodes will also
contribute to the shape and size of the final lesion
produced. This is currently under investigation using
computer ‘current modelling’ techniques to allow
standardization of various critical aspects of electrode
design and placement which will be necessary for safe
clinical studies. The observation that the time over which
the current dose is delivered does not appear to alter the
size of the lesion created similarly requires further
validation in view of its importance in determining
treatment times,

In conclusion, if, as seems likely from the work of
others, the present results can be extrapolated, electrolysis
(electrochemical therapy) appears to fulfil many of the
Criteria required to allow the potentially ~curative
treatment of irresectable liver tumours.
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* Other In situ Ablative Techniques for Unresectable

Liver Tumors
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Without treatment, patients with colorectal liver metastases or hepatocellular cancer have 2 very

poor prognosis. As liver metastases are common and only 20%
resection many non-resectional treatment modalities have be
Percutaneous acetic acid injection, percutaneous hot saline injection, radiof
intensity focused ultrasound, interstitial laser photocoagulation, microwave co
electrolysis are examined in this article. The methods,

technique are discussed as well as the results of publish
treatments have been subjected to prospective randomized clinical trials to date,
of these ablative techniques should be persued to attempt to find a solution to

of patients are suitable for liver
en developed and investigated.
requency ablation, high-
agulation therapy, and
complications, and limitations of each
ed experience. Although none of these
further development
the clinical problem

of unresectable liver tumors. (Asian J. Surgery 2000;23(1):22-31)

Colorectal carcinoma is common in the Western world
With 160,000 patients newly diagnosed each year in the
Usa alone.!? These patients account for 15% of all
Cancerrelated deaths and the liver represents the most
"®quent visceral site of metastatic disease with 20-30%
of ajj Mmetastases confined to the liver.'-2 At the time of

léghosis, approximately 25% of patients have metastatic
I-Sease, and up to a further 25% of patients will develop
rhetaStases at a later date. At least half of the patients
With Metastatic disease will ultimately die of their
Ctastatic complications'? and for many patients
fglogressive involvement of the liver will be the major or
& determinant of survival {NIH consensus 1990, Wood
Q0'76, August 1985). Without treatment, patients wit.h
Orectal liver metastases have a very poor prognosis
'th a Mmean survival of six months.?-* The prognosis for
htreated hepatoceliular cancer is equally poor with a
':dian survival of four to six months from the time of

8nosis 7
on S“rgiCal resection of colorectal metastases is the
y Curative treatment option and produces a 40%

d
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five-year survival.'>® However, only 20% of patients?
are suitable for curative surgical liver resection due to
the anatomical distribution of the metastases and/or the
presence of extrahepatic disease. Following surgical
resection, 20-30% of functioning liver must remain to
avoid postoperative liver failure.0

As liver metastases are common and only 20% of
patients are suitable for liver resection, many non-
resectional treatment modalities have been developed
and investigated, including percutaneous alcohol
injection, ' cryotherapy,’? regional and systemic chemo-
therapy'? and chemoembolization, immunotherapy,"‘
interstitial laser therapy,'> and liver transplantation.'®
The disadvantage of the methods listed are that they
may produce unacceptable side effects, and none have
demonstrated a long-term survival advantage.'3:17.18 There
is, therefore, a need for a simple, affordable, and effective
technique which is safe, predictable, and completely
ablates liver tumors.

One possible advantage of focal ablative treatments
over surgical resection is that they selectively treat

the metastases without destroying large amounts of
functioning liver.?

The most widely practiced
percutaneous ethanol injection which has been
popularized by the Japanese and Southern Europeans
mainly in the treatment of hepatocellular carcinoma.
Newer technologies are being developed and as such

in situ technique js

*-January:2000;



OTHER ABLATIVE TECHNIQUES FOR LIVER TUMORS

in situ ablative techniques have received much attention
in the recent literature and their role in the management

of unresectable liver tumors is reviewed.
PERCUTANEOUS EtHANOL INJECTION

Percutaneous Ethanol Injection (PEl) was first
advocated for the treatment of hepatocellular cancer
(HCC) by Sugiura et al_ in 1983.20 The main reason for
the initial interest in local ablative techniques was the
Poor response of patients with HCC to any form of
treatment if they were not suitable for resection. Systemic
and regional chemotherapy regimens in hepatocellular
Cancer?! are still under investigation, along with possible
foles for immunotherapy?? and gene therapy.?? There is
no convincing data to support any medical treatments
and even PEI, which is widely practiced, has not yet
“®€en subject to a randomized controlled trial comparing
Twith symptomatic treatment only in patients with HCC.
PEl is usually performed in several sessions on an
“Utpatient basis but has been performed in a single
Session under general anesthesia?* for more extensive
F“mOFS. Under local anesthesia, a 22-gauge Chiba needle
's i”tTOduced percutaneously into a tumor, usually under
Lj'“asonographic (US) contro! or occasionally by
“Omputed tomography (CT) guidance. Absolute (99.5%)
Or 959, ethanol is slowly injected into the lesion starting
at_ the deepest aspect of the tumor and subsequently
W'thdrawing the needle in small increments to achieve
::ifofrn and adequate perfusion of the tumor so as to
SUre tissue necrosis within and around the tumor.
'traSOUnd is regarded as the modality of choice to
Onitor alcohol injection as the micro bubbles in ethanol

inr;afe an echogenic blush immediately following
Usion 25

AbSOlute alcohol diffuses into the cells inducing non-
,eae?tive protein denaturation and cellular d‘ehyd_ration
as 'Ng to coagulative necrosis. Subsequent fibrosis and
of Cular thrombosis may also contribute to destruction

€ tumor cells 26
y iuhe injected ethanol usually spreads ina 1 to 3 cm
the * around the tip of the needle towards the edge of
e Umor. Injection of ethanol is stopped when significant
diffu:'ge Qutside the lesion can be detected or when
iy 27 s not clearly visible under US control. Treatment
ab':ﬁ\”heﬁ perfusion of the tumor, and therefore complete
., O IS considered total. The number of sessions

up . . .
"ed to ablate the tumor is approximately twice the
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lesion diameter in centimeters.?” After ethanol injection,
the needle is left in place for 1-2 minutes to prevent
alcohol leakage along the track and 1-7 ml of local
anesthesia is injected before removing the needle to
minimize the local pain caused by ethanol leakage along
the needle track and into the peritoneal cavity. Japanese
workers have suggested calculating the total amount of
alcohol required according to the formula:

V =4/3 n(r + 0.5)3

where V (in ml) is the volume of ethanol and r (in cm)
is the radius of the lesion: 0.5 mL is added to provide 3
safety margin of normal tissue ablation to ensure com plete
tumor ablation.?8 The amount of alcohol needed to ablate
a lesion is dependant on several factors including tumor
consistency, degree of tumor vascularity (hypervascularity
washes the ethanol out but predisposes to the effects of
chemically induced vascular thromboses), internal septae,
areas of tumor necrosis (which would provide a path of
preferential alcohol diffusion), and the presence of a
tumor capsule (which would contain the alcohol but
also protect areas of extracapsular tumor from the
ethanol).?® Until recently, only small volumes (up to 10
mL per lesion per session) were used, however, recent
reports suggest that volumes of up to 40 mL can be safely
used3® on an outpatient basis and up to 210 mL under

anesthesia.3'
Limitations/complications of PE|

Common to all percutanecus liver puncture
techniques, acceptable clotting studies and platelet count
are necessary to minimize the risk of bleeding.

Most patients complain of mild pain during or
immediately after the injection of ethanol. The pain is
usually in the right upper quadrant but shoulder tip
pain is not uncommon.3? Post-procedural fever is almost
universal. Hepatic infarction, intraperitoneal bleeding,
pneumothorax, ascites,32 hemobilia, and cholangitis3?
have all been reported. There are also reports of limited
chemical thromboses in portal vein tributaries, which
resolve spontaneously.33 These major complications are
rare occurring in up to 3% of patients, and can usually
be managed conservatively. Deaths related to PEI
have been reported due to massive hepatic necrosis34
and portal vein thrombosis.35 Not surprisingly, the
complication rate following the more aggressive single




session treatment is higher with a recent report of a
4.6%7" mortality.

Long-term complications of PEl include a reported
case of a bile duct stricture,?® but perhaps surprisingly
needle tract implantation of hepatocellular carcinoma
occurred in less than 1% of cases in a recent Japanese
study.?’

Whilst US guidance is optimal during treatment,
contrast enhanced CT is the gold-standard non-invasive
follow-up imaging modality®® despite the emergence
of MRI and color flow Doppler ultrasound.?® Before
treatment, HCC appears as an area of variable attenuation
with some enhancement, whereas, following treatment,
a completely ablated lesion should be hypodense without

enhancement.

Results of PEIl in the treatment of hepatocellular
Cancer

PEl has become popular for the treatment of HCC
because of two important and potentially useful
Considerations.*? Ethanol should selectively diffuse
through the soft HCC tumor rather than the hard, cirrhotic
Surrounding liver and PEl does not involve the loss of
liver parenchyma in an already compromised liver.

The short-term efficacy of PEl is assessed by
hiStopathological examination of biopsy material after
the completion of treatment. In resected and autopsy
SPecimens of HCC, complete tumor necrosis has been
Observed in up to 80% of cases treated by PEl, however,
i residual tumor is present it is usually found in nests
dround the main lesion, along the edge of the lesion, or
Within the main tumor mass but isolated by the presence
of septae.*!

The role of PEl in the treatment of HCC has been
Wid&'ly discussed in the literature but this treatment
rhOC'ality has never been subjected to a randomized
“Ontrolled trial. The largest reports in the literature are
SUMmmarized.

Shiina et al.*? reported 98 patients wnth HCCs up to
b5 Cm in diameter (maximum number of lesions was 3)
reateq by PEI with a five-year survival of 52%. Tanikawa
f't al.9? reported 250 patients with up to 3 HCCs and a
Ve-year survival of 47%. In 1995, Lencioni et al.?* and

dra et al.*3 both reported series of 105 and 67 patients
sDecnvely In the Lencioni study, single lesions up to
thgm or multiple lesions (maximum number of 4) of less
N 3 ¢cm in diameter were associated with a five-year
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survival of 32%. In the Ebara study, single lesions of up
to 3 cm or multiple lesions (maximum number of 3) of
less than 3 ¢cm in diameter were associated with a five-
year survival of 56%.%7 Livraghi et al.®' from Italy also
reported their experience in 1995 with 746 patients with
HCC. This is the largest reported series to date and the
overall five-year survival rate in 628 of these patients
with compensated cirrhosis was 48%. This study
demonstrated clear differences in five-year survival
between Childs grade A (47%), grade B (29%) and grade
C (0%). Livraghi et al.** have also recently published
their experience with large HCCs. This paper described
24 patients with single encapsufated HCC of 5-8 5 cm,
a group of 63 patients with infiltrating HCCs of 5 -10 cm
or multiple HCCs, and 21 patients with advanced liver
or neoplastic disease. Therapy was performed in a single
session with four-year survival rates of 44%, 18%, and

0% for each of the groups.

Results of PEl in the treatment of metastatic liver
disease

Colorectal metastatic lesions are far more difficult to
destroy by PEl than HCC because the alcohol tends to
spread into the soft adjacent liver parenchyma rather
than staying within the hard tumor tissue through which
it diffuses in an inhomogeneous and irregular fashion 45
There are few data relating to PEl for metastatic disease,
but complete necrosis of the lesions has only been
observed in 52-56% of lesions.*®47 Lesions which
responded best in these two small series were small
(<2 cm) endocrine metastases and the three-year survival
in 40 patients was 39%.%7

It has recently been suggested that echolaparoscopic-
guided alcohol injection of liver metastases?® pe
performed as this would allow better tumor localization,
but perhaps more importantly, would allow better staging
of the disease, in particular, information on the presence

or absence of extrahepatic disease.
Percuraneous AceTic AciD INJECTION

In 1998, Ohnishi*® published his experience with
Percutaneous Acetic Acid Injection (PAAI) for small
HCC. To date, this is the only published report of this
technique. The pathophysiology of tumor killing is
identical to that of PEl as is the method of instil lation of
50% acetic acid into the tumors. The proposed advantage




of this technique is that smaller volumes of acetic acid
ceuld be injected less often than ethanol because acetic
acid has greater necrotizing power than ethanol and
will therefore not only destroy tumors but also break
down internal septae within the tumor, thereby enhancing
its effects.

In Ohnishi’s study, 60 patients with 1-4 HCCs smaller
than 3 cm were randomized to either PAAI (31 patients)
or PEI (29 patients). All tumors were successfully treated
but recurrence occurred in 8% of PAAI-treated tumors
and 37% of PEI treated tumors. The one- and two-year
survival rates were 100%/92% for PAAI and 83%/63%

for PEJ.*°
PercutaNneous HoT SALINE INJECTION

Honda et al.*® published their experience with
Percutaneous hot saline injection therapy for small HCCs
in 1994. To date, like the percutaneous acetic acid
injection, this is the only published report of this
technique. The method of tumor killing is heat destruction
Causing coagulative necrosis, but the method of fluid
instillation is identical to those already described. The
Proposed advantage of this technique is that whilst the
hot saline destroys tumor, as it cools, it becomes
Physiological saline and should therefore avoid any of
the complications associated with ethanol toxicity.

In this study, 20 patients with HCCs smaller than
3 ¢m received hot saline injections. No local recurrence
Was seen during the follow-up that ranged from 2 to 36
Months. These short foliow-ups and small numbers do
Not allow survival estimations to be made.

RADIOFREQUENCY ABLATION

Radiofrequency ablation (RFA) is an electrosurgical
teChnique utilizing high frequency alternating current to
heat tissues and so cause thermal coagulation. When
Cells are heated above 45°C, cellular proteins are
denatured and cell membranes lose their integrity as
_their lipid component melts.®>' Radiofrequency ablation
'S well established as the treatment of choice for many
*Ymptomatic cardiac arrythmias because of its ability to
“reate localized necrotic lesions in the cardiac conducting
SYstemn. During radiofrequency ablation (RFA), a high
frequency alternating current (350-500 kHz) flows from

® uninsulated tip of an electrode into the tissue. lonic
Bitation is produced in the tissue around the electrode
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tip as the ions attempt to follow the direction of the
alternating current and it is this agitation which results
in frictional heating in the tissue around the electrode 52.53
The size and shape of the necrotic RFA lesion has been
shown to be dependent on the probe gauge, length of
the exposed tip, probe temperature, and the duration of
treatment.>4->¢ A recent report studying RFA in vivo in
a pig model also suggests that local blood flow is a strong
predictor of lesion dimensions.??

Theoretically it should be possible to create lesjons
of 1.6 cm x 8 cm with a single probe®*>5 however, this
has not been the case in vivo as lesion uniformity
breaks down when the length of the exposed probe tip
exceeds 3 cm, thereby limiting the actual lesisn size
to approximately 1.6 cm x 3.6 cm. Modifications of
the technique such as multiple probes®® and saline
enhancement®® have been described to achieve lesions
of approximately 4 cm in diameter.

Percutaneous RFA has been described under general
and local anesthesia®®*® along with a laparoscopic
approach.®0 Usually, a 15-21 gauge RF probe with 2—
3 cm tip exposure is positioned into the lesion. A
monopolar RF generator serves as the energy source and
a grounding pad is placed on the patient’s thigh.59.56 Rf
treatment is now often based on intraprocedural
temperature monitoring®® and the probes may be
repositioned during treatment to achieve complete tumor
ablation in one treatment session.

The largest clinical trials to date®*®>? included only
11 and 17 patients respectively. In the study by
Livraghi et al.,® 11 patients with 17 metastases and 1
cholangiocarcinoma were ablated. Twelve lesions
demonstrated a complete response and six lesions a
partial response at six months. In Solbiati’s study,5¢ 1¢
patients with 31 metastases were treated. At follow-up
of nine to 29 months, there was no growth in 2/3 of the
27 metastases available for imaging. One- and two-year
survivals were 100% and 66%, respectively, with lesions
less than 3 cm and of colorectal origin responding best
to RFA.

RFA is well tolerated and no serious complications
have been described in the two largest series to date.56.59
Minimal right upper quadrant discomfort is common
during treatment, as is post-procedural fever. During
treatment under ultrasound control, a gradually enlarging
elliptical lesion can be seen with ill-defined margins 56
These appearances persist up to several months after
treatment and this heterogeneity precludes the distinction




between the ablated tumor and residual disease.5 Even
with CT or MR follow-up, the appearances of the residual
disease or ablated tumor are indistinguishable from one
another.

Whilst these two studies represent the largest series
Yet reported, the patient numbers are small and the

length of follow-up is short.
HicH-INTENSITY Focusep ULTRASOUND

High-intensity focused ultrasound (HIFU) is unique
in thatitis an extracorporeal, transcutaneous method of
tissue ablation. The use of sound waves of much higher
amplitude than that used in the diagnostic setting along
With a concave ultrasound transducer results in selective,
targeted delivery of high energy without, in theory, the
Possibility of damage to intervening tissues.8" HIFU exerts
its effects primarily by heating — as the sound waves are
absorbed by the target organ, the sound energy is
COnverted to heat causing tumor destruction by
Coagulative necrosis.®' Another mechanism by which
HIFU can exert an effect is in cavitation of the target
Organ. Cavitation is the mechanism whereby tissue
destruction occurs by mechanical shock and free radical
1COVTTlation above a threshold determined by probe
freC}uency, sound wave intensity, and tissue impedance
“haracteristics. Although cavitation causes more rapid
lissye destruction, itis less controllable and so the heating
Qharacteristics of HIFU have been the most widely used.®"

HIFU has been performed in animal models using a
Qoncave transducer tc focus the beam with a frequency
"Nge of 1 to 4 MHz, and peak intensity of 100 to 1500
\/\//sz for 1 to 10 seconds.62? Despite the encouraging
Sarfy results in animal studies®?2%* of normal liver and
Umor, 65 suggesting the potential of this method for liver
turnc’r ablation, human studies have not been encouraging

th HiFy either having no effect on the liver tumor or
Séihg associated with significant complications such as
"N burns and liver laceration.56 On the basis of these
Q, the ideal human protocol has yet to be determined
450 the results of human studies are still being awaited.

|
NTERSTITIAL LASER PHOTOCOAGULATION

yhe::terstitial Laser Photocoagulation (lLP)' is another
iy Od of causing tissue destruction by heating, thereby
o LjCing coagulative necrosis. Its role in the treatment

®Patic tumors has recently been reviewed in detail.®’
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ILP was introduced by Bown in 1983 and works by
inducing thermal coagulative necrosis of solid tumors by
local light delivery using flexible fibres. Recent
improvements in fibre design, resulting in better fibre
flexibility and thermoresistance in addition to the ability
to vary the length of the diffusing tip to coincide with
tumor dimensions, should enhance this technique 68
ILP uses laser light at low power (typically 3—-15 w)
with exposure times of 3-20 minutes and it is the
conversion of absorbed light energy into heat which is
responsible for the necrosis. The absorption of the light
may occur directly or after scattering of the light by
the treated tissue, which results in greater tissue
penetration of more uniform energy distribution 6% The
low absorption and high scatter of the most commonly
used Neodymium:yttrium—aluminium-garnet laser
(Nd:YAG laser) which has a wavelength of 1064 nm,
maximizes tissue penetration and the uniformity of energy
distribution.®® Heat conduction and convection extend
the area of necrosis beyond the area of light penetration.”0
The size of the resultant lesion is dependent on fibre
position within the tumor and the temperature gradient
created by the amount of power and duration of exposure,
Absorption of the laser light has several thermal effects
and the irreversible thermal damage of coagulation occurs
between 55 and 95°C.7} Increasing both the power (the
most important variable) and exposure time during ILP
increases the area of necrosis.”? In addition, the use of
multiple synchronous fibres can also increase lesion

size’3 to as large as 5 cm.7*
The first clinical report of iLP treatment was in 1985

by Hashimoto et al.”5 who treated patients with both
liver metastases and primary hepatocellular cancer at
laparotomy. This study used a YAG laser with a bare tip
at low power (5W) and long exposure times, and it
proved the feasibility of the technique without major
complications. In 1991 Huang’® reported experience
with a diffusing fibre tip to avoid carbonization of the tip.
In 1989, Steger”” introduced the percutaneous technique
and several groups have since modified this. || P is now
usually performed percutaneously using a Nd:YAG or
diode laser*® under ultrasound control, although a recent
report of MRI-guided ILP”® appears very encouraging.
Whilst variations in technique exist, the most widely
employed method of tumor ablation is to place one or
several 19-gauge needles into the deepest aspect of the
tumor under ultrasound control. The number of needles
required is obviously a function of tumor size. Each
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needle is then exchanged for an optical fibre with the tip
of the fibre exposed and the fibre coupled to a laser
Source and the tumor heated. The fibre tips can be
Tepositioned during treatment to allow complete tumor
ablation and multiple sessions are often required for
lesions of over 3 cm. Energy per metastasis can vary from
1000 to 34,000 | depending on the size of the lesion.4
Alternatively, when a diffusing fibre tip is used, it can be
Connected to microthermocouples to monitor the
temperature. The fibre is introduced into the centre of the
tumor, which is heated until the temperature at the lesion
edge reaches either 60°C or 45°C for 15 minutes.é® Real
time non-invasive monitoring is poor, although on-line
Monitoring with a T1 -weighted turbo fast low angle shot
(FLASH) MRI has demonstrated a ‘dark rim’ on the edge
of the tumor which is accurate in predicting necrosis in
85% of cases.”?
There are two large series reported to date. Gillams
1 al.8 in 1997 reported their experience of treating
148 Metastatic deposits in 55 patients with tumor sizes
Vary,'ng from 1-6 cm and a mean number of 2.2 treatments
(Fange 1-12). This group used multiple bare tip fibres and
t six months achieved a CT-assessed 16% complete
resDOnse, 38% partial response and 46% stable disease/
Progression. In the series of 282 colorectal metastases in
S Patients measuring up to 5 cm reported by Vogl
*talzs 1997, a diffusing tip was used delivering 10 W
Over 5 10-20 minute period for a mean number of eight
fange 1-36) treatments. As assessed by MRI and clinical
0“°W-up, the three-year survival was 42%.
COmplications are infrequently reported but the
Dublished series are small apart from the two recent
tud"i‘?‘s documented above. Pain and fever are common
TrUt N0 major biliary or vascular injuries ?re reported.
r:n‘bEFga‘ reported a death following ILP in 1996 after
ty ting a tumor of 8 cm in diameter and this appeared
€ due to a systemic inflammatory response to tumor
Crosjs.

'CRowave COAGULATION THERAPY

Qosi“Ce its introduction in 1979 by Tabuse,®2 Microwave

k %ulation Therapy (MCT) has been used at

(hofrotomy,“ laparoscopically,3 percutaneously,® and
Coscopically.8

the CT s another hyperthermic technique relying on

b, Onversion of energy to heat to destroy the tumors.
r'”g treatment with the 2450 MHz microwaves,
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water molecules polarize with the rapidly alternating
electromagnetic field radiation. As the water molecules
follow the changing polarity of the field, heat is generated
from within the tissue resulting in coagulative necrosis
and hemostasis. Tissue coagulation occurs in a spindle-
shaped configuration around the monopolar lead
(Murakami 1995). Percutaneous MCT (PMCT) is
performed under ultrasound control and local anesthetic.
The microwave electrode is positioned in the lesion
under ultrasound guidance and microwaves are
administered at 60 W for 60-120 seconds.8” For large
lesions, a sequential technique with multiple needjes88
has been developed since at 80 W for 60 seconds a
lesion of 20 mm diameter is created and SO use is made
of several overlapping lesions. Real-time ultrasound
monitoring demonstrates that the lesion becomes
hyperechoic immediately following treatment 87
Percutaneous lesions appear teardrop-shaped on CT scan
whereas intraoperative lesions are round.8? In 939, of
MCT-treated lesions, peripheral enhancement was seen
on CT scan immediately following treatment but this
later disappeared, suggesting complete necrosis despite
this initial appearance.

The efficacy of MCT has been reported in several
recent studies although in common with the other ablative
techniques, these studies are not randomized controlled
trials. In 1994, Seki et al.% reported their series of 18
patients with solitary HCCs of less than or equal to 2 cm
in diameter. Follow-up was 11-32 months and all but
one patient was alive. More recently, Shimada et al.Bé
reported their experience in 49 patients with HCC and
29 patients with metastatic disease. They used all forms
of microwave applications described in the literature
and reported complications in 14% of HCC patients
and 21% of patients with metastatic disease. These
complications included two biliary fistulae of which
one was permanent, a hepatic artery aneurysm which
ruptured, and two cases of disseminated intraperitoneal
malignancy following treatment. It was noted that
complications were significantly higher when lesions of
greater than 4 cm were ablated. Sekj et a] 91 have further
reported their experience with 15 patients with single
metastases of less than 3 c¢m from colorectal cancer.
Microwave irradiation of 80 W for 60 seconds was used.
Two thirds of the patients were alive at two vears and six
of the patients were disease free. This equates to 40% of
patients from the original good prognostic group who
are alive and tumor-free at two vears. These rather




disappointing results together with the relatively high

complication rate suggest the MCT is not yet ready for

widespread clinical use.

ELectrorysis

Electrolysis is a novel treatment that uses direct current

(DO to safely produce tissue destruction,?? with the
volume of tissue necrosis produced being proportional
to the electrolytic dose 92.93
Electrolysis induces tissue necrosis by producing
chlorine and hydrogen ions (H*) at the anode and
hydrogen gas and sodium hydroxide at the cathode,92:94
thereby creating a pH gradient. The electrode products,
hYdrogen chloride (HCl) and chiorine gas (Ch,), have
been noted to be toxic to tissue.?® Thermal necrosis plays
Mo role in electrolytic ablation.92.959 There are also
Many distal field effects which include electrophoretically
induced cascade reactions causing intracellular
diSintegration of neoplastic tissue, the formation of eddy
Currents, and activation of the immune system. Immune
System activation involves the activation of macrophages
With the ability to selectively destroy neoplastic cells,
and the accumulation of leukocytes in the cathodic field
by €Xtravasation through spaces between endothelial
“ells in the non-contracted venous capillaries.9%-97 Dijstal
fielg effects also contribute to the necrosis observed?597
d“ring electrolysis. The field circulation activates multiple
Sites of electron transfer in the distal field via endothelial
"edox proteins (these are oxyreductases which are part
*fthe respiratery enzymes). Reaction products will lead
© the destruction of blood and formation of multiple
C‘api“ary microthromboses. The superimposed electric
{Ie'd over the capillaries also causes strong segmental
Qontractions of the arterial ends by podocytes, to such
an Extent that blood cells are unable to pass. In addition,
STe s electro-osmotic transport of water towards the
QathOdic field. The combination of these distal field effects
§5U't$ in vascular obstruction and a suspended
-Clrculation.9-"'97 Therefore, during electrolysis, ischemia
N lr’dtlced in the tissue by the superimposed field which
Ontributes to the resultant necrosis. '

Much of the preliminary data evaluating liver
ectrOlysis had been obtained from a small animal (rat)
,Ode',” however, these lesions were small and of limited

tw:ical use. Preliminary data from the pig mode|%® using
Y e'ectrolysis catheters suggest that lesions of up to
8 “M can be created but the operative time is of the
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order of three hours. The data in this study?® demonstrate
a linear relationship between the electrolytic dose and
the volume of hepatic necrosis, suggesting electrolysis
to be predictable in effect and more importantly, no
complications were seen. Electrolysis produced 3 rate
of necrosis of 3.8 cm3 per 100 coulombs. Dose-response
data available in the literature are limited and variable
with the majority of data being from small animal models
and small volume lesions in the liver. One study on
rabbits reported liver necrosis at a rate of 2.4 cm3 per
100 Cand lung necrosis at a rate of 4.1 cm? per 100 C.100
In another study in the rat,%8 liver necrosis was produced
at a rate of 2.0 cm? per 100 C. In human studies, this
rate has varied between 1.5 and 7 cm? per 100 Cin lung
tumors, 101.102

For any new treatment to be widely adopted it must
be proven to increase patient survival or another
measureable parameter such as quality of |ife. A
prospective randomized controlled trial with five-year
follow-up would be required to produce meaningful
results and this is in progress in Australia and the Uk.
If electrolysis confers 3 survival advantage in patients,
then it has huge potential to impact clinical practice.

From the data available, it is apparent that electrolysis
is a reliable, reproducible, and predictable method for
the potentially curative treatment of unresectable liver

tumors.
CONCLUSIONS

All of the aforementioned techniques suffer from the
same problem in that none have been subjected to a
randomized controlled clinical trial. Many studies have
small patient numbers and the length of follow-up is
short. Clearly, these shortfalls are partly a function of the
availability of the newer technologies but this is not the
case for all techniques. The results of prospective
randomized trials are needed before any of these
technologies will gain widespread clinical acceptance,
but in the interim, it is important that these technologies
are persued to attempt to find a solution to the huge
clinical problem of unresectable liver tumors.
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A new treatment for unresectable liver
tumours: long-term studies of electrolytic
lesions in the pig liver
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A B STRACT

The majority of liver tumours are inoperable and an alternative treatment to surgical resection
is urgently needed. Electrolysis has been investigated in a rat model and the procedure is safe,
with accurate and predictable effects. The necrosis produced has also been shown to cause
destruction of tumour deposits in the rat liver. A similar evaluation in a large animal model was
necessary before clinical trials could commence. Using platinum electrodes connected to a d.c.

was progressive evidence of healing, such that after 4 months, the original electrolytic lesion was
greatly reduced in size and the large area of necrosis seen at the early time points was largely
replaced by a fibrous scar with only small islands of necrotic tissue. In a large animal model,
electrolysis is a safe method for creating areas of hepatic necrosis. The lesions heal with time and
are associated with minimal morbidity. The results support atrial of electrolysis in patients with

unresectable liver tumours.

