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ABSTRACT
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rat was used to study the e;f‘fecfs of homolo gous

cross circulation and in situ liver perfusion.

Cross circulation with homologous donor did not '

significantly improve the asurviVallw‘cime or reco-
very rate of grade II animals. Homologous in situ
perfusion significantly improved. the ‘survival time
and recovery in fulminant ‘hepatic failure only

« when started in grade II coma; it has no effect

°

*  in the later stages of coma.

N

A thesis submitted for the degree of Master
of Science in the Faculty of Medicine,

Department of - Physiology of McGill University

1982,




N :‘fr'or‘his patient guidance and critical reviews, and

. .

¥

2

- o
8
[
3 a

4 a

This study could not have been carried out’
without the combined support of the members of the

Artificial Cells and Organs Re;searcwh Centre. :

n ~

V; "I owe particular thanks to Professor T.M.S..‘Chang

4

<

&

Mr. Colin Lister for hig invaluable.help in setting-up
the experiments. . '

I acknowledge gratefully the support provided
by) the Medical Council of Canada through the research

-

. fellowship.

X
L
b

e’

Ay




S AR A e e

!
Ll ol R R 4

f R l
B \ b
. .

Y, !
. R .
( ‘ ) " 1
. \ )
A
-0 i
. gl

.« _ABSTRACT ‘
|
ﬂ

e A galactosamine-induced fulminant hepatic
failure rat was used t6 study the effects of .homolo-
gous cross circulation and in sgitu liver ﬁerfusion.

Cross‘,ccirculat—ion with homologous donor ldid not signi-

ficantly&mprove the survival time br re‘éo)very rate

of grade II animals. Homologous in situ iiiveri perfusion

signif}cantly improved the survival time and recovery

- in fulminant hepatic failure only when started'in
grade IT coma ; it has no effect in the later .stages
) of coma.
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7

Fulminant hepatic failure-.is defined as sudden
severe impairment in hepaticfunégion culminating in en—ﬂz
cephalopathy, the encephalopathy being the result of
hepato-cellular failure agd oc;uring,within eight weeks‘
of the onset'of the symptomsl. It is ?haracterised by
jaundice, tremor, fetor hepaticus, and meptal changes,
starting from slight personalitx changes and prggressing
to stupor and coma.‘The characteristic biochemical ab-

normaiity is prolonged pfothﬁbmbim time and high serum

enzymes. The most common cause of fulminant hepatic
. [

failure is viral hepatitis A and B2, Other causes in-

clude hepato-toxicity due to drugs, chemicals and toxins
e.g., Paracetamol, mushroom poisoning and phosphorous.
Somg drugs cause fulminant hepatic failure due to hyper-
sensitivity reactions,e.g., halothane. Metabollc anamalies

like acute Wilgon's disease and acute fatty liver of

pregnancy are a rare cause of fulminant hepatic failure.

The mortality rate in fulminant hcpatic failure




[

¢

is extremely high, being of the order of 80-90%1. It is,

however, affected by many factors including age, etiology, -

£

grade of encejpr}alopathy and presence or absence of comp-
lications. With increésing age and grade of coma, the:
prognosis becomes worse. The mbrta:lity rate ir; fulminant
hepatic failure due to hepatitis A is better (17%) than
with hepatitis B (19%). Fulminant hepatic failure due to
halothane carries a high lﬁortali’ty rate (96%) whereas
that due to other drugs has a more favourable

»

prognosis (50%).

The complications most -commonly seen in fulm-

-

inant hepatic failure are gastro-intéstinal bleeding,

renal failure, respiratory failure, and acute pancreatitis.

The presence of any of the‘se.seriousiy affects prognosis

¢

and survival. .

>
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The treatment of fulminant hepatic failure xS

3

%

not satisfactory”. Routine or‘'conservative medical treat-

ment consigts of : ‘ )

’
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1\. Protein restriction, anti?‘gib\tics, and gastro-
intestinal cleansing, all aimed at 1:‘edq§1‘cinér
ammqnia production.

2. General: care of the patienfc including corr-
ection and maintenance of fluid and electro-—
lyte bglance and acid base balarce. 0

3. Treatment of comlicatioris. -

This -type of treatment has failed to improve

the grave prognosis and high mortality associated with

fulminant hepatic failure. Sirice the liver possesses j:he

property to regenerate even after enormous insults, a

nur;ber of temporary measures or hepat:lc supports have *

been introduced during the last thirty yearsu'5’6. The .

ai;n of such measures is to a.llow the patient to tide

through the cr:lsis of hepatic coma,lthereby giving time
to the liver to regenerate tc; a sufficient degree souea;s
to carry out-“its fuanctions. These include

1. Corticosteroids.,

2. Exchange Transfusion.
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3. Cross Circulation. . ' ’ - o
b, . Isolated Liver Perfusion. Y - s
5 Hémodialysis. ,
6,2 Ch”arc;oal Hemoperfusion. "
7. Transplantation. ’
8. Others, ingluding L-Dopa, héparin, hler‘noperfusion

» tgrouéh liver cells in culture, total body wash-out,

amino acids, and hemoperfusions through sorbents othe

than charcoal, e.g., resins.

1. Corticosteroids

The use of cc;rticos“ceroids was started in 1951

7

by Katz and Duccif’. A number of reports followed showing

’

be‘hificial effects of such a treatment in uncontrolle}i

]

89410 5ne such study was published by Katz® in 1962

which described 23 patients tréated with steroids during

a

the period 1951—196110. Besides steroids the treatment

trials

regimen consisted of bhroad dsp’ectrﬁm antibiotics, intra-

@

venous glucose, maintainence of fluid and electrolifte

balance, and in female patients testosterone proprionate.
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A survival rate of 39.1% was reported in this series.This
group wag compared to a series of sixteen patients treated-

during the period 1940-1950. The treatment consisted of

o ,
I.V. glucose only. Of these none of the patients\had

survived. The statistically significant results in this

A

report were attributed to the use of steroids only. Tﬁhs

I

@

imi A T
and similar uncontrolled e J&varlals describing the re-

covery of several patieﬁ%s reated by-'steroids, provided

4

the rationale for its use.

‘ The first controlled evaluation of .cortico-

steroid %hé}apy was«institute& by Ware et al in 197411.
Adnun. s v N

P LT e

L,

In this report no obvious benifit of cortitosteroid

therapy in fulminant hepatic failure could be demonstrated.

-

But no firm eonclusions could be drawn from this study

- ; . \ ‘
because by chance the number of patients allocated to

corticosteroid treatment was small compared to the control

group, (four patients treated by steroids as compared to
v

eleven in the control group who received a placebo.),

and the mean age was higher.
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Anothqr controlled trial was conducted by
Gregory by randomly allocating patients to corticosteroid

12

and placebo therapy ~. In this study 14 patients were
v

assigned to the steroid therapy,‘and seven of these died.

Of the 15 assigned to the placebo group only two died.The -

. A
difference in the two series was not significant statis-

¢

tically. These results were supported by another controlled

Y

study reported by Redekerlj. . '

l

3

©

Thus it was conclus}velj shown that cortco-

&

steroids do'not improve survival, but whether they have a

deterimental effect’ was not clear from these studies. A

e

.prospective co-operative study is being conducted by the

Acute hepatic failure study group, and definitive' inform-

&

1
ation regarding the value of corticosteroids will  then

~—

be obviousé.
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The underlying principle for exchange trans-

fusion was the removal of toxins and supplementing essen-

s
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tial factors. The firsF patient with fulminant hepatic

failure to be treated by Exchange Transfusion was reported
by Lee&Tink in 195814o This patiént survived. Subsequently
some encouraging results were reported by other investi-

gators3’15'16

. For instance, five out of seven patients
in one of Trey's series survived. Unfor%unafely, other
reports that foliowed were lesé favourable17. There was
also the problem of acquiring large quantities of freshiy
drawn blood since exchange of one blood volume did not
resﬁlt in immediate al%éviatioh of comal?, Thé use of

) )

anticecagul {was another unfavourable factor and the

°
E'd

risk of subsequent serum hepatitis a real one,,

By 1970, 9Z patients in hepatic failure due to

viral hepatitis had been treated by exchange transfusion

18

and they were reviewed by Rivera et al” . Analysis of

this seies showed a survival rate of 34%. The survivsl

, r%t% was shown to be higher if the feported study con-

sisted of less than five patients 'and much lower if five

or more patients were involved. Benhamou et al compared

L

< j
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compared the survival rate of 78 patients treated by

— T

o

exchange transfusion with a control of 270 patients

treated by various other methods19. They found no sig-

‘nificant difference in survival betweeﬁ the two groups.
4

‘McKechnie and Hersh observed only two survivors among 16

patients with acute hepatic failure treated by exchange

transfusion®’. In Ritt's series there were no survivor

among eight patients treated by this procedurezl.

In 1973, a controlled evaluation of the efficacy®
of exchangé transfusion in the treatment of fulminant
‘hepatic failure was reported by Redeker and Yamahi‘ro.22
The patients - -were randomly allocaféd to be exchanged or
not to be exchanged. The two groups were comparable 1n
age, hepatic fuhctigh, renal function énd‘depth of coma.
Eight patients were“exchanged and they all died. Four
out of the 13 patients not exchanged, lived. Thus there -
was n; increasée én survival among patients with fulminant‘

hepatic failure who were treated by exchange transfusion
("

when compared to patienfs who were not exchanged. Exchange




transfusion, however, does improve the neurologic status

and hemorrhagic abnormality.

