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uccessful organ homotransplantation is
dependent upon the availability of satis-
factory grafts. Paired organs, such as the
kidney, may be obtained from living donors,
whereas hepatic and cardiac grafts for hu-
man usc can only be obtained post mortem.
“ Cadaveric renal homografts have been
largely unsuccessful to date.® 11 % 1% 2 The
major cause of early failure was probably
ischemic damage. This report describes an
experimental method of procuring and tem-
porarily preserving postmortem homografts
of kidney and liver, and documents the
clinical use of the technique in 4 cases.

METHODS

Thirty-two dogs weighing 9 to 20 kilo-
grams were used. After the animals were
ancsthetized with 30 mg. per kilogram of
pentobarbital intravenously, the femoral
vessels on onc side were exposed. Heparin,
3 mg. per kilogram, was injected intrave-
nously, and aortic and inferior vena caval
catheters were inserted through the femoral
artery and vein (Fig. 1). The animals were
then sacrificed with an overdose of pento-
barbital. Respiratory arrest preceded cessa-
tion of heartbeat by 5 to 15 minutes. Per-
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fusion was subsequently begun one to 22
minutes after the disappearance of palpable
pulses, when it was certain that the animal
was dead.

The catheters were connected to an extra-
corporcal perfusion system consisting of a
disposable bubble oxygenator, a single De
Bakey pump, and a heat exchanger (Fig. 1).
Venous outflow was by gravity drainage.
The oxygenator was primed with lactated
Ringer’s solution in all experiments except
2 hepatic transplants in which 5 percent
dextrose in water was used. ‘The perfusate
was precooled to 15° C. by recirculation
through the heat exchanger. One gram of
procaine chloride was added to each liter of
the perfusate. In prolonged perfusions,
heparin, 1.5 mg. per Kilogram, was added
hourly. One third the original dose of pro-
caine was added every 3 hours. With per-
fusions of 8 hours or more it was frequently
necessary to add extra priming solution to
the reservoir.

Pilot studies were first performed to de-
termine suitable flow rates. The procedure
was then standardized with initial flow rates
of 40 to 60 ml. per kilogram per minute,
and gradual reduction to 5 to 20 ml per
kilogram per minute, as the esophageal tem-
perature fell helow 20° C, Organ tempera-
ture was maintained between 12 and 15
C. thereafter by adjusting the temperature
of the perfusate (Fig. 2). ’

All annmuals receiving  renal homografts
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had bilateral nephrectomies. 'Uhe donor left
Kidney was transferred to the right pelvis
andd the donor right kidney to the left pelyis
of the host. Each recipient received only one
kidney, The renal artery was anastomosed
end to end to the iliac arvtery of the recipient
and the renal vein end to side to the iliac
vein, Inanimals receiving hepatic homo-
gralts, the liver was transplanted  orthotopi-
cally after recipient hepatectomy. ' '8 Post-
(Burroughs-Well-

come H7-3220 Imuran) was adnministered to

operatively, azathioprine

prevent rejection. Results were  judged by
function of the graflts and by subsequent his-
tologic studies,

In clinical use, insertion of the catheters
was not done until the patient's death had
been verified by the attending physician, In
these instances, heparin: was added to the
perfusate in an amount cqual to 3 mg. per
kilogram of body weight of the proposed
donor, Total time to make the necessary in-
cisions, insert the catheters, and begin perfu-
sion has not exceeded 15 minutes from death
in 4 clinical applications.
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RESULTS

Pressure-flow studices. Blood pressure mon-
itoring was found to bhe of no value in
determining flow adjustments. In order to
maintain an arterial pressure of 50 to 70
mm. Hg, flow rates as great as 600 ml. per
kilogram per minute were required, resulting
in acute swelling or even rupture of the vari-
ous organs. Flow rates were therefore ar-
bitrarily limited to 40 to 60 ml, per kilogram
per minate, and gradually reduced to )
20 mil. per kilogram per minute as the -
temperature fell to 20° €. Under these con-
ditions of perfusion, arterial pressures never

to

exceeded 20 mm. Hg and were usually un-
obtainable. Despite the low flow perfusion,
cooling was relatively rapid (Fig 2).