INTRODUCTION 20% [8], although when surgery is feasible the 5 year
survival rate approaches 50% [9]. Again, however,

The majority of malignant liver tumours remain in- the survival in untreated patients is extremely poor with

operable due to their number, distribution or the presence a median survival of approximately 4 months and a 3

of parenchymal disease. Following apparently curative year survival of less than 15% [10,11].
Clearly a treatment is needed that js applicable to

patients who are unsuitable for a surgical approach bur
which, like surgery, would ideally not only provide
symptomatic relief but would be able to improve the
outlook due to reduction or eradication of the tumour(s).
A number of modalities have been investigated including

surgery for colorectal cancer, half the patients will
develop hepatic metastases [1]. Under these circum-
stances liver resection, when appropriate, significantly
improves survival with between 25 and 35 % of patients
being alive at 5 years (2,3]). Unfortunately only 5-10% of
Patients who present with liver metastases are suitable
candidates (4] and in the remainder the outlook is dismal  cryotherapy [12,13], alcohol injection (14), interstitial
(5-7]. The situation is similar for patients with hepato- laser therapy [15] and others. To date none has proved to
cellular carcinoma with a resectability rate of less than  be safe and minimally invasive, while at the same time

Kcy words: cancer, electrochemical, electrolysis, liver/hepa(ic tumours, morbidity.
Abbreviations: C, coulomb (electric charge); ALT, alanine aminotransterase; AST, aspartate aminotransferase; +GT,

#~glutamyltranspepridase.
Correspondence: Professor G. J- Maddern (e-mail gmaddernta medicine.adelaide.edu.au).
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producing a controliable, predictable area of destruction,
within which survival of tumour cells is impossible. Asa
consequence, no presently available treatment has been
shown to confer any advantage in terms of disease free
interval or survival.

Previous experimental work from this Unit [16,17]
demonstrated that electrolysis has considerable potential
for treating unresectable liver tumours. In the rar,
electrolysis is a safe, effecuve and controllable treatment.
The ellipsoidal zones of coagulative necrosis heal with
time and are associated with no long-term morbidity.

Although electrolysis uses electrical current to cause
tissue necrosis, its mode of action 1s new and completely
unlike diathermy, laser or cryotherapy where changes are
principally due to the thermal effect [17-19]. A small
direct electrical current (< 50 mA) is passed between two
electrodes which become polarized. A pH gradient is
established [20,21] and cytotoxic electrode products are
liberated [22-26). Well defined zones of ussue necrosis
are produced around the tip of each electrode.

Nevertheless, progression to the clinical setting
requires further evaluation of the method of production
of the electrolytic lesion and its evolution in an ap-
propriate large animal model. The aim of this study was
to extend the work by a detailed study of the immediate
effects and evolution of large electrolytic lesions in the
pig, including long term studies.

This study examined the safety, morbidity and rate of

healing of electrolytic lesions in the pig liver.

METHODS

The d.c. generator used in this study was manufactured
by the Bioengineering, Transducers and Signal Processing
Research Group (University of Leicester, U.K.}). Once
connected to platnum electrodes inserted into the liver

Figure 1 A 6 French gauge electrode catheter
Each catheter had three platinum electrodes proximal to the platinum tip electrode
(anode). Any one of the three proximal electrodes could be selected and used as

the cathode (negative electrode).

© 2000 The Biochemical Society and the Medical Research Society
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parenchyma, it was used to deliver an electrolytic ‘dose’
of 100 C (coulombs) at 50 mA.

Electrode catheters were supplied by Johnson &
Johnson Medical Pty Ltd (North Ryde, NSW, Australia).
The electrode catheters were 6 French gauge (2 mm
diameter). Each catheter had three platinum electrodes
proximal to the plaunum up electrode (anode; Figure 1).
Any one of the three proximal electrodes could be
selected and used as the cathode (negative electrode).

The use of laboratory animals in this study was
approved by the local Amimal Ethics Committees (Uni-
versity of Adelaide, South Australian Research and
Development Institute, Pig and Poultry Production
Insutute of South Australia and The Queen Elizabeth
Hospital, Adelaide), and the study conformed with the
Code of Practice for the Care and Use of Animals for
Scientific Purposes (National Health and Medical Re-
search Council, Commonwealth Scientific and Industrial
Research Organisation, Australian Agricultural Council,
1990) and the South Australian Prevention of Cruelty to
Anmmals Act 1985.

Sixteen female specific-pathogen-free domestic white
pigs (28.5 10 32.0 kg) were obtained from the Pig and
Poultry Production Institute (Roseworthy Campus,
Roseworthy, SA, Australia). The animals were housed in
group pens (max. 10 animals per pen) and had access to a
single space wet/dry feeder and ad-libitum warer. The
pens were maintained at 23.0+1.0 °C at ambient hu-
midity. Preoperatively, the animals were fasted for 12 h.

Experimental protocol

In order to establish the rate of healing and morbidity
associated with electrolysis, the 16 animals were divided
into four groups:

Group 1:four animals were treated with 100 C and killed
2 days after treatment,

Group 2: four animals were treated with 100 C and killed
2 weeks after treatment,

Group 3: four animals were treated with 100 C and killed
2 months after treatment,

Group 4:four animals were treated with 100 C and killed
4 months after treatment.

Operative technique

Animals were sedated with a deep intra-muscular in-
jection of ketamine (20 mg/kg) and xvlazine (1.5 mg/kg)
and spontaneous breathing general anaesthesia was main-
tained with 1.5% halothane in 100% oxygen. Each
animal was given a perioperative intramuscular injection
of antibiotics (teramycin).

To determine the effects of electrode separation on
healing and morbidity each animal was anaesthetiz ed
once and hepatic lesions were created with electrodes
together (12 mm separation, single lesion produced) and
apart (200 mm separation, two lesions produced). Each
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animal therefore had three discrete electrolvtic lesions in
toral.

The liver was exposed using an upper mudline incision.
Asingle electrode catheter was inserted into the dome of
the right lobe to a depth of 30 mm. The electrodes were
connected to the d.c. generator and a ‘dose’ of 100 C
was delivered to the tissue. The resulting lesion was called
the “composite” lesion, as it consisted of two distinct
but overlapping (anode and cathode) lesions.

Two separate electrode catheters were then inserted
with the anode peripherally in the right lobe and the
cathode in the centre of the left lobe, producing an
clectrode separation of 200 mm. The tip electrodes of
each catheter were connected to the d.c. gencrator and
100 C was again delivered to the tissue. After treatment
the electrodes were disconnected and the catheters were
removed. The wound was irrigated with aqueous
Betadine, and the abdomen was closed in two layers with
1 polydioxanone and 3/0 monocryl. Each animal was
then returned to a single pen.

Blood samples were obtained preoperatively, at 1
day and 1 week postoperatively, and at the time the
animal was killed. Serum measurements of aspartate
aminotransferase (AST), alanine aminotransferase (ALT),

alkaline phosphatase, ;-glutamyltranspeptidase (;GT)
and bilirubin were made on each sample (Technicoa
AXON analyser, Bayer Health Care, Pymble, NSW,
Australia). Pre-operative values were compared with
those at 1 day and 1 week postoperatively, and at the
time the animal was killed.

Once the wounds were healed, the animals were
Teturned to group pens. All animals were killed by lethal
Injection (lethabarb).

At autopsy, the liver was removed and each of the
electrolytic lesions were excised en-bloc and fixed in
10% (v/v) neutral-buffered formalin. Blocks of liver
Containing the lesions were processed, embedded in
Paraffin, sectioned and stained by haematoxylin and
€osin. Coded sections were examined by a hepato-
Pathologist.

Results of the change in liver enzymes were analysed
Statislically using the paired SEudent's t test (Statworks,
Version 1.2, Cricker Software Inc., Philadelphia, PA,
USA)

RESULTS

T}?ere were no ntraoperative complications associated
With the electrolysis. All animals tolerated the treatment
Vell and made a rapid and uneventful postoperative
"€covery, remaining healthy untl they were killed.

OStoperative weight gain was within the normal range
ar"d N0 amimal died as a result of electrolysis or had to be

i
lled prematurely.
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Figure 2 Macroscopic appearance of an electrolytic lesion

2 days after treatment
The spherical zone of necrotic tissue is sharply demarcated from the surrounding
normal liver.

Liver enzymes

Liver enzymes (AST, ALT and +GT) were significantly
elevated on the first day after treatment (P < 0.001, 0.001
and 0.01 respectively). In group 1 (killed 2 days after
treatment) the AST was sull significantly elevated at the
time the animal was killed (P < 0.05). In long term
studies (groups 2, 3 and 4) liver enzymes had returned to
normal one week after treatment and remained so until

the animal was killed.

Liver pathology

Group | (2 days after electrolysis)

At autopsy fine, fibrinous adhesions were present be-
tween the liver and diaphragm in two anjmals. The
abdominal cavity and organs other than the liver
were otherwise normal in all four animals. The livers were
macroscopically normal apart from small puncture marks
at the sites of electrode insertion. There were no liver
infarcts. Macroscopic examination of the electrolytic
lesions showed discrete, spherical zones of hepatic
necrosis, sharply demarcated from the adjacent normal
liver (Figure 2). Histological examination of the elec-
trolytic lesions confirmed extensive but well-defined
spherical areas of coagulative necrosis surrounding the
site of the electrode tips. Small numbers of proliferating
fibroblasts, a mild mononuclear cel] infiltrate, and bile
ductular proliferation were seen at the juncrion between
the electrolytic lesion and the surrounding liver tissue.
The immediately adjacent liver showed focal areas of
haemorrhage but no other pathology (Figure 3, upper left

panel).

Group 2 (2 weeks after electrolysis)

Mean weight gain was 7.4 kg (range 6.0 to0 9.5 kg). Two
animals developed mild superficial wound infections that
responded rapidly to antibiotics (penicillin). One animal

© 2000 The Biochemical Society and the Medical Research Society
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Figure 3 Section of pig liver showing the appearance 2 days (upper left panel), 2 weeks (upper right panel), 2 months (lower

left panel) and 4 months (lower right panel) after treatment

(Upper left panel) An extensive but well-defined area of coagulative necrosis (CN) is seen around the site of the electrode tip. A few proliferating fibroblasts (F), a mild
mononuclear cell infiltrate and proliferating bile ductules are seen at the junction between the electrolytic lesion and the surrounding liver tissue (NL). The immediately
adjacent liver shows areas of focal haemorrhage but no other pathology. (Upper right panel) A large confluent central area of coagulative necrosis (CN) is seen with
a peripheral rim of proliferating fibrous tissue (F) and ingrowth of fibroblasts. There is a small amount of focal dystrophic calcification in the lesion. (Lower left panel)
There is evidence of advanced healing, with areas of proliferating fibrous tissue (F), intermingled with small islands of residual necrotic tissue (CN); adjacent normal
liver (NL). (Lower right panel) There are only small islands of residual necrotic tissue (CN) intermingled with large amounts of mature fibrous tissue (F).

suffered a partial superficial wound dehiscence with ab-
scess formation which was successfully treated with
wound toilet and antibiotics. The deep closure remained
intact. All animals were healthy at the time of their death.
At autopsy, fibrinous adhesions were present in all of the
animals between the liver and diaphragm but were easily
divided. The livers were otherwise macroscopically
normal with no evidence of infarction. The sites of
electrode insertion could not be identified. Histological
examination showed a large confluent central area of
necrosis with a peripheral rim of proliferating fibrous
tissue and some proliferating bile ductules, the adjacent
liver was otherwise normal. Small amounts of focal
dystrophic calcification were occasionally seen in the
lesions (Figure 3, upper right panel).

Group 3 (2 months after electrolysis)

Mean weight gain was 43.0 kg (range 36.0 to 48.0 kg).
One animal developed a deep wound infection with
abscess formation 3 weeks after treatment. The infection
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responded to wound toilet and antibiotics and the skin
healed. However, 5 weeks after treatment it was evident
that the deep closure had partally dehisced as the animal
developed a wide-necked incisional hernia. The hernia
was treated conservatively and was uncomplicated. The
animals were healthy at the time of their death. At
autopsy, dense adhesions were present between the liver
and diaphragm in three of the animals. The abdominal
cavity was otherwise normal. The livers were of normal
size and macroscopically normal. Histological exam-
ination of the electrolytic lesions showed variable degrees
of advanced healing, usually with areas of proliferating
fibrous tissue, intermingled with small islands of residual
necrotic tissue and focal bile ductular proliferation at the
junction between the area of necrosis and the adjacent
normal liver (Figure 3, lower left panel).

Group 4 (4 months after electrolysis)
Mean weight gain was 80.3 kg (range 73.0 to 88.5 kg). Six
weeks after treatment, one animal developed an incisional
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hernia secondary to a deep wound infection. The hernia
vas repaired under general anaesthesia o prevent com-
Plications. The animal made an uneventful recovery. All
of the animals were healthy at the time of their death. In
all four animals dense fibrous adhesions were again
evidentatautopsy but laparotomy was otherwise normal.
Histological examination of the electrolytic lesions
showed even more advanced healing, with large amounts
of mature fibrous tissue intermingled with small numbers
of foreign body giant cells and haemosiderin-laden

Macrophages (Figure 3, lower right panel).

DIscussion

Having previously shown that electrolysis is a safe,
Predictable and reproducible method for creating discrete
reas of hepatic necrosis in a rat model [16], this study
Vas instigated to establish the safety of electrolysis in a
large animal model prior to clinical trials. ‘Safety” was
determined by observing the extent of healing of the
induced electrolytic lesions at several time points after
treatment, and any treatment related morbidity or mor-
ta“[y,

All of the animals tolerated the treatment well. There
Were ng intraoperative complications associated with the
eleCtrolysis and post-operative recovery was universally
"3pid and uneventful. In this study electrolysis appeared
"0 be associated with minimal initial systemic trauma. In
e clinjcal setting, inadvertent insertion of the catheter
‘to 5 hepatic vein would be extremely unlikely, due to
the yse of intraoperative 1maging (ultrasound or magnetic
"®Sonance imaging) to place the electrode within the
WUmoyy, The action of the cytotoxic electrode products
Vould therefore remain localized. However, further
udies 5re currently being performed to establish the
SYstemic effects of the ‘worse-case scenario’ where

¢ electrodes are placed within the lumen of a hepatic
“ein and all of the electrode products pass directly into

¢ inferior vena cava. If this extreme situation is well
o Crated, it js reasonable to assume that treatment of
Patients under more controlled conditions would be safe
3ssociated with a minimal level of complications.
iver enzymes were elevated immediately after treat-
:::]nt but this increase was small and transie:'l.t.iThis
€Cts the initial release of enzymes from ‘leaky’ injured
¢ S Prior to the death of these cells. It also supports our
Clief that there is no ongoing hepatic ischaemia or
etr-osl-s after the initial electrolytic insult in the pig. This
g differs from a previous similar study in the rat
asgoz’hel’c most of the ‘prima.ry > electrolytic lesio'ns were
lated with peripheral infarct, an effect which was
]arUSefi b_}’ vascular occlusion resulting from a relatively
Pig i\,Pl’lfnary’ lesion in a physically small lol?e. As the
the « r1s much larger, the parenchyma peripheral 1o
pr'mal’y "lesion is more likely to survive the electro-

[16

lytic insult because of jts collateral supply. The adulc
human liver is again larger than that of a 30 kg pig and
extrapolation of these results would suggest that per-
ipheral infarction in the clinical setting s unlikely
although clearly not impossible for large peripherally
placed lesions.

Postoperatively, all animals gained weight at a normal
rate and remained clinically healthy until they were
killed. Five animals developed post-operative wound
infections despite antibiotic prophylaxis. All infections
responded well to conservative treatment but in one of
the two animals that developed incisional hernias it was
decided to repair this surgically as it was an animal
assigned to the 4 month survival group. The surgery was
uneventful but in retrospect it may have been advan-
tageous ro keep the animals in individual pens as hygiene
In a group pen is difficult although stress levels are
reduced when the animals are group housed. Apart from
wound problems, ne
encountered. No animal became clinically septic, de-
veloped overt cholangitis or peritonitis.

When patients are treated, secondary infection is a

infectious complications were

concern in any situation where tissue necrosis is produced
butinfection in the liver was not afeature of any of the 48
areas of electrolytic necrosis produced in this study. This
was probably because the local environment around the
electrodes is sterilized during treatment by the cyto-
toxic electrode products. Platinum salts, leached from the
electrodes during treatment may also augment this effect
as they are strongly bactericida] even in low concen-
trations {27,28]. This contributes to the extremely low
long-term morbidity associated with electrolysis and
suggests that there are unlikely to be any major mid- or
long-term complications in the clinical setting.

In each treatment group the composite lesion was
larger than either the anode or cathode lesions, but
the overall pattern of healing was the same in each of the
lesions with progressive replacement of the central area
of coagulative necrosis by fibrous tissue. All lesions
progressively decreased in size although at 4 months
more necrotic tissue remained in the centre of the
composite lesions than in the smaller anode and cathode
lesions. Healing occurred by proliferation and ingrowth
of fibroblasts from the periphery of the lesions. Apart
from focal areas of haemorrhage in some of the livers at
the early time points, the liver parenchyma immediately
adjacent to the lesions was entirely normal. The hepatic
trauma associated with electrolysis appears to0 be short-
lived and confined to the initial insult which results at the
ume of treatment (there was no evidence of ongoing or
progressive hepatic necrosis). These ﬁndings in normal
liver tissue suggest that tumours treated by electrolysis
should heal in a similar way. An appropriate electrolytic
‘dose’ would be selected to not only completely en-
compass the tumour, but also to cause necrosis of a small
rim of surrounding normal liver tissue. Tt Is suggested
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that healing of an area of tumour necrosis should differ
little from the healing of necrotic normal liver as healing
would take place from the periphery of the lesion by the
ingrowth of fibroblasts from the surrounding normal
parenchyma.

Platinum electrodes were used in this study as they are
not obviously corroded by the electrolytic process [25]
and may confer a theoretical, albeit unproven, benefit
from the liberation of small concentrations of cytotoxic
platinum salts [25,27-31]. If any new treatment for
unresectable liver tumours is to be used clinically and be
widely applicable, it must not only be safe and effective
but also relatively inexpensive. In the clinical setting,
electrode delivery systems would need to be disposable.
[t is envisaged that several electrodes would be inserted
into single or multiple tumours under local anaesthetic
and imaging control (ultrasound, computer-generated
tomography or magnetic resonance imaging) and patients
could be treated on an out-patient basis (with follow-up
imaging). If the electrodes were made of platinum, the
expense of such disposable systems may be prohibitive.
Preliminary studies suggest that other electrode materials,
such as graphite may prove to be equally effective and
considerably less expensive.

This study in a large animal model has shown that
discrete areas of hepatic necrosis induced by electrolysis
are created in a safe way with minimal immediate, mid- or
long-term morbidity. The induced lesions heal with time.
The results support clinical trials in patients with un-
resectable liver tumours who are at present incurable.
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SURGICAL RESEARCH

THE SAFETY OF ELECTROLYTICALLY INDUCED HEPATIC NECROSIS
IN A PIG MODEL

SIMON A. WEMYSS-HOLDEN, PAULINE DE LA M. HALL, GAVIN S. M. ROBERTSON, ASHLEY R. DENNISON,
PAULA S. VANDERZON AND GUY J. MADDERN

University of Adelaide Department of Surgery, Queen Elizabeth Hospital, Woodville, South Australia

Background: Electrolysis fulfils the criteria for an ideal treatment of patients with unresectable liver tumours. P.revious studie.s in
the rat and pig have shown that controlled necrosis can be safely produced by inserting platinum electrodes 1f1lo normal.lxver
parenchyma and liver tumours. As with any new treatment it is mandatory (o investigate the ‘worst-case scenario’ of inadvertent intra-
vascular electrode placement in a large animal model before progressing to clinical trials.

Methods: Under ultrasound control in six pigs, electrodes were inserted into, or immediately adjacent to, an hepatic vein. An elec-
trolytic ‘dose’ of 100 C was then administered and the evolution of the lesion was monitored using ultrasound. Venous blood was
collected before and during the electrolysis to evaluate potential acid/base disturbances and animals were closely monitored
during electrolysis and during their recovery until a full autopsy was performed 4-7 days after treatment.

Results:  Gas bubbles were seen to enter the hepatic veins or inferior vena cava during treatment in five of the six animals. There were
no major complications as a consequence and all animals recove.red and remaine.d in a healthy state until they were killed. At autopsy
one animal had complete thrombotic occlusion of the left hepatic vein. Otherwise, findings were normal.

Conclusion: In the clinical setting, due to the use of ultrasound to guide electrode placement into the centre of a tumour, the elec-
trodes should rarely juxtapose an hepatic vein. Nevertheless, in this extreme situation, electrolysis is surprisingly safe with only one

major vascular occlusion and no morbidity or mortality.

Key words: colorectal liver metastases, electrochemical therapy, electrolysis, intraoperative ultrasound, pig model.

INTRODUCTION

Several methods of treatment for patients with unresectable liver
Wmours have been reported. These include the use of alcohol! or
Specific toxins,23 various techniques employing thermally
induced insults such as cryotherapy?s and interstitial laser
th"rapy,6 and liver transplantation.’® These treatments are allhto
Yarying degrees invasive and at best palliativc,lo—l.2 with
Unproven long-term benefit. The problem therefore remains that
Without treatment the prognosis for patients with either co]9rectal
iver metastases!3-15 or hepatocellular carcinoma (HCC)!6 is very
Poor, with median survivals of the order of 6 and 4 months,
Tespectively. _

Liver resection improves long-term survival,17-1? but is appro-
Priate only in 5% of patients with colorectal liver metastases and in
20% of those with HCC.2021 .

A treatment is needed for patients with unresectable disease
that offers the potential to improve long-term survival. Such a
Ureatment must be safe, predictable in effect, controllable an.d
relatively inexpensive if it is to be widely adopted. Theoreti-
Cally, however, if any treatment was able to achieve complete
Wmoyr ablation, then improvements in outcome similar to_those
achieved with surgery should be possible. Previous studies in

Oth small and large animal models?22? suggest that electrolysis
Ulfils these criteria. Ellipsoidal zones of hepatic necroses can

_C°”€Spondence: Professor G. J. Maddern, Department of Surg_ery, Queen
E]‘Zabc(h Hospital, Woodville Road, Woodville, SA 5011, Australia.
Mai); gmaddem @ medicine.adelaide.edu.au

Accepted for publication 14 April 2000,

be created around the tips of implanted electrodes with no
damage to the surrounding parenchyma. The lesions are pro-
duced in a dose-dependent fashion and heal uneventfully to a
small fibrous scar. Unlike diathermy, laser or cryotherapy, elec-
trolysis produces cell necrosis with minimal thermal effect 242 Cell
necrosis is caused by a combination of altered intracellular
pH?6?7 and the liberation of cytotoxic gases into the local envi-
ronment.28-32

Before any new treatment can be used in the clinical setting, it is
essential that it be shown as far as possible to be completely
safe. Although previous studies in the rat and pig have shown
that randomly placed intrahepatic electrodes are associated with
minimal morbidity or mortality, it is important to determine the
effects of an ‘extreme’ electrolytic insult before treating patients
(unpubl. obs.).2223

The present study examines the local and systemnic effects of the
‘worst-case scenario’ where electrodes are placed either into or
immediately adjacent to an hepatic vein near its entry into the infe-
rior vena cava (IVC) in a large animal (pig) model.

METHODS

The direct current (DC) generator used in the present study was
manufactured by the Bioengineering, Transducers and Signal
Processing Research Group, University of Leicester, Leicester, UK.

Electrode catheters were supplied by Johnson & Johnson
Medical Pty Ltd, North Ryde, New South Wales, Australia. The
electrode catheters were 6 Fr and each had four platinum electrodes
evenly spaced from the tip (Fig. 1). The tip electrode was used as
the anode (positive), and the middle of the three proximal elec-
trodes was used as the cathode (negative).
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Fig. 1.

middle of the three proximal electrodes were used as the anode and
cathode.

The use of laboratory animals in the present study was
approved by local animal ethics committees (University of Ade-
laide, South Australian Research and Development Institute/Pig and
Poultry Institute of South Australia and Queen Elizabeth Hospital,
Adelaide). The study conformed with the Code of Practice for the
Care and Use of Animals for Scientific Purposes?3 and the SA
Prevention of Cruelty to Animals Act 1985.

Six female specific pathogen free (SPF) Domestic White pigs
(29.0-33.0 kg) were obtained from the Pig and Poultry Production
Institute, Roseworthy Campus, Roseworthy, South Australia,
Australia. The animals were housed in individual pens and each had
access to a single space wet/dry feeder and ad libitum water.
Preoperatively the animals were fasted for 12 h. Each animal
had a minimum acclimatization period of 7 days.

Experimental protocol

The six animals were divided into two groups of three to investi-
gate the effects of electrode placement either immediately adjacent
to or within the lumen of a hepatic vein near its entry into the IVC.
Group 1: electrodes inserted adjacent to an hepatic vein (three
animals); group 2: electrodes inserted into the lumen of an
hepatic vein (three animals).

The animals were sedated with a deep intramuscular injection
of ketamine (20 mg/kg) and xylazine (1.5 mg/kg). Spontaneous-
breathing general anaesthesia was maintained with 1.5%
halothane in 100% oxygen.

In order to evaluate the potential acid-base disturbance
caused by the liberation of the ionic and gaseous products of
electrolysis, a central venous catheter was inserted into the right
internal jugular vein under direct vision. The catheter tip was
placed in the right atrium. Venous blood samples were obtained
before treatment, at 5-min intervals during treatment, and after ces-
sation of treatment. Blood gas samples were analysed using a
Radiometer ABL 625 (Radiometer-Copenhagen, Bronshoj,
Denmark). Heart rate, arterial oxygen saturation, end-tidal CO, and
respiratory rate were monitored continuously during treatment
using a Datex OSCAR (Helsinki, Finland).

The liver was exposed through an upper midline incision. In
group 1 the electrode catheter was inserted into the liver sub-
stance under intraoperative ultrasound control (Aloka SSD-
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2000, Mure, Mitaka-Shi, Tokyo, Japan; 7.5-MHz probe) such
that the anode and cathode were positioned immediately adja-
cent to an hepatic vein close to its entry into the IVC. In group-2
animals the anatomy of the hepatic veins was mapped using the
ultrasound. A peripheral branch of the appropriate vein was sur-
gically exposed and the electrode catheter was inserted under
direct vision. The electrode catheter was advanced such that the tip
electrode was 2-3 cm from the IVC. In both groups an elec-
trolytic ‘dose’ of 100 C was then delivered at S0 mA. The entire
treatment was monitored and recorded using ultrasound. Specifi-
cally, areas of interest included: (i) the local environment
around the electrodes; (ii) the presence of gas bubbles in the
vein proximal to the catheter; (iii) the presence of bubbles in the
IVC; and (iv) the presence of gas bubbles in the heart. After
treatment the electrode catheter was removed and haemostasis
was secured. The abdomen was closed in two layers using
1 polydioxanone (PDS) and 3/0 monocryl. Each animal was
then returned to a clean, dry pen.

Each animal was assessed daily after treatment. All animals
were killed 4-7 days after treatment and a full autopsy was per-
formed jointly by the operating surgeon and a pathologist. At
autopsy the liver, lungs, heart and brain were removed and
examined macroscopically. Representative slices of each organ
were fixed in 10% buffered formalin, processed, embedded in
paraffin, sectioned and stained by haematoxylin and eosin. Sections
were then examined by a hepatopathologist (PH).

RESULTS

All six animals tolerated the treatment well. Intraoperatively no
complications were observed as a result of electrolysis. In all
cases the heart rate remained stable and no animal suffered from
de-saturation. There were no signs of cerebral irritation or respi-
ratory distress. At the completion of treatment all animals recovered
and remained healthy until time of death. Two animals in group 2
(intravascular electrodes), however, behaved in a more subdued
fashion than nommally observed and took more than 24 h to
recover fully.

Group 1

In this group the electrodes were inserted adjacent to an hepatic
vein (Figs 2-4).

The electrode catheter was successfully placed within 5 min
of a major branch of an hepatic vein in each animal with no
bleeding complications. Within seconds of the start of the treat-
ment, bubbles of gas were identified around the electrode
catheter within the liver substance. As electrolysis progressed
the gas was seen to track around the wall of the vein (Fig. 2) and in
two animals intravascular gas could be identified (Fig. 3).
During treatment there was progressive, diffuse change in the
echogenicity of the liver texture around the electrode catheter.
At the end of treatment the generation of gas was seen to stop
abruptly, and there was minimal bleeding when the electrode
catheter was removed.

Right atrial blood gas results were similar for all animals
studied, showing no significant change over the treatment
period. Specifically no animal became hypoxaemic or demon-
strated a significant alteration in acid-base balance.