LY
The u%e.of conventional haemodialysis in the

Aa.,
N .4 [

treatment of fulminany hepa%ic failure was first reported

in 1950°3. In 1956 Kiley et al showed that high blood

N

ammonia levels in dogs with portacaval shunts could. be
reduced by hemodialysiszu, and then proceeded to treat
25

five hepatic coma patients with this procedure®”. However,

all these patients had chronic liver disease and coma was
due to massive gastro-intestinal hemorrhage. They .reported
loweXing of blood ammonia levels after dialysis, but re-

covery \from coma occured 12-24 hours later. A patient

with fulmIxant hepatic failure was treated by hemodialysis

in 1961. Although ammonia levels fell considerably,
. . . 26
clinical improvement did not ensue™ .

n

By 1974, th%re were 19 reported cases of hepatic

coma treated by hemodialysis.27Ten recovered conscioushess




and five survived.0f these only six patierfts had $uffered

from acute liver failure. Three recovered consclousness

’
’

during and after hemodialysis and survived. Another one

° <

woke up but died later‘due to gastro-intestinél hemorr-
hage. Although not enough patients have been treated by
conventional hemodialysis to critically evaluate it's
efficacy. it was widely considered to be ineffective.This
may be due to the fact that although hiéh ammonia levels
are associated with hepatic coma, there is a poor co;
relation between the blood ammonia levels and degree of
encephalopathy.28
blood ammonia levels, e.g., use of sodium glutamate and
L—arginﬂbe. failed to provide any benifit.zg'BO Thus,

there was a reluctance to accept high ammonia levels as

an important cause for hepatic coma.

* In recent years considerable evidence has acc-
umulated thaf the toxins in hepatic coma may belong irmr—

the middle molecular range.jl'34 The conventional hemo- -

dialysis membrane is not permeable to these large molecules.

Therefore, membranes with a high cleafance for middle

4

&
%\;\J" -

Further, other methods employed to lower
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' molecules were developed and used. Opolon et al showed

that in pigs with experimentally induced hepatic_coma the: |

ro

survival time was prolonged when dialysis was carried out
| using p;lyacrylonitrile membraneBl(a membrane permeéble

to middle molecules). On the other hand, survival was

shortened as cbmpared to the corftrols when cuprophane mem-

brane was used. In subsequent expgriments they showed

that this detrimenﬁal effect of cuprophane ﬁembrane may

be due to an amplification of imbalance between normal “‘

and false neurotransmitters by ceclearing out low molecular

weight substances (e.g. peptides ).

]
Opolon et al also conducted clinical trials to

see the benificial effect of polyacryfonitrile membrane,
if any. Twenty-two patients with fulminanat viral hepa-
titis and coma were treated. Recovery of conscilousness

was observed in 13 patients (59%) as tompared to 23% among

" 108 patients admitted to the same unit during the period |

1965-1974, However, survival rate in both groups was

similar (22% with polyacrylonitrile membrane and 18% without).

T
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(NQ o o Polyacrylonitrile hemodialysis treatmeht was

\ L Y
were thus 'treated anﬁéeight survived (33.3%). These
‘ ' g
rssulys are significant when compared to a seriesiof
\ .
4 patients treated censervatively in the same unit. But

) oy
the results of the two groups were not comparable.

S .t e S o ey W e gy W " —— . -

Charcoal hemoperfusion was carried out for the
first %ime in a patient with grade IV fulminant hepatic
coma in 1972 by Chemg.j3 Aithough there’ wasg comp;ete‘re~
cévery of consciousness after the first and third hemo-

. per&hsions, gnd some improvement after the second, the
patient did not survive for more than three weeks. Tr?at—

‘ment of this patient with EX-01 coil hemodialysis had not

affected consciousness.

- - - -~ — The second patient with fulminant-hepatie— —- —
failure to be treated by charcoal hemoperfusion was re-
ported by the same group in 1973.34 In this patient, the’

onset of hepatic coma and clinical deter¥oration was ex-

12

. also.reported by?-ilk and Williams+<2% Twenty-four patierts— —

B

o
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tremely rapid and it was thought that hemoperfusion had

' been carried out too late to be of any benifit. A™third

35

patient”*; after showing no response to conventional’
@

hemodialyslis for three hours, was treated by charcoal
hemoperfusipbn for 45 minutes. Thére was no -immidiate
'response, but consclousness started to improve the next
day and she survived.“All these three patients were
treated by ACAC (albumin coated activated charcoal) in

¢

which platelet losses do not occur to any significant

v
~

degree. Three more patients have been treated since, one
with viral hepatitis and two with chronic-liver disease.

None of thege recovered.

Charcoal hemoperfusioruégia.iéigé series of

patients (37 patients) was reported from King's College

rd
r’e

Hospital.B? The Charcoal used in this 'series was covered
by 4% by weight coating of hydrogel polymer. In this
initial series 17 patients (46%) recovered consciousness.
The patients were perfused on an average three times and
&

improvement in consciousness took place 12-18 hours

following the final perfusion and not during the procedure.

13
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hemopérfusion in fulminant hepatic failure patients is

. NV . e

[

Fourteen patients recovered coﬁpletely (37.8%). At the

same centre survival i1If 51 patients treated conservatively

was 15 «3%. In this series small changes in platelet counts

B oot )
were noted during perfusions, considerable drop in platelet
| >

- count occured from day to day. Four patients had major

bleeding episodes which contributed to death. However, the

B4

platelet losses in these cases were no gréater than in

cases where no bleeding occured. The encouraging results

led to more clinical trial at this centre.38 and 34 patients
were treated by charcoal hemoperfugion. But in this series
only three patients survived (8.8%), so that overall sur-

vival in 71 patients treated at this cefitre was 23.9%.

Many Jf the patients who died in the later series developed

G
gsevere unresponsive hypotension and the cause of hypoteénsion

) @2
was thought to be the release of vasoactive substances

from platelet aggregates. These substances were demons-

trated in blood leaving the charcoal column.

Another centre active in carrying out charcoal

George Town University Hospital. A single patient was

14
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successfully treated in i9?6,39 then a series of nine

patients treated by charcoal hemoperfusion was reported.uo

0f these nine patients, éight regained full consciousness,
but only three survived. Platelet levels decreased

dramatically in two patients and so did clotting factor

4

V, VII, X and XI in one patient studied.

N

Some Japanese investigators have also reported

the use of charcoal hemoperfusion in the treatment of

¥

fulminant hepatic failures. In one such series 10 patients

S

with fulminant hepatic failure due to viral hepatitis and

drug hebatitis were treated by charcoal hemoperfusion.L"1

Seven patients had improved consciousness after the pro-

-

cedure and three of these survived. In another series the

hepatic assist system consisted of ACAC charcoal hemo-

hz Fifteen patients were treated

perfusion and hemodialysis.
by this procedure, and threg survived. In all the cases
that survived hemoperfusion had commenced in grade II or

III hepatic coma, while in those commencing at IVa or IVb,

all died eventually.

o

15
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(” ) The results of all these studies show that the
survival rate is not superior to the controls or conser-

. vative treatment. However, it has been shown that charcoal . \

d

4
hemoperfusion is effective in reversing the encephalopathy

of hepatic failure. Recent results obtained using a galacto-

sami%e'inducedfulminant hepatic failure rat model shows

o

that survival can be improved to ‘70% (from 30%),when -

. charcoal hemoperfusion is instituted in the earlier stages ’

. .
) of coma.102 Also as suggested by Chang, charcoal hemo-

perfugsion may form an important component of a more com- _

plex system, fathgr than constituting alone a complete

\w \ <
, artificial liver. : |

[

5. Liver Transplantation :

B ke St S W T " ¢ e e 00 Nt s e

In fulminant hepatic failure where the hepatic ’
injury 1s considered to be potentially rev?rsible, an
auxilliary transplant was considered of value. This would
allow assistagce for long intervals and the sacrifice of
the recipient liver is prevented, which can regenerate ;

and function normally. It was also initially assumed that

placing an extra liver in the abdomen would be safer and

16




‘have’ belonged to two major groups, i.e., malignancy of the

technicélly easier than orthotopic transplantatiénr However,
several difficulties associated with this procedure have

led investigators to abandon it.*3 It is difficult to find
room for an extra organ.uu It is applicable to non-in-
fectious, non-malignant condiJcions.Ll'5 But above all the
auxilliary organ competes with recipient liver for_gome

metabolite in the portal blood.*Hr 46

\

The liver which first
hés éccess to the portal blood retains it's functional a0
and morphological integrity while the other undergoes‘ . Vs
atrophy. Thus this form of liver trésplants are no longer ,;//
emﬁloyed and orthotopic réplacement of the liver is the
procedure of choice. In this case technical difficu%t&es
in removing the diseased liver and replacing it are major
‘challanges.47 Other problems include céagulation defects,
metabolic abnormalities and biliary duct comp;icationsJ47
Rejection of the graft is not as severe a pfoblem as with
some other kinds of grafts, e.g. kidney.uj’b?