At autopsy the hearts, lungs and brains of each animal were
macroscopically normal. For each liver there were small
(<2 mm) scars at the site of electrode catheter insertion but there
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Fig.2. Gas bubbles (B) tracking around the vein (V) after starting
treatment.

i T
=

e lumen of the right hepatic vein.

Fig. 3. Gas bubbles (B)int

Fig. 4. Macroscopic appearances of the electrolytic lesion and the
adjacent normal vein.
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were no liver infarcts. On sectioning each liver, electrolytic
lesions were identified adjacent to major hepatic veins. The
areas of necrosis comprised both anode and cathode lesions that
were distinct and abutting, forming an hourglass-shaped single
‘composite’ lesion (Fig. 4). Histology confirmed that the heart,
lungs and brain were normal in each animal. The composite
electrolytic lesions consisted of ellipsoidal areas of coagulative
necrosis around the electrode sites. The walls of the adjacent
veins remained intact and there were no major thrombotic
occlusions. The liver parenchyma immediately adjacent to the
electrolytic lesions was normal.

Group 2

In this group the electrodes were inserted into the lumen of an
hepatic vein (Figs 5-8).

The electrode catheter was successfully inserted into the
lumen of the right, middle or left hepatic vein in each animal
(Fig. 5) and advanced such that the tip of the electrode catheter was
2-3 c¢m from the junction of each respective vein with the IVC.
Within seconds of commencement of treatment, ‘showers’ of
gas were seen in the lumen of the vein (Fig. 6). During treat-
ment, ultrasound was used to fully ‘map’ each hepatic vein and in
all three animals gas was identified in the IVC (Fig. 7). In one
animal, after 70 C had been delivered, no further gas was seen in
either the hepatic vein or the IVC. In the same animal there was
mild, diffuse change in the echogenicity of the liver texture
around the electrode catheter at the end of treatment. A clear
‘lesion’ could not be identified in the other two animals. At the
completion of treatment gas production stopped. When the elec-
trode catheter was removed the vein was ligated at the point of
entry to achieve haemostasis.

Right atrial blood gases were identical to the group-1 animals
and showed no significant effects during the study period.

At autopsy the hearts, lungs and brains of two of the animals
were found to be macroscopically normal. In the third there
were three small haemorrhagic lesions on the cusps of the mitral
valve and two small areas of focal haemorrhage in each lung.
The brain was normal.

In the liver of the animal in whom the presence of intraluminal
gas ceased before the end of treatment, the left hepatic vein was
completely occluded by thrombus. At the site where the elec-
trode tip was positioned the vein was surrounded by a zone of liver
necrosis. Otherwise the liver was normal. The livers of the other
two animals were macroscopically normal apart from the
peripheral trauma associated with insertion of the electrode
catheters.

Histology of the walls of the veins adjacent to the infarcted
area was performed and was found to be unchanged.

Histology confirmed the presence of mature thrombus in the
lumen of the left hepatic vein (Fig. 8). One animal showed histo-
logical evidence of mild bronchopneumonia. Histology of the
other organs was normal.

DISCUSSION

Electrolysis has enormous potential for treating patients with
unresectable liver tumours. The technique causes dramatic but
localized cell necrosis by several mechanisms, including the
generation of toxic gaseous products.28-32 There is, however, a
theoretical risk that, if some or all of the gaseous electrode products
were to enter the systemic circulation, extrahepatic damage
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Fig. 5. The electrode catheter (C) is in the lumen of the right
hepatic vein (V).

=
- - - ‘:""
Fig. 6. Within seconds of commencement of treatment, ‘showers’ of
gas (G) were seen in the Jumen of the vein.

could result. Chinese researchers have recently reported the use of
- electrolysis to treat patients with a variety of liver tamours.3435
Despite the fact that thcy have attempted to treat tumours up to
21 cm in diameter, there was unfortunately no attempt to for-
mally evaluate the safety of the process either experimentally or
clinically. The present study is the first to examine the morbidity
associated with the most potentially hazardous clinical situation
where electrolysis products are purposefully generated in or
adjacent to an hepatic vein. This, together with the production of a
local lesion involving the vein, we believe, mimics the worst
complication that could be envisaged in the clinical setting.
Resultant complications could theoretically include hepatic vein
thrombosis, liver infarction, air embolus, pulmonary embolus,
chemical pneumonitis, cerebral irritation, major metabolic

WEMYSS-HOLDEN ET AL.

ORI, £ 3 ST £ A :
Fig.7. ‘Clouds’ of gas bubbles (G) in the inferior vena cava (C) after
starting treatment. The liver (L) and diaphragm (D) are also seen.

Fig. 8.
luminal thrombus (T), an intact muscle wall (W) and a zone of
coagulative necrosis (CN) in the immediately adjacent normal liver
(H&E).

Longitudinal section of the left hepatic vein showing intra-

derangement and secondary haemorrhage. The results show that
when the electrode catheter is placed adjacent to an hepatic
vein, there is localized hepatic necrosis, with little or no damage to
the vein. Despite the fact that gas was seen entering the IVC, no
systemic complications were observed and all three animals
recovered rapidly and remuined healthy until they were killed.
The situation where the electrode is selectively placed into the
lumen of the vein clearly represents a completely different situation
due to the relatively large volumes of gas that have immediate
access to the systemic circulation; and the potential for meta-
bolic changes due to electrode products not being used up
locally (creating hepatic necrosis).

Consequently we expected the complications associated with this
part of the study to be greater, but in two of the three animals no
extrahepatic complications were observed either at the time of
treatment, in follow up or at autopsy. Time to full recovery was
prolonged, probably reflecting the observed intraoperative alteration
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in acid-base balance. In one animal in group 2 complete occlusion
of the left hepatic vein resulted and this would explain why the
intraluminal flow of gas was seen to stop before the end of treat-
ment. Localized gas production continued, however, and this
may explain why this was the only animal in this group to have an
electrolytic hepatic lesion at autopsy. Despite complete occlu-
sion of the vein by thrombus, which extended to the Jjunction
with the IVC, there were no local sequelae, pulmonary emboli or
Systemic complications 7 days after treatment. The possibility of
subsequent embolization cannot be excluded had survival been
extended beyond 1 week, but it seems unlikely. o

The present study aimed to create an artificial situation that
should never occur in the clinical setting because electrodes
would be inserted under ultrasound or magnetic resonance
imaging control into the centre of a tumour. We did _feel,
however, that it was important to examine this scenario to
obtain further reassurance that lesser electrolytic insults deliv-
ered in a controlled, planned way in the clinical setting would. be
associated with minimal systemic morbidity and no mortality.
The present study has also shown that when lesions are cr.eated
close to major veins the vein remains intact and patent; this has
clear implications for centrally placed tumours, which are fre-
quently deemed unresectable for this reason.

Another potential group of complications could result. from
damage to the biliary system with occlusion or ﬁs@la formation. In
the present study there was no cholangitis, localized abscess for-
Mation, stricture or haematobilia and liver enzymes were normal at
time of death. In a separate study in the pig where electrodes
were inserted randomly into the liver without ultrasound
control, however, it was shown that involvement of bile du.cts or
bile cannaliculi occurred in approximately 30% of the animals.
Again, in the clinical setting inadvertent insertion of the elec-
trodes into a bile duct would not only be difficult but would also be
Extremely unlikely due to the use of imaging for electrode
Placement, and because it is envisaged that an electrode catheter
delivery system will ultimately be required that should incorporate
a suction channel. Even if this were to occur, morbidity would be
€xpected to be minimal. o

Our experience to date therefore confirms that electrolysis is a
Safe treatment that should be associated with minima! !ocal or
Systemic complications in the clinical setting, and justifies pro-
Bression to careful clinical trials.
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. Background. An effective therapy is needed for pa-
'ents with surgically unresectable liver tumors who

aVe very limited life expectancy. One possible treat.-
. ent jg electrochemical tumor necrosis. This study
ll,“'estigated the natural history of electrochemical le-

°Ns in the normal rat liver.

Alerials and methods. A direct current generator,
®Nnected to platinum electrodes, was used to create
QOntl‘(ﬂled areas of liver necrosis. Animals were sacri-
tﬁ Ced g days, 2 weeks, 2 months, and 6 months after
l‘eatment and the macroscopic and histological ap-
“arance of the necrotic lesions was followed.
€Sults. No animal died as a result of electrolysis;

2 ostoperatively, all gained weight normally. Liver en-
€s were significantly (P < 0.001) elevated after
at’“ent, but returned to normal after a week. Two
histology confirmed an ellipsoi-
necrosis at the site of the elec-
Crq € tip and commonly a segment of' peripl_leral ne-
h sfs- After 2 weeks there was histological evidence of
eahng. By 6 months, very little necrotic tissue re-
®d within a small fibrous scar.
ing Pelusions. Electrolysis is a safe method for creat-
ng  ®fined areas of liver necrosis that heal well with
leh:.ss()ciated mortality. This study s.upport.f; the po-
seetlal of electrolysis for treating patients with unre.
i I(ea € liver tumors. © 2000 Academic Press
Y Words: electrolysis; liver/hepatic tumors.
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INTRODUCTION

Currently, liver resection offers the only hope of sig-
nificantly improved long-term survival in patients with
pPrimary and secondary liver tumors, with 25_-35¢, of
patients alive 5 years postresection [1, 2] Unfortu-
nately, only 5 to 10% of patients have resectable dis-

best
palliative [4, 23, 24].

With the incidence of primary hepatocellular carci-
noma approaching 1 million, and with more patients
being identified with metastatic liver disease, a widely
applicable treatment ig i
long-term survival while

ode and cathode;
acidic relative to the basic environment s
the cathode [32, 33);
sults. There is no th

urrounding
tissue necrosis at both sites re-
ermal effect, with temperature

0022-4804/00 $35.00
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Increases of only 1.5 and 4°C (depending on elecirode
' type) being reported [34, 35].

The first clinical use of electrolysis was reported in
1908 [36]. In the 1970s, the effects of electrolysis in
Various experimental animals, including the mouse
(27, 35), rat [28, 37-39], rabbit [34], pig [26, 40—44],
and a small number of patients with lung cancer [45—

), were reported. Areas of necrosis were produced
mainly in the lungs, but also in subcutaneously im-
Planted tumors. It was demonstrated that electrolysis
Created discrete, spherical areas of necrosis around the

+ Ps of implanted electrodes in a controlled, safe way.
ased on this preliminary work, several Chinese
8Youps have published anecdotal reports of patients in

Om malignant tumors including primary liver tu-

OTs {48, 49] were treated using electrochemical ther-

| 3y [50-58]. Although rather variable these studies

hlgh]ight the potential of electrolysis in treating a
Tange of malignancies.

S part of a scientific evaluation of the use of elec-

i t}rl(_’chemical therapy in the treatment of ]i.ver tumors,

IS study examined the morbidity, mortality, and nat-
Ura] history of electrolytically induced necrosis in the

Ormal rat liver and documented its healing over a

Month period.

MATERIAL AND METHODS

'I‘,.A direct current generator was constructed by the Bioengineefing,
s]‘tanstCers and Signal Processing Research Group af. the Univer-
g of Leicester, England. This was designed to deliver a preset
Se” of coulombs at a constant current, variable between 1 an_d 100
live' Ositive (anode) and negative (cathode) electrodes, placed m.the
tioy, Substance of rats, were used to conduct the c:xrrent. (?n activa-
Inax.o the generator, the current flow “ramped “up to its pl:’eset
Vo Mum valye (milliamps) over 1 min. Once in a “steady stat.e the
t}le Age required to maintain a constant current ﬁgw was vaped by
J(bet Machine to compensate for any fluctuation in the resistance
dgsween the electrodes as treatment progressed. After the preset
Beyy of coulombs was delivered, the current returned to zero over a
2od of 1 min.

1anime use of laboratory animals in this study was approved by local
E]iz al ethics committees (University of Adelaide and The Queen
of 3beth Hospital, Adelaide), and the study conformed to the Code
N "actice for the Care and Use of Animals for Scientific Purposes
gy RC/CSIRO/AAC 1990) and the SA Prevention of Cruelty to
the ?ls Act 1985. All animals received humane care according to
4711' teria outlined in the Guide for the Care and U_se of Laboratory
llis}l als Prepared by the National Academy of Sc1ences.and pub-
‘revisedbbl,gtghe National Institutes of Health (NIH Publication 86-23,

B 5).
%), ;{}y‘f’ight Wistar-WAG specific pathogen-free male rats (215-345
Wy, tamed from the Animal Resources Centre, Western Australia,

| 7y Studieq
thre ¢ animals were divided into four groups (see below) to evaluate
a'ea fferent electrode placements which produced one or two
Each Thepatic necrosis and were compared with a control group. In
oy wat' under standard halothane/nitrous oxide anaesthesia, the
"arg -34S exposed through a midline incision and everted. Elect_rodes
‘gant Toduced into the liver substance and supported using a
Moy, Y tPe frame designed to minimize trauma with respiratory
%at Nt. A dose of 5 C at a constant current of 10 mA, known to
¢ “mm-diameter spherical zone of necrosis, was delivered in

groups 1-3. In the contrel group no current was passed. After treat-
ment the abdomen was closed in two layers. Fluids and diet were
allowed ad libitum. The animals were weighed preoperatively, on the
second postoperative day, and then weekly.

Group 1 (4 animals). The anode consisted of a 0.5-mm-diameter
platinum wire inside a semirigid plastic electrical insulating sleeve.
Two millimeters of wire was exposed at the tip, giving an effective
electrode surface area of 3.34 mm?. This was implanted to a depth of
5 mm in the major right lobe of the everted rat liver. The cathode
consisted of a diathermy patient return electrode (code E7506, Val-
leylab inc., Surgical Products Division, Boulder, CO) with a surface
area of 70 cm®. This was attached to the back of the rat after shaving
to achieve electrical contact.

Group 2 (18 animals). Both electrodes consisted of identical plat-
inum wires as above. The anode was implanted to a depth of 5 mm in
the major right lobe of the liver and the cathode to the same depth in
the major left lobe, with a separation of 20 mm between the electrode
tips during treatment.

Group 3 (18 animals). The two platinum wire electrodes were
implanted together (2 mm separation between the tips) in the major
right lobe of the liver.

Control rats (18 animals). Each control rat underwent laparot-
omy and electrode placement. The electrodes were connected to the
direct current generator but no “dose” was given. Electrodes re-
mained in situ for 10 min to simulate the mean length of active
treatment.

Blood samples were obtained preoperatively, immediately postop-
eratively, and at Day 2, Week 1, and time of death. Measurements of
serum aspartate aminotransferase (AST), alanine aminotransferase
(ALT), y-glutamyltranspeptidase (yGT), and bilirubin were made on
each sample (Technicon AXON analyser, Bayer Health Care,
Pymble, New South Wales, Australia).

Animals in each group (see Table 1) were sacrificed 2 days, 2
weeks, 2 months, and 6 months after treatment to determine the rate
of healing of electrolytic lesions. At autopsy, the liver and adjacent
organs were examined macroscopically. The size of the lesions was
measured and recorded, and the lesions were photographed. The
lesions and random slices of liver away from the lesions were fixed in
10% buffered formalin, processed, embedded in paraffin, sectioned,
and stained with hematoxylin and eosin. Coded sections were exam-
ined by a hepatopathologist (P.H.).

Results were analyzed using the paired and unpaired Student ¢
test.

RESULTS

Within 30 s of starting electrolysis, gas production
was observed in the form of bubbles emanating from
both the anode and cathode and a discrete zone of
discoloration was evident in the liver surrounding the
electrodes. These areas increased in size as treatment
progressed. Any bleeding following electrode insertion
stopped within 60 s of the beginning of treatment, with
the formation of a black coagulum. Animals in group 1
developed myoclonic contractions for a 10-s period as
the current increased. The remaining 54 animals tol-
erated electrolysis well. All animals made rapid, un-
eventful ~postoperative recoveries and remained
healthy until sacrificed. After a small but significant
(P < 0.001) loss of weight in the early postoperative
period, all animals gained weight at a normal rate
until sacrificed.

Analysis of the liver enzymes showed that AST ang
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ALT were significantly elevated in the treatment

Sroups by Day 2 (Figs. 1 and 2). (P < 0.001), but these

“turned to normal after 1 week and remained normal
Creafter. Bilirubin and yGT remained unchanged
Toughout (Figs. 3 and 4).

Livey Pathology

W In group 1, the two animals sacrificed at each of_2

3 *¢ks and 2 months showed that a tract of macroscopic
ah Microscopic damage had been created between the

Q;(’de In the liver and the closest part of the plate

& thode on the back with evidence of damage'to the

aDhragm, lungs, and pancreas. This observation, to-

| tg Sther with the myoclonic contractions in this group at
Start of electrochemical therapy, meant that fur-
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FIG. 3. Change in serum bilirubin concentration following elec-
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ther evaluation of this electrode configuration was
deemed inappropriate.

The results in groups 2 and 3 both macroscopically
and microscopically at each time point were very sim.
ilar and are reported together.

Two days postelectrolysis. Macroscopic examina-
tion of the livers demonstrated that the “primary” elec.-
trolytic lesions had become hard in texture (anode,
cathode, and combined lesions). In 10 of the 12 lesions
in group 2 and all 6 of those in group 3 a “secondary”
distal wedge-shaped lesion developed in the liver. This
“secondary” lesion was yellow in color and firm in tex-
ture with appearances consistent with an infarct (Fig.
5); it spread out from the “primary” lesion to the pe-
riphery of the lobe. Histological examination of the
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FIG. 4. Change in liver enzyme GGT following electrolysis. NS,
not significant.
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livers confirmed extensive but well-defined areas of
hepatic necrosis as a result of electrolysis (Fig. 6). An
area of tissue destruction was observed at the electrode
Sites and was clearly discernible from the “primary”
and “secondary” lesions which were areas of coagula-
tive necrosis, presumably of slightly different ages. The
Necrotic tissue was sharply demarcated from immedi-
ately adjacent normal liver. A variable infiltrate of
Mononuclear cells and a few proliferating fibroblasts
Were seen in this junctional zone. Importantly, sections
of liver immediately adjacent to the areas of necrosis
Were normal, as were random sections taken between
€ two electrode lesions.

Two weeks postelectrolysis. 'The “primary” electro-
Ytic lesions had become stony hard in texture and
lack in coloration. Nine of the twelve lesions in group

and all of those in group 3 had a peripheral wedge-
Shaped infarct spreading out from the site of the “pri-
Mary” lesion. These infarcts were involuting and con-
Tacting relative to the surrounding healthy liver.

Istological examination showed a rim of proliferating

roblasts around the entire zone of necrosis (Fig. 7).
il.\ e fibroblasts were located beneath the capsule of the
Ver which had remained intact and also at the Jjunc-
t¥0n between the necrotic and viable liver tissue. Sec-
'ons of liver immediately adjacent to the areas of ne-
®rosis and between the two lesions were normal.

Two months postelectrolysis. Only small residual

ack lesions were evident. In all four animals, small,
aard, granular, yellow areas of necrosis were obseﬁed
lo and peripheral to the original electrode sites. Histo-

8lcal examination showed small residual areas of
Crosis surrounded by fibrous tissue in which
“Mosiderin-laden macrophages, occasional foreign
~dy giant cells, and focal calcification were observed.
he liver elsewhere was normal.

Six months postelectrolysis. Each liver was normal
tfart from small, hard fibrous scars at the sites of
v 2tment. Histological examination showed only a

‘r *Y small amount of residual necrotic tissue sur-

undeq by mature scar tissue in which focal calcifica-

ti
0 wag apparent.
in % the control groups each liver was carefully exam-

8la.. 38 it was often impossible to identify the site(s) of
b ect_rOde insertion. Histological examination of one of

IVers 2 days postoperatively showed two small (<1
areas of necrosis at the electrode sites. After 2
S, one liver showed a microscopic area of focal

59

congestion, although no lesion was identified. Prolifer-
ating fibroblasts were seen on the capsular surface
corresponding to the presumed site of electrode inser-
tion. Otherwise the livers were normal. After 2 months
a cavity (2 mm) was identified in the center of the lobe
where the anode had been inserted in one liver. A small
amount of proliferating fibrous tissue and mononuclear
cells was identified surrounding the cavity. Otherwise
all the livers were normal. After 6 months, all livers
were macro- and microscopically normal.

DISCUSSION

This study in the liver confirmed the results of pre-
vious studies in other organs [26-28, 34, 35, 37-47]
that targeted electrochemical hepatic insults are a safe
method of generating areas of discrete, controlled ne-
crosis. These induced zones of necrosis are similar in
shape to primary and secondary liver tumors. No such
lesions were produced in the control groups where
physical trauma was identical but no electrochemical
insult occurred. The liver parenchyma between the
induced lesions was both macro- and microscopically
normal and there was no associated morbidity such as
hemorrhage or bile leakage. If primary or secondary
liver tumors were being treated, the results suggest
that it would be possible and safe to create separate
areas of tumor necrosis in different parts of the liver
without fear of damaging vital Intervening structures.

The lesions created by electrolysis were also shown
to heal with time by ingrowth of fibroblasts from the
intact capsule and adjacent normal liver. Six months
after treatment the site of electrolysis was represented
by a small fibrous scar with focal calcification and little
residual necrotic tissue. Providing both anode and
cathode are placed in the liver the risk of extrahepatic
damage appears minimal. No animal died as a result of
the treatment.

All animals treated by electrolysis gained weight at a
normal rate after the first 2 days. Although liver en-
zymes (AST and ALT) were initially significantly ele-
vated (P < 0.001) in all treated animals, by 1 week they
had returned to normal, suggesting a minimal Sys-
temic and short-lived local effect.

Superinfection could be a potential clinical problem
when creating zones of hepatic necrosis; this was not
observed in any animal used in this study. During
electrolysis, the local environment surrounding the

yeﬁzc' 5. Macroscopic appearance 2 days after electrolysis (electrodes apart): The

“primary” lesion is the central, circular dark area. The

Secondary” infarct is seen spreading out to the periphery of the lobe.
(t;‘ 6. Histological appearance 2 days after electrolysis: Area of tissue destruction (bottom right) at the electrode site. Spherical,

8

; th?c Ureless area of coagulative necrosis surrounding the electrode site—the “primary” lesion (center). Peripheral zone of infarction where
¥y “Patic architecture can still be discerned—the “secondary” lesion (top right, bot.tom left). Subcapsular hemorrhage (top left).

D’*ﬂif . /. Histological appearance 2 weeks after electrolysis: Normal adjacent liver (top right), sharply demarcated from a zone of

®Tating fibroblasts which surround and extend focally into an area of coagulative necrosis (bottom left).

48



60

electrodes is sterilized by the fiercely cytctoxic local
®nvironment and the possible presence of platinum
fompounds (leached from the electrodes), which even
0 low concentrations are known to be bactericidal [59,
60). Subsequently, electrolysis produces considerable
Yperemia with consequent increased vascularity in
the Jiver adjacent to the lesion which may also reduce
€ potential for infection. At the same time, electrol-
YSis is known to preferentially attract white blood cells
Negatively charged) to the anode. Infection is therefore
Unlikely to be as important a complication of this tech-
YNque as it has been in areas of hepatic necrosis pro-
Uced for instance by ligation of the hepatic artery.
The results showed that 26 of 36 (72%) lesions cre-
3ted with electrode tips separated (group 2), and 18 of
18 (100%) with electrode tips together (group 3) were
ASSociated with infarcts peripheral to the “primary”
tlectrolytic lesion. Histological examination of these
SPecimens confirmed the presence of thrombus in the
Main vessel supplying the distal lobe. This “electrolytic
Seg‘memtectomy” has not previously been reported. It is
Proposed that this phenomenon resulted from creating
“latively large electrolytic lesions in lobes that were
i Ysically small. However, a similar effect, ifreprod}lc-
le in large animals, would prove valuable in treating
patieIlts, since careful placement of electrodes under
.traSOIlogTaphic control near vascular structux.‘es
'8ht produce planned, sequential segmentectomies
| 1Ng this thrombogenic effect. . _
P latinum electrodes performed well in th1§ study.
&re was no visible erosion of the electrode tips, con-
tﬁ"ning the finding of other workers [28], although the
t():.ory regarding the generation of local}y active cyto-
¢ platinum salts (28, 59-63] remains unproven.
G exact relationship between electrode tip sizes and
neﬂpes and parameters such as the extent of tissue
h “Yosis and maximal possible rate of current dehvery
) es Yet to be established. However, it should be possi-
't to design delivery systems that are close to ideal in
i, > ©f the production of predictable lesions that max-
gi 'Ze the volume of necrosis for a given dpse over a
in ®1 period. This is presently under investigation us-
s “Omputer “current modeling” techniques.
[N Sa therapeutic modality for the treatment gf can-
W electrolysis has been largely overlooked in the
pat.s €rn World. In China, it has been used to treat
th *nts for several years, but the efficacy and safety of
;Iive echnique have never been fully evaluated in the
de"ei The remit of this study was to evalga’ce find
Wy, OP this “noninvasive” modality for treating hvgr
hay, OTs; nevertheless, it is likely that electrolysis will
Wider application in the treatment of other unre-
Nap.. € solid organ tumors and hollow organ malig-
g €es such as esophageal, gastric, and bile duct tu-
e\,als~ While this will obviously require extens'lve
ation of the associated morbidity and mortality,

N
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basic principles and instrument design are likely to be
applicable.

This study has demonstrated that electrolysis is a
safe, reliable method of creating localized areas of ne-
crosis in the rat liver. The physical insult of electrolysis
appears to be very small and the lesions heal with time
without any long-term morbidity. Experience to date
suggests this is a safe technique with the potential to
be minimally invasive (using ultrasound—guided, per-
cutaneously implanted electrodes) which fulfills almost
all of the criteria to allow a treatment to be widely and
safely applicable to the treatment of inoperable liver
tumors.
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Abstract

BaCkground/Aims: Patients with unresectable malig-
Nant liver tumours have a poor prognosis. A technique
is Needed which improves long-term survival. Previous
Studies in the rat have shown that electrolysis is a safe,
Predictable and reproducible method for creating areas

Of necrosis in the

normal rat liver. This study examined

Fhe effects of electrolysis on colorectal liver ‘metastases’
_'“ the rat. Methods: Tumours of colorectal origin were
'Mplanted into the livers of Wistar-WAG rats. Two weeks

after implantation the tumours were treated with elec-
.troleis. A direct current generator, connected to 2 plat-

Num, intrahepatic electrodes was used to examine the

f‘feCts of various electrode configurations on the extent
of tumour necrosis. Results: Significant (p<0.001) tu-
Our ablation was achieved with all electrode config-
ur_atiOns. Tumour necrosis was more complete (p < 0.05)
'th the electrodes positioned on either side of the tu-
thOUr than with both electrodes placed in the centre of
€ tumour. Liver enzymes {AST and ALT) were signifi-

cantly (p <0.001) elevated after treatment, but returned
towards normal by 2 days. Conclusions: This study has
shown that colorectal ljver ‘metastasis’ can be ablated
by electrolysisin a rat model. Two sepafate mechanismsg
of tumour ablation were observed: With the electrodes
directly in or adjacent to the tumour, necrosis resulted
from the action of cytotoxic electrode products, whereas
by positioning the electrodes proximal to the tumour,
necrosis was induced by a ‘secondary’ ischaemic effect.
The findings confirm the view that electrolysis has great
potential for treating patients with unresectable malig-
nant liver tumours.

Copyright © 2000 S. Karger AG, Basel

e

Introduction

The treatment of patients with unresectable liver tu-
mours remains a major clinical problem and mean sur-
vival remains approximately 6 months [1-3}]. Severa]
methods of loco-regional treatment have been described
[4-15], but have not been shown to significantly increase
long-term survival. These treatments are generally inva-
sive and unpredictable in effect and consequently have
a limited role in palliation [16-18]. The need therefore
remains for a treatment which improves long-term sur-
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- vival'in these patients. To be acceptable, such a treatment
miist be safe, predictable in effect, minimally invasive,
able and relatively inexpensive.

like diathermy, electrolysis (although employing
cal current) causes tissue necrosis without the pro-
on of heat [19-21]. A low current (typically <50 mA
25V)is passed between two electrodes inserted into
s_f}er substance. As a result, sodium hydroxide and

hyd gen are liberated at the cathode and chlorine, hydro-
€hioric acid and oxygen are produced at the anode
[22-:26]), assuming ‘gassing limits’ are exceeded [27, 28].
A ‘gradient is established between the electrodes and

I -éilié'ed tissue necrosis results around the tips of the

trodes.
Ur previous studies [21, 29] have shown that electro-

» 1S a safe, controllable and predictable method for
ng discrete areas of hepatic necrosis in the normal
“YEr of the rat. Electrode separation affects the total vol-
u ._e7o:'f hepatic necrosis and in the majority of rats in
t $study, a wedge of ‘secondary’ ischaemic necrosis was
Qrgduced peripheral to the ‘primary’ electrolytic lesion.
L 18 Phenomenon results from thrombosis of small
'anches of the hepatic arteries. An ‘electrolytic segmen-
lt;‘ctOmy resulting from such an arterial occlusion would,
. Teproducible, have significant implications for tumour
?blafion. If electrolysis is to be used to treat liver tumours
n Patients, it must be clearly demonstrated that not only
°Tma] liver tissue but also liver tumours can be destroyed
Sing €lectrochemical therapy.
ta] -IIjhiS study examined the extent of necrosis of cqlo_rcc-
IVer tumour deposits resulting from electrolysis in a
sh_la“ animal (rat) model. Various electrode positions and
i Darations were examined in an attempt to define the

Iq
€a] therapeutic approach.