Most patients treated by hepaﬁic t{ansplant
liver and parenchymatous liver disease%@’“9»most invest-
igators feel that fulminant hepatic failure is not an

I

17
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47,50

indication for liver transplantation. Thig is due to

the fact that patients in deep hepatic coma have uncértéin
prognosis, and are bad surgical risks. However, another
approach has been suggested by'Sutherlapd et al. This
group‘has shown that ﬂepatocellular transplantation either
l\‘ intraperitoneglly or in the portal vein increaséd the
survival of dimethyl nitrosamine treated rats significanély

| when compared to controls.51 This approach has. not been

utilized clinically yet. - ‘ B

9

i . - o

' 6.___Isolated Liver Perfusion :_
. \ ‘{;,;) N ¢ -

v '

| THéEperfusion of isolated liver has been used
" xfor physiologic studies since the é;fly part of this

« b century, e.g. in the investiéation of the dynamics of bile

secretion.52 and the control mechanisms of the hepatic

dual blood supply.53 Advances in the use of pump oxygen<:
ators not only provided a great stimulus to fp;sé studies,
but also oﬁengﬁ_new avenues for approaching the treatment
of hepatic comaa54 The possibility of substituting a normal

liver during the phase of overwhelming hepatic insuffici-

ency seemed attractive. The liver would carry out the

18
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(: - ' excretory®and syntetic functions and risk to the norma

v " . . -
- donot was notY;?yolved, as in the case of cross circulation.

Y

¢

To find out the feasibility of such a procedure

"

e - . some early studies showed the ability of the isolated pig
s liver to convert ammonia to urea when perfuseéd with

-
~

homologous bloodzﬁu Also, pig liver when washed free of

i

o St o it e

PR Ry
N

5

its' blood was shown to function satisfactorily. >’ However,

.

! ‘ "in some cases a severe venous outflow block was encountered.

v Factorssleading to this increased vascular resistance

o

. _ . were evalﬁeted. Acidosis, adrenaline, histamine, hypo-

i h o jhermia and antigenic extracts of some parasites re .
inbriminated»in it;s causation.SéThefefore, when in later
L %stééiés physiolegic conditions of témperature, perfusion

o

-

pressure, PH and strict asepsis were maintained, out flow

< . .
» ‘. @ ' ‘

B ) resistance was not encountered. Perfusing such a liver

o

resulted in good bile flow and effective clearance of
- o ammonia, bilirubin and galactosamine.The liver responded
- { . : to a choleretic agent by an increased volume of bile

/ e 55

excretion.
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The first clinical trial using isolated hetro-
logous liver perfusion in the treatment of fulminant
hepatic failure was reported by Eisman in 1965.55 This

series consisted of eight patients. «Clinical improvement

l
varied from dramatic return of consciousness to only slight ”

q

neurological improvement. None of these patients survived

3

Sh a long term basis. ) u o .

v

#

Subsequent clinical trials were done at various

57,58, 59,60, 61

other centres. In some of these centres

modification and.optimization of the method and circuit
was al;owdone to mimick ph&éiolog?o conditions ds closely
as possible.-éz’63 But the results were not egcouraging.
For eiample, according to -one report 27 patients were

’ . :
treated by isolated liver pe%fusioﬁ by 1971 aqd only thre?
survived.59 Of these two were young children. All three
s&rvivors had received cortico-steroids and two had ‘ex-
change transfusions also. The major cause of death in’
‘this series was gastro-intestinal hemorrhage.

#

Sometimes a perfused liver which is functioning

20
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well biochemically will deplete the patient's blood of
platelets, worsen prothrombin and clotting time, and:pro-

OVA N
duce severe bleeding. This was note% by H%gﬁmﬁn ina .’

series of four patients.éo Winch carried out experimental

studies on the mechanism of the coagulation disturbance.64

It was found that fibrinogen is lost not only to the fluid
surrounding the pig liver, but also in the pig's liver

itself, as evidenced by ' the presence .of fibrin in the #
}

~

s?nusqidé‘at the end of perfusionq This could be res-
ponsible for a parallel.loss of platelets.These phenome-
'an;n could be related to the endothelial damage in the |
sinusgidsldge to ischemia during the isolation and pre-

. servation of the liver. Winch went on.to suggest that to

-

s¢reen out livers {that would cause platelet depletion; a

[

test can ?7/done."n this°test radioactive fibrinogen is

/

/ ) ‘
administefed to/the isolated liver. If there is a fall

in its' concenftration in the out flow, the liver should

3
4

be discarded,|because such a liver is liable to cause
]

platelet deplletion and consumptive coagulopathy.

Another cause of thrombocytopenia,brought to
. ‘ |

U a
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lightnby Hickman is the immunologf% reaction on the part -
of the pig liver to human blood perfusion. Perfusions of
livers from calves, pigs, and lambs with humgn blood
resulted in thrombocytopenia within 30 minu‘tes.65 In
contrast, perfusion of baboon liver with human blood,did
not provoke sigﬁificant thrombocytopenia. There was no
difference in platelet levels’ using -livers from Baboons.
with blood groups either compatibie or not compatible

&

with the human blood being perfused. The 5aboon liver

has also been used for cross circulation and no immunglogic

" reactions have been observed.9O Therefore Hickman et él

decided to use baboon liver only for hepatic assiét.

o
P .

The use of babddh liver for hepatic assist was

66

5
[

reported by Abouna in 1972. Two patients in deep hepatic

coma due to viral hepatitis were treated by baboon” liver

perfusion. These patients had failed to respond to ex-

change transfusion instituted earlier. Both patients made

) !
- complete recovery. No immunolgic reactions were noted. In

these two cases a rise in the level of liver dependent

clotting fdctors accompanied the clinical improvement.

o

22
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Also, the baboon liver could function upto 24 hours extra-

fcorporeally, whereas in porcine livers’ it is difficult

to ma%ptain pérfusion fog mare than a few hours. This
early success with baboon liver perfusion encouraged some
investigators to carry out the procedure in a large series
of patients. One such report was published in Tuzig,
Germany,which showed that baboon liver perfusion did not

67

improve survival in a large series of patients.

Te Cross Circulation : ™

Cross circulation has been carried out since
the later pa?t of the last centuty to study wvarious phy-
siologic processes in animals. The first recorded cross
circuiation experiment in animals was done in 1890 by

2

Fredericq to study the chemical factors affecting

respiration.68 Since then cross circulation has been utiliged

to study a variety of physiologic phenomenon. In 4910
Hedon showed that a pancreatectomised dog did not develop
diabetes if cross circulated with a normal dog.69 Nygri

observed that B.U.N. in a nephrectomised dog can be reduced

by cross circulation.7o Cross circulation has also been

23




used in indgsing tolerance to organ transplant71’72‘and

i

in organ failure, especially liver, kidney and bone,

75,76

0 \ ' -

. J
In human beings, cross circulation has been

marrowe.

utilized in studies of human diseases. In 1936, Rosenthal

77

sought to find pressor substances in hypertension.
Bierman, in 1951 used cross circulation in studies of

78

luekenmia.

=

Cross circulation has been an intriguing poss-

ibility for supporting patients with organ failure and

to sustain life during a potentially reversible illness.

It has been utilized in eclampsia, hypertension, and
renal disease in 1952.79 In 1940, Duncanr showed clinical

80 Further, cross

improvement in two uremic patients.
circulation has been used by Warden during cardiac surgery
to perform cardio-pulmonary by-pass.

-

Despite these early experiences, cross circul-

-ation was not generally applied to man because of tech-

24
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nical difficulties related to access and heparinization
After the development of indwelling arterio-venous silastic-

82 . . .
cross circulation was used in

teflon cannulas in 1960,
the treatment of gulminant hepatic fgilu{e, renal failure
and bone marrow failure.

" In the treatment of fulminant hepatéﬁyfailure,
cross circulation had some advantages when compared to
gxchange transfusion, a procedure being used extensively
in the sixties. Large quantities of freshly drawn blood
arnid heparinization were required for exchange transfusionZ
but not fgr cross c%rculation. With the usual flow of
100 ml/min cross circulation was considered more efficient
than plasma or whole blood exchange. Adjustment of elec-

"/

trolyte and acid base balance occured during cross circ-

”
\

ulation and other metabolic disturbances were also

corrected. .

Twenty-one patients with fulminant hepatic

'failure had been treated by, cross circulation by

1973.83’84’85’86’87 Another patient, treated in 1977,makes

25 .
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the total of twenty—two.88

0f these four patients survived
without continuing evidence of chronic liver disease.
Several othérs regained consciousness for varying lengths
of time. There was amelioration of symptoms in 14 patients.
Fourteen autopsies were done, and seven showeci evidence

of hepatic regeneration. No(:t all patients treated by cross
cirm;lation have shown a temporary improvement. There

have been two donor deaths due to immunolgic rea.ci:io.‘ns.s6

(One due to anaphs.rlactic shock and the other due to

delayed immulogic reaction.)

The published data are inadequate for the eva-
luation of cross circulation. But it is generally considered

that thé results are poor. Further, there are obvious

g -
dangers to the donor and there have been two donor deaths.

In an animal study published in 1969 it was shown that

.
i

when baboons were cross-circulated for no more than four

days, the procedure was relatively safe.89 Beyond this

‘period, hematologic abnormalities and anaphylactoid re-

actions potentially fatal for one or Both members of the

union occured. These 'authors concluded that cross-

26
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circulation js a safe procedure when carried out upto 4
days and no longer. The results of these studies were
applied to clinical trials and cross circulation with tHe
same donor was not carried out for more than 4 days. But
in a case reported by Burnell in 1973 the death of a donor
resulted from anaphylactic reactién within min{ites of
stargfg cross circulation. This was the fourth donor for
tbe p;xtient and the occurencef}of anaphylactic reaction
was presumably due to antigens sharea with previous cross
circulation donors.,

In the early sixties it was proposea that only
neurologically dead or fatally i1l patients should be

1

used as donors. But this raisies social and ethical prob-

o
lems. These mainly centre on the meaning of clinical versus
biological death. Therefore, cross circulation with
baboon hés been proposed. Such a procedure was reported
by Saunders in a.single patient9o. In this report there
was no immediate or subsequent evidence of harm to the
patient. The e;uthors concludéed that cross circulation
between man and baboon is a safe procc.adurev. However,in a
recent report of cross circulation between man and» baboon
(from Germany, the procedure has been shown to be ineffective

67

- in the treatment of Fulminant Hepatic Failure .