Methods

Drozhe use of laboratory animals in this study was ap-
of 4 by local Animal Ethics Committees (Untversity
and tdelaide and Queen Elizabeth Hospital, Adelaide),
he he Study conformed with the ‘Code of Practice for
I\”‘I are and Use of Animals for Scientific Purposes’
?rue] RC/CSIRO/AAC 1990) and the SA Prevention of
T 'Y to Animals Act 1985,

b € direct current (DC) generator was constructed by
Earcloengineering, Transducers and Signal Processing Re-
%r Group at the University of Leicester, UK. The gener-
'a.. 2Sdesigned to delivera pre-set ‘dose’ of coulombs (C)

2
Ohstant Current, variable between 1 and 100 mA.

J

3

.Q(r

Olyq: X
Ytic Treatment of Liver Tumours

Tumour cells were obtained from the Department of
Surgery, Royal Perth Hospital, Perth, Western Australia
The 192NRC tumour cell line was originall):/ derived from
a primary colonic adenocarcinoma In the Wistar-WAG
rat [30]. Seventy-three Wistar-WAG SPF male rats (160-
240 g) were obtained from the Animal Resources Centre,
Perth, Western Australia Animals were fed and watered
ad libitum.

Two rats were used as turnour donors. 1 x 10¢ tumour
cells were suspended in 0.05 m] of DMEM and 10%, FCs.
The cells were injected into the peritoneal cavity of each
animal under standard halothane/nitrous oxide general
anaesthesia. The solid tumour was harvested from the
peritoneal cavity 2 weeks after inoculation.

Tumour Growth Rate

A pilot study was performed to establish the growth
rate of the tumour and hence the most appropridte time
for treatment after tumour implantation (as judged by
the size of the tumour deposits). Under general anaesthe-
sia, I-mm? blocks of solid tumour were harvested from
the peritoneal cavity of| the tumour donors and kept on
ice. In each study animal, a tumour was then implanted
into the right and left lobe of the liver. In total, 32 blocks

then created in the inferior surface of the major right and
left lobes using a 20-gauge plastic cannula (Insyte; Becton
Dickinson Vascular Access, Sandy, Utah, USA) to a
depth of 5 mm. Direct pressure was applied until haemo-
Stasts was achieved. A 1-mm? block of tumour was then
inserted into each pocket. Further direct pressure was
applied until any bleeding again ceased. The entire opera-
tive field was irrigated with sterile water and the liver
returned to the peritoneal cavity. The abdomen was closed
in two layers:

Groups of 4 animals were sacrificed at 1, 2, 3 and 4
weeks after tumour implantation. At autopsy, the size of
the metastases were measured macroscopically using a
micrometer. A slice of each liver containing the tumour
deposit was fixed in 10% buffered formalin, processed,
embedded in paraffin, sectioned and stained by haema-
toxyln and eosin. Coded sections were examined and
measured by a hepatopathologist (PH.).

Having established the growth rate of the tumour, two
studies were performed to examine: (1) the effect of elec-
trode separation on tumour ablation, and (2) the pote ntja]
of electrolysis to cause an electrolytic ‘segmentectomy’

and ablate the metastases.

Dig Dis 2000;18:50-57 s
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g- 1. Effect of electrode separation. Electrodes bein
:ictrodes such that the resulting electrolytic lesion would completely encompass the tumour.

3- 2. Dose/responsc curves from a previous study for electrodes placed with a tip-to-tip separation of either 2 mm (electrodes together) or

mm (anode and cathode). This enabled the appropriate dose to be selected to treat each tumour with each electrode configuration.
se-vee. =Anode lesions; A, - =cathode lesions, +, ------- = electrodes together.

I- 3. Electrolytic segmentectomy. Electrodes placed § m
irct (and hence tumour ablation) resulting from vascul
- 4. After 2 weeks all 4 animals had macroscopic tur

& placed on either side of a left lobe tumour. Sufficient current was passed between the

m proximal to a left lobe tumour before electrolysis. The aim was to create a peripheral
ar occlusion by the ‘primary’ electrolytic lesion.
nour growth in both lobes of the liver.

Dig Dis 2000;18:50-57
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‘ig. 7. Section of liver containing a deposit of anaplastic carcinoma
omposed of highly pleomorphic spindle-shaped cells. HE.

Effect of Electrode Separation

Thirty animals were implanted with 60 tumours {major

zht andleft lobes, as above). In each rat only one tumour
1s treated; the untreated tumour acted as the ‘animal’s
vn control. Two weeks after tumour implantation and
tor to laparotomy, the animals were randomly allocated
1 of 2 treatment groups. The tumours were treated
‘h the electrodes either together or apart (fig. 1): group
:right or left lobe tumour treated, electrodes together,
1 group 2 =right or left lobe tumour treated, electrodes
'rt (treatment of the right and left lobe tumour was
> randomly determined).

0 group 1 the electrodes were insertéd in the centre
he tumour with a tip-to-tip separation of 2 mm. In
1p 2 the electrodes were inserted on either side of the
our. . :

'he electrodes (anode and cathode) were identical.
7 consisted of a 0.5-mm diameter platinum wire inside
ni-rigid plastic (electrically Insulating) sleeve. At the
rode tip 2 mm of wire was exposed; this gave an
tive electrode surface area of 3.34 mm’. Under gen-
inaesthesia, the electrodes were implanted to a depth
mm in or adjacent to the liver tumour.

le electrodes were connected to the DC generator
1e dose in coulombs appropriate to the size (volume)

J
Tumour growth rate. Change in tumour diameter with time

aplantation. After 2 weeks the mean tumour diameter was

- This was judged to be the most appropriate size/time for
nt with electrolysis.

Tumour volume increased exponentially with time after im-
on. After 2 weeks the total tumour mass increased rapidly.

rtic Treatment of Liver Tumours

Fig. 8. After electrodes (tips 2 mm apart) were inserted into the centre
of the right lobe tumour and treated with electrolysis, the tumour was
macroscopically ablated. Note the viable, untreated control tumour in

the left lobe.

of the tumour was delivered at 3 mA. This dose was
determined from previous dose/response studies in the
normal rat liver (fig. ZP [29] by examining various com-
binations of coulombs and milliamps and the resulting
lesion size in the rat liver. After treatment the electrodes
were removed and peritoneal lavage was performed with
sterile water. The abdomen was closed in 2 layers.

Electrolytic "Segmentectomy’

Fifty tumours were implanted into the right and left
lobes of 25 animals. Before relaparotomy, two weeks after
tumour implantation, treatment of either the right or left
lobe tumour was determined randomly. Equal numbers
of right and left tumours were treated.

Under general anaesthesia the electrodes (tip-to-tip
separation of 2 mm) were inserted to a depth of 5 mm
in the liver substance, S mm proximal to the tumour
(fig. 3). The. electrodes were connected to the DC gener-
ator and a dose of 4 C was delivered at 3 mA. After
treatment, the animals were treated as above,

Blood samples were obtained pre-operatively, on day 1,
and at the time of sacrifice. Measurements of serum as-
partate aminotransferase (AST), alanine aminotransfer-
ase (ALT), v-glutamyltranspeptidase (vGT) and bilirubin
were made on each sample (Technicon AXON analyser,
Bayer Health Care, Pymble, NSW, Australia).

In each study, all animals were sacrificed on the 2nd
post-operative day and at autopsy the liver was removed
and examined macroscopically. The treated and untreated
tumours were assessed independently by 2 investigators
and described as either: (1) no evidence of tumour abla-
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tion, (2) partial tumour ablation, or (3) complete tumour
ablation. Each liver was then fixed in formalin and both
the treated and untreated tumours examined microscopi-
cally as above.

Results were analysed statistically using the paired t
test (change in liver enzymes after electrolysis) and the
X test (comparing tumour ablation between treatment
And control tumours; Statworks, version 1.2, Cricket Soft-
Ware Inc., Philadelphia, Pa., USA).

Results

All animals treated by electrolysis tolerated the treat-
Ment well and made an uneventful postoperative recovery.
e animal died on the Ist postoperative day (significant
3€morrhage at laparotoimy from accidental tear of the
"'8ht branch of the portal vein). Otherwise, there was no
IIlc’rta]i‘ty and no animal had to be sacrificed before its

"®determined time.

Twm)ur Growth Rate

1 At autopsy, I week after tumour implantation, 3 of

¢ 4 animals had evidence of tumour growth. Of the 8
tumoul”s implanted, 5 showed evidence of growth. Mean
almO‘lr diameter was 3.8 (2.0-4.5) mm. After 2 weeks,
Ii"e4 animals had tumour growth in both lobes of the
150 (fig. 4); the mean tumour diameter was 5.3 grange
I‘hrs\7~5) mm with no evidence of extr?hepatlc disease.
:j\,eee_ Weeks after implantation all 4 ammals. had exten-
0 lateral] tumour growth. Mean tumour diameter was
& (fange 5.0—19.5) mm. There was no evidence of extra-
he tic disease in any of the animals. Aftc.r 4 weeks, 2 of
v,  2Nimals had widely disseminated disease and the
By Was Jargely replaced by tumour; each ammal. hgd
{,_2Us peritoneal and pleural metastases. The remaining
l Umals had large intrahepatic tumours without evi-
8. ce ofextrahcpatic disease. Mean tumour diameter was

(range 13.0-27.5) mm. '
ﬁgtt ‘an tumour diameter (fig. 5) and volume (fig. 6) were
ke “dagainst time after implantation. Figure 5 shows that
I PUMum time after implantation for treatment was
iq 0xirﬂatcly 2 weeks (mean tumour diameter =5 mm)
b 8ure 6 shows that after 2 weeks the total tumour bur-

' as fncreasing exponentially with respect to time.

&,
Selscfpalhological Description of the Tumor

‘tuctlons of each of the tumour deposits showed the
.S of an anaplastic carcinoma composed of highly

%
Orphic spindle-shaped cells (fig. 7).

S~
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Effect of Electrode Separation

Six of the 30 animals were not suitable for electrolysis: :
3 had macroscopic evidence of peritoneal seedlings; 2
had no obvious tumour growth, and 1 was used as g3 !
tumour donor to maintain the tumour cell line. The re-
maining 24 animals had good tumour growth 1n both
lobes of the liver, with no evidence of extrahepatic disease
and were therefore suitable for treatment (in 2 groups of -
12).

Group 1 (Electrodes Together). At laparotomy,, mean
tumour diameter was 6.0 (range 2.0-11.0) mm for the
rightand 5.5 (range 3.5-7.5) mm for the left lobe tumours.
At autopsy (fig. 8) macroscopic tumour ablation (partial
or complete) was significantly (p <0.001) greater in the
treated tumours (12/12) than the controls ©/12).

Histology showed that in all cases electrolysis resulted
In tissue necrosis, usually in the centre of the tumour
deposit, with the peripheral rim of viable tumour. It was
estimated tl_xat up to 60% of the tumour was déstroyed.

Group 2 (Electrodes Apart). At laparotomy, mean tu-
mour diameter was 4.6 (range 1.5-9.5) mm for the right
and 4.1 (range 1.0-7.p) mm for the left lobe tumo urs. At
autopsy macroscopic tumeour ablation (partial or com-
plete) was significantly (p <0.001) greater in the treated
tumours (12/12) than the controls (0/12).

Histology showed that in all cases electrolysis rcéulted
In tumour necrosis, usually in the centre of the tumour
deposit, with a peripheral rim of viable tumour. It was
estimated that between 30 and 100% (2 rats) of the tumour
was destroyed.

Comparison of the extent of tumour ablation (partial
or complete) between groups 1 and 2 showed that the
extent of tumour ablation was significantly (p < 0.05)
greater when the electrodes were separated on either side
of the tumour than together in the centre.

Electrofytic Segmentectomy
Two of the 25 animals had no evidence of tumour

growth at laparotomy and were therefore not suit able for
electrolysis. One animal died on the 1st postoperative day
(vide supra). :

The remaining‘22 animals had tumour growth in both
lobes of the liver, although in 4 of these the tumour
was-palpable but not visible. No animal had evidence of
extrahepatic disease.

At laparotomy, mean tumour diameter was 6.0 (range
2.0-10.5) mm for night and 5.4 (range 2.0~-11.0) mm for
left lobe tumours. Macroscopic tumcur ablation wwas sig-
nificantly (p<0.001) greater in the treated tumo-urs (L9/
22) than the controls (1/22). The mean volume of the
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Fig.g. Change in liver enzymes AST (8) and ALT (O) after treatment
by an ‘electrolytic segmentectomy’ (***p <0.001, n =22).

Peripheral infarct was 705 (range 320-1,120) mm>. Liver
*Nzymes (AST and ALT) were significantly elevated on
Y 1 post-treatment (p<0.001) but were returning to-
Wards normal at time of death (fig. 9). Bilirubin and
YGT were not significantly changed. The elevation in liver
enz)’mes after electrolysis correlated with the total volume
Fliver necrosis (AST. p<0.05; ALT, p<0.001).
HiStoIogy showed that in 17 rats ‘electrolytic segmen-
‘ tectOm}" resulted in destruction of the entire tumour de-
SOSIt (7711 left Jobe and 1071 ] right lobe). The remaining
fats had 60-90% tumour destruction.
S‘53'i?t1'ons of each of the untreated tumour deposits
\,lho“’ed viable anaplastic carcinoma a.lthough'some. of
tue deposits contained one or more mircroscopic foci of

Our necrosis.

Discussion

Of The burpose of this study was to examine the eﬂtects
fag CCtrolysis on single colorectal liver metastases in a
desc Odel. The tumour model used was _dlﬂ’grﬁjnt to that
. bed by Archer and Gray [30]. In their ongmgl study,
htoour cells were cultured on microsphcres. and injected
.. 2@ portal vein.. This technique resulted in the growth
Itiple, discrete liver tumours. This method was inap-

'Eq Tate i the present study, as solitary metastases were
lireq in each lobe and therefore 1-mm blocks of tu.

Y
u - . g
"hjsr Were implanted directly into the liver substance.

qﬁal Odel of colorectal liver metastases proved to be
And a5 predictable and reproducible.

o

[rgl R
Ylic Treatment of Liver Tumours

€xponentially, such that at 3 weeks there was evidence of
widespread subcapsular spread, and by 4 weeks the tu-
mour load was overwhelming with the liver largely re-
placed.

Based on this preliminary study, the Mmost appropriate
time for treatment by electrolysis (in this animal model)
after implantation was clearly 2 weeks as the tumours

of extrahepatic disease.
Although other studjes have demonstrated the ability
of electrolysis to cause tumour necrosis in subcutaneously
implanted tumours jn therat [25, 3 1-33], none have exam-
ined the effects on rat Tiver tumours. In this study it is
clear that electrolysis can cause necrosis of implanted
colorectal liver tumours in a rat model and that necrosis
could probably be induced by 2 separate mechanisms.
Electrodes placed either in or directly adjacent to the
tumours cause tumour cel] death by the localised produc-
tion and action of Cytotoxic electrode products [34, 35].
However, macroscopic tumour ablation was signiﬁcantly
(p<0.05) greater when the electrodes were placed on
either side of the tumour rather than together in the
centre of the tumour. This was confirmed histologically.

in the region of the electrodes when theijr tips are adjacent,
thereby reducing the overall effect [36]. This may explain
the improved tumour ablation observed in this study when
the electrodes were Separated on either side of the tumour.

In a previous study in the normal rat liver [29], it
was shown that in the majority of cases, the ‘primary’
electrolytic hepatic lesion was associated with a ‘second-
ary’ peripheral infarct resulting from intravasculay throm-
bosis caused by the ‘primary’ lesion. We believe that it
may be possible to induce tumour ablation by producing
a planned electrolytic ‘segmentectomy’. This study con-
firmed the efficacy of electrolysis used in this way to
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produce tumour ablation by peripheral ischaemia in the
rat and while significant tumour destruction resulted, it
1s likely to have a limited application in large animal
models and patients. In the rat this relates to the physical
dimensions of the organ to be treated. The cross-sectional
diameter of the liver is small (approximately 7 mm) and
by creating a S-mm electrolytic lesion, it is clear that the
vascular supply to the peripheral part of the lobe will be
compromised. In physically larger livers, even sizeable
lesions are very unlikely to compromise the distal blood
Supply to the same extent and this seems to be supported
In our large animal studies, presently in progress.
Platinum electrodes were used in this study because it
has been shown that they were not readily eroded by the
electrolytic process [25] and can be reused. It has also
been suggested that the use of platinum electrodes may
increase the toxicity of the local environment by the pro-
duction of cytotoxic platinum salts [37-41]. This potential
benefit, although attractive, remains theoretical and un-
Proven. Other electrode materials such as carbon may
be appropriate where disposable electrode systems are
Necessary for use in the clinical setting and we are pres-
€ntly investigating this material. o
Chinese physicians have been using electrolysis to treat
Patients with a variety of malignancies for several years,
Wo reports have been published regarding the treatment
of primary liver tumours [42, 43]. The results are difficult
to Interpret but do highlight the potential of electrolysis
for the treatment of a wide range of tumours. However,
before any new treatment modality can be used to treat
Patients it should be demonstrated that it is not only safe,
“ontrollable, predictable and reproducible but impor-
tanﬂy efficacious. Previous work [29] has confirmed the
Potentja] of electrolysis for treating patients with unre-
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Electrolytic Ablation of Colorectal Liver
Metastases: 1-Year Histological Patient
Follow-Up
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Abstract

Whilst up to 50% of patients with colorectal carcinoma will devel-
op liver metastases, only 20% of those patients will be amenable ta
potentially curative liver resection. There is therefore great need for
other effective therapies, and we report complete ablation of a colo-
rectal liver metastasis using electrolysis, which was histologically
confirmed at 1 year. The clinical impact of complete tumour ablation
at 1 year means that a proportion of those patients currently deemed
inoperable and therefore incurable, may be suitable for curative

treatment.
Copyright ©2000 S. Karger AG, Basel

Introduction

Colorectal carcinoma is common and up to 50% of patients
develop liver metastases [1), Progressive involvement of the liver
may be the major or sole determinant of survival and without treat-
ment these patients have a very poor prognosis with a mean survival

of 6 months [2].
Surgical resection of colorectal metastases is the only curative

treatment option and produces an up to 40% S-year survival [3].

9. 1. Photomicrograph of human_ liver
monstrating carbon pigment deposition,
rosis and foreign body giant cell reaction.
12.

However, only 20% of patients [4] are suitable for curative surgical
liver resection due to the anatomical distribution of the metastases
and/or the presence of extrahepatic disease.

An ablative technique is therefore required which ig simple,
affordable, safe and completely ablates liver tumours. We are investi-
gating the technique of electrolysis and report a case of an electrolyti-
cally treated colorectal liver metastasis excised | year after treatmeny
without evidence of residual/recurrent tumour.

Case Report

A 58-year-old man presented with a 2-month history of intermit-
tent lower abdominal pain and diarrhoea. Colonoscopy identified
two large rectal polyps and two sigmoid polyps. Biopsies of the rectal
polyps revealed the presence of a moderately differentiated invasive
adenocarcinoma. Pre-operative abdominal CT scan identified 2 met-
astatic lesions in the left lobe of the liver. Following Preoperative
radiotherapy he underwent a low anterior resection with covering
loop ileostomy and histology confirmed a Duke C adenocarcinoma
(1 of 4 lymph nodes involved). He subsequently underwent a left
hepatic lobectomy and intraoperative ultrasound revealed a 2-cm
nodule in segment V of the liver with appearances consistent with a
metaslasis. In view of intraoperative instability the right-sided lesion
was left in situ. Histology of the left lobe confirmed metastatic
tumour. Three months later he underwent closure of his ileostomy
and as the lesion in segment V was enlarging (having reached 3 cm in
diameter) it was electrolytically ablated. Follow-up CT scan suggest-
ed complete tumour ablation. One year later he developed another
metastasis in segment VI of the liver in close proximity to, but dis-
tinct from the previously ablated region. He underwent a segment
V/VI resection which included the metastasis and the previously
ablated area. His post-operative course was unremarkable and he wag
discharged on day 9 without complication. Histology confi rmed met-
astatic adenocarcinoma with clear margins and, importantly, at the
site of previous ablation, which was distinct from the metastasis, was

Case Reports
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an areaof heavy scarring with carbon pigment deposition and foreign
body giant cell reaction (fig. 1) but no evidence of residual tumour. A
follow-up CT scan performed 6 months post-operatively was nor-
mal.

Discussion

Several non-resectional treatment modalities have been devel-
oped and investigated including percutaneous alcohol injection [5],
Cryotherapy (6], regional and systemic chemotherapy and chemo.em-
bolisation [7], immunotherapy [8], interstitial laser [9] and liver
transplantation {10]. None of these modalities has been proven to
Improve long-term patient survival in a prospective randomiseq con-
trolled clinical trial. A detailed review of in situ ablative techmqugs
for liver tumours [11] is available but beyond the scope of this
report. .
Electrolysis is a novel treatment that uses direct current to induce
tissue necrosis. Direct current is passed along electrode c?theters
Which have exposed platinum electrodes. The catheters are inserted
directly into the tumour under intra-operative ultrasound contro]
and the duration of treatment calculated from a dose-respor}se curve
from previous animal experiments [12, 13]. Tissue necrosis is caused
by the production of chlorine gas and hydrogen ions at the anode and
hydrogen gas and sodium hydroxide at the cathode (14] thereby
Creating a pH gradient. These electrode products are toxic to tissue
but thermal necrosis plays no role in electrolytic ablation [15]). There
are also many distal field effects which include e!ectrophoretxcally
inducegd cascade reactions causing intracellular disintegration of neo-
Plastic tissue, the formation of eddy currents and activation pf the
Immupe system. Ischaemia may also play a significant role in the
hecrosis seen during electrolysis [16]. ]

This is the first reported case of electrolytic liver m;tastasm abla-
tion in 4 patient and is especially significant as histological _follow-up

Ata are available. The development of electrolysis for patient t_reat-
Ment js in its infancy but in view of the large numbers of pa?xems
With liver metastases who are currently unresectable, electrolysis has
he Dotential to have significant impact on the clinical management
Of such patients.
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Abstract
Background/Aim:In the present study, we investigated the acute

and late phases of splenic circulation after spleen~preserving distal
pancreatectomy (SPDP) involving the division of splenic vessels.
Methods: An acute phase of splenic circulation was evaluated by
laser flow meter and the late phase was estimated by %"T¢.galacto-
syl human serum albumin spleen scintigraphy. Results: Splenic

blood supply, evaluated by laser flow

meter immediately after

SPDP, dropped to ane half of the prior blood supply. However, blood
supply recovered 10 days after SPDP, as estimated by #¥mTe-galacto-
syl human serum albumin spleen scintigraphy. Conclusion: There
are two variations of SPDP: SPDP without preservation of the splenic
artery and vein, and SPDP with preservation of the spienic artery
and vein. The disadvantage of the former is the resulting decrease in
splenic blood supply. The present findings may help to make up for
this disadvantage.
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Abstract

Background: Pancreatic cancer is a biologically aggressive disease with less than 20% of patients
suitable for a "curative” surgical resection. This, combined with the poor 5-year survival indicates
that effective palliative methods for symptom relief are required. Currently there are no ablative
techniques to treat pancreatic cancer in clinical use. Tissue electrolysis is the delivery of a direct
current between an anode and cathode to induce localised necrosis. Electrolysis has been shown
to be safe and reliable in producing hepatic tissue and tumour ablation in animal models and in a
limited number of patients. This study investigates the feasibility of using electrolysis to produce
localised pancreatic necrosis in a healthy rat model.

Method: Ten rats were studied in total. Eight rats were treated with variable "doses” of coulombs,
and the systemic and local effects were assessed; 2 rats were used as controls.

Results: Seven rats tolerated the procedure well without morbidity or mortality, and one died
immediately post procedure. One control rat died on induction of anaesthesia. Serum amylase and

glucose were not significantly affected.

Conclusion: Electrolysis in the rat pancreas produced localised necrosis and appears both safe,
and reproducible. This novel technique could offer significant advantages for patients with
unresectable pancreatic tumours. The next stage of the study is to assess pancreatic electrolysis in

a pig model, prior to human pilot studies.

section before a palliative surgical procedure is carried
out. Locally advanced tumours that involve major blood
vessels and metastatic disease are the most common fac-
tors that preclude curative resection. Therefore, the
mainstay of treatment at present is palliative, directed
towards relieving obstructive jaundice, gastric outlet ob-
struction and pain.

Introduction

Pancreatic cancer is biologically aggressive and the ma-
Jority of patients present with advanced disease. Radical
surgical resection of the pancreas offers the only hope of
cure but only 20% of tumours in the head and 3% of tu-
Mmours elsewhere in the pancreas are suitable for curative
Tesection [1-3]. Many other patients undergo a trial dis-
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Electrolysis is a simple technique using a direct current
passed through a conductive medium between a pair of
electrodes, measured in Coulombs (1 Coulomb = 1 am-
pere X 1 second).Tissue electrolysis produces chemicals
at the electrodes [4-6] and the ensuing pH change caus-
es a localised parenchymal necrosis [7]. During the past
few years, electrolysis of liver tumours has been exten-
sively investigated at this institution [8—12]. Not only has
the process been shown to completely ablate liver tu-
mours in animal models [11] and in humans [13). It is
also safe and predictable in terms of both its inherent tis-
sue destruction and the inability to thrombose or breach
large blood vessels in close proximity to the electrolysis
[12]. Electrolytic ablation of pancreatic tumours is an en-
tirely novel idea, both for the treatment of pancreatic
cancer and for the use of electrolysis. The aim of this
study was to assess whether electrolysis of the pancreas
gland could be performed in a safe and reproducible

manner.

Method )
The experiment was approved by the ethics committees

of the University of Adelaide and The Queen Elizabeth
Hospital. The Direct Current (DC) generator (Bioengi-
neering, Transducers and Signal Processing Research
Group, University of Leicester, United Kingdom) was de-
signed to deliver a preset dose of Coulombs, using a con-
tinuous current (8 mA) at a variable voltage depending
on resistance of the tissue, in accordance with Ohms law
(V = IR). The anode and cathode were made from fine
platinum wires 0.5 mm in diameter. These were insulat-
ed from each other at the proximal end by a semi-rigid
plastic sleeve.

Ten SPF female Sprague-Dawley rats were fasted over-
night. They were weighed pre-procedure, and anaesthe-
tised using a standard mixture of halothane, nitrous
oxide and oxygen. The rats were induced in a perspex box
with 3.5% halothane, 1 L/min nitrous oxide and 1 L/min
Oxygen. Maintenance of anaesthesia was achieved with
an inhalation system using 1.5% halothane, 0.5 L/min of
hitrous oxide and 0.3 L/min oxygen.

The pancreas was exposed through a midline laparoto-
my. Swabs were placed around the pancreas to protect
the surrounding organs. Two platinum electrodes desig-
nated anode and cathode, were inserted into the pancre-
as at a depth of 2 mm and a separation of 1 mm. A
variable dose of Coulombs was delivered, ranging from o
t0 10 Coulombs (Table 1). The control rat underwent the
Same procedure, but without the delivery of current. Se-
rial blood samples were obtained from the tail vein, pre-
Operatively then at 1, 4, 24 and 48 hours post-operatively
and analysed for amylase and glucose. All rats were sac-
rificed at 72 hours, weighed and the pancreata removed.

http://www.biomedcentral.com/1 471-230X/1/9

This tissue was then fixed in 10% buffered formalin for a
minimum of 2 weeks to allow for sufficient fixation. The
area of pancreas that had been electrolytically treated
was then embedded in paraffin, sectioned and stajned
with haematoxylin and eosin for histological examina-
tion. Electrolytic lesions were graded by a histopatholo-
gist who was unaware of the Coulombs administered.
The lesions were graded according to the scoring system
described by Spormann et al [14], to obtain a comparable
histological score (Table 2).

Table I: Dose of Coulombs delivered to rats

Dose Of Coulombs Number Of Rats Deaths

(mA/sec)

0 (control)
2

4

6

8

10

N NN - -

. P . » "
+ During anaesthetic induction * Under anaesthetic on completion of
electrolysis

Table 2: Histological scoring of pancreatitis

Oedema

I = Mild

2 = Moderate

3 = Severe
Inflammatory Infiltrate
1 = Mild

2 = Moderate

3 = Severe

Fat Necrosis

3 =Mild

5 = Moderate

7 = Severe
Parenchymal Necrosis
3 = Singular

5 = Sub lobular <|/3

7 = Lobular >1/3
Haemorrhage

3 = Mild

5 = Moderate

7 = Severe

Ref.Spormann Pathol Res Pract 1989 184: 50713
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Results

Median pre-procedure weight of the rats was 250 gm,
(range 242-257 gm). There was no weight loss in any of
the rats prior to tissue harvesting.

Of the 2 control rats, one animal died on induction of an-
aesthetic before any procedure had been performed, and
the other tolerated the laparotomy and sham procedure
without any side effects. In the treatment group, eight
rats received between 2 to 10 Coulombs. One rat died im-
mediately post electrolysis whilst under general anaes-
thetic. Seven rats survived with no morbidity or
mortality. All eight animals that survived appeared clin-
ically well, and were all eating and drinking within 2
hours of the procedure. On dissection of the pancreas
gland an area of necrosis was evident on all the treated
organs.