27
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Since the results of these clinical trials are

inconclusive, many investigators have given up clinical

\

trials until more experimental work is done in animal.
models to see if cross circulation increases survival in
a large number of test animals when compared to controls.

The animal studies conducted so far have have mostly used

-

hepatectomized animals,which différ in the paﬁhogénesis

91,92

of fulminant hepatic failure in man . For‘example,

Sicot et al reported that Systemic-Systemic cross)cifcu-

B

lation was effeetive in improving the EEG of "hepatecto-

mised rats’'at a higher exchange flow rate(i14.0ml body Wt'l)

whereas Portal-Systemic cross circulation was effective

" even at lower exchange flow rates(6.4ml min_l) 91 (In

Portal-Systemic cross circulation,systemic blood from

the liver-less raf was infused into the portal vein of

the normal rat). Since improvement in EEG does not mean
recovery, and we are more interested in finding out whether
the animal recovers and lives after the cross cirgulation
procedure, an animal model is needed which could recover
and live on a long term basis 'if the procedure which is

being tested is effective. We therefore used .glactosamine

induced fulminant hepatic failure model in rats. Apart

s s S S i W,
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from the above mentioned criteria, it has other featuros,

-

which make it superior to other animal models of Fulminant
Hepatic Failure known at the preéent time. This model will
be described in détail later.

All the foregoing methods or support s&stems

o

have generally shown discouraging results. In. some cases,

'y

e.g. controlled clinical trials of exchange blood trans-s

fusion and ‘corticosteroids in fulminant hepatic failure

gavé shown conclusively that they have no beneficial
effecg on survivals In others,e.g. cross circulation and
liver perfusibn no controlled clinical trials have been
done and investigators are uncertain and indefinite ag
to the efficacy of these methods in fulminant hepatic

failures. Controlled clinical trials are difficult to

carry out in'patients with fulminant hepatic failure due

. To many reasons. The -number of patients seen at any centre

each year is small so that statistical analysis is diff-
icult. Each centre has its own mortality rate,grading
of coma and varying extent of }ntensive care. The prognosis
in fulginant hepatic faillure depends on a number of
factors,e.g. etiology; age, degree  of encephalopathy and

-

presence or absence of complications. Further, the course

«
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of disease in each patient is variable and the cause of
death multifactorial. Therefore, an appropriate animal

model is needed so that the efficacy of different support

systems can be tested and compared under constant conditions.

A large number of animals can be used in order to do

s

statistical analysis.Requirements for an animal model of

¢

fulminant hepatic failure include ;93

o - — - - oo ——

I. Reversibility : The hepatic failure produced should be
potencially reversible, to enable animals to respond and
recover with suitable treatment.

II. Reproducibility : The mortality should not be 100%,

o s e s S o i o b
0

and the pattern of disease should be gulite constant, i.e.
onset of coma, déiration of coma and time of death.

III. Death from liver failure : A selective lesion should

oo W (ot s Gy Rt ot T sy T ot fam o St o - —

']

be produced which gives rise to death from liverfailure,
after a suiltable time interval which 1is sufficiently long

to allow treatment to be instituted. .

The available animal models of fulminant hepatic failure’
) .

’

are :-

o T v — - — - -

a._Anhepatic Model : They are irreversible and the absence

s

-#
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of damaged liver cells makes them fundamentally different

ol

from human fulminant hepatic failure”’".

b. Devascularization : Complete hepatic devascularization

produced non-reversible model which lacks reproducibility

95,96

because survival rates vary enormously . Temporary
devascularization has been studied in non-anesthetised

dogs using balloon occluders on the portal vein and

! e

hepatic artery97. This gives rise to hepatic dysfunction
and death within 12-18 hours. This is a better model of
fulminant hepatic failure(as compared to the other two

mentioned above, but surgical skill is required and not

enough time is available to grade coma and apply treatment.

G - — et s — —— — A bn —
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but also kidney and the ‘lungs. The response is variable

and it is dahgerous for the starr 27,

b. Paracetamol : The mean survival time 1is very variable

and reproducibility unsatisfactory 93.

c. Dimethylnitrosamine t+ The model is irreversible 98.

s e ot s 0 e - o ——

d. Galactosamine ¢ This model was originally used in

Ot T e o - — s e —

basic pathological studies 99'100. It has been developed

as a . model Tor treatment of fulminant hepatic

31
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failure y and was shown to be reversible,

faty]
I~ 4

g
b ,
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is the model used in this study and will be described in

detail later.

o —— —— — —

@ S - N .

' : The amino sugar, galactosamine, when injected

intraperitoneally in the ra’és is taken up by the liver

very rapidly. In 3 hours about 20% of the given dose

M . can be recovered from the li.verloo. In the liver the

metabolism of galactosame follows in its' first steps the

4

( reproducible and death occured from hepatic failure. This

. " pathway of D~galactose and enters the pathway of D-gluco-

A8 :

°

samine. Galactosamine-I-PO4 and later UDP galactésamine
is formed. UDP Galactosamin-e is conv;arted to UDP gluco-
samine. The compound does not serve as a uridylate donor
in the uridylyl tfansferase reaction as does UDP glucose
which is generated in galactose metabolism. Therefore,
UDP hexosamine acts as a trap mechanism for ur‘idylate,

" thus interfering with cellular metabolism and causing

( , ‘ . cellular injury

4

99,100 .
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Galactosamine liver injury has many features

in commén with human viral hépatitis as judged by histology .
J i ’ .
- and biochemistry 220100:101,103 "y io10gically, the

.
& , :

..~hepatic lesion resembles acute viral hepatitis in man.

. ! ‘
There is intensive inflammatory reaction of periportal

areas, proliferation of‘cholangioles, appearance of uni-
.~ and multi-cellular necrosis and Councilman bodies, and

lack of fataily infilteraéion. This reaction is at its'
peak at 48 hours after galactosamine injection,when '
' maximal damage to The liver has occured 101'103. @

>

» o

' °

The serum enzymes increase rapidly and reach
.a'beak by 48 hours in the case of‘éGOT ;nd 72 hours in-
the ;aée of LDH. Serum alkaline phosphatase does not
Jchange significaﬂtly 101'103.
; The prothrombin time also increases rapidly
a" }afggr galgctosamine injection reacging more than 100
. seconds affer‘48 hours, and maintained at this level

4 : . - /
. .
.

when followed:upto 72 hours. This correlates with a

Fl /! o %

bleeding %endency in the animals 101,

3

-

The serum. bilirubin increases steadily after ¢

e
«
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24 hours of galactosamine injection reaching a maximum
Tevel at 48 hours. The blood glucose falls steadily so

that by 72 hours it is exfremly low.

When 1.1 gm/Kem of galactosamine was injected .

intraperitoneally in rats, the course observed was as

follows101’102. At 48 hours most of the rats were in coma

(grade II & III ) and histological and biochemical data

uuindicated maximal hepatic damage. By 66 hours majority

of rats wefre either in grade III or had died. Once the

animal was iﬁ grade III or IV, death\occured within a

very short period of time (2-1 hour). Thus most of the

animals that died did so at 340.5 days. Those that lived

this period, survive + When an appropriate dose was

given (in this case it was 1.1 gn/kgn) about 30% of t?e
rats lived.

Thus the rat model of galactosamine induced
fulminant hepatic failiure shows reversibility, reproduci;
bility, and death occurs from hepatic failure. No other
orgaﬁ is primarily affected except the liver. The
histological and biochemical ‘features resembles viral

5
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hepatitis in man; Coma can be gréded and enough time is
available from the onset of coma to death to institute
treatment. Treatment can also be instituted in different
grades of coma. No surgery is required to induce the liver
failure, and the procedure is not hazardous to personnel.

Thus at the present time this model seems to be the most

suitable one since it complies to all the criteria mentioned

‘above.

This model has been used sgccessfully in this
laboratory for charcoal hemoperfusion studies. In these
series of experiments not only-the recovery rate of ful-
minant hepatic failure raté‘treated by charcoal hemo-~
perfuéion was compared to matched controls,but also the-
effects of hemoperfusion rate and time of initiation of
hemoperfusion on the survival of fulminant hepatic failure
rats was studied. In the first set of experiments, 21
fulminant hepatic fallure rats in grade II coma were
tfeated with one hour hemoperfusion and cempared with an
untreated group of 23 rats. 71.4% of the treated rats
é;d 30.4% of the untreated ones recoveredt Statistical

analysis showed a significant increase in recovery for

-the treated group 101.
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In subsequent studies the effect of gidod flow rate and
time of initiation of hemoperfusion after fhé onset of
fulminént hepatic failure on recovery rate was studiedloz.,
The effect of blood flow.rate was studied by %reating 2
groups of animals in grade II coma (48 hours after glacto-
samine injecﬁ;on, at 1ml/min and 0.5ml/min) and their
recovery rates compared to matched cont?ols. The recovery(
rate for the first group was 71.4% for treated and 30.4%
for the cgntrols, the difference being highly significant.