Blood results

The control group showed no significant change in amy-
lase concentration (Figure 1). The treatment group re-
vealed a transient hyperamylasaemia, peaking at
approximately 4 hours which was not dose related and
was not statistically significant.

Glucose levels were essentially unchanged in the control
and treatment rats over the period of investigation (Fig-
ure 2).

Histology

On harvesting, a localised necrotic electrolytic lesion was
macroscopically visible in all specimens of the pancreas
(Figure 3), with no evidence of bowel perforations, fluid
collections or haemorrhage. The necrotic lesion itself
was difficult to measure due to the mucinous nature of
therat pancreas gland. The ablated region was surround-
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Figure 3
Pancreas after harvest showing electrolytic lesion

ed by discoloured pancreatic tissue. There was a small
area of inflammation (brown in colour) around the
necrotic region, which was graded using the histological
score, this was not proportional to the electrolytic dose
(Figure 4). The inflammation did not extend through the
pancreas.

Discussion

Pancreatic carcinoma has a poor prognosis, and involve-
ment of major blood vessels and metastatic disease are
the most common factors that preclude curative resec-
tion [1,15]. Therefore, the mainstay of treatment at
present is palliative, and there has been little advance-
ment in new palliative treatments in the last few decades.
Symptoms requiring palliation include anorexia, nausea,
vomiting, weight loss and epigastric and back pain
[15,16]. Nausea and vomiting are due to mechanical and
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functional impairment of gastric and duodenal empty-
ing. Pain results from malignant involvement of the
splanchnic plexus, or from obstruction to the pancreatic
duct. Biliary obstruction may cause jaundice often asso-
ciated with intractable pruritus. Most symptoms are pro-
gressive and reflect locally advanced disease at
presentation. A proportion of patients undergo attempt-
ed resection but at the time of operation the presence of
local and/or distant disease, and invasion of the major
vessels, prevents any surgical resection, and palliation is
resorted to. Surgical palliation consists of biliary, and or
gastric bypass,and an increasing number of patients are
undergoing this form of treatment [17]. Palliation is also
possible by endoscopic stenting of the obstructed com-
mon bile duct [18]. The ideal palliation would include the
relief of pain, jaundice and gastro-duodenal obstruction,
to improve quality of life measures with minimum mor-
bidity. Local tumour destruction by electrolysis may not
affect the overall tumour biology but may ameliorate the
mass effect of the tumour, decrease tumour burden and
destroy afferent nerves and could be performed at the
time of biliary by-pass.

There are several ablative techniques that are currently
being investigated and employed mainly for liver tu-
mours. Several of these techniques rely on a direct ther-
mal insult to cause local tissue ablation. These include
interstitial laser therapy [19], radiofrequency ablation
[20], and cryotherapy [21]. Thermal ablative techniques
have limitations, particularly related to cytokine release
in "eryoshock phenomenon"[22,23] and charring in the
heat methods [24). Pancreatic eryotherapy has been re-
ported in a single study, but the data reported was inad-
equate to make any conclusions [25]. A recent report of
radiofrequency ablation in the porcine pancreas has
shown this to be feasible and safe [26].

Electrolysis has the potential to be adapted for pancreat-
ic tissue ablation. A direct current is passed through a
conductive medium between a pair of electrodes. Plati-
num electrodes appear ideal as they are relatively inert,
but also have potential anti-neoplastic properties in the
formation of platinum salts [27~29]. Tissue electrolysis
produces sodium hydroxide and hydrogen at the cathode
(alkaline), and hydrochloric acid and chlorine gas at the
anode (acidic) [4-6]. The significant pH changes pro-
duced by electrolysis are eytotoxic and cause localised
tissue necrosis [7]. Electrolytic ablation does not rely on
a thermal effect [8,30].

The hypothesis of this study was that electrolytic de-
struction of the pancreas would result in a localised pan-
creatitis. The extent and severity of this was assessed in
the experiment using blood and histological analysis.
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Histological grading graph.

In caerulein-induced pancreatitis in rats serial serum
amylase has shown a 2 to 5 fold increase from the control
value [31]. The hyperamylasemia with a proportion of
the animals in this study (at approximately 4 hours) was
not statistically significant in a paired T-test comparing
the pre-electrolytic samples, with the 4 hour samples
(Sig 2-tailed = 0.72).

Serum glucose would be expected to rise in severe pan-
creatitis according to Ranson's criteria [32] but this was
not demonstrated in this study where it was relatively
unchanged throughout all the animals.

The histology of the sections was quantified using a point
score originally described by Spormann et al [14]. Elec-
trolysis of the pancreas gland produced a region of
necrosis. There was a localised region of pancreatitis
around the electrolysis site, but this was not throughout
the gland. It shows there is a generalised increase in the
cumulative score although this was not dose related and
was not significantly different from the control value.

The dismal outcome of pancreatic cancer and the need
for Jow morbidity palliation has prompted the investiga-
tion of electrolysis as a possible method of palliation by
tumour ablation. This study has demonstrated that elec-
trolysis in the rat pancreas produce localised necrosis
that appears both safe and reproducible. This pilot study
was performed in only a small number of animals, but all
animal deaths were believed to be related to the anaes-
thesia. All the rats that survived recovered well following
electrolysis. The study indicates that localised pancreatic
ablation is feasible with electrolysis. There was a local-
ised region of pancreatitis around the site of necrosis, but
there were no systemic complications of electrolysis in
this model. The next stage is to extensively investigate
pancreatic electrolysis in a large animal model, to assess
the short and long-term effects, prior to human pilot
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studies. In the larger animal model, a larger volume of
tissue can be ablated with higher doses of Coulombs.
Previous studies have shown that dose of Coulombs de-
livered is proportional to the volume of necrosis pro-
duced [9]. This study investigated the effects of
electrolytic ablation in healthy pancreatic tissue, as this
would have a greater tendency to become inflamed than
that of tumour and thus cause a pancreatitis. A future
area of study could investigate the effect of electrolysis in
rodent panereatic tumour model [33-36). This study
was performed on the minium number of animals as a pi-
lot study to show feasibility, but obviously the technique
needs to be performed on a greater number of large ani-
mal models whose pancreatic anatomy is more similar to
that of humans. This novel technique could offer signifi-
cant advantages for patients with unresectable pancreat-
ic tumours.
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ELECTROLYSIS AND OTHER LOCAL ABLATIVE TREATMENTS FOR
NON-RESECTABLE COLORECTAL LIVER METASTASES

BENJAMIN D. TEAGUE,* SIMON A. WEMYSS-HOLDEN,* BEVERLEY G. FOSH,* ASHLEY R. DENNISONT
AND GUY J. MADDERN*

*Adelaide University Department of Surgery, The Queen Elizabeth Hospital, Adelaide, South Australia, Australia and
tDepartment of Surgery, Leicester General Hospital, Leicester, Leicestershire, United Kingdom

The present paper is a review of the current ablative treatment options for the treatment of colorectal liver metastases. Cryotherapy,
microwave coagulation therapy, radiofrequency ablation and laser-induced thermotherapy are discussed. Electrolysis, a novel non-
thermal ablative treatment, is described. Potential benefits of electrolysis include the apparent ability to safely and effectively treat lesions
abutting major hepatic structures and the lack of a systemic inflammatory reaction following electrolytic ablation. Further studies in
animals and humans are needed to confirm this potential and to further refine the methods of electrolytic treatment of colorectal liver

metastases.

Key words: colorectal neoplasms, cryosurgery, electrolysis, laser coagulation, liver neoplasm, radiation, secondary.
Abbreviations: LITT, laser-induced thermotherapy; MCT, microwave coagulation therapy; MRI, magnetic resonance
imaging: PET, positron-emission tomography; RFA, radiofrequency ablation.

INTRODUCTION

Colorectal cancer is a major cause of cancer death in Australia,
second only to lung cancer.! In Australia each year, approxi-
mately 10 000 cases of colorectal cancer are reported and there are
4500 deaths attributed to colorectal cancer.! The liver is the
most common site of colorectal metastases,2 with 50% of
patients with colorectal cancer developing hepatic metastases
within 5 years of initial diagnosis.! Without resection, hepatic
metastases are invariably fatal with a median survival of
approximately 6 months.34

Surgical resection is the gold standard treatment for hepatic
metastases from colorectal cancer; however, only 20-25% of
patients with colorectal liver metastases will have surgically
resectable disease.5¢ For surgical resection, 5-years survival
rates of 20-51% and median survival times of 30-40 months
have been reported.s.7-11

Major surgical morbidity, including haemorrhage, bile leak,
abscess formation, pulmonary embolism, sepsis and hepatic
failure, occurs in 11-37% of patients undergoing surgical resec-
tion for colorectal liver metastases.5%12 Perioperative mortality
is less than 5%.578.11 Advances in surgical resection technique
have reduced perioperative mortality and morbidity25 and
extended the indications for surgical resection.s.!3.14 Improved
diagnostic imaging, such as magpetic resonance imaging
(MRI),!s positron emission tomography (PET) scanning!6.17 and
intraoperative ultrasound,!8 has enabled better case selection.
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Colorectal liver metastases may be considered non-resectable
for a number of reasons. Metastases may be distributed throughout
both lobes of the liver in such a way that resection of the lesions
would leave insufficient remaining functional liver tissue. Metastases
may lie close to or encompass major vascular or biliary structures,
making the resection of these lesions hazardous. Extrahepatic
metastatic involvement usually precludes liver resection. Significant
patient comorbidity may preclude surgical treatment because of
lack of fitness for general anaesthetic and laparotomy.

Approaches to non-resectable patients are varied and many
patients will receive only palliative chemotherapy.s!® Local
ablation modalities aim to preserve residual normal functional
tissue by ablating only the metastatic lesions and a margin of
normal tissue. A variety of local ablative techniques has been
used either in conjunction with surgical resection or as an alter-
native to resection. These include thermal ablative techniques,
including cryotherapy,20 microwave,?! radiofrequency? or laser,2
Electrolysis is a non-thermal electrochemical process, which
uses low levels of direct current to ablate tumours.2

CRYOTHERAPY

Cryotherapy is a thermal ablation technique that uses liquid
nitrogen to create an ice-ball of tissue, causing cell death
through the effects of dehydration, electrolyte concentration,
cell membrane rupture, protein denaturation, thermal shock and
vascular stasis.20 Cryotherapy has been used extensively in the
treatment of colorectal liver metastases,25 both alone and in
combination with other therapeutic modalities.26-22 Percuta-
neous? and laparoscopic3433 approaches have been described.
Intraoperative ultrasound monitoring distinguishes between
frozen and unfrozen liver tissue, allowing monitoring of the size of
the ice-ball created and its relation to major hepatic structures.2?

Significant complications occur in 0-30% of patients undergoing
hepatic cryoablation.27:36-38 These include cryoshock, haemorrhage,
subcapsular haematoma, abscess formation, biliary fistula,
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pulmonary embolus and pleural effusion.36 Cryoshock is a syn-
drome characterized by one or more features of systemic failure,
including shock, acute renal failure, acute respiratory distress
syndrome, disseminated intravascular coagulation, thrombocy-
topenia and liver failure.?6 It may be that this syndrome is mediated
by cytokines, such as interleukin-6 and tumour necrosis factor-o,
which are elevated after hepatic cryoablation in proportion
to the volume of liver ablated.3® Cryoshock occurs in 1% of
patients following hepatic cryotherapy and has an associated
mortality of 28%.36 Total perioperative mortality for hepatic
cryoablation is approximately 1.5%.36

Median survival times of 19-33 months have been reported
for patients with colorectal liver metastases treated with
cryotherapy.37.4043 One retrospective study has compared sur-
vival of patients undergoing hepatic resection alone against
those undergoing resection combined with edge and/or contra-
lateral lobe cryotherapy.#? The median follow up was 20 months
and median overall survival was 33 months. No difference was
found in survival between patients undergoing resection alone
and patients undergoing resection combined with cryotherapy.+?

MICROWAVE COAGULATION THERAPY

Microwave coagulation therapy (MCT) uses a high-frequency
electromagnetic wave to generate heat in the target tissue.#4 It
has been applied to liver resection,?! as well as to the ablation of
hepatocellular carcinoma#s and colorectal liver metastases.44.46
Open* and percutaneous MCT4748 have been used as has a
transdiaphragmatic thoracoscopic approach.4® Lesion volume is pre-
dictable based on the Jength of treatment and intraoperative
ultrasound may be used to monitor the lesions.44

Complication rates of 14-20% have been reported for patients
undergoing MCT for metastatic liver tumours.44.50 Reported
complications include abscess formation, biliary fistula and
haemorrhage. Death as a result of haemorrhage associated with
percutaneous MCT has been reported.s® Microwave coagulation
therapy is difficult to perform for lesions close to major hepatic
blood vessels or major branches of a bile duct because of the
risk of haemorrhage, vessel thrombosis or bile duct fistula.44
Ultrasound monitoring#+ and transcatheter cooling of the intra-
hepatic bile ducts® have been suggested as approaches to mini-
mize the risk of bile duct injury. Incomplete ablation has been
reported in large lesions and in those close to vital structures.#?

Median survival of 24-27 months has been reported for the
treatment of colorectal liver metastases with MCT.4446 A
randomized study comparing MCT and surgical resection in
30 patients with resectable hepatic metastases from colorectal
cancer showed no difference in mean survival rates or in peri-
operative complication rates between the two groups.44

RADIOFREQUENCY ABLATION

Radiofrequency ablation (RFA) uses alternating current applied via
an electrode to produce ionic agitation in the treated tissue.s!
The resultant frictional heating to above 100°C brings about
tissue vaporization, charring and coagulative necrosis.s! Intra-
operative RFA and percutaneous RFA have been described
using single or multiple electrodes.?254.52 Ultrasound can be used to
monitor the progression of ablation; however, the margins may be
ill-defined and computed tomography (CT) is a better measure of
the real extent of the lesion.s!

Major complications associated with RFA hepatic ablation
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occurred in 0-14% of treatments.52-5 In one study, two peri-
operative deaths (6%) were reported in a series of 35 patients.56
Two cases of delayed haemorrhage have been reported in
patients undergoing hepatic RFA ablation.5255 Neither required
surgery; however, one case required transfusion and transarterial
embolization.52 Other reported major complications include vas-
cular injury, haematoma, abscess formation and sepsis.5 In the case
of percutaneous hepatic RFA, mild to severe patient discomfort has
been reported.5255.56 Incomplete ablation, as assessed on CT or at
post-treatment resection, was reported in 0-100% of cases of
hepatic RFA .52-56

Radiofrequency ablation is relatively new and clinical results
are limited. Most of the larger series (16-123 patients) reported to
date have combined results for primary and secondary liver
tumours.52-% Only one study has reported specifically on the
long-term results of the treatment of liver metastases with
RFA.55 In this study of 16 patients, nine of whom had colorectal
metastases and seven of whom had metastatic disease from
other primary sites, complete tumour ablation was reported in
eight patients (50%) and disease-free survival was achieved in eight
of 12 patients who were followed for 9—26 months.

Laser-induced thermotherapy

Laser-induced thermotherapy transmits neodyium : yttrium alu-
minium garnet (Nd:YAG) laser through bare quartz fibres to
induce hyperthermia in tissues with subsequent coagulative
necrosis in the treated tissue.2357 Laser-induced thermotherapy
can be applied at open operation or percutaneously.58.59

Reported complications vary, with one study reporting compli-
cations, including pleural effusion, biloma, subcapsular haematoma,
pneumothorax and tumour nodule at the needle puncture site,
in 31% patients,5© whereas another study claimed only minor
complications, including severe local pain during the procedure,
ongoing abdominal and shoulder-tip pain for up to 10 days
after treatment, transient fever, asymptomatic subcapsular haematoma
and pleural effusion.s8 Incomplete ablation has been reported for
a significant number of lesions,’86! with complete ablation rates of
69% for lesions < 20 mm in diameter and only 35% for lesions
> 20 mm in diameter.*!

Reports of clinical results are limited. Median survival of
27 months from the diagnosis of liver metastases in 69 patients with
inoperable colorectal liver metastasess? and 16 months from
commencement of LITT in 19 patients with recurrent colorectal
liver metastases has been reported.s® In many cases, LITT was com-
bined with surgical resection and/or systemic chemotherapy.

ELECTROLYSIS

Electrolysis is an electrochemical process whereby small direct
currents (80-100 mA in the case of liver ablation) are passed
through tissue between electrodes inserted into the tissue. As a
result, there is decomposition of interstitial fluid and oxidation or
reduction of solutes.®? At the anode, oxygen and hydrogen ions are
formed by water decomposition and chlorine is produced by the
oxidization of chloride ions.63 At the cathode, hydrogen gas
is formed and hydroxide ions are produced.63 The changes in
tissue pH and the production of cytotoxic products, such as
chlorine gas, cause spherical areas of localized tissue necrosis
around the respective electrodes.64 The electrolytic process can
cause small changes in tissue temperature, but these are not suf-
ficient in themselves to produce tissue necrosis.24
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The volume of tissue necrosis is proportional to the dose of
electrolysis, measured in Coulombs.® The dose is a product of the
current (ampere) and the time over which the current is deliv-
ered (seconds):

1 Coulomb = 1 ampere X 1 second

The volume of tissue necrosis is dependent on the nature of the
tissue, the arrangement of the electrodes and on the total electrode
surface area.6 Treatment times are of the order of 3 h,$ depending
on the size of the tumour treated. Shortening the treatment time will
require the use of larger currents and/or improved electrode
designs.

Electrolysis of normal liver tissue has been studied exten-
sively in a pig model.246467 Electrolysis was not associated
with a systemic inflammatory response or with perioperative
mortality.»+ Following electrolysis, liver enzymes are tran-
siently elevated, but rapidly return to normal.6¢ Histological
examination of lesions shows well-defined spherical areas of
coagulative necrosis, sharply demarcated from the surrounding
tissue; thrombosis of small blood vessels is seen, but major
vessels are unaffected.6467 Electrolysis has been safely per-
formed immediately adjacent to hepatic veins.s? Histology
showed localized hepatic necrosis with no damage to the vein
wall. In long-term studies of electrolytic lesions, the elec-
trolytic lesions heal with fibrous scar formation and no evi-
dence of biliary fistula or abscess formation.64

At present, no established mechanism exists for intraoperative
monitoring of the ablated zone. Ultrasound cannot be used to
monitor the ablated zone because gas formation at electrodes
distorts the ultrasound imaging. Doses of electrolysis are based on
the volume of the lesion as assessed on preoperative CT or MRI
and at intraoperative ultrasound.

A pilot study was undertaken to determine the safety and
effectiveness of electrolysis in the ablation of colorectal liver
metastases. Electrolysis was performed in five patients prior to
resection of resectable colorectal liver metastases. There was no
mortality or morbidity associated with electrolysis and histo-
logical examination confirmed complete tumour ablation at the
site of electrolysis (B.D. Teague efal., unpubl. data, 1998).
A prospective trial of electrolysis in conjunction with surgical
resection is in progress at the Queen Elizabeth Hospital in order
to study the safety and efficacy of electrolysis in patients with
unresectable liver metastases from colorectal cancer.

DISCUSSION

Many options currently exist for local ablation as an adjunct or
alternative to hepatic resection in patients with unresectable
colorectal liver metastases. No one method is clearly superior to the
rest. Cryotherapy and MCT are the methods with the most clinical
experience and have demonstrated increased survival rates for
unresectable metastases.2544 Electrolysis, a non-thermal ablative
technique, has good results in animal models, but human data
are not yet available.

The assessment of the available methods is made more difficult
by the fact that many studies have reported results of hepatic
ablation for a mixed group of primary and/or secondary hepatic
tumours.5536 Some studiesS8.6! report on the success of ablation of
individual metastases in patients with multiple lesions rather
than on patient outcomes. Other studies3262 have reported findings
from patients treated with a combination of ablative modalities,
which confounds any reported survival advantage.

139

Ablative techniques have the advantage of preserving greater
volumes of functional liver than resection; however, histopatho-
logical diagnosis and clearance margins cannot be confirmed,
meaning that ablation must rely on techniques such as diagnostic
imaging and ablation volume prediction in order to determine
adequacy of treatment. Treatment of large metastases is difficult
with all modalities of ablation#2444761.66 and, in these cases, a
combined approach involving surgical resection and ablation
may be the most appropriate.

Concerns exist about over- and under-treatment of metastases
adjacent to or encompassing major structures, such as hepatic
veins and bile ducts. Thermal treatments risk damage to vessel and
bile duct walls, leading to haemorrhage or biliary fistula.47.50,51 I
contrast, thermodilution from blood flow or by artificial coolin g of
biliary ducts may reduce the effectiveness of thermal ablation in
areas adjacent to these structures, with resultant incomplete
ablation of tumours.5! Injury to hepatic veins and bile ducts has not
been reported with electrolysis and this does not seem to com-
promise the extent of ablation.64.67

Less-invasive techniques have been developed using laparo-
scopic or percutaneous approaches for most ablative modali-
ties.334653.58 The enthusiasm for such treatmentss® must be
tempered against the need for adequate assessment of hepatic
disease and the risks of uncontrolled haemorrhage.

Only a minority of patients with colorectal liver metastases are suit-
able for resection. Ablative techniques may extend the scope of
treatment with curative intention to include more patients, but
similar limitations will apply to ablative treatment. The potential
for damage to major hepatic structures is likely to limit the use or
effectiveness of thermal ablation in a proportion of patients. Similarly,
the risk of significant systemic inflammatory response with the
ablation of large tissue volumes, such as the cryoshock response to
cryotherapy, may limit the volume of liver able to be ablated in
addition to considerations about the volume of residual functional liver.
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Electrolysis is 2 method of tissue ablation that creates chemical s
Initial studies of electrolysis in animal models and humans have

response to direct current.
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pecies and a pH gradient in

shown that it is a safe, predictable and effective process for destroying normal and tumour-
bearing liver in a linear, dose-dependent manner. Presently, the amount of current that is
applied (in coulombs) has to be calculated using historical data, with inherent inaccuracy. The
present study tested whether pH could be used as a real-time monitor in order to predict more

accurately the extent of necrosis. A total of 70 electrol

ytic lesions were created in 14 pigs, with

pH monitoring of the lesion edge. The normal range of pH values was 6.5-8.7. A pH of fess than
6 (at theanode) or more than 9 (at the cathode) reflected total celiular hecrosis. When a pH value
was recorded between 6.0 and 6.5 at the anode or between 8.7 and 9.0 at the cathode, the
presence of necrosis was variable. In conclusion, during electrolytic ablation, pH measurement

can monitor the extent of the induced necrosis.

INTRODUCTION

Patents with untreated colorectal liver merastases have a
median survival time of less than 1 year {1-4]. Surgical
resection offers the only real hope of cure, with 5-year
survival of around 30-40% [1,3-6). Resection, however,
is only possible in about 20% of patients, who have the
diseasc in favourable anatomical locations [1,3,5-7). In
recent years ablative techniques have attracted much
Interest, as they may allow a less morbid procedure, may
palliate or may allow staged resection [3,4,6-9]. Up to
40% of colorcctal metastases are confined to the hiver
(10,11]. Tn these patients, complete ablaton of metastatic
deposits may be curative [8,9).

Electralysis is a form of Jocal ablation that uses dircct
current to produce tissue destruction. It does not rely on
thermal cffeets ac Jow currents [3,11-15] and has been
shown 1o be safe, predictable and effective in a lincar
dose-related manner [16=18]. The use of small metallic

electrodes makes electrolysis suitable for percutancous
Use,

We have successfully ablated Jjver metastases in
patients and have reported complete ablation of such
rumours using clectrolysis, which was conflirmed histo-
logically after 1 year [18]. By placing an electrode catheter
mto the centre of a colorectal metastasis, electrolysis will
result in Jocal cell necrosis around the anode and cathode,
and potentially provide a simple and safe ablative tech-
nique for patients whoa may have vnresectable discase.

Electrolysis is currently limited by the Jack of an
effective real-time menitor of the extent of induced
necrosis, with a pre-determined ablative dose beiny
calculated on the basis of historical data [3,19]. Develop-
ment of a real-time monitor would allow confident and
accurate tumour destruction during electrolysis without
excessive loss of normal ussue.

Electron transfer during electrotysis polarizes the Lissue
in order to complete the circuil between the implanted
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clectrodes [16,19,201. Numcrous chemical rcactions
oceur as a result, and differential hyd rogen ion concen-
trations form at the electrodes according to the follow-
ing equations [15,21,22]:

Anode: 211,0 = O, + 41 1' 4 4¢-
Cathode: 2H,0 +2¢~ = H, + 20H-

Consequently, the anode becomes acidic and the cathode
alkaline. This differential pH was jnvestigated as a pos-
sible real-time monitor of the extent of hepatic necrosis
induced by electrolysis. The aim was ro compare absolute
Pl values created by electrolysis with the histologieal
appearance of normal pig liver,

METHODS

Local Animal Ethics Committees (University of Adel-
aide, SARDI/PISA and The Queen Elizabeth Hospital,
Adelaide) approved the use of laboratory animals in this
stdy. The study conformed to the Code of Practice for
the Care and Use of Animals for Scientific Purposes
(NHIMRC/CSIRO/AAC 1990) and the SA Prevention
of Cruelty to Animals Act 1985.

Direct current was applied 1o normal pig liver, and the
P of the parenchyma 8 mm from the electrades was
recorded until a pre-determined pll was reached. The
position of the pl | probe was marked and compared with
the appearance of the liver on hisiology.

A toul of 14 domestic white pigs (of approx. 30 kg
body weight) were uscd. After ketamine/xylazine sed-
ation (20 mg/kp and 1.5 mg/kp respectively), the pigs
were anaesthetized with 1.5% halothane via a laryngeal
mask airway [23). All animals underwent a midline
laparotomy, with intra-operative manitoring by a pulsc
oximeter attached ta the tail.

A & French platinum electrode catheter, comprising
four platinum electrodes evenly spaced [rom the tip, was
used (Cordis Webster; Johnson and Johnson Medieal
Pry. Led, North Ryde, NSW 2113, Australia). The elec-
trode under siudy (anade or cathode) was situated in the
middle of the three proximal electrodes. The catheter way
placed in the liver so that this clectrode was just under
the liver capsule. The electrode at the tip of the catheter
not under study was therefore 11 mm deep from the liver
surface. The clectrodes were connected to 3 purpose-
built direct-current generator (Rioengineering, "I'rans-
ducers and Signal Processing Research Group, University
of Leicester, U.K.) that was designed to deliver a
constant current (80 mA) to a pre-derermined ' dosc’
(in coulombs) by autematically varying the voltape
(1C=1Ax15).

Aradistance of 8 mm and directly facing the electrode,
an antimony monocrystal pH probe with external ref-
erence (Zinetics 24ME Multi-use pH catheter; Med-
tronic, Salt Lake City, UT, U.5.A)) was inserted with the
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Figure | Evolution of a visible necrotic lesion around an

electrode
The pH probe (white) is located 8 mm from the electrode {blue). The edge of the

necrotic area appears to have reached the probe.

Table | Number of lesions created for each predetermined
pH value

The maximum alkaline reading with this pH recorder was 10.4. When it became
apparent that a relatively small pH change aquated with necrosis, only pH values
dose to the normal range were studied.

Anode (acidic) Cathode (alkali)

PH required  Number of lesions  pH requied  Number of lesions
65 10 a5 5

6.0 6 1 5

58 3 9.5 6

5.0 4 10 |

45 1 104 1

4.0 2

15 |

30 ?

sensor at a depth of 1 mm. The pH probe was calibrated
against proprictary solutions of pH 1 and pl1 7 (Med-
tronic) for acidic readings, and against a phosphare
solution of pH 9.2 for alkaline readings. The probe was
kept moist in the peritoncal cavity between readings. A
PH recorder (Digiwrapper MKIII; Synetics Medical,
Stockholm, Sweden) was used o read the pH prior w
electrolysis and then alter every increment of 10 C untj
the pH began to change or the electrolytic lesion was
visible on the surface of the liver and close 1o the pl!
recording site, at which point readings were recorded at
5 Cincrements. The direct current was disconnected for
each pH reading to avoid interference of the current wich
the electropotential of the pll probe, and equally to
prevent the metallic pl I probe entering the clectrical field
and possibly acting as an electrode (Figure 1).

Several (between three and six) electrolytic lesions
were made in each liver. When the pH had reached a pre-
determined reading, the current was stopped entirely and
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Figure 2 Histological grading of the extent of electrolytic
lesion

Grade A, necrosis past pH/Alcian Blue hote: grade B, nectosis up to but not beyond
the pH hole; grade €, necrosis short of the pH hole; grade D, no necrosis; grade
0, no Alcian Blue seen. The liver was sectioned perpendicular to the liver through
the plane of both pK and electrode holes.

Liver astace

the hole left by the pH probe was marked with Alcian
Blue dyc (Table 1). Lesions were created to reach pil
values atincrements of 0.5 pl T units between 6.5 and 3.0

at the anode and between 8.5 and 10.4 at the cathode. As
the cxperiment progressed, the pll under study was
narrowed to values close to the normal range.

Llectrodes were removed and the pigs were given
analpesia (buprenorphine 0.1 mg/kg) before closing the
abdomen in two layers (one polydioxanone and 370
monocryl) and waking the pig. The livers were harvested
3-4 days later, when preliminary studies have shown that
electrolytic lesions attain maximum dimensions. The
lesions were then separated and fixed in 10% bulfered
formalin for up 10 1 week, belore being sectioned in the
plane of the elecirode and pll holes, perpendicular to
the surface of the liver. Aflter embedding in paraffin, the
samples were stained with routine hacmatoxylin and
eosin. All specimens were analysed histologically by
a pathologist, who was blinded to the experimental
method, and graded A-D), defined as follows: A, necrosis
past the pH probe; B, necrosis up to but not beyond the
pH hole; C, necrosis short of the pH hole; D, no necrosis
scen (Figure 2 and Figure 3a-3c¢).

Figure 3 Histologleal grading of created lesions

(a) Example of grade A histology. Alcian Blue is seen in the pH hole, surreunded by necrotic tissue, The necrosis has extended past the pH probe hole, and this is therefore
a grade A lesion. (b) Example of grade B histology. This lesion was graded B, as the necrolic tissue is up to but not beyond the Alcian Blue. () Example of grade
C histolagy. The Alcian Blue is in a thin area of necrasis, but has viable liver lobules either side of it. There is therefore 2 discontinuous lesion between the electrolytic
necrosis and the pH probe. and this equates with a grade C lesion. {d) Histology of the edge of an anodic lesion, A rim of neutrophils is visible, then an area of congestion
surrounds the eosinophilic necrotic zone on the right. To the extreme left of the picture is normal hepatic parenchyma. Original magnification: (a) x 4, (b}~{d) x 0.
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I'our control animals were suhjched the same pro-
cedure except that no current was delivered. Flecrrodes
were lelt m sitw [or 20 min, with pl read every 2 min
(corresponding to the delivery of 10 Q).

Signiﬁcnnl nwlhodolugic:ﬂ pr()l‘)]ems were encoun-
tered, and 17 Jesions were excluded prior o analysis.
Four lesions were not harvested due to technical prob-
lems with the method (incorrect pl1 calibration in two
lesions, pH meter [ailure and lailure Lo stop the ex-
periment at the pre-determined pl 1). In eight lesions no
Alcian Blue was seen with histology, in three the pli
probe lost contact and required re-calibration, and in one
the pl 1 probe hole bied after repeat traurna and the probe
was moved. One specimen was lost.

In a further five lesions electralysis was stopped early
because of protracted anaesthesia (in two lesions) or
erosion of the electrode catheter and loss of the circuit
(three lesions). These lesions were analysed and are

discusyed.

RESULTS

In total, 14 pigs were used and 70 lesions were created (40
at the anode, 25 at the cathode and five controls). One pig
died of hyperthermia, as an idiosyncratic reaction to
anaesthesia, before a lesion was made. All other animals
survived and had uncomplicated recoveries. Following
exclusion of 17 lesions from the analysis due to metho-
dological problems (sec above), there were 30 anode, 19
cathode and four control lesions available for analysis.
The range of pH readings obtained prior to electrolysis
was 6.5-8.7 (mcan 7.36; median 7.4), and this was taken as

the ‘normal’ range.

Histology

A central cavity, corresponding to the position of the
electrode, was surronnded by variable amounts of * cellu-
lar debris’. This, in turn, was surrounded by nccrosis,
characterized by featureless, eosinophilic hepatocytes
Jacking glycogen vacuoles. There was invariably a sharp
demarcation between this necrotic tissue and an actively
proliferating surrounding zone, with fibroblast and
biliary proliferation and a mixed picture of white-cell
infiltration. Predaminantly neutrophils were found, but
often macrophages and giant cells were already present.
Beyond this, a ‘congested’ zone occurred in some
specimens (Figure 3d). On several sections there was a
subeapsular rim of necrosis tapering away front the main
lesion. This rim was only afew cells thick inall except one
section (see *Anade’ section and Discussion), where it
contained the Alcian Blue dye and contributed to the
only false-positive result. In addition, the control lesions
showed a very small rim of neerosis around the electrode
and pH probe, presumably from the local trauma.
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Figure 4 Histology of anode leslons
All lesions with pH values below § juxtaposed necrosis around the anode. One false
positive at pH 5.5 is discussed in the text.
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Figure 5 Histology of cathode lesions
At the cathode, all probe holes with pH values of 9 or over juxtaposed necrosis.

Anode

All lesions reaching a pl1 of 6 or less werc nccrotic at the
pH probe or beyond (grade A or B) on histology (Figure
4). Two lesions were stopped without the desired pH
reading, as the pigs showed some instability from a long
anacsthetic. Both of these lesions revealed necrosis up
to the pH probe hole and were consequently falscly
negatve. A further lesion that regisiered a pl 1 change two
5.5 was falscly positive, as the pH probe was in a rim of
necrotic subcapsular liver with no deeper necrosis cor-
responding to the clectrode lesion. Between pH 6 and
6.5, two of nine lesions failed w show necrosis to the
probe (grade C) and were not explained by the Alcian
Bluc being in a subcapsular necrotic rim.

Cathode

Al Jesions reaching a pH of 9 or preater were necrotie at
or beyond the pkl probe (grade A or B) (Figure 5). Of the
five lesions registering between pH 8.5 and 9, three were
necratic at or beyond the probe (grade A or B) and two
showed necrosis, but this was short of the pH probe
(grade C) (Tigure 3c). Three lesions were discontinued
without reaching their desired pH because of erasion of
the electrode. They had not reached their target pl{ of 9
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or more, bue all passed pH 8.5 at some stage. None of
these lesions were necrotic to the pH probe (grade C).

Controls .
Five control pigs had elecirades inserted but no current

passed. There was no evidence of necrosis in one (grade
D). Three other animals showed a small rim of necrosis
consistent with trauma [rom insertion of the instruments,
but no necrosis resemmbling that of the specimens that
had undergone electrolysis. The filth specimen was lost

before histological scction.

DISCUSSION

Electrolysis is emerging as a sale, predictable and effec-
tive method of ablating colorectal liver mewstases
[3,17,18,24). While there is a linear relationship between
the number of coulombs delivered and the volume of
necrosis induced, this relationship is prone 1o some
inherent inaccuracies. ‘That there must be a range of
volume of necrosis per coulomb is predictable given the
number of possible clectrical conductors and resistors
that are within the liver. For instance, the walls of blood
vessels are good insulators of plasma, which in turn is a
good conductor of electricity which can alter the extent
of nccrosis [25). For these reasons, it is necessary to
develop a real-ume monitor of the effects of hepatic
clectralysis, so that tumours can be ablated with greater
predictability and without excessive Joss of normal
parenchyma. In the presence ol neoplastc tissve, with
disorganized tubular structures and sclerotic connective
tissue, rates of necrosis are likely to be more difficult o
predict. Given that the removal of a margin of normal
ussve around a tumour is thought desirable [4,26,27], the
use of pli readings in normal parenchyma, as in the
present study, may bave clinical applicaton.

The cellular cause of nccrosis is unknown. Tt is
probably due to a combination of cytotoxic chemical
production, pH chanpes and membrane disruption,
although ischaemia and other host factors may also play
a role [13-22,24,28-31).

Protons diffuse for a greater distance than the other
chemical producis of clectrolysis and may well be
responsible for the peripheral imit of destruction [19,21].
Measurement of pli is therelore rational as a means of
real-time monitoring ol electrolysis to determine the
leading edge of the products of electrolysis. As cell death
may not be solely pli-dependent, it is necessary to
determine the pl 1 that corresponds to cell death. The two
false-negative cases in this serics indicate that cell death
may accur without deviation from the ‘normal® pl}
change.

The assessment of anodic Iesions was more reliable
than that of cathodic lesions, as the pH probe is speci-

fically designed to measure acidic pH. Anodic lesions
characteristically desiccate, becoming well demarcarted
[21,28]. Conversely, cathodic lesions attract water and
swell [21,28]. This may dilute and buller the alkaline
products and distort the margin of necrosis. The alkaline
calibration solution used in the present study had pH of
9.2, and pH values more alkaline than this may have been
inaccurate. [{owever, ay all specimens with a pH greater
than 9 were necrotic, more refined accuracy s probably
superfluous. The possibility of altering clectrode config-
uravons for electrolysis (c.g. central cathode surrounded
by anodes) is under investigation [32] as a method of
delivering electrolysis, and may allow standardization
of the ptl cut-off.

The “normal” range of pH readings during the present
study was surprisingly wide, at 6.5-8.7. The range of
naturally occurring interstitial pH values is 6.4-7.55
[33.34). The clectrochemical reactions underlying the
measurement of pH with antimony electrodes are largely
unknown, butantimony corrosion is thought to gencerate
a readable potential [35,36). "I'he phosphate buffer used
for alkaline calibration also corredes the crystal [35). In
addition, antimony monocerystals are known to be
oxygen sensitve [35-37]. Aging (i.e. corrosion of the
probe) and local fluctuations in oxygen tension may
therefore contribute 1o the wide range of *normal * valucs
observed. Repeated insertion of pH probes has also been
noted to add to inaccuracy {38]. On the single occasion
that the pH probe hole began 10 bleed after repeated
insertions, the pl! was noted to increasc, and it is assumed
that variable capillary blood flow also affects interstit;al
pH until such time as the area becomes ischaemic from
the advancing lesion. Given the wide ‘normal’ range, it is
not surprising that pl | values betwcen 6.0 and 6.5 at the
anode and berween 8.5 and 9.0 at the cathode were
mconsistently associated with cell necrosis.

The two false-negative outcomes (normal pH values
associated with necrotic tssuc) may have been the result
of persistent circulation at the periphery of the lesion.
Our observations suggest that Jarge-calibre vessels (cut-
oll unknown) appear to be protected from the effects of
clectralysis by the flow of blood, whereas smaller vessels
will thrombose and contribute to the ablative process
[15,24,28,30,31]. In the present experiment, it was noted
that as the edge of the lesion approached the pH probe,
the pH would fluctuate before returning to the normal
range. This occurred for 5-10 C until a persistent change
indicated necrosis. This observation is consistent with
homoeostatic buffering at the periphery of the lesion by
blood flow prior to necrosis.

The false-positive result (acidic pH value associated
with viahle ussue} was caused by the pH probe recording
in a thin rim of subcapsular necrosis, discontinuous with
the main clectrode lesion (igure 3d). Frequently, the
eytotoxic effervescent fluid from the anode (chlorine,
hydrochloric acid and hypochlorous acid) is seen tracking
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Mong the liver capsule with gravity, and there is mvarnably
a small amount of capsular necrosis tapering away from
the lesion proper.

A pH probe has methodological limitations associated
withits use, and it is not an ideal elinical tool. Nonethe-
less, the present study has demonstrated that tssue
reaching pH valucs of beJow 6 at the anode or above 9 at
the cathode reflects cell death with a high degree of
specificity (95 % [or the anode and 100 % at the cathode).
The use of pl as a real-time monitor of clectrolysis s
thus rational and feasible.

Magnetic resonance spectroscopy measures cellufar
pH with a high degree of accuracy by extracorporcal
conunuous monitoring [39-42], and would provide a less
crude method of pH monitoring during electrolysis. This
technique would avoid major inaccuracies associated
with our method, as itis atraumatic and is not dependent
on local oxygen tensions, local blood flow or crysial
corrosion. in addition, magnetic resanance spectroscopy
would be compatible with the percutancous use of
electrolysis.

Normal human tssue has a physiological range of
extracellular pH of 6.4-7.55 [33,34], whereas tumours
wnd to be more acidic [42,43]. If a rim of normal tissue js
ablated as part of the process of electrolysis, the pH of
the normal ussue will be the parameter determining the
extent of necrasis. Physiological pi levels are unlikely to
differ significantly between pigs and humans, but cor-
roboration will be required before recommendations
perunent o electrolysis in humans can be made. The
findings from the present study cannot be extrapolated to
procedures using the Pringle manocuvre, as conditions of
global hepatic acidosis appear to protect against cell death
to a degree [44,45].

In conclusion, the present study establishes that
changes in pH can reliably predict cell death from
electrolysis in normal pig liver. The pH values may vary
with the cquipment and method used, and further study
with highly sensitive pli-measuring equipment (c.p.
MAGNCUC resonance spectroscopy) is necessary before
absolute valves cquating with cell death can be recom-
mended. Corroboration with pFl changes during elec-
trolysis in normal and twmorous human tissue is also
necessary in order to develop pH as a maonitor in the
¢hinical sitvation. These studies are under way.

REFERENCES

Scifert, ]. K., Junginger, 1. and Morris, D. L. (1998)

A collective review of the world literature on hepatic
cryotherapy. J. R, Coll. Surg. Edinburgh 43, 141-154
Taylor, 1. (1985) Colorectal liver metastases - to treat or
not to treat? Br. J. Surg. 72, 511-516

3 Berey, D P. and Maddern, G. ]. (2000} In-situ ablative
techniques for onresectable liver tumours. Asian J. Surg.

23,22-3

© 1002 The Biochemical Socety and the Hedical Research Sodiety

77

[3

14

16

20

21

(&3
[ 37

23

24

25

Fong, Y, Former, J., Sun, R. L, Brennan, M. F. and

Blumgart, L. H. (1999) Clinical score for predictin

recurrence after hepatic resection for metastatic chorecl:ll

cancer. Ann. Surg. 230, 309-321

Scheele, ]., Stang, R., Altendorf-Hofmann, A. and

Paul, M. (1995) Resection of colorectal liver metastases.

World J. Surg. 19, 59-71

Geoghegan, . G. and Scheele, 1. (1999) Treatment of

colorectal liver metastases. Br. J. Surg. 86, 158-169

Tucker De Sanetis, J., Goldbery, . N. and Mucller, P. R,

(1998) Percutancous treatment of hepatic neoplasms :

A review of current techniques. Cardiavase, Intervent,

Radiol. 21, 273-29¢

Schneider, P. D. (1992) Liver resection and laser

hyperthermia. Surg. Clin. N. Am. 72, 623-639

Masters, A, Steger, A. C. and Bown, §. G. (1991) Role of ’
interstitial therapy in the treatment of liver cancer. By, J-

Surg. 78, 518-521

Gutman, M. and Fidler, [. J. (1995) Biology of human

colon cancer metastases. World J. Surg. 19, 226-234

Henderson, C. A. (1998) Therapeutic options for the

treatment of colorectal cancer following 5-FU failure,

Semin. Oncol. 25, 29-38

David, S. L., Absolom, D. R, Smith, C. R., Gams, J. and

Herbert, M. A. (1985) Effcct of low level direct current

on in vivo tumour growth in hamsters. Cancer Res. 45

5625-5631 ’

Baxter, P. S, Wemyss-Holden, S. A., Dennison, A. R. and

Maddern, G. J. (1998) Llectrachemically induced hepatic

necrosis: the next step forward in patients with

unresectable fiver tumours? Aust. N. Z. J- Surg. 68

637-640 '

_Miklavcic, D, Sersa, G, Kryzanowski, M. et al, (1993)

Tumor treatment by dircet clectric current — tumor

u:mgcramrc and pH, electrode material and

conhguration. Bioelectrochem. Bioenerg. 30, 209-229

Griffin, D. ', Dodd, N. J- F, Zhao, S, Pullan, 8. R. and

Moore, ]. V. (1995) Low-level direct current therapy for

hepatic metastases. L. Preclinical studies on nornuf’ iver.

Br. J. Cancer 72, 31-34

Wemyss-Holden, S. A, Robertson, C. S. M., Dennison

A. R, Baxter, P.S., 11all, P. M. and Maddern, G. J. (200'0)

A new l:;-“mj'm]fm u'nrcsclcuble liver tumours: lonF—
term studies of clectrolytic lesions in o ig liver. ¢l
S e o yt in the pig liver. Clin.
Robertson, G. $. M., Wemyss-1 tolden, S. A, Denni

A. R, Hall, B, Baxier, I ol Maddern, G. | (1998y "
Experimental study of electrolysis-induced {mpatic
necrosis. Br. J. Surg. 85, 1212-1216

Berry, D. P. and Maddern, G. J. (2000) Electrolytic
ablavon of colorectal liver metastases - 1 year histological
patient follow-up. Digest. Dis. 17, 518-519
Nordenstrom, B. k. W. (1994) Survey of mechanisms in
electrochemical treatment (FCT) of cancer. Lur. §. Surg
3574, 93-109 i
Grithn, D. T,, Nadd, N. J. F, Moore, ). V., Pullan, K. R,
and Taylor, T. V. (1994) The effects of low-level direct
current therapy on a prechinical mammary carcinoma:
tumour regression and systemic biochemical sequelae,
Br. J. Cancer 69, 875-878

Berendson, J. and Simonsson, D. (1994) Elecirochemical
aspects of treatment of tissue with direct current, Lur. J.
Sur;l;(. 5574, 111-115

Li, K. H, Xin, Y. L, Gy, Y. N, Xu, B. L., Fan, D.]. and
Ni, B. I, (1997) Effects of direct current on dog liver.
Bioelectromagnetics 18, 2-7

Wemyss-Holden, S. A, Porter, X.]. Baxter, P., Rudkin
C.. E. and Maddern, G. J. (1999) The laryngeal mask
:u'rv;ay m experimental pig anaesthesia. Lab. Anim. 33,
30-34

Wemyss-Holden, S. A, Robertson, G.S. M., Hall, .M.,
Dennison, A. R. and Maddern, C. ]. (2000) Electrolytic
treatment of colorectal liver tumour deposits in a rat
maodel: A technique with patential for patients wich
unrescctable liver tumovurs. Dig. Dis. 18, 50-57
Nordenstrom, B. E. W. (1984) The paradigm of
biologically closed electrical circuits (BCEC) and the
formation of an international association (IABC) for
BCEC systems. Eur. [. Surg, 5574, 7-23



27

28

29

30

1

RE}

34

35

PH monitors electrolyfically induced hepatic ablation in pgs

Cady, B., Jenkins, R. L., Steele, G. D. 1 al. (1998)
Surgical margin in hepatic resection for colarectal
metastasis, Ann. Surg. 227, 566-571

Yamumoto, |, Shimada, K., Kosuge, T., Yamasaki, S.,
Sakamoto, M. and Fukuda, H. (1999) Factors influencing
survival of patients undergoing hepatectomy for
colorectal metastases. Br. J. Surg. 86, 332-337
Nordenstrom, B. (1984) HBiologically closed clectric
circuits: activation of vascular interstitial closed electnc
circuits for treatment of inoperable cancers.

J- Bioeleetricity 3, 137-153

Panje, W. R, Hier, M. P., Carman, G.R., Harrell, E,
Coldman, A_and Bloch, . (1998) Flectroporation
therapy of head and neck cancer. Ann. Otol. Rhinol.
Laryngol. 107, 779-785

Weigelt, H., Baumgartl, H., Hauck, G. and Lubbers,
D.W. (1978) A vital Mmicroscopic set-up to study
vasomotion induced by electrical simulation with
microelectrodes. Bibl. Anat. 18, 81-84

Morris, D. M., Marino, A. A. and Gonzilez, E. (1992)
Elecirochemical modification of twnor growth in mice.
J. Surg. Res. 53, 306-309

Turler, A, Schafer, 11., Schafer, N. et al. (1998) Pilot
study about effectiveness of low level direct current
therapy in an experimental liver metastases model.
Tangenbecks Arch. Chir. (Suppl) 1, 611-614

Koz, S. V. and Gerweck, L. Li. (1998) Crluwxjci(y of
weak clectrolytes after the adaption of cells to low pH:
role of the transmembrane pll gradient. J. Cancer 77,
15801585

Thistlethwaite, A.], Leeper, D. B., Moylan, D). J. and
Nerlinger, R. £. (1985) pf-l distnbution in human
tumours. Int. J. Radiat. Oncol. Biol. Phys. 11, 16471652
Ask, P, BEdwal), G, Johansson, K. E. and Tibb“ng, L.
(1982) On the use of monocrystalline antimony pH
electrodes in gastro-vesophageal functional disorders.
Mecd. Biol. Eng, Comput. 20, 183-389

EN

37

38

39

40

41

43

44

45

© 2001 The Biochemicl Sodety and the Medicl Mesearch Soaety

| O R b 200 S

Ldwall, G. (1978) Improved antimony-antimony (Itn
oxide pI electrodes. Med. Biol. Eng. Comput. 14,
661669

Sjoberg, i, Nilsson, G. and Gustafsson, U. (1997) New
apf)ro-.\ch for ehucidating the oxygen sensitivity and
calibration of the antimony electrode. Med. Biol. Eng.
Comput, 35, 207-210

Clinz, W. and Clodius, L. (1972) Measurement of tissue
pli for predicting viability in pedicle tlaps: experimental
studics i pigs. Br. J. Plastic Surg. 25, 111-115

Moon, R. B. and Richards, J-H.(1973) Determination of
intracellular plf by #'p magnetic resonance. J. Biol.
Chem. 248, 7276-7278

Acki, O, Akagi, K., Tanaka, Y., Kawai, J. and

Takahashi, M. (1996) Measurement of intratumour pH by
pllindicator used in *Femagnetic resonance
Spectroscopy. Invest. Radiol. 31, 680-689

Ross, B, Marshall, V., Smith, M,, Bardet, S. and
Freeman, D. (1984) Monitoring response to
chemotherapy of intact human tomours by 'P nuclear
magnetic resonance. Lancet i, 641-646

Guerquin-Kern, J. L., Letuertre, R, Croisy, A. and
Lhoste, J. M. (1991) pH dependence of 5-flvorouracil
uptake observed by m vive 31P apd 1°F nuctear magnetic
resonance spectroscopy. Cancer Res. 51, 5770-5773
Vaupel, P., Kallinowsk;, F. and Okunicff, p. (1989) Blood
flow, oxygen and nutrient supply, and metabolie
nicroenvironment of human tumours: a review, Cancer
Res. 49, 6449-6465

Gores, G., Nieminen, A. 1., Fleishman, K. E., Dawson,
T. L., Herman, B. and Lemasters, [, L. (1 988)
Extraccllular acidosis delays onset of cell death in
ATP-depleted hepatocyies. Am. J. Physiol. 255,
C115-C322

Bonventre, J. V. and Cheung, J.Y. (1985) Fffeets of
metabolic acidosis on viabilicy of cells exposed o anoxia,
Am. |. Physiol. 249, C149-C159

78

195



“ original article

Electrolytic ablation as an adjunct to liver resection:

experimental studies of predictability and safety

S. A. Wemyss-Holden, A. R. Dennison, G. J. Finch, P. de la M. Hall and G. J. Maddem

University of Adelaide Department of Surgery, The Queen Elizabeth Hospital, Adelaide, South Australia 5011, Australia
Corvespondence t0: Professor G. J. Maddern (e-mail: guy-maddern@adelaide.edu.au)

Background: Combined liver resection and local ablation may offer the only chance of cure to patients
with liver metastases who are presently deemed unresectable because of a single awkwardly placed
metastasis. By definition, such a metastasis is often close to a major vein. An ablative technique is
needed that is both predictable and safe in such a circumstance.

Methods: Electrolytic liver lesions were created in 21 pigs using platinum electrodes, connected to a
direct current gencrator. Both electrolytic ‘dose’ and electrode separation were varied to produce

different sized lesions. The ‘dose’ was correlated with the volume of necrosis and any vascular damage

was determined histologically.
Results: There was a significant (P < 0.001) correlation between the electrolytic ‘dose’ and the

volume of liver necrosis. For a given ‘dose’ the volume of necrosis was less when the electrodes were
together, rather than separated. Liver enzymes were only transiently deranged. There were no
significant vascular injuries.

Conclusion: Predictable and reproducible necrosis is produced by electrolysis in the pig liver. The
treatment appears to causec little or no damage to immediately adjacent liver or major vascular
structures and, when combined with resection, may offer the chance of a cure to many patients who are

currently unresectable.

Paper accepted 18 December 2001

Introduction

Surgical resection remains the only potentially curative
treatment for patients with colorectal liver metastases.
Without treatment the prognosis is poor’, with a median
survival of 6 months®. Only approximately 20 per cent of
such patients are suitable for liver resection for a variety of
reasons*. Patients are often deemed unresectable because of
one or two metastases that are awkwardly placed close to a
major vein. If such a lesion could be treated with local
ablation, the patient may then become resectable and
potentally curable.

Several methods of local ablation have been reported,
including radiofrequency ablation®*, cryotherapy’, inter-
stitial laser therapy® microwave hyperthermia® and direct
injection of toxic agents such as alcohol'?, acetic acid'! and
hotsaline'?. The majority of these methods use extremes of
temperature to cause tumour necrosis. However, all
thermal methods of ablation are limited in their use close
to major intrahepatic veins because of a combination of the
‘heat-sink’ effect'>!* and direct damage to the vein. In the

© 2002 Blackwell Science Led
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‘heat-sink’ phenomenon, the thermal insult is reduced close
to major vascular structures owing to the effect of local
blood flow. As a result, if a tumour s adjacent to a major
vein, a cuff of viable tumour may be left untreated around
the vessel'. Conversely, the thermal insult may actually
cause a direct ‘burn’ to the vessel. Indeed with cryotherapy,
cracks may form in the ice-ball during freezing. As thawing
begins, any involved hepatic veins may then bleed, causing
potentially fatal haemorrhage!s'7. Cryotherapy is also
associated with the ‘cryoshock’ phenomenon in which
padents develop a systemic inflammatory response to the
products of cell necrosis. Patients have died as a direct result
of this phenomenon!81?, Additionally it has been shown
that radiofrequency ablation may achieve incomplete
tumour necrosis within the treated area?%?!,

Clearly, if a locally ablative treatment is to be used as an
adjunct to surgical resection, it is crucial that jt is: (1)
predictablein effect; (2) safe and effective close to major veins;
and (3) achieves complete necrosis of the treated tumour.

Electrolytic ablation was first  described by
Nordenstrom?*?® for the treatment of lung tumours.
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However it was not until recently that this method was
applied to the local ablation of liver tumours®*. Rather than
relying on a rapid ‘burn’, electrolysis causes cell death by a
more subtle, yet equally effective, chemical action.
Platinum electrodes are inserted into the tumour and a
small direct electrical current is passed between them,
thereby polarizing the electrodes. As a result, negatively
charged ions are attracted to the anode and positively
charged ions to the cathode, resulting in a change in
intracellular pH of the tissues surrounding the electrode
dps. Additionally, cytotoxic gases (such as chlorine) are
liberated into the tumours and necrosis results from a
combination of these two effects; importantly, there is no
heating effect®’.

Previous studies?*?® have shown that electrolysis is a safe,
predictable, reproducible and controlled method for
producing spherical areas of hepatic necrosis in the rat.
Colorectal liver metastases were also ablated using this
technique in a rat model”’. Importantly, more recently it has
been shown that electrolytic treatment caused little or no
damage to hepatdc veins when the electrode catheters were
placed either directly adjacent to or within the lumen of the
vein?®, In this study of six pigs, only one animal developed
thrombosis of the hepatic vein and there was no evidence of
endothelial damage in any of the animals, even though the
necrotic lesion directly abutted the vein wall.

Because of this lack of vascular damage, electrolysis
would appear to be ideally suited to the treatment of
perivascular liver metastases. However, before treating
Ppatients it is essential that the extent of the necrosis can be
predicted accurately by the electrolytic ‘dose’ given using
data generated from a large animal model with a liver of
similar physical size to that of the human. This study
examined the effects of varying both the electrolytic ‘dose’
and electrode separation on the volume of the resultant
electrolytic lesion(s) in normal pig liver and any associated
vascular damage.

Materials and methods

Twenty-one female Domestic White pigs (24-33 kg) were
used. All animals were anaesthetized in the same way; the
pigs were sedated with a deep intramuscular injection 9f
ketamine 20 mg/kg and xylazine 1-5 mg/kg. Anaesthesia
Wwas maintained using a laryngeal mask airway with 1.5 per
cent halothane in 100 per cent oxygen. The oxygen
Saturation, pulse rate and end-tidal carbon dioxide were
monitored throughout the procedure. Each animal under-
went electrolysis with electrodes ‘together’ (12 mm separa-
tion) and ‘separated’ (200 mm separation). .
During the early part of the study, intraoPerauve
ultrasonography was used in an attempt to monitor the
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evolution of the electrolytic lesions. However, this was
abandoned as the production of gaseous electrode
products produced a ‘snowstorm’ effect, making images
uninterpretable.

Electrodes together (12 mm)

The liver was exposed through an upper midline incision. A
single 6-Fr (2 mm) electrode catheter (Johnson & Johnson
Medical, North Ryde, New South Wales, Australia) (Fig. 1)
was inserted centrally into the dome of the left lobe to a
depth of 30 mm, such that the electrodes were in close
proximity to the left hepatic vein. The tip electrode (anode)
and the middle of the three proximal electrodes (cathode)
were connected to the direct current (DC) generator
(Bioengineering, Transducers and Signal Processing
Research Group, University of Leicester, Leicester, UK),
giving an electrode separation of 12 mm. The unused
electrodes were electrically isolated. The electrolytic ‘dose’
(25-300 coulombs (C), delivered at 30-80 mA) was then
given. Depending on the ‘dose’ delivered, treatment time
varied from 8 to 100 min. At the end of treatment, the
electrode catheter was removed. The resulting ‘composite’
lesion consisted of two distinct but overlapping anode and
cathode lesions.