However, with a floe rate of 0.5ml/min the recovery rate

was 2U.2% for treated group and 16.7% for the control;

this difference is not significant.

e

3

. When hemoperfusion was carried out in rats with
grade III hepétic coma (66 hours after the galactosémine

injection), the recovery rate dropped to 0%,i.e. none of

the 14 rats so treated survived. Thus the time of initiation

" of hemoperfusion has a bearing on the outcome.

It was noted that at 66 hours there is a severe

«

coagulopathy related to bleeding in the rats. In order to

rule out the possibility that death of the animals at 66

hours may be due to severe bleeding, exchange transfusion

was done before hemoperfusion. In animals with grade II

36
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coma the survival and recovéry was significantly
increased. For those in grade III coma the survival and
recovery was still not significant when compared to the

control group. » ‘ ¢
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ANIMATS : _

Male Wistar rafs weighing 270-299 gms were

used, the age range being between 47 and 67 days. Standard
Purina rat chow and wg&er ad libidum was given to all rats.
After glactosamine injection, they were allowed éo drink

10% glucose solution instead of plain water, but the diet

was the same as before.

GLACTOSAMINE SQLUTION :_ . .
D(+) glactosamine hydrochloride (Sigma
Chemicals Co.) was prepared just prior to use in the form
of 100 mgm/ml sterile normal saline. It was then adjusted
to physiological pH with 1IN sodium hydroxide solution.
The animals were given glactosamine injection intraperi-

toheally, the dose being 1.1 gm/kgm in groups A,B and C.

In group D the dose was reduced to 0.8 gm/kgm.

"GRADES OF HEPATIC COMA

The grading of hepatic coma as used in the rats

—

in this study is as follows :
GRADE I Hepatic Coma : The animal is sedgted, but awake.

GRADE II Hepatic Coma : The animal is drowsy.

L1
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fﬁg@%{}g};_f@ﬂfﬂ@ftf&?f{i'The animal'sleebs nearly all
the time,but can be aroused.

GRADE IV Hepatic Coma : The animal is comotose, and
cannot be aroused.

These grades of hepatic coma have been arbi-

trarily chosen and do not necess arily correspond to,

t
5

similar grades of coma in man.

IHE GROSS CIRGUIATION PROCSDURE :

48 hours after thegalactosamine injection, two
rats sin grade II coma were selected. They were again
weighed. It was noted that the rats usually lost 15—25;m
in 48 hours. Those rats thét did not looseweight were not
as sick as thé others and almost always surviyed. So the
rats that did not loose weight were not included in. the
study. One of the rats was picked up at random (usually
by flipping a coin) to be treated by cross circulation.
(This group will be designated as the treated group or
the fulminant hepatic failure rats (F.H.F. rats)). The
other was used as a control. Both were given nembutal in
a dose‘of 40 gm/kgm intraperitoneally.

Y

In the F.H.F. rats (the treated group), cannu-

“lation of the femoral artery and vein was next carried out.

39
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DIAGRAM 1

THE CROSS CIRCULATION PROCEDURE (GROUPS A & B)

Femoral Vein

"FL.H.T ' ‘ DONOR
RAT®

Femoral~Vein Femoral Artery

<y o

o




(’“
'
S

For this, the vessels were exposed,the tissues around
thgm cleared and the artery and vein sogarated by fine
curved forceps. Threads were put under either end of the

exposed vessels, and using a.small stereofcopic dissecting

¥

microscope *a small cut was made in the vessel. Using a

polyethylene tubing (internal diameter 0.011 inch) the
-vessel was cannulated. This tubing was connected to a

. wider tubing (internal diameter 0.34 inch) through an

intermediate portion of tubing (internal diameter 0.23).

In the arterial cannula (the afferent line) the widest S

/s
s

polyethylene portion was long so as to circuit around'th/
Minipuls Gilson pump. The same portion of the venous’
cannula (the effeijt line) was small since it wouid be

connected to the afferent line or the arterial cannula of

the donor (healthy rat) rat on the other side of the
pump. (Diagram No. 1)

All the lines were thoroughly flushed 'with
saline before thé cannulatiggs!and then primed with heparin,
10 I.U/ml . After the cannuiations were completed heparin
was given in a dose of 1.333 ml/kg intravenously. 1 ml

of a solution made up of 10gm/100ml glucose and 12.5

gn/100m1 albumin in normal saline was also given intra-

b1 ' A
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‘venously. This solution was given because blood glucose

and albumin are very low in the sick rats at 48 hours

" after galactosamine injeéfion. Also some blood is lost

o

duriﬁg cannulation, especially from the artery and the
volume is thus replaced. Thirdly, it invariably resulted
in_a better blood flow. The reason may be that since the
level of plasma protein was low, fluid shifted to the )
interstitial space. With the replenishment of some of the
protein, thig fluid would return to the vascular com-
partment. :

To the donor rat (the healthy cross ci?culation
partner)’nembutal was given in a dose of 78 mgm/kgm. The
femoral artery and vein were cannulated ugsing the same
afferent and efferent tubings as described above for the
F.H.F. rat. 1000 I.U. of heparin were given intravenously
after completion of the cannulations. A 7gm/100ml solution
of Albumin was used to replace any blood losses in the

donor rat.

After completion of the cannulations in'the

F.H.F. and donor rats, cross circulation was carried out

between the two. It was done by connecting the afferent

, .
line(arterial cannula) of the F.H.F. rat to the efferent

o
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line (the venous cannula) of the donor rat, and, vice versa.
The connections were made by an 18 gauge needle. One of
the pair was placed on a scale to ensure that no changes
in the blood velume of éither of the rat occur. Each cross
circulation procedure was carried out for one hour. Two
exchange flow rates were used in two sets of experiments,
i.e. 0.5ml/min in Group A and 1.0ml/min in Group B.

After the cross circulation wa; over, th; two
rats were disconnected. The blood in its' lines was
returned to the F.H.F. rat. Protamine sulphate was given
in a dose of 1.5gm/kg intravenously. When all bleeding in
the wound stopped, it was closed by metéllic clips.

In the control group, all the §E?ps were done .
in the same sequence ac for ®he F.H.F. rat except no crosg
cirgulai%on was carried out. Thus the femoral artery and
vein were exposed. The femoral vein was cannulated. Haparin
and glucose-albumin golution were given in doses mentioned
above.~Protamine sulphate was given in the énd.thé
wound was closed by metallic Qlipé after all bleeding

e

had stopped. .

cu
The F.H.F. and controllrats were closely .

obseryed. For the rats that died, the time of death was
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noted and an autopsy performed. Rats that survived were

observed for one monﬁh, and then sacrificed. "Recovery"

¥
1

is defined, in this study, as those animals which
continued’ to live when followed for one month from the
time of the galactosamine injection.
INN SITU LIVER PERFUSION :

-In-situ liver perfusion was done in 2 sets of
experiments :+ (1)«In Grade II hepatic coma (Group IIA)

(2) In Grade III hepatic coma (Group IIB)

GRADE II-Hepatic Coma

The procedure is essentially similar to the one
described above for cross circulation except that in the
donor rat for liver perfusion, the portal vein was cann-

ulated instead of the femoral vein. The F.H.F. rat was

treated in exactly the same way as for cross circulation.

For cannulation of the‘portal vein in the donor

rat, an.uﬁper abdominal incision was used. The intestines
were carefully displaced from the right uppef abdominal .

quadrant to expose the portal vein. The edgés‘of the ab-

f °

dominal wound were cauterized to prevent bleeding from

these after heprénization. The portal vein was cannulated

Ll
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using the efferent (veéenous) cannula described above. The
wound was kept moist by frequently putting saline at 37°%¢

on it, and heat loss was prevented by covering the wound

w :
an ordinary lamp on it. Since

with a gauze and ;hinning
some blood loss was anticipated from the abdominal

surgery during the liver perfusioﬁlprbcedure,.the femoral ~
vein Was al'so cannuiated to administer 7em of albumin

solution whenever reguired. In most experiments, an initial
b o 1"’ - k&

1-2mls was all that was required. The donor rat was given

1000 I.U. heparin intravenously. In-situ liver per-

fusion was carried out by connecting the arterial cannula
of tpe F.H.F. rat tp the portal venous cannula of the
donor rat, and the arterial cannula of the donor rat to
the femoral venogs cannula of the F.H.F. rat(Diagram No.2).
During the in-situ liver perfusion procedure, one of the

rats was placed‘on a scale.

)

Joa

The qontfol rats were cannulated in the same
manner as tﬂé F.H.F. rat, and treated in same way except
that the liver perfusion was not"carried out. The average
exchange flow rate obtained in this group of experiments
was 0.8ml/min. Each procedure was done for 1 hour. As“

3

before, the rats were carefully observed after the ex-

Y
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cannuléﬁed and cannulas passed in%o the Inferior Vena Cava.
The polyethylene tubing was joined to ‘a Silastic tubing
and this end was brought out gn the- back of the neck,'
subcutan?ously. Sil%ﬁtic tubing wéé used in this part of
the cannula because it can be effectively occluded by a

strong thread, whereas polyethylene tubing can not be

A

occluded. Thus blood oozing was prevented from the cannula.
By sucking at the silastic end of the cannula by a syring,
it was made sure that a good blood flow could be obtained.

If a good blood flow was not obtained, the position of the

cannula in the leg -was readjusted. Thus a approximate

position for the cannula was obtained and it was glued in
this position in.the leg and on the baok_of the neck byﬁ
crazy glue. The glue also prevented bleeding frgm these th
sites. The leg wounds were closed by metallic clips after
all bleeding had stopped. 0.5ml of salinecontaining 25I.U.

of haparin were injected in each tubing on the day of the

‘cannulation. On the foliowing day. (48 hours after galacto-

samine injection) the tubings were flushed with saline to
see if they are patent or not and to dislodge any small
clots® kthat may have folmed. Then 0.5ml of saline containing

o [ N

12.5'T+U. heparin was injected in each tubing. Glucose

yy ;
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periments. Time of death was noted and autopsies per-

formed on those that died.
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Since- animals in gradé III coma are very.
sensitive to eveﬁ extremely small doses of anesthetic,
chronic cannulations were done to avoid its' use at the
time of liver perfusion.

It was found during the preliminary trials of

thgse experiments, that if nembutal was given a few hours

_before cr after galactosamine injection, the rat is pro-

tected from the effects of galactosamine and liver failure

"does not develop. Therefore, nembutal was given and

cannulations done 16 hours after galactosamine injeqfion.
It is expected that by this time—all the galactosamine
has been taken up by the liver, and has exerted its' effect.
In these initial studies it was found that the éourséf‘\w
and -development of hepatic\failure as well as mortality
is not affected when such a regimen is used.

To carry out chronic cannulations in the F.H.F.

g .

rats, both the femoral veins were exposed. Using poly-

ethylene tubing(internal diameter 0.011 inch) they were
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10 gm/100ml was given subcutaneously in a dose of 1ml/LO%gm

y
¢

weight of the rat. } ~4
Two rats in grade III coma (usually at 66 hours)
were selected for each experiment. One wag picked up a}

random for liver perfusion and the other used as a coptrol.

f " The portal vein and femoral artery of the donor
“{ -

rat was cannulated as described above. The femoral vein

was also cannulated for reasons already discussed. Iﬁ this
cage, however, a much smaller dose of heparin was used,i.e.,
300 I.U. Higher&doses caused pleeding in the F.H.F. rats.
'Tﬁis dose was adequate'for one hour of liver perfusion and
did,nét cause bleéding in the F.H.F. rat.

The F.H.F. rét was placed in a restrainer at the
time of ®he experiment, and 10 I.U. of heparin and iml of
glucose-albumin solution was injected “intravenously.
through the cannulas on the béck of the neck. One of these
cannulas was then connected to the portal venous cannula

of the donor rat and the other to the arterial line. The

donor rat was placed on a scale during the liver perfusioﬁ.

Exchange flow rate of 1 ml/min was employed. The procedure
was done for 1 hour.

‘The control rat was placed in a restrainer and

’
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. through the cannulas on the back of the.neck, 10 I.U.
heparin.and 1ml of albumin-glucose solution was given. The
control and F.H.F. rats were followed,as described above.

A number of difficulties ;ere encountered while

"treating grade ITI hepatic failure rats. The foremost was

due to the fact that animals in grade III hepétic failure

are very sensitive to even extremely small doses of

anesthetic. So cannulation could not be done immediately

y - &
before the treatment,as done in the other three groups.

Therefore,chroniec cannulations had to be done to avoid
| the use of anesthetic'in rgt%-in grade IIS\E?ma. Chroﬁic
cannulations could be carried out either befcre or after -
the galactosamine injection. In the initial attempt
- nembutal was given and cannulation carried out first +to
Cen a group of rats and later galactosamine was given. In these
rats fulminant hepatic failure did noﬁ develop and ali the
rats survived. This was due to the protective effect of
’nembutal against the action of galactosamine on the liver.
Subsequent experiments revealed that if nembutal was given
‘16 hours after the galactosamine injéction,it did not

interfere with the actions of galactosamine,which has by

this time exerted its full effect on the liver. The time

R
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of'oﬁset of coma, the transition from one grade to andther
and the mortality rate was identical to previously set
0 norms for this model. So this regimen was used for these
experiments. As for the ckronic cannulatiogé.ha number of
approaches were tried before a satisfactory Qgthod was
obtained. The aims for the chronic cannulation were that:
1. The cannulas should not clot f;Jr 2-3 days.
2. A minimal amount of heparin should be requiréd, otherwise
the 'animal bleed a lot when in grade III coma.
3. The surgery should be least traumatic, anh quick and
easy to carry out. ~
“l. The animal should not be able to reach the exteriorized
cannulas with its' mouth or hands in order to rupture

. or pull them out.

The different approaches used are as follows : -

’

selected in order to minimize clotting and heparin needs.
It was found however that cannulétion was difficult due to
the soft nature of the Silastic tubing and sometimes
occlusion or twisting of the tubing occured due to the

same reason. Another problem was exteriorizing the tube in

’
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a position where the rat could not reach it. In these
experiments they were left in the leg, which obviously

did not work.
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Since the back of the neck &{ the rat is a place

where the rat can not reach for the cannulas, these vessels

"were selected. Silagtic tubing was used. Problems related

J
to clotting of the arterial cannula despite moderate doses
of heparin led to discontinuation of this method. The
surgery was also more traumatic than the femoral cannulations.

ITI. Circulating Arterio-Venous Shunt : To overcome the

-

problem of clotting in the arterial cannula, a circulating
arterio-venous shunt was designed. The connection between ’
Silastic tubinés (0.02 x 0.037) in‘thé carotid artery and
juglar veins was made of PVC (0.01 x 0.03"). Iq another

case PVC wag used in the vein and Silastic in the artery

and the two were connected. In still another one, a single

" piece of Silastic was used to cannulate both the artery

and vein, thus eliminating the connectiong between tubing
which could favour clotting. In this last case heparin was
given subsequently.

In all these cases, a good flow did not ensue,
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and clotting occured on the first or second.day. Since
silastic tubing in the artery may be partially oc;luded,
causing the failure of this loop, another kind of”cir- .
cﬁlating arterio-venous loop was tried. In thig case
Polyethylene (PE 50) tubing was used to cannulate the
Carotid artery and Juglar vein while the connection was
made of Silastic (0.025 x 0.047"). Unfortunately this
approach also did not work as most of these cannulas
clotted on the 2nd day. In thié case the use of Poly-

t
ethylene tubing could have caused the clotting, so Teflon

«J

was used ingtead of Polyethylene, but the results did
not improve.

IV. TDMAC/Heparln Coating of Silastic : To prevent clotting

- o et o e e T e e e e e 55 S 5 o e e e

and the use of intravenous heparin, Silastic tubing were

il

coated on the inside by TDMAC/ Heparin complex. The tubes

were first heparinized and then *cross linked with glutars

ldehyde on the next day. The tubes were prepared freshly
for each set of experimehts. At first a 4% TDMAC solution
was used. This proved to be ineffective so that a 7%
solution was employed. No subcutaneous or intravenous
heparin was used. Initially, in a few experiments clotting

was less evident,but in a large series of experiments
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‘the results did not improve.

V. Inferior Vena Cava Camnulations.: The failure of the
apove mentioned methods led us to cannulate the Inferior
Vena Cava via the femoral veins, thus eliminating the
Cannulation of an artery. In this case the problem was of
locating thefextériérized cannula in such a way that the
rat could not pull them. Initially, the cannulas were
left in the legs, an adhesive tape keeping them in position.
Plastic collars were put ar;und the neck of the rat to
prevent flexion of the neck. Later é plastic jacket was
used to immo%lize the ' back. The rats were somehow able to
pull out the cannulas from the legs in foth these cases.

»

anally, these cannulas were brought out subcu-
taneously on the back of the neck, an area where the rats

cannot reach to pull out the cannulas. Small doses of heparin

were used dally, and the cannulas did not clot untill the

third day in a majority of experiments done. So this

method was used for the in-situ liver perfusion experiments.
in grade III hepatic coma (Group IIB). Palyethylene 10
tubing was used to cannulate the Irniferion Vena Cava and
Silastic was connected to PE10 and brought out on the back
of the neck, where it could efféétively be occluﬁed by a

.
N i

thread.
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Results will be discussed under the following
headings
I_.Cross Circulation -

A. Exchange flow rate 0.5 ml/min
B. Exchange flow rate 1.0 ml/min
II1.In-Situ Liver Perfusion
A.-In Grade II Fulminant hepatic failure rats.
- ¥
B. In Grade III Fﬁlminan% hepatic failure rats.

Iri all these groups of experiments fulminant
hepatic failure rats were treated by either cross cir-
culation or in-situ perfusion and thelr recovery rate
and survival time was compared to matched controls.Before

describing the results further, a definition of the terms

recovery rate, survival time and matched control is
~J -

warranted.

Recovery rate : Male Wistar rats 47-67 days old and

weighing 250-299 gms, when given an appropriate dose of

-

\ galactosamine intraperitoneally (which in the casé of

\groups A, B, and C was 1.1 gm/kgn and group D 0.8 gm/kem)

\ vt
develop maximal hepatic damage at 48 hours and die from
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__experiment. The word matched emphasizes the fact that the
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2 ”
fulminant hepatic failure at 3.5 + 0.5 days. Those that

sufviv? this period live. Recovery rate in this study
~implies that the/fulminant hepatic failure rats continue -
to live for one month after the galactosamine injection.
Tﬁe rats were observed for this period of time after which
they were sacrificed.This arbitrary period of one month

is chosen because by this time the rats have completely
recovered from F.H.F and continue to live if followedlonger.