Electrodes separated (200 mm separation)

Using the same animal, two separate electrode catheters
were inserted adjacent to major veins; the anode was
inserted centrally in the right lobe and the cathode was
inserted centrally in the left lobe, giving an electrode
separation of 200 mm. The tip electrodes of each catheter
were connected to the DC generator and the same
electrolytic ‘dose’ was delivered. After treatment the
electrodes were removed.

Fig. 1 A 6-Fr (2 mm) platinum electrode catheter. The tp
electrodes of two catheters were used when the electrodes were
separated. The tip and middle electrodes of a single catheter
were used when the electrodes were placed together

© 2002 Blackwell Science Ltd
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Analysis

All animals were killed 72 h after treatment by lethal
injection.

Blood samples were obtained before operation, 24 hafter
treatment and at the time of death. Serum measurements of
aspartate aminotransferase (AST), alanine aminotransfer-
ase (ALT), alkaline phosphatase (ALP), v-glutamylerans-
peptidase (yYGT) and bilirubin were made on each sample
(Technicon Axon analyser; Bayer Health Care, Pymble,
New South Wales, Australia). At autopsy, the liver was
removed, and the electrolytic lesions were excised ez bloc and
fixed in 10 per cent formalin.

After 2 weeks’ fixation, each electrolytic lesion was cut
into 1-mm sections in its entirety (Fig. 2). Sections were
then measured blindly by two separate investigators. For
each lesion, the three maximum diameters at right angles to
each other were measured and recorded. The mean of the
observer’s measurements for the three diameters was
calculated. The volume of each lesion was then calculated.

Each electrolytic lesion was processed, embedded in
paraffin, sectioned and stained using haematoxylin and
eosin. Coded sections were examined by a hepatopatholo-
gist to determine both the extent of necrosis and any
associated vascular or biliary damage.

Results were analysed statistically using the paired ¢ test
and regression analysis.

Results

No animal died as a result of electrolysis or had to be killed
prematurely. Treatment was uneventful and all animals
made a rapid and full postoperative recovery.

[0y LR FANGE S T R

Fig. 2 Section (I mm) of an electrolytic lesion created at the
anode using 200 C

© 2002 Blackwell Science Ltd

Electrodes together (12 mm separation)

The volume of necrosis increased with the electrolytic
‘dose’. There was a significant correlation between the
volume of the electrolytic lesion and the ‘dose’ delivered
¢#* = 0-64, P < 0-001) (Fig. 3). The relationship was linear,
although with doses greater than 75 C, the variability in the
volume of the lesion increased. The rate at which the
treatment was given (milliamperes) had no significant effect
on this relationship. At the maximal ‘dose’ of 300 C, lesions
of 2-05 cm in diameter were created.

Electrodes separated (200 mm separation)

Anode lesions

There was a significant correlation between the volume of
the electrolytic lesion and the ‘dose’ delivered (#* = 0-91,
P < 0-001) (Fig. 9. The rate at which the treatment was
given again had no significant effect on this reladonship.

Cathode lesions

As with the anode lesions there was a significant (* = 0.73,
P < 0-001) correlation between the volume of the electro-
lytic lesion and the ‘dose’ delivered (Fig. 4). The rate at
which the treatment was given had no significant effect on
this relationship. At the maximal ‘dose’ of 300 C lesions of
2.75 cm were created.

Comparison of electrode arrangements

Fig. 5 shows the mean volume of necrosis per coulomb
delivered with the electrodes together or separated. For a

7}

Lesion volume (cm’)

[}
o
° b L I
0 100 200 300
Electrolylic 'dose’ (C)

Fig. 3 Correlation between the volume of the composite lesion
and the electrolytic ‘dose’ delivered (* = 0-636, P < 0.001)
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Lesion volume (cms)
.

Electrolylic 'dose’ (C)

Fig. 4 Correlation between the volume of necrosis and the
electrolytic ‘dose’ delivered for both anode (2 = 091, P < 0-001)
and cathode (* = 0-73, P < 0-001)
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Fig. 5 Mean volume of necrosis with the electrodes together or
separated

given ‘dose’, the volume of necrosis produced was greater
when the electrodes were separated; this disparity increased
with higher doses.

Liver enzymes

Levels of liver enzymes (AST, ALT and yGT) were
significantly raised 1 day after treatment (P < 0-001 for
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Fig. 6 Change in liver enzyme levels after electrolysis. ALT,
alanine aminotransferase; YGT, y-glutamyltranspeptdase; AST,
aspartate aminotransferase. *P < 0-001 (AST; before operation to
day 1; paired ¢ test)

AST) (Fig. 6). The initial increase in AST was significantly
correlated with both the volume of the anode lesions
(#* = 0-54, P < 0-001) and the total volume of liver necrosis
(#* = 0-38, P < 0-01). Similarly, the initial increase in ALT
was significantly correlated with both the volume of the
anode lesions (#* = 0-45, P < 0-001) and the total volume of
liver necrosis (2 = 0-26, P < 0-05). There was no correla-
tion between either the cathode or composite (electrodes
together) lesions and the increase in liver enzyme levels. At
the time of death the liver enzymes had returned to normal
apart from the AST level which remained significantly
raised (P < 0.05).

Histopathology

Histological examination confirmed the macroscopic
observation that the size of the electrolytic lesion increased
with the dose delivered. Each lesion consisted of a central
zone of coagulative necrosis around the site of the electrode
tip. No viable tissue was seen within the electrolytic lesions.
The necrotic tissue was sharply demarcated from the
surrounding liver tissue, which was histologically normal
(Fig. 7).

Small blood vessels (less than 1 mm) were thrombosed in
a narrow rim (0-5-1.0 mm) of normal liver surrounding
each lesion. Only one major vein was thrombosed. In all
other specimens, veins directly adjacent to electrolytic
lesions were undamaged (Fig. ) and there were no major
bile duct injuries.

Discussion

Previous studies in both small and large animal models®*%°

have demonstrated that electrolytic lesions in the liver heal

© 2002 Blackwell Science Ltd
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Fig. 7 Histological appearances. There is a circular area of tissue
destruction at the site of the electrode tip (T) surrounded by a
circular zone of coagulative necrosis (CN), with sharply
demarcated normal liver at the periphery (NL). (Haematoxylin
and eosin stain, original magnification X 4)

Fig. 8 Undamaged, patent hepatic vein, directly adjacent to an
elecrolytic (cathode) lesion

with time without complications. Six months after treat-
ment little necrotic tissue remained at the site of the original
lesion, which was replaced by 2 small fibrous scar. It was also
shown that colorectal liver metastases as well as normal liver
tissue could be destroyed completely by this technique?’.
If the treatment is to be consistently associated with
minimal morbidity and mortality rates, however, it must be
demonstrated that the effect of treatment is both pre-
dictable and reproducible. To date the dose-response data
in the literature regarding electrolysis are limited and
variable. However, one study has reported experimental
dose-response data in rabbit liver’®; liver necrosis was
produced at a rate of 2.4 cm’ per 100 C compared with a
rate of 4.1 cm’® for lung necrosis in the same study. In a

© 2002 Blackwell Science Ltd

recent study’* it was demonstrated that electrolytic necrosis
in rat liver was produced at a rate of approximately 2-0 cm®
per 100 C when the electrodes were placed together and
3-4 cm® per 100 C when the electrodes were separated. In
anecdotal reports of patients with large hepatocellular
carcinomas treated with electrolysis, Chinese workers have
reported completely different rates of destruction with two
orders of magnitude difference in response (between 485
and 837 cm’ per 100 C)*'?2. Before treating patients,
however, it is essential that reliable dose-response data are
generated using a large animal model with a liver of similar
physical size to that of the human.

The present results show that the volume of necrosis
produced by a given electrolytic ‘dose’ is both predictable
and reproducible in pig liver. However, the effect is greater,
and the final lesion larger, when the electrodes are separated
by a distance of 200 mm rather than with minimal
separation. This finding is consistent with other experi-
mental studies®>~**. It is likely that this discrepancy results
from a combination of factors. One such factor may be that
when the electrodes are very close the cytotoxic gases
generated from each electrode mix, effectively cancelling
out their respective effects®*.

In this study, a maximum ‘dose’ of 300 C was used. With
the electrodes separated, this produced two lesions with a
combined volume of nearly 11 em?, or individual diameters
of 2.2 cm. In clinical practice metastases are often larger
than this. However, there is no reason to suggest that
electrolytic ‘doses’ far in excess of 300 C could not be used
safely. Indeed, as a part of a pilot study in patients, 1500 C
has been given to a patientwith ahepatoma, without adverse
effects.

Histological examination of all the specimens in this
study demonstrated three important beneficial effects of
electrolytic ablation that may be of relevance when treating
perivascular metastases. First, no viable tissue remained in
the area treated by electrolysis in any of the lesions that were
created. There was 100 per cent necrosis of the cells that
were contained within the macroscopically apparent
electrolytic lesion. Additionally, there was a very sharp
‘transition zone’ between the area of total necrosis and
normal surrounding liver. This finding is in contrast to the
results of radiofrequency ablation where recurrence has
been reported within the treated area, presumably resulting
from incomplete ablation at the time of treatment?®?!,

Second, although there was an hepatic vein occlusion in
one specimen, there was no histological evidence of major
vascular or biliary damage in any of the remaining speci-
mens, despite the close proximity of many lesions to hepatic
veins. If local ablation is intended for use in this situation,
these results support the view that electrolysis may be more

British Journal of Surgery 2002, 89, 579-585
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efficacious than treatments such as cryotherapy and radio-
frequency ablation.

Third, although there was virtually no damage to large
veins as a result of electrolysis, each lesion was surrounded
by a narrow rim of normal liver in which the small sinusoids
were thrombosed. It is proposed that these small, occluded
vessels may form a ‘cocoon’ around the necrotic lesion. This
vascular isolation may in turn prevent the rapid efflux of
necrotic debris into the systemic circulation and hence
avoid the systemic inflammatory reaction that is known to
occur with cryotherapy'®!®. This theory requires further
evaluation but is supported by the lack of a systernic
response in experimental studies to date?%2829,

Levels of liver enzymes were significantly raised after
treatment and the magnitude of the increase correlated with
the total volume of liver necrosis. However, while the
increase in liver enzymes was statistically significant, there
were no clinical sequelae and no animal developed hepatic
failure or became jaundiced after treatment. Indeed, 72 h
after treatment the enzyme levels had either returned to or
were returning to normal. The local trauma associated with
electrolysis appears to be minimal and transient.

Platinum electrodes were used in this study because it has
been shown that they are durable and not readily eroded by
the electrolytic process’’. Furthermore, it has been
suggested that the use of platinum electrodes may increase
the toxicity of the local environment by the production of
cytotoxic platinum salts**~%, This remains theoretical and
unproven, and requires further evaluation. The potential
toxicity of platinum salts and other products of electrolysis
entering the systemic circulation has been investigated?®,
No systemic toxic effects were observed either during or
after treatment.

This study has confirmed that electrolysis fulfils many of
the criteria for an ablative technique which may be used as
an adjunct to surgery to make the “unresectable’ patient
‘resectable’ by treating one or two awkwardly placed
metastases. In this study electrolytic ablation produced
predictable areas of necrosis with no significant complica-
tions, close to major vascular structures. Additonal
theoretical advantages, such as the lack of a systemic
inflammatory reaction and the local production of cytotoxic
platinum salts, require further evaluation.

Presently, electrolytic ablation is performed at laparo-
tomy. However, there is no reason why the treatment could
not be performed percutaneously in the future, as delivery
systems are currently available which would accept the 6-Fr
catheters used in this study. Based on the encouraging
results of this study, preliminary clinical trials have started
and several patients who would otherwise have been
deemed inoperable have been treated successfully.

British Journal of Surgery 2002, 89, 579-585 www.bjs.co.uk
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SURGICAL TECHNIQUE

ELECTROLYTIC ABLATION AS AN ADJUNCT TG LIVER RESECTION:
SAFETY AND EFFICACY IN PATIENTS

SIMON A. WEMYSS-HOLDEN,* DAVID P. BERRY,t GAVIN S. M. ROBERTSON,: ASHLEY R. DENNISON,
PAULINE DE LA M HALLS AND GUY J. MADDERN*

*{Universiry of Adelaide Department of Surgery, The Queen Elizabeth Hospital, Adelaide, Australia, 1Department of Surgery,
Leicester General Hospital, *Department of Surgery, Leicester Royal Infirmary, Leicester, United Kingdom, $Department of
Histopathology, Flinders Medical Centre, Adelaide, Australia

Background:  Electrolytic ablation is a relatively new method for the local destruction of colorectal liver metastases. Experimental
work in animal models has shown this method to be safe and efficacious. However, before proceeding to clinical trials it was neces-

sary to confirm these findings in a pilot study of five patients.
Five patients with colorectal liver metastases were studied prospectively. Each patient underwent a potentially curative

Methods:
liver resection. One of the metastases to be removed was treated using electrolysis before resection. Each patient was monitored
closely during and after electrolysis to determine any morbidity associated with the treatment. Once resected, the metastases were

examined histologically for completeness of ablation. o
All patients tolerated the electrolysis well; there were no deaths or complications related to the treatment. Histological

Results:
examination of the resected metastases which had been treated electroiytically showed complete tissue destrugtion with no viable

malignant cells remaining at the site of treatment. . .
This pilot study of electrolytic ablation of liver metastases in five patients showed the treatment to be well tolerated

Discussion:

and safe. Additionally, it demonstrated total destruction of the malignant tissue at the site of electrolysis.

Based on these encouraging results, clinical trials can now begin.

Key words: ablation, electrolysis, liver, metastases.

Abbreviations: ALT, alanine aminotransferase; RFA, radiofrequency ablation; ECG, electrocardiogram.

INTRODUCTION

;F:e Prognosis for patients with untreated colorectal ]_iver meta-
i08e§ is poor with a median survival of 6 month;.'-“ I_,lvgr resec-
N is the only treatment currently available which significantly
Olongs survival.36 Unfortunately, only approximately 10% of
f :(Se patients are candidates for surgen.'y7 t?ecause of a variety of
Ors including the anatomical distribution of the metastastas,
ox_imity to major vascular structures, bilobar disease and d.lS-
4 Mination. For those patients with unresectable disease, pallia-
N chemotherapy is the only treatment option.
N group of patients exists, however, who are deemed unresgct-
a b_)’ virtue of one or two awkwardly placed metastases, situ-
Ve Cither in the proposed hepatic remnant or clqse to a large
lec}r:" .LOCalized wedge resection O_f these tumours Is not glways
hep Dically feasible, particularly if they are deep within the
. lic parenchyma. If such lesions could be treated by local
N 3on, then many patients currently deemed unresectable may
€ve increased long-term survival from combined resection

i
ind
loca) ablation.
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Many methods of local ablation are currently available including
radiofrequency ablation 89 cryotherapy,!0 alcohol injection,!! micro-
wave hyperthermia'? and laser interstitial therapy,!3 amongst
others. The majority of these methods use extremes of temperature
(either heat or cold) to destroy the tumours. However, this thermal
mnsult may actually cause a direct ‘burn’ to major vascular struc-
tures adjacent to the tumour. Indeed with cryotherapy, cracks may
form in the ‘ice-ball’ during freezing. As thawing begins, any
involved hepatic veins may then bleed, causing potentially fatal
haemorrhage.!4!3 Cryotherapy is also associated with the ‘cryo-
shock’ phenomenon where patients devgjop a systemic inflamma-
tory response to the products of cell necrosis. Patients have died as
a direct result of this phenomenon.16.17

Additionally it has been shown that radiofrequency ablation
may achieve incomplete tumour necrosis within the treated
area.'s.!? .

Electrolytic ablation was first described by Nordenstrom?20.21
for the treatment of lung tumours. However, it was not until
recently that this method was applied to the local ablation of liver
tumours.?2 Rather than relying on a rapid ‘burn’, electrolysis
causes cell death by a more subtle, yet equally effective chemical
action. Platinum electrodes are inserted into the tumour and a
small direct electrical current is passed between them, thereby
polarizing the electrode tips. As a result, negatively charged ions
are attracted to the anode and positively charged ions to the
cathode resulting in a change in intracellular pH of the tissues
surrounding the electrode tips. Additionally, cytotoxic gases
(such as chlorine) are liberated into the tumours?® and necrosis
results from a combination of these two effects; importantly,

there is no heating effect.24
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This new treatment has been extensively evaluated over the
past 5 years in Adelaide using both small and large animal
models. Electrolysis creates well circumscribed, spherical areas
of necrosis with a sharp transition from necrouc to normal
tissue.2526 There is a thin (1 mm) surrounding zone ©
inflammatory tissue.26 This effect has been shown to be equally
effective in destroying normal hepatic parenchyma and liver
metastases.2’? Importantly, because of its relatively subtle action
there is no damage or thrombosis to major vascular or biliary
structures intimately associated with the electrolytic ‘lesion’.26
Electrolytic lesions heal with time, forming a mature fibrous scar;
septic complications of the induced necrosis have not been
observed 2526 The treatment is controllable and the volume of
induced necrosis is accurately predicted by the electrolytic “dose’
(Coulombs) given.2?

Using this new treatment, in combination with surgical resec-
tion, it may be possible to offer increased long-term survival to
patients who would otherwise be deemed inoperable.

Before using electrolysis as a therapeutic tool in patients, it is
essential to demonstrate that the treatment is safe and capable of
achieving complete tumour ablation.

In this pilot study, the safety and efficacy of electrolytic abla-
ion of colorectal liver metastases was investigated by ablating
Metastases in patients undergoing potentially curative resections.
The intention of this study was not to achieve complete destruc-
tion of individual metastases, rather to demonstrate complete
tumour ablation around the implanted electrodes while monitor-
Ing the patients in the peri- and postoperative periods for any

electrolysis-related morbidity or mortality.

METHODS

Fi.\’e consecutive patients (4 men, 1 woman; mean age: 63 years)
With colorectal liver metastases were studied prospectively. Each
Patient had a preoperative computed tomography scan to define

€ extent of the disease (Fig. 1) and subsequently underwent a
Fotemia]]y curative liver pesection (three right hepatectomy, one
eft hepatectomy, one right wedge resection). One of the meta-
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L Computed tomography scan showing a metastasis in segment
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stases o be resected was treated using electrolysis before resec.
tion 1n each patient.

At laparotomy, prior to resection, a platinum tipped electrode
catheter (Johnson and Johnson, North Ryde, NSW, Australia:
Fig. Z) was inserted into one of the liver metastases to be resec[ed‘
under ultrasound control (Aloka SSD-2000, Mure, Mitaka-Shi. -
Tokyo, Japan; 7.5 MHz probe). The catheter was then connected,'
to a direct current generator (ECU 100, Séring GmbH, Justus-
von-Liebig-Ring 10, D-25451 Quickbom, Germany; Fig. 3) and‘
an electrolytic ‘dose’ of 100 C was delivered to the tumour at‘
60 mA (mean treatment time: 35 min). After electrolytic treat-
ment, the electrode catheter was removed and the liver resection
completed as planned.

Each patient was monitored closely during the procedure
Heart rate, rhythm, blood pressure, O, saturation and end—tidal.
CO, concentration were monitored throughout the procedure
Additionally, the electrocardiogram (ECG) was monitored
closely for evidence of electrical disturbance. Arterial blood

Fig. 2._ 6 French (2 mm) platinum-tipped electrode catheter. The tip
and middle electrodes of a single catheter were connected to the DC

generator.

Fig. 3. Direct current generator (Soring GmBh).
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Hses were measured every 5 min during treatment. Additionally,
,wmm Samples were taken from the mam hepatic vein draining the
Obe being treated electrolviically during the procedurs Blood
“Umples from this vein were analysed 1o deternune whether any
Bseoys by-products of elecuolysis entered the systemic circula
ion during treatment.
. Livey enzymes were measured preoperatively and daily for
Week after treatment or until they had returned to normal.
After resection each metastasis treated by electrolvsis was
Xamined both macro- and microsconically (using standard H&n
Em"ﬂfifl’”lifng methods) to determine the extent of Wmour necrosis.

RESULTS
General

f;? Patients tolerated the treatment well; there were no deaths
| d the 30 dav mortality was 0% During elecuolyiic treatment
€ was no evidence of Systemic upset i any of the patients,
th ng clinically significant chanpes in any of the monitored
"ameters (heart rate, rhythm, ECG, blood pressure, O, satura-
,,Qf and end tdal CO,) dunng treatment. No patient became
Hotic during electrolysis. There was no evidence that any of

I m“‘m‘n‘“f L e
A . : ,,

;3 0

%ﬁﬁ%mwﬁ specimen showing electrolytically treated (1) and
U meaetanes

.
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the gaseous products of electrolvsis entered the Systemic circu-
lation as determined by the pH of the Blasd draining the electra.

lvtically treated lobe

Liver enzymes

Four of the five patients developed ransient derangement of liver
enzymes after resection and electrolytic treatment (three tight
hepdtectomy, one left hepatectomy).

1n the patient who underwent wedge resection and electiolysis,
the hver ensymes were unchansed. apart from a very shoht
increase in alanine aminotransferase (ALT)

In all patients the liver enzymes retumed 1o normal within
1 week of resection/electnlytic ablation.

Macroscopic appearances

Alter resection of the electrolytically wreated tumpur each spec-
imen was examined macroscopically for evidence of tumour
ablation.

All of the specimens showed the same appearances at the site
of electrolylic treatment, On the surface of the resected specimen,
there was a brown/black, circular zone. sumounding the site of
electrode tnsertion (Fig. 4). Hach specimen was subseauently sec.
tioned in a plane at 90 degrees 10 the liver surface This con-
firmed that the apparent zone of necrosis observed on the surface
of the liver was centred about the tip of the electrode catheter
(tig. 5). The surrounding normal liver (and untreated Hiciastases)
were unatlected by the electolysis,

Histological appearances

Ihe appearances were sumilor in all of the resected Specimens Ap
the site of electrolytic treatment, there was histological evidence
of complete tumour necrosis, with no viable malignant cells
remaming within the treated 2one. There was o sharp demareation
between the teated (non-viable) and untreated {viable) tumonr
(Fig. 6). The surrounding hepatic parenchyma was normal apart
from mild surgical bepatitis and thete was no histolosical evi.
dence of any major biliary or vascular damage,

i

Fig 5. Resecied specimen after sectioning, showing electrolyticall 3
weated (1 and untreaed (L) metaarnees
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Fig. 6. Histological appearances of ablated metastasis. Viable umowr
G0y mecrotic tumobr (NT), sormal hiver (ML) .

DISCUSSION

3“1“@2%1! resection currently offers the only chance of increased
20’%”&:2:1% survival in patients with colorectal liver melastases o6
H@W&var, there is a group of patients who are dmm&d@ unresect
able by wirtue of one or moit melastascs which are mt}:m: awk-
Wardly placed (close to a major vein) or deep m{xmm the
Parenchyma of the proposed hepatic remnant. These patients may
be offered potentially curative treatment if surgery is combined
With a locally ablative technique. « .

Although electrolysis has been extensively cvalnated m‘amma-?
Models 222527 jts safety and efficacy have never been investi-
8ated in humans. The results of this pilot study confirm the
findings of animal studies and a previous case report?® that elec-
Yolysis appears to be safe and capable of achieving 4mmpi‘m‘&
Wmour ablation at the site of electrolytic reatment. This finding
% in contrast to other forms of ablation, such as mdiﬂfz:csq}mmy
“lation (RFA) where incomplete tumour necrosis within the
'®ated area has been reported. 192 .

Importantly, in this very limited series of patients there was 10
gmg%ywz reaction ¥ occasionally observed with otier forms gf
,z%“f*} ablation3-3 It is proposed that this lack of systemic
'®Sponse seen with electrolysis results from the peri-lesional
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mictovascular thrombosis associated with the treatment 28 This in
tirn prevents the rapid efflus of bnmunologically active collulay
debris (eytokines) into the svstemic circulation. thereby prevent.
ing the imation of the inflammatory cascade. Experimental
work has shown that even i the electrode catheters were inad.
vertently placed directly into a hepatic vein, the resulting sys.
temic upset was minimal, and all animals made uneventful
recoveries. ™ Additionally, there was little or no damage to the
vein wall

Because of its controlled, subtle action. and the absence of vas.
cular or biliary injury with no associated SIRS reaction it is
proposed that electrolysis may have certain advantages when
compared to other forms of local ablation.

Based on the encouraging results of this pilot study, it is pro-
posed that the therapeutic efficacy of electrolytic ablation should
be determined in 2 prospective lrial
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Use of electrolysis as an adjunct to liver resection
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Background: Patients with hepatic metastases are potendally curable if all the diseased tissue can be
resected. Unfortunately, only 10-20 per cent of patients are suitable for curative resection. Electrolysis
is 2 novel non-thermal method of tissue ablation. When used in conjunction with surgery it may
increase the number of resectable liver tumours with curative treatment.

Methods: All patients had been deemed inoperable using currently accepted criteria. Nine patients with
hepatic deposits from colorectal carcinoma underwent combined surgical resection and electrolytc
ablation of metastases.

Results: The treatment was associated with minimal morbidity. Within the electrolytically treated area
seven patients had no radiological evidence of recurrence at a median follow-up of 9 (range 6-
43) months; local recurrence was detected in two patients. Six of the nine patients had metastases
elsewhere in the liver with four having extrahepatic metastases. Three patients remain tumour free.

Three patients died. The median survival was 17 (range 9-24) months from the time of treatment.
Discussion: Electrolysis with resection may confer a disease-free and overall survival benefit. The small

size of this initial study precludes statistical analysis, but preliminary results are encouraging.

Paper accepted 6 March 2002

Introduction

Colorectal carcinoma is the third most common malig-
nancy and the most common source of liver metastases, with
the liver being the earliest and often the only site of
metastatic disease’. These patients are potentially curable if
all diseased tissue can be removed™’, but have a poor
prognosis (measured in months) if this is not feasible*. The
size, number or position of the metastatic lesions allows

only 10-20 per cent of patients to be eligible for a formal
resection”,

Several ablative techniques have been investigated as
alternatives to surgical resection for the treatment of
colorectal metastases*®. Electrolysis is a novel non-thermal
method of tissue ablation’. A direct current is passed
through a conductive medium between a pair of electrodes
(cathode and anode). The electrolytic ‘dose’ is measured in
coulombs (amperes X seconds). Tissue electrolysis pro-
duces sodium hydroxide and hydrogen at the cathoz‘iye, and
hydrochloric acid and chlorine gas at the anode®’. The
significant pH changes produced by electrolysis are

The Editors have satisfied themselves that all authors have

contributed significantly to this publication
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cytotoxic and cause localized parenchymal necrosis with a
negligible thermal effect’>.

Over the past few years electrolysis of liver tumours has
been investigated extensively at this institution” 1913, Not
only has the process been shown to ablate liver tumours
completely in experimental models'?"'*, but it is also safe in
terms of bothits inherent tissue destruction and the inability
to thrombose or damage large blood vessels in close
proximity to the electrolytic lesion’?. A pilot study was
performed in five patients before tissue resection to
determine whether this method could be used safely. No
adverse effects resulted from the treatment (D. Berry,
S. Wemyss-Holden, G. J. Madden, A. Dennison, unpub-
lished results). Nine patients were then subjected to a formal
liver resection, with electrolytic ablation of metastases that
would have deemed the cancer irresectable using currently
accepted criteria.

Patients and methods

The records of nine patients with a histologically confirmed
diagnosis of secondary liver metastases from colorectal
carcinoma between the dates of April 1997 to May 2000
were reviewed. The median age was 57 (range 44-66) years.

British Journal of Surgery 2002, 89, 999-1002 999
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Conventional surgical treatment was not possible because
of the multiplicity of tumours, proximity to major vessels or
distribution of metastases, or a combination of these factors.
Patients were excluded from the study if they were ineligible
for laparotomy, or had extrahepatic disease or multifocal
liver metastases such that resection and ablation would
compromise liver function. All patients included in the
study had previously undergone resection of a primary
colorectal tumour. Four patients had previously undergone
hepatic resection and presented with irresectable hepatic
recurrence over a period of 37 months (August 1997 to
September 2000). One patient had undergone previous
hepatic resection and was receiving electrolysis alone for a
single irresectable metastatic deposit.

The patents underwent formal resection of hepatic
metastases, followed by electrolytic ablatdon of metastases
that could not be resected surgically. Ethics committee
approval was obtained before any of the patients was
treated. Before electrolysis, all patients were fully informed
about the experimental nature of the study.

Two 6-Fr electrolysis catheters (Cordis Webster,
Johnson and Johnson Medical, North Ryde, New South
Wales, Australia) were inserted into the tumour, 9-24 mm
apart, depending on the size of the tumour. Electrode
positioning was confirmed ultrasonographically. The
catheters were attached to a direct current generator
(Medizintechnic, Soring, Quickborn, Germany), and a
predetermined ‘dose’ was delivered at a constant current,
calculated for the desired volume of necrosis. Tumour
dimensions and position were determined using previous
computed tomography (CT) scans and confirmed by
intraoperative ultrasonography. The volume of each lesion
was calculated using the formula V' = 4/3n(r; X7 X 73). A
5-mm margin of normal parenchyma surrounding the
tumour was also ablated. Previous experimental studies had
shown a linear dose-response of 3-5 cm’ per 100 coulombs
(C)'°. Tumour radius ranged from 5 to 30 mm. The ‘dose’
varied from 200 to 1000 C according to the calculated
volume. The length of time taken for electrolysis ranged
from 42 to 210 min. Platinum was chosen as the electrode

material because of its inert nature, and theoretical

antineoplastic properties'.