Survival Time : Rats with galactosamine-induced ful-

[ ) T————

minant hepatic failure and without any treatment usually

dieaat 3.5 + 0.5 days after galactosamine injection. However,

with treatmen% this survival time can be significantly

v

prolonged. . ) v

Random Matched Control :+ Matched control refers to a rat

€

with fulminan% hepatic failure, used as a control for an

[

e s iy

control rat belongs to the same batch, age and weight

vgroup, and grade of coma as the fulminant hepatic coma rat _ _

for which it is"acting as a control. The matched control

and the tgeated rats were randomly matched on a daily basis

doa v
vy PR

to avoid discrepencies arising between rats of different

batches. The matched control was ;reated in the same way
e

/
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Table 1

EFFECTS OF CROSS CIRCULATION ON THE SURVIVAL OF GRADE 11

COMA CONTROIL AND TREATED GROUPS(DAYS AFTER GALACTOSAMINE

INJECTION)
’ GROUP A GROUP B
Exchange flow rate Exchange flow rate
" = O.Sml/min | = 1.0 ml/min
} CONTROL TREATED CONTROL TREATED
\ 1 {3.0 days survived survived 4,0 days
2 |2.5 days 4.5 days 2.5 days survived
’ 3 2.% days 2.5 days 3.0 days 2.5 days
L [ survived 3.0 days 2.5 days 4,0 days
5 12.5 days 2.5 days 2.5 days 2.5 days
) 6 | survived survived - survived survived
7 | survived 3.1 days 3.0 days 2.5 days
8 | 2.5 days 2.5 days survived survived
f 9 { 3.3 days 2.5 days L.,0 days survived
10 | survived survived 2.5 days 4.0 days
|11} 2.5 days 3.0 days 3.0 déys survived
12 | 3.0 days | ﬁiﬁ 7én£viVed survived—-
13 | survived - 2.5 days -
/ 14 | 2.5 days - - -
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as the fulminant hepatic rat except that the specific

treatment (cross circulation or in-situ liver perfusion)

was not carried out. Both the recovery rate and the survival

time of the treated and matched control rats were compared.

I. Cross Cireulation ':- @

a fulminant hepatic faillure rat and a“donor rat was carried
out at an exchangé flow rate of 0.5 ml/min for a period
of one hour. Eleven sets of experiments were done: In each
set fulminant hepatic failure rats in grade II coma (48
hours after gaiactosaminé injection) were treated by cross-

circulation with a normal donor rat at rate and period of

~

e

time specified above, and the recovery rate and survival
time was compared to matched controls. The recovery rate in
the treated group was 36.36% (3 rats out of 11 survived).
In the matched control group the reéovery rate was 35.71%

>
(5 out of 14 rats survived). Thus there was no significant
increase in recovery rate in the treated group when
compared to the matched control group (Table II). The

average survival time in the treated group was 2.95 days

as compared to 2.70 days in the matched control group
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Table 2 ’ -
RECOVERY RATE AFTER CROSS GIRCULATION IN CONTROL AND
S TREATED GROUPS
Group |Degree }Exchange Control Treated  [Signifi-
of Flow cance
Coma |Rate , - Chi Square
ml/min | qotal |Survival|Total |Survival
% % -
A 11 0.5 ° 14 | 35.71% | 11 |27.27% N.S.
. B IT 1.0 13 30.70% 12 | 50.00% N.S.

o

N.S. = Not significant
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(Table I &I11). The increase in survival time in the

treated group is not significant when compared to the
matched control' group. Thus the increase in recovery rate
or survival time in the treated group is not significantl
as compaured to ‘th'e matched control group when grade II1

) JF.H.F. rats were tlé‘eated b& cross circulation 'at an
exchange flow rate of 0.5 ml/min. h —
B._ __Group IB : In group IB cross ci?culation was
carried out for 1 hour at‘ a flow rate of 1.0 ml/min.

Grade II fulminant hepatic fajilure rats (48 hours after
galactosamine injection) were treated by cross circulation
with a normal donor rat. 12 set of experiine.nts were done.
The recovery rate in the treated group was 50% (6 out of
12 rats survived). In the matched control group the recovery
rate was 30.70% (5 out of 13 rats survived). Statistical
analysis showed that the increase in recovery pate in the
(freated' group is not significant when compared to the -
matched contr;ﬂ group (Table II). Similarly, the increase
in survival time (3.25 days in the treated and 2.83 days
in the controls) was not significantly increased in the
treated grqup (Tabies)I & II). Thus cross circulation did

not significantly increase the survival time or recovery

rate.
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Table

3

COMPARISON OF SURVIVAL TIME (IN RATS THAT DIED) AFTER

CROSS CIRCULATION (DAYS AFTER GALACTOSAMINE INJECTION)

Average

Group" Degree {Exchange Significance
“of low Rate Survival Time Chi
Coma ' {ml/min : Square
. Control| Treated
A II 0.5 2.70 | 2.95 N.S.
3 days | days, (P> 0.3)
W
(B-\ 11 1.0 2.83 3.25 N.S.
oML days | days (P> 0.1)
N.S. = Not significant \\. .
B . .
* - t b
{ - K )
» &
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In both these groups of éxperiments there Wwere
no major technical problems or problems with bleeding. The
mortaiity rate (65% and 70% respectively .in groups IA |
and JIB) in the untreated rats or cdntrol rats, ;n? the time
of death (2.70 days and 2.83 days for Group IA & IB
respectively) was within the normal limits for this F.H.F

-

rat mddel as tested and reported previously in hemo-

perfusion  studies done in this laboratory 101,102,103 .

B el i e

In group ITA in-situ liver perfusion was carried
out at 0.8 ml/min for 1 hour between a grade II fulminant
hepatic fai;pre rat (48 hours af;;r galactosamine in-
jection) and a normal rat. 11 sets of experiments were
done. The recovery rate in the treated group was 54.5%

(6 out of 11 survived) as-compared to 0% (none of the

&

contrel rats survived) in the matched control group. The
9

difference in the recovery rate between the two groups

was significant (Table V). The average survival time in

the treated group was 3.9 days as compared to 2.5 days in

the matched control group(Table IV & VI). This increase -
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. Table &4

SURVIVAL OF TREATED AND CONTROL BATS AFTER IN SITU

LIVER PERFUSION(DAYS AFTER GALACTOSAMINE INJECTION)

63

GROUP_C grouP-D

In situ ig;;;-;erfusigniniéi%a”Ei;;;—;;;fusion

Grade II Hepatic €oma Grade III Hepatic Coma

ﬂ , ) . - .
Control Treated Control Treated
1| 2.5 days /survived 3.3 days 3.3 d;}s
] 2 survived 3.3 days 3.3 day;
3 2.5 days 3.3 days survived
L1 2.5 days * | survived \,3.0 days 3.3 days
5| 2.5 dajs survived |.3.0 days survived
6| 2.5 days survived 3.3 days 3% days
7| 2.0 days 2.5 days 3.3 days 3.0 days
8| 2.5 days survived 3.3 days 3.3 days
91 2.5 days 4.5 days. | 3.0 days 3.3 days
10| 2.5 aays 4.5 days | 3.0 days 4.3 days
11] 2.5 days | 5.5 days | 3.3 days | 3.3 days
12 - - 3.3 days 3.3 days
‘
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in survival time was also significant (Student 't' test

€ 0.05)., Thus in-situ liver perfusion in grade If fulminant
hepatic failure rats significantly increasedAthe recovery
rate and survival fime as compared to the controls.

The exchange flow rate used in these experiments
was 0.8 ml/min. This was due to technical difficulties in
obtaining an exchange flow rate of 1.0 ml/min as dene in
all other groups of expef&ments. However, the results are
still significant with the lower exchange flow rate.

Another point which requires attention in this
set of experiments i1s that the mortality rate in the )
control or untreated group is %OO% which is unusual for
this model because about 30% animals survive when untreated.

This discrepency was ascribed to higher sensitivity of this

batch of rats to galactosamine. Therefore a study was

bundertaken %o‘determine whether the sesitivity of the rats

had in fact changed,and if so to find out’ a new- dose of

galactosamine which would give 30% survival in the un-

treated rats, 10 rats were given-galactosamine in a dose

of 1.1 gm/kgm, and they all died by the third day. De-

creasing doses were given to batches of ten rats. At a
doéééof 0.8 gm/kgm a general mortality rate of 30% was
X
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Table 5
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RECOVERY RATE IN CONTROL AND TREATED GROUPS AFTER IN S1TU

(F
C -~
-

o~

LIVER PERFUSION

Grade Exchange .
GROUP of Flow Control Treated Signifi-

Coma Rate cance

ml/min % % Chi
Total | Survival Total |Survival Squar

Cc 1T 0.8 11 0% 11 54, 5% 3
D ITI 1.0 12 0% 12 | 16.7% N.S

\
|
’ S = Significax;rb
ﬁgt significant

NQS- =
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survival time was 3.37 days in the treated group and 3.2

days in the control group (Table VI) which is also not

obtained. In the subsequent experiménts (Group IIB) in’
which this dose was employed-—a—similar-30%—survival-rate———
was obtained. This applieé only to general survival rate

of all the animals because those rats which have progressed

to grade III coma, all digd. The éO% surjival rate

obtained for the general survival rate was due to the rats
which either did not become comotose or which lapsed into

grage IT coma and recovered without progressing to grade IIL.
Therefore, the mortality rate of grade III coma would be ~

expected to be 100% (Table V).