White cell count and liver function tests were carried out
before and after treatment Carcinoembryonic antigen
(CEA) levels were monitored after operation to assist in
determining any tumour recurrence.

CT scans were reviewed retrospectively by a radiologist,
who was blinded to treatmnent details for each patient. The
radiologist interpreted and compared CT findings before
electrolysis with those obtained at 1 week, 3, 6 and
9 months, and annually after electrolysis to determine the
effectiveness of treatment. The electrolytic lesion was

British Journal of Surgery 2002, 89, 999-1002 www.bjs.co.uk

evaluated for size, shape and location following electrolysis
as well as for evidence of recurrence. Successful treatment
was associated with no tumour recurrence within the
electrolytically treated lesion, while failure of electrolytic
treatment was associated with recurrence within the treated
area. Recurrence elsewhere was considered to be due to the
natural course of the metastatic disease and not a failure of
treatment.

Results

Of the nine patents treated, six are stll alive. The
procedures were performed with a median hospital stay of
9 days. Median follow-up was 9 (range 6-43) months. In
two patients who had electrolysis of lesions lying adjacent to
the inferior vena cava, there was no damage to the vascular
structure.

Seven of the nine patients with hepatic metastases from
colorectal carcinoma showed no evidence of radiological
recurrence within the electrolytically treated lesion in the
follow-up period. In each of these patients, electrolytic
treatment was deemed successful. Recurrence within the
electrolytically treated area occurred in two patients.

Six of the nine patients experienced hepatic recurrence of
tumour outside the electrolytically treated area, which was
not related to the previously treated area. There was no
evidence of recurrence around the position of the electrodes
due to seeding in any patient. Four patients had extrahepatic
disease that was histologically confirmed to resemble
adenocarcinoma, consistent with metastasis from the
primary colorectal carcinoma.

CEA levels were increased after operation in four of the
seven patients who had tumour recurrence. One patient,
who experienced shrinkage of the treated tumour and no
recurrence, had reduced CEA levels after operation. Liver
enzyme levels and white cell counts were raised in the early
postoperative period, but returned to normal within
3 months of treatment. No major complications occurred
either during or after treatment.

All patients received chemotherapy before or after
treatment.

Discussion

In recent years there has been an increasing interest in the
use of ablative techniques for treating previously irresect-
able disease™'*!%. These techniques have the advantage of
preserving more liver parenchyma, and are associated with
fewer complications than resection®. The use of ablation as
an adjunct to surgical resection is not yet established.
Electrolytic ablation of liver tumours has previously been
described in China?®?!, with promising results. It is a non-

© 2002 Blackwell Science Ltd
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thermal technique, and therefore not limited by the ‘heat
sink’ effect of nearby vessels’. It is also safe in terms of its
inherent tissue destruction and inability to thrombose or
breach large blood vessels in close proximity to the site of
electrolysis’’. Electrolysis is also predictable, with the
volume of the lesion created being proportional to the
electrolytic ‘dose’ (in coulombs) administered*®. Currently,
a limitation of the technique is that it is time consuming,
with an increase in tumour size necessitating an exponential
increase in treatment time. At present it is limited to lesions
of less than 5 cm in diameter and requires a laparotomy.
However, further development of appropriate electrode
delivery systems may result in the treatment being
administered percutaneously.

CT has been used in this study for follow-up evaluation as
it has been proven to be sensitive in characterizing hepatic
lesions®”. A small margin of normal tissue at the periphery of
the tumour is ablated to prevent residual viable tumour cells
persisting at the margin and leading to recurrence. An initial
increase in size of created lesions in the first week after
operation is expected on the CT scan as this represents
ablation of a margin of normal tissue (Figs I and 2). A
decline in lesion size after the first week reflects successful
treatment, while an increase in size suggests failure?’.
Conservative electrolytic treatment in the early stages of the
trial may have resulted in undertreatment of tumours,
allowing residual viable tumour cells to persist within the
lesions, causing recurrence. With greater experience more
accurate ‘doses’ of current were delivered, based on tumour
geometry.

Necrosis in the electrolytically treated area appears
hypodense on CT. Fibrosis within the treated area of

Fig. 1 Computed tomogram of a lesion before treatment

© 2002 Blackwell Science Ltd

some patients is evidence of shrinkage of the electrolytically
treated area from a fluid-filled necrotic zone to a smaller
fibrosed area (Fig. 3). Areas of fibrosis appear enhanced on
contrast CT. Magnetic resonance imaging may be useful in
evaluating these patients and a study to investigate this has
been initiated.

The increase in liver enzyme levels after electrolysis was
transient and short-lived. In most patients enzyme levels
had returned to normal within 3 months of treatment.

Fig. 2 Computed tomogram of the electrolytically treated lesion
in the same patient 1 week after operation, showing abladon of a
margin of surrounding normal tissue

Fig. 3 Computed tomogram of the electrolytically treated lesion
in the same patient 3 months after electrolysis, showing fibrosis
and shrinkage of the treated area

www.bjs.co.uk British Journal of Surgery 2002, 89, 999-1002
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In patients with colorectal hepatic metastases CEA is a
serum tumour marker that can be useful in detecting
tumour recurrence. CEA is not associated specifically with
colorectal carcinoma but may be raised in up to 70 per cent
of patients affected’?. Four patients had 2 significantly
increased CEA level after electrolysis, consistent with the
tumour recurrence noted. One patient in whom treatment
was effective had a reduced CFA level following electro-
Lysis.

There was no detectable additional morbidity associated
with the electrolytic treatment when used as an adjunct to
surgical resection. The lack of major complications
associated with electrolysis suggests that it is safe as a
method of local ablation.

The median survival from the time of the procedure was
17 (range 9-24) months. This resuit should be interpreted
in the context of the natural history of untreated colorectal
liver metastases, for which untreated median survival is of
the order of 3-6 months®**%*, The increased survival time
in this group of patients receiving electrolysis with resection
may have an overall survival benefit. The small size of this
initial study precludes statistical analysis of the results. The
use of electrolysis in the ablation of liver tumours requires
further long-term studies and evaluation; however, pre-
liminary results are encouraging.
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Abstract
Background: Inoperable pancreatic cancer has a dismal

prognosis. Palliation involves either stenting or surgical
bypass. Stenting does not relieve gastric outlet obstruc-
tion, and surgical bypass is a major procedure. A min-
imally invasive procedure is needed that relieves both
gastric outlet and biliary obstruction, with the potential
for relieving pain.

Methods: In an experimental model, p
trolysis was investigated. The pancreatic duct was
cannulated via a transduodenal approach with an elec-
trode catheter. In 6 animals an electrolytic “‘lesion” was
created using a direct current generator. 6 animals were
controls. The local and systemic effects of electrolysis
were assessed using histological and biochemical

parameters. i )
Results: The pancreatic duct was cannulated in all ani-

mals and treatment was uneventful. Electrolytic lesions
comprised a central area of necrosis with a sharp de-
marcation between necrotic and viable pancreas. All
animals developed transient hyperamylasemia after
electrolysis. There was no significant difference between
treatment and controls. Importantly, no animal had
clinical, biochemical, or histological evidence of pan-
creatitis.

Conclusions: This experimental study suggested that
electrolytic palliation of inoperable pancreatic cancer
via the gastrointestinal tract is potentially safe. In pa-
tients, this treatment could be performed during endo-
scopic retrograde cholangiopancreatography and may
have therapeutic advantages when compared to stenting

or biliary bypass.

ancreatic elec-

he fifth most common cause of
h an incidence of

[14]). The prog-

Pancreatic cancer is t .
cancer death in the United States, wit

approximately 10 per 10,000 population
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nosis is dis.malA Median untreated survival from the time
0fd1agno§1s is between 4 and 7 months, and the overalil 5-
year survival is between I and 3% [29]. Radical surger
offers the only chance of cure [15, 20], but is possiblge iy
only 15% of patients [16, 21]. Additionally, of those whgl
u.nder.go potentially curative surgery, the median sur-
vival 1s IQ—IS months [4, 5, 30], and only approximatel
10% survive to 5 years [7, 12]. Therefore, for the majority
of patients, palliation is the only therapeutic option Y
Eﬂ'ectwe palliation should aim to relieve the .dis-
tressing symptoms of locally advancing disease, namel
jaundice (often with its intolerable pruritis)) gastriz
outlet obstruction, and pain. Managing these pz’itients is
a therapeutic conundrum. The treatment options cur-
rently available are limited and are at the extremes of a
spectrum of intervention. Therapeutic endoscopic ret-
rogra_lde cholangiopancreatography (ERCP) with endo-
scopic stenting of the malignant stricture is the least
invasive technique available [10]. This procedure has the
advaqtage of rapidly relieving the symptoms of ob-
structive jaundice without the need for a prolonged
h_ospltal admission in a patient with a very limited sur-
vwa].. However, the symptoms of gastric outlet ob-
struction and pain remain unpalliated, and readmission
rates for stent occlusion and cholangitis are high [2)].
Converse]y, surgical bypass achieves extremely ef-
fecnv_e palliation of the symptoms of both biliary and
gastric outlet obstruction, and recurrent jaundice or
cholangitis occurs in less than 10% of patients [24]
However, surgical bypass is associated with a higher 30-
day mortality than stent insertion {11, 24}, and patients
often experience prolonged hospital admission. Much
controversy exists regarding how these patients should
be managed. The implication is that neither is ideal.
After the recent introduction of new chemothera-
peutic agents including gemcitabine, it was hoped that
sgrvival would improve {3, 19]. This may have led ch-
nicians to consider the more permanent palliation as-
sociated with biliary bypass worthwhile. Unfortunately,
following early optimism 3], results have been disap-
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pointing, although large multicenter trials continue [23].
The benefit of adjuvant and neoadjuvant chemotherapy
remains unresolved.

The need clearly exists for a palliative treatment that
combines the highly effective palliation of surgical by-
pass with the minimally invasive nature of an endo-
scopic procedure. Potentially, this could be achieved by
“debulking” the tumor using an ablative technique,
thereby relieving the locally compressive effects of the
tumor. Locally ablative techniques, including radiofre-
quency ablation [13], cryotherapy [22], and recently,
electrolysis [6], have been used in an experimental set-
ting. However, with each technigue the approach to the
pancreas was transperitoneal, with the potential atten-
dant risk of pancreatic fistulae, bleeding, and enteric
perforation. If a locally ablative technique is to become
accepted as a palliative option, it must be associated
with the minimal morbidity of an endoscopic procedure.
It is therefore proposed that ablation should be per-
formed via the pancreatic duct, such that the necrotic
products of tumor ablation can drain into the gastro-
intestinal (GI) tract rather than into the peritoneal
cavity. However, it is accepted that cannulation of the
biliary tree at ERCP is associated with a significant risk
of acute pancreatitis and death [9].

Using the pancreas of a large animal model, this
study aimed to determine (1) the feasibility of per-
forming pancreatic electrolytic ablation using an elec-
trode catheter introduced into the pancreatic duct via
the duodenum, (2) the nature of pancreatic necrosis
caused by electrolytic ablation, and (3) whether pan-
creatic electrolysis caused acute pancreatitis or other
significant local or systemic effects.

Materials and methods

Specific pathogen-free (SPF) female domestic white pigs were used for
the study. Mean weight was 31 Kg.

All pigs were anesthetized in the same way. Sedation-was achieved
with an intramuscular injection of ketamine (20 - mg/kg) and xylazine
(1.5 mg/kg). Each animal was cleaned with a solution of chilorhexidine
and laken into the operating theater. A. laryngeal mask airway was
inserted and anesthesia maintained with 1.5% Halothane in oxygen.
Oxygen saturation and heart rate were monitored continuously
throughout the procedure.

In a preliminary pilot study, three animals were used to deter-
mine the pancreatic anatomy, feasibility, and technical requirements
for pancreatic duct cannulation and ablation. A pancreatogram was
obtained by injecting the pancreatic duct (PD) with' contrast medium
(Fig. 1). This study showed that the proximal 6 cm of the PDran
- paralle] and in close approximation to the second' part of the duo-
denum: (Fig. I, P) before turning approximately 90°. Therefore, it was
evident that the pancreas should be mobilized from the medial wall of
the duodenunr before cannulation with the electrode catheter to avoid
duodenal’ perforations. Additionally, it was shown that the electrode
catheter should be inserted to a minimum depth-of 80 mm, such that
the tip of the catheter would' be in the main “splenic” lobe of ‘the
gland:
Following thie pilot study, the main study was performed using 12
SPF pigs.. A tunneled catheter was inserted into the right femoral vein
for postoperative blood sampling. A midline laparotomy was per-
formed, and' a S-cnv longitudinal duodenotomy was performed 20 cm
distal tor the pylorus. The ampulla was identified and a 6-Fr (2-mm)
electrode catheter (Fig. 2; Part No 1086-547-S, Cordis Webster,
Baldwin Park, CA, USA) was inserted into the PD of the splenic lobe
to'a depth of 80:mm and secured with a suture (Fig. 3). Each catheter
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Fig. 1. Pancreatogram showing the unique anatomy of the porcine
pancreas. S, splenic lobe; U, uncinate; P, Paraduodenal segment.

Fig: 2. A 6-Fr (2-mm)-electrod¢ catheter. “The distal and third elec-
trodes werée cophé'cted to the DC generator. The “unused” electrodes
were electrically isolated.

/ /
had four electrodes, which were 4 mm long. Each electrode was sep-
arated by 3 mm. Electrolytic treatment was given using the tip and
middle electrodes. The “unused” electrodes were electrically isolated.

Each animal was then randomized to either the treatment or
control arm of the trial. In the treatment group (n = 6), the electrode
catheter was connected to a direct current (DC) generator (ECU 100,
Séring, Quickborn, Germany), and an electrolytic “dose" of 50 C was"
delivered to the gland at 50 mA. Median treatment time was 23 min.
(range, 19-25 min). In the control group (n = 6), the electrode cath-
eter was conneeted to the’ DC generator, but no current was delivered.

At the end of treatment, the ele¢trode catheter 'was removed from
the PD and the duodenotomy was closed. An intramuscular injection
of buprenorphine (0.01 mglkg) was given before the animal was
woken.

Blood samples were taken using the femoral catheter immediately
before and after electrolysis and at 1, 4, 24, 48, and 72 h postopera-
tively for the measurement of serum amylase, glucose, C-reactive
protein (CRP), calcium, urea, and electrolytes.

After 72 h, the animals were euthanized. A postmoriem exarni-

nation was performed. In particular, the pancreas was examined to



Fig. 3. Cannulation of the pancreatic duct using a 6-Fr (2-mm) elec-
trode catheter. The catheter was inserted to a depth of 80 mm and
secured with a suture.

determine the extent of the induced necrosis, the patency of the PD, the
presence of any peripancreatic fluid collections, and any involvement
of adjacent organs. The pancreas was examined histologically to
determine the extent of the electrolyuc necrosis and whether there was
any associated pancreatitis in the surrounding parenchyma. Resulls
were analyzed statistically using the unpaired z-test.

Results

All animals tolerated the electrolytic treatment well. One
animal died during surgery from an anesthetic-related
complicatton. This animal was a control and was re-
placed. Recovery was variable. The majority of the an-
imals (n. = 8) were eating, drinking, passing urine, and
defecating normally 48 h after the procedure. However,
four animals experienced a more prolonged return to
normal activities. Thts prolonged recovery was equal in
both the treatment (n = 2) and control (n = 2) groups
and was unrelated to the increase in serum amylase or
other biochemical parameters. No animal was eutha-
nized prematurely.

Macroscopic appearances

Control group

One of the pancreata was slightly edematous. Otherwise,
the glands of the control animals were of normal mac-
roscopic appearance. Specifically, there was no saponi-
fication, fluid collections, or pancreatic fistulae. The
pancreatic duct was patent in all spectmens. There was
-20 damage to adjacent ergans.

[reatment group

n all the pancreata, there was evidence of an electrolytic
‘lesion”™ in the splenic lobe of the pancreas with a mean
liameter of 1.45 cm {(range, 1.2-1.85 cm). This lesion
vas spherical in nature and clearly demarcated from the
:djacent normal pancreas. In four of the six glands, the
lectrolytic lesion had breached the pancreatic capsule,
nd there were associated small fluid collections. How-
ver, the proximal and distal pancreatic duct remained

agulative necrosis; NP, normal pancreas; TZ, transition zone.

nces (pancreatic ablation). C, co-

Fig. 5. Typical histological appearances adjacent to the PD (control).

patent in all specimens, and there was no damage to
adjacent organs. One of the glands was mildly ery-
thematous, but there was no other evidence of acute
pancreatitis in any of the pancreata.

Histological appearances

Treatment group

All of the electrolytic lesions were of similar appearance
(Fig. 4). There was a central zone of coagulative necrosis
in which there was no residual viable tissue. There was a
transition zone surrounding this area of coagulative
necrosis. This area was less than 1 mm wide and was
infiltrated by neutrophils and lymphocytes. Cell viability
in this area was variable.

Outside this transition zone, the pancreatic paren-
chyma was normal, apart from mild intetlobar inflam-
mation that radiated out a variable distance from the
lesion. Bubbles of gas were also seen in these fibrous
septa. There were no abscesses.

Control group

There was no evidence of parenchymal necrosis or in-
flammation in any of the control specimens (Fig. S).
However, in one pancreas there was a necrotic area
surrounding the pancreatic duct (2.5-mm diameter) with
associated local inflammatory changes.
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Biochemistry

Amylase

ntrol and treated animals developed post-
operative hyperamylasemia (Fig. 6). The mean serum
amylase reached a peak concentration after 48 h in the
control group and after 24 h in the treatment group.
However, in both groups the serum amylase was re-
turning toward normal at 72 h. There was no significant
difference between the two groups with regard to the
elevation in serum amylase after operation.

All of the co

C-reactive protein ,

n all the animals after operation
(Fig. 7). The mean serum CRP reached a peak concen-
tration after 24 h in the control group and after 48 hin
the treatment group. The mean serum CRP was signif-
icantly (p < 0.05) higher after 48 h in the treatment
group. However, in both groups the serum CRP was
returning toward normal at 72 h.

The CRP was elevated i

Glucose, calcium, urea, and electrolytes

nificant change in serum levels of glu-

There was no Sig f gh
a, and electrolytes after operation m

cose, calcium, ure
either group.

Discussion

of patients with inoperable
controversial. Despite their
herapeutic options of either

The optimal management
pancreatic cancer remains

relative merits, the current t .
endoscopic stenting or surgical bypass are suboptimal.

Debulking the tumor from within the gland using the
novel technique of electrolytic ablation is an attractive
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option. This method potentially offers the excellent
palliation associated with surgical bypass without the
need for a major surgical procedure or the stent-related
complications of ERCP [2].

Electrolytic ablation has been extensively investi-

ated for use in patients with unresectable liver tumors

[18, 26-28]. Unlike other forms of local ablation, elec-
trolysis is a nonthermal technique [1] that causes cell
death by a more subtle chemical action. Platinum elec-
trodes are polarized using a small direct electrical cur-
rent. As a result, the intracellular pH changes and
cytotoxic gases are released into the local environment
causing cell necrosis. ’

It has been shown that electrolytic ablation can be
safely used in close proximity to large intrahepatic veins
with the vein wall remaining intact [25]. Conversel ’
thermal methods of ablation may cause a direct burn t);;
large vessels. Indeed, cryotherapy has been shown to
damage large veins due to cracking of the “ice-ball”
during the freezing phase of the process [8, 17]. It is
proposed that the ability of electrolysis to treat tumors
directly adjacent to large veins may confer a benefit
when compared to other forr's of ablation for debulkin
tumors of the pancreas. This is of relevance because o%‘
tumors of the pancreas are usually situated in the head
of the gland, intimately associated with the portal vein
Damage to the portal vein would be rapidly fatal. .

The electrolytic ““dose” chosen for this study was
based on dose-response data from work in the liver [26]
However, in four of the six animals treated with elec;
trolysis, the pancreatic capsule was breached by the le-
sion, which was Jarger than predicted. It is likely that this
is due to relatively high concentrations of electrically ac-
tive jons in the pancreatic parenchyma compared to the
liver. Consequently, in future studies a lower dose should
be used to avoid fistula formation. In the clinical settin
breaching of the pancreatic capsule would be far less Iikelg};
because the electrode catheter would be inserted into the
center of a bulky tumor rather than into a normal gland




If electrolytic ablation is to become accepted as a
palliative treatment, it i1s important that complications
are minimal. In this study, the pancreatic duct both
proximal and distal to the electrolytic lesion remained
patent after treatment. This is vital, because cellular
debris can drain effectively into the GI tract, thereby
preventing fistula formation. It is proposed that a stent
could also be inserted at the time of treatment to facil-
itate drainage.

Although all the animals developed
hyperamylasemia after operation, none developed
clinically, biochemically, or histologically significant
pancreatitis, and all were well at the time of sacrifice.
Interestingly, although not statistically significant, the
three animals with the highest peak amylase level were
all controls. This is likely a result of the fact that these
animals were the first three to be operated on due to the
randomization process. This was early in the operator’s
Jearning curve, and the time taken to cannulate the duct
was prolonged in these animals.

The serum CRP was elevated in all animals after
operation. This finding is consistent with the trauma
associated with laparotomy. However, there was a sig-
nificantly higher mean serum concentration in the
treated animals 48 h after operation. It is proposed that
this resulted from the additional effect of electrolytic
necrosis. This effect was transient.

This experimental study confirms previous findings
that pancreatic ablation using electrolysis is technically
feasible and potentially safe for debulking inoperable
pancreatic tumors. Importantly, there was no evidence
of pancreatitis after treatment. This is the first study in
which pancreatic ablation was achieved by accessing the
pancreas from the GI tract. This not only has implica-
tions for minimizing complications, such as fistula for-
mation, but also “the treatment could potentially be
given during ERCP, thereby avoiding a prolonged

hospital stay.

transient

»e

References

Baxter PS, Wemyss-Holden SA, Dennison AR, Maddern GJ
(1998) Electrochemically induced hepatic necrosis: the next step
forward in patients with unresectable liver tumours? Aust N Z J

Surg 68: 637640 o ) )
2. Boyle TJ, Williamson RCN (1994) Mini-symposium—pancreatic

cancer: bypass procedures. Curr Pract Surg 6: 154-160 .
3. Burris HA, Moore MJ, Andersen J et al. (1997) Improvements in
survival and clinical benefit with gemcitabine as first-line therapy
for patients with advanced pancreas cancer: a randomized trial. J
Clin Oncol 15: 2403-2413
Conlon K.C, Klimstra DS, Brennan MF (1996

vival after curative resection for pancreatic Quctal adenocarcino-
gic analysis of 5-year survivors. Ann Surg 223:

1.

) Long-term sur-

ma. Clinicopatholo
273-279

5. Edge SB, Schmieg RE,
creas cancer resection ou
1989--1990. Cancer 71: 3502-3508

6. Fosh BG, Finch JG, Anthony AA, Texler
Electrolytic ablation of the rat pancreas: a
Gastroenterol 1: 9 )

7. Friess H, Uhl W, Beger H (1994) Surgical treatment of pancreatic
cancer. Dig Surg 11: 378-386

Rosenlof LK, Wilhelm MC (1993) Pan-
tcome in American University centers in

M, Maddern GJ (2001)
feasibility trial. BMC

20.

2].

22.

23.

24.

25.

26.

27.

28.

29.

30.

99

211

. Goodie DB, Horton MD, Morris RW, Nagy LS, Morris DL

(1992) Anaesthetic experience with cryotherapy for treatment of
hepatic mahgnancy. Anaesth Int Care 20: 491-496

. Leese T, Neoptolemos J, Carr-Locke DL (1985) Successes, fail-

ures, early complications and their management: results of 394
consecutive patients from a single centre. Br J Surg 72: 215-219

. Lichtenstein DR, Carr-Locke DL (1995) Endoscopic palliation for

unresectable pancreatic carcinoma. Surg Clin North Am 75: 969
988 T

. Lillemoe KD, Barnes SA (1995) Surgical palliation of unresectable

pancreatic carcinoma. Surg Clin North Am 75: 953-968

. Livingston EH, Welton ML, Reber HA (1991) Surgical treatment

of pancreatic cancer. The United States experience. 1
creatol 9: 153-157 - ntJ Pan-

. Merkle EM, Haaga JR, Duerk JL, Jacobs GH, Brambs HJ, Lewin

JS (1999) MR imaging-guided radio-frequency thermal ablation in
the pancreas in a porcine model with a modified clinical C-arm

system. Radiology 213: 461467

. Miiler B, Gloeckler Ries L, Hankey B et al. (1993) SEER cancer

statistics review 1973-1990. NCI Publication No. 93-2789. NCJ
Bethesda, MD ’ ’

. Morrow M, Hilaris B, Brennan MF (1984) Comparison of con-

ventional surgical resection, radjoactive implantation, and bypass
procedures for exocrine carcinoma of the pancreas 1975-198¢0

Ann Surg 199: 1-5

. Niederhuber JE, Brennan MF, Menck HR (1995) Te National

Cancer Data Base report on pancreanc cancer. Cancer 76: 167]—
1677

. Onik G, Rubinsky B, Zemel R et al. (1991) Ultrasound-guided

hepatic cryosurgery in the treatment of metastatic colon carci-

noma. Preliminary results. Cancer 67: 901-907
Robertson GSM, Wemyss-Holden SA, Dennison AR, Hall P, De

la M, Baxter P, Maddern G (1998) Experimental study of elec-

trolysis-induced hepatic necrosis. Br J Surg 85: 12121216
Schnall SF, Macdonald JS (1996) Chemotherapy of adenocarci-
noma of the pancreas. Semin Oncol 23: 220-228

Trede M (1985) The surgical treatment of pancreatic carcinoma.
Surgery 97: 28-35

Wade TP, Halaby IA, Stapleton DR, Virgo KS, Johnson FE
(1996) Population-based analysis of treatment of pancreatic can-
cer and Whipple resection: Department of Defense hospitals
1989-1994. Surgery 120: 680-685; discussion 686-687 ’
Walzel C (1976) Cryosurgical treatment of tumors. Chirurg 47:
289-293

Ward S, Morris E, Bansback N et al. (2001) A rapid and sys-
tematic review of the clinical effectiveness and cost-effectiveness of
gemcitabine for the treatment of pancreatic cancer. Health
Technol Assess 5: 1-79

Watanapa P, Williamson RC (1997) Surgical palliation for pan-
creatic cancer: developments during the past two decades. Br J
Surg 79: 8-20

Wemyss-Holden SA, Hall P, De La M, Robertson GSM, Denn-
ison AR, Vandetzon PS, Maddern GJ (2000) The safety of elec-
trolytically induced hepatic necrosis in a pig model. Aust N Z J
Surg 70: 607-612

Wemyss-Holden SA, Robertson GSM, Dennison AR et al. (2000)
Electrochemical lesions in the rat liver support its potential for
treatment of liver tumors. J Surg Res 93: 55-62

Wemyss-Holden SA, Robertson GSM, Dennison AR, Vanderzon
PS, Hall P, De la M, Maddern GJ (2000) A new treatment for
unresectable liver tumours: long-term studies of electrolytic lesions
in the pig liver. Clin Sci 98: 561-567

Wemyss-Holden SA, Robertson GSM, Hall P, De La M, Denn-
ison AR, Maddern GJ (2000) Electrolytic treatment of colorectal
liver tumour deposits in a rat model: a technique with potential for
patients with unresectable liver tumours. Dig Dis 18: 50-57
Yamamoto M, Saitoh Y, Hermanek P (1995) Exocrine pancreatic
carcinoma. In: Hennanek P, Gospodarowicz M, Henson DE
Hutter R, Sobin L (eds) Prognostic factors in cancer. Springcr:
New York

Yeo CJ, Cameron JL, Lillemoe KD et al. (1995) Pancreatico-
duodenectomy for—cancer of the head of the pancreas. 201 pa-
tients. Ann Surg 221: 721-731; discussion 731-733




Conclusion

The contribution of this body of work to the science and practice of surgery is
significant. At this stage, we are the foremost group in the world conducting
this research, looking at its application in both hepatic and pancreatic organs.
We have also commenced more recently the use of this technology in renal cell
tumours. This work has been presented at a number of scientific meetings,
both local, national and international, and has led to the commencement of
collaborations now with not only the UK but also a group in Stockholm and a
further group in Bordeaux. The potential place of this approach is well
illustrated in a number of the review articles which are included in the body of

this thesis.

Unfortunately the studies detailed have raised more questions than they
answer. However they do demonstrate electrolytic tumour destruction is safe

reproducible and able to destroy tumour in both animals and patients.

Satisfactory imaging of the process remains to be developed with magnetic
resonance scanning likely to be the most promising. Better electrode systems
and percutaneous technique remains to be developed. The role of electrolytic
treatments in pancreatic and renal tumour remains to be proven. However this,
as other ablative techniques, may offer a paradigm shift in our approach to
“surgical” management of solid organ tumours replacing the need to surgically
excise with adequate ablation. The attendant morbidity associated with major
surgical procedures may be avoided in the future for many patients with suitable

tumours.
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