. s ot s T ——— T - — - -

In-Situ Liver Perfusion : . ~‘
In this group iz fulminant hepatic failure rats
in grade III hepatiq coma (66 hours after galactosamine
injection)were treated by in-situ liver perfusion for a
period of 1 hour at‘flow rate of 1 ml/min. Two out of 12
rats recovered in the treated group (16.6%),and to 0% in the
control éroup(none of the 12 rats recovere&). The differehce

is not significant statistically (Table V). The average ]

significant. Thus the increase in recovery rate and survival

v .
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Table . 6

SURVIVAL TIME OF TREATED ANP CONTROL RATS(THOSE THAT

DIED) AFTER IN SITU LIVER PERFUSION(DAYS AFTER GALAC-

TOSAMINE INJECTION)

Degree |Exchange Surv?gg{agime Significance
of Flow Rate Student's
Group |Coma ml/min ‘ '
: Control |Treated {t-test
C IT 0.8 2.5 3.90 P 0.05
days days .
D ITI 1.0 3.2 3.37 N.S.
days days
N.S. = Not significant
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time in animalg with grade III hepatic coma when treated
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by in-situ liver perfusion is not significant when

compared to matched controls.

»
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The pathogenesis of hepatlic coma in fulmlﬁant
hepatic failure is ﬂot well understood. Many factors seem
to be involved. Accumulation of to%ic metaboli%es especially
‘nitrog%nous waste ﬁroducts, fatty acids, éercaptans, false
neurotransmitters and amino acid imbalance ha&e been in-

10k Another possibility, not much investigated

criminated.
is the absence of a substance or substances produced by
the liver and vital for the normal brain function. A
knowledge of the pathogenesis of hepatic coma is essential
to formulate rational therapy. However, the survival in a
patient with hepatic coma due to fulminant hepatic failure
depends on many factors, for example, the brain abnormality .
should be reversible and the liver should be able to re--
‘generate. Obviously, a patient will not survive if the liver,
for some reason cannot regéﬁerdte; or if the brain dys- ”
function has become irreversible. But unfortunately, at
the present time, the factors regulating hepatic rege-
‘neration are not well known, and the transition of reversible
brain dysfunction to the irreversible state cannot be
judged in hepatic coma.

Cross circulation and isolated liver perfusion
have been used clinically to a limited extent as hepatic-
assists., Controlled clinical trials have never been-done

and their efficacy in hepatic coma remained unclear. The

rationale for their use is that the liver of the normal
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donor in cross circulation and the isolated liver in liver

perfusion will remove toxic metabolites and supply deficient

-
B I ]

.

' patients may be due to lower flow rates used in these trials?{™ ;

substances to the sick partner. {

The cross circulation and in-situ liver per-
fusion procedures done in the present study are expected
to work on the same principles mentioned above, i.e.),

removal of toxin and provision of essential but deficient

substances by the healthy rat's liver to the sick rat.
The essential difference between the.cross cir-
“culaﬁion and in-situ perfusion is that in in-situ liver
perfusion more efficient detoxification of the blood can
take place as whole of the sick partner's blood passes ﬁ

initially through the liver. In cross circulation effective

removal of the toxin may not occur since blood circulates

through other tissues of the bodynbefore reaching the
liver. This would be particularly true if the hypothetical
'toxiné' have high affinity for the tissues. As far as
subply of essential substances is concerned, there should
be no difference between thq two procedures, as whate;er
is produced 5& the liver will be present equally through-
;gpt the vascular compartment.

The results of the cross circulation experimeﬁ%gwwr
show that it is not effective in.increasing survival time
or recovery rate in fulminant hepatic failureuat lower or
higher exchange flow rates. Two exchénge flow rates were

used in the cross circulation experiments because it has N

been postulated that the failure of cross circulation in
91
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The exchange flow rates in most clinical trialg have been

50-200 ml/min. According to these investigators lower

exchange flow rate would not be ablé to Teémove the ToxXin
effectively<if the téxin turn-over rate is high.

The maximum exchange flow rate that can be obtained
in a patient is 200-300 ml/min. In our experiments, we
used 2 exchange flow rates in 2 sets of experiments. The '
flow rate in group A was 0.5 ml/min (equivalent to 125 ml/min
in a 70 kgm man) and in group B, .1.0 ml/min (equivalent to
250 ml/min in a 70 kgm man). In both the groups the difference
in recovery is not significant between the treated and con-
trol groups. Thus cross circulation is not effective
within the practical limit? of blood exchange flow rates.
But, in-situ liver perfusion in graée I hepatic coma at
an exchange flow rate of 0.8 ml/min gave signirficant
results in the treated group when compared to the controls.
Also, charcoal hemoperfusion, carried out in-this lab- ,
oratory at 1 ml/min in the same animal model ih similarly
controlled trials,resul%ed in a recovery rate of 71.4%
in the treated group asicompared to 30.4% in the matched

control group.lo1 The difference in recovery between the

two groups is highly signifiéaht}‘H6WéVér,“wﬁen an
exchange flow rate of 0.5 ml/min was employed during
the hemoperfusién procedupe, the recovery rate in the
treated group .dropped to 2L.2% as compared to 16.7% in

the control group, the difference being insignificant%oz

<

Thus,/” the rate of exchange flow has important implications
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on the outcome and adequate exchange flow rate should

(A . be employed in any of these procedures. However, the ex-
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change flow rates effective in charcoal hemoperfusion and
in-situ liver perfusion are not effective in cross cir-

/culation. Higher exchange flow rates are advocated for
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crosg circulation but they are not practicable. In a

recent review, exchange flow rates for cross circulation
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likely to be effective as inferred from experimental work

: - are of the order of 800 ml/min, which are ciearly not

: \ . obtainable.6

The effectiveness of in-situ liver perfusion

; as compared to cross circulation may, indicate that toxin

removal may bg nmore importaﬂt than the replacement of

some factor in the treatment of fulminant hepatic failure.

: This concept 1s supported by the results of the charcoal
Wemoperfusion studies done in this laboratory and mentioned
above. The exact nature of the toxin involved in the

o genesls of hepatic(coma in fulminant hepatic failure is

not known. Disappointing results obtained by hemodialysis

using.the conventional membrane suggest that they may be

-

. {
non—dialyzable?6 Since this type of membrane has a high

— T 7.7 T 77 Tclearance for shall molecules but a very poor clearance
for middle molecules, the toxins may belopg to the later
group. This concept is supported by the fact that char-
coal hemoperfusion in patients w%th grade IV hepatic
coma due to fulminant hepatic failure has resulted in

9

“the recovery of consciousness of a‘high percentage of

5

o

o)
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gatients?B’Bu'35'3 This has been suggested to be due to
the higher'clearanle of middle molecules in the charcoal
hemoperfusion. The subsequent use of polyacrylonitrile
membrane (PAN) for the treatment of fulminant heﬁatic
failure strengthened this proposal?? This membrane has a
ﬁigh clearance for the longer molecules, and its use
resulted in a significanﬁ increase in the recovery of
consciousness in animals as well as in clinical trials. ot .
The inherent ability of the liver to rege\erat«_e'
pla&s a vital role in the final outcome of the syndébme.

shown that plasma from patients with hepatic

It has\been
coma is cylotoxic to isolated liver cells in vivo, when
compared with plasma frqm subjects witpout liver . disease.
This effect has been shown to be reduced by charcoal
column hemoperfusion.105 It is possible that the higher
recovery rate thagned by liver perfusion is due to more
efficient remd&al of the 'toxin',whigh in turn favours
hepatic regenaration.

fhis study shows that liver perfusion ié
effective in the treatﬁent of rats in grade 11 hepétic
coma, but not in'grade III hepatic coma. It is important
to note here that the grades of coma as uéed in this
rat model do net correspond to the same grades of coma
in man. In man, survival ratg is quite higher in grades
II & IIT hepatic coma (66% and 48% respectively)and

recbvery is still possible in patients in grade IV

hepatc coma.This is not the case in the rat model that
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- we used. At the dose of galactosamine being used, about
4; 30% rats survive without any treatmeﬁt. Of these, about
half recover sfter going into grade I hepatic coma, &
whereas the other half do not become. comatose at all.So
spontaﬁgous recovery is possibie in grade I coma. But
once the animals“pass into grade II hepaticﬂcoma,their
condition deteriorate more rapidly, and they almost
always die. Thus, grade I hepatic coma in rats can be

v

regarded equivalen to early stages of hepatic coma in

man wﬁere chances of spontaneous recovery are present,

and grade II equivalent to very late stages of hepatic __ %
coma in man, since the chances of spontaneous recovery : ?
, are almost nil. ) ‘ 3

- " The poor results obtained in grade II hepatic

coma rats, as compared to the results ink grade I, maens

either that liver perfusion 1s not effective when the
pe)

¥

-abnormality“becomes irrevergible once the rats are in
S/ ‘ grade II coma., If the former is the case, somk other more
effective type of treatment may improve the survival rate
in grade IIIhepatic coma. It is interesting to note that 3
the liver perfusion in this experiment has been carried ~
ouf unaer ideal conditions for this hepatic support,i.e.,
in the absence of immunological reaction and ischemic
and anoxic injury that would be expected to occur during

the isolation and preservation of the organ.

The, sensitivity of the different batches of

rats to galactosamine may vary. Increased sensitivity- .

—————— e L e




may be the cause for zero percent survival rate seeniin

° (' ‘ ~’ the control group IIA, where gbout"BO% of the'rats would

) ;o expected to liye. The dose:of galactosaﬁ%ne in group IIB

rats was therefore reduced gnd‘adjustéd %o get|30%

- 1 .survival in the untreated rats (thiF dose .was 0.8 gm/kgnm

‘ as opposed to 1.1 gm/kgm being used| in other batches) .

’ . ’ Siqce con;rol and test animals from|the same batch were
used for this study, and matching them was done on a

v daily basis, such variations are not expected to onfluence

" the results.~ ‘f
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