Dcgree of cooling. Five animals were
cooled to 2 to 10° C. by the low-flow tech-
nique. These temperatures were usually
in less than 45 minutes. Renal
homotransplantation was then performed.
Immediately after revascularization, the or-
gans assumed a mottled pink and blue hue
with islands of cyanotic tissue interspersed
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Fig. 1. Techniquc of extracorporcal cadaver perfusion.
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Fig. 2. Cooling curves obtained during cadaver perfusion for a liver homo-
graft. Notc the rapid responsc of liver temperature to changes in perfusate
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Fig. 3. BUN level after renal homografting. Note the acute azo-
temia with the homograft perfused for 10%2 hours. Early azo-
temia is minimal in the animal receiving a kidney perfused for

1% hours.

among arcas of normal parenchyma. During
the next hour, the kidney gradually became
grossly normal in appcarance. Nevertheless,
none of the grafts produced urine and all 5
animals died with uremia within 2 to 3 days.
When temperatures were kept at 15° C.

" or above, such mottling of the kidney did
not occur, and urine production was prompt.
In the definitive series to be described, temn-

peraturcs were, therefore, not allowed to fall
below 15° C.

Renal homografts. Eleven renal homo-
grafts were performed after cadaver per-
fusion of 1 to 14 hours (Table I). In 5 of
the 11 cadavers, perfusion was carried out
for 11 or more hours. Perfusion time for the
entire series averaged 7 hours and 33 min-
utes. Revascularization in the recipient dog
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Fig. 4. Patterns of injury in dogs obscrved following transplan-
tation of a perfused hepatic homograit, and of a liver obtained
after sacrifice of a living donor. Total time from death to re-
implantation for thc perfused organ was 140 minutes as com-
pared to 55 minutes for the graft transplanted immediately after
sacrifice (acutc transplant).

Table 1. Renal homografts
Total time
Perfusion Time to | from death Survival
started Flow rates reach to revascu- post trans-
Dog | post mortem| (ml./Kg.) 15° C. larization Urine flow plantation Cause of
no. (min.) High-low (min.) (hr., min.) started (days) death
1 5 40-20 45 (to 2, 15 Immediately 36 Gastrointestinal
21° G)) bleeding
2 5 60-20 24 4, 20 Immediately 31 Pncumonia
3 4 195- 45 90 4, 42 Immediately 10 Intussusception
4 12 32-15 6 3, 31 Second day 10 Pneumonia
P.O.
5 8 30- 7 10 6, 15 Immediately 10 Pneumonia
6 8 30- 7 10 6, 20 Immediately 16 Pneumonia
7 5 40-15 70 13, 6 Immediately 13 Pneumonia
8 5 40-15 70 14, 33  Immediately 11 Pulmonary
emboli
9 5 30-15 45 11, 12 Immediately 52 Pneumonia
10 5 30-15 45 14, 23 Immediately 23 Pncumonia
11 5 50-15 122 13, 27 Immediately 7 Pneumonia
Table I1. Hepatic homografts
Total time
Perfusion from death to
started Flow rates Time to revascu-
post mortem | (ml./Kg.) reach 15° C. larization Survival Cause of
Dog.. no. (min.) hich-low (min.) (hr., min.) |post transplant death
1 7 60-20 24 2, 3 No Hemorrhage
2 4 3, 54 No Hemorrhage
3 5 50-25 18 4, 22 No Hemorrhage
4 Immediate 15.5- 2.5 17 3, No Hemorrhage
5 7 32-15 28 2, 18 4 days Bile peritonitis
6 8 33-3 22 3, 38 No Hemorrhage
7 4 195-45 90 3, 42 5 days Intussusception
8 Immcdiate 29-12 19 8, 18 2 days Hemorrhage
9 5 40-15 8 4, 55 3 days Hemorrhage
10 22 27-12 10 4, 47 24 hr. Hemorrhage
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Fig. 5. Typical injury observed in livers perfused for more than 2 hours. Notc the marked
centrilobular congestion and parenchymal necrosis. (%32.)

was usually completed within 30 minutes
after removal of the kidney from the per-
fused cadaver.

Ten of the 11 animals produced urine
immediately and maintained good urinary
volumes until death. The eleventh animal
was anuric for 2 days, with subsequent di-
uresis.

Renal function was assessed by urine vol-
uities and blood urea nitrogen (BUN) deter-
minations. The animals receiving kidneys
which had been perfused for 6 hours or more
showed sharp postoperative rises in the BUN
(Fig. 3). This subsequently returned toward
normal. With perfusions of less than 6
hours, this pattern of carly azotemia was not
prominent (Fig. 3).

Survival ranged from 7 to 52 days (Table
1). Mean survival time was 19.9 days. Death
most commonly resuited from pneumonitis,

with 8-dogs dying of this complication. Six
of the animals were uremic at the time

- of death. Histologic sections of the trans-

planted kidneys removed post mortem
showed varying degrees of mononuclear cell
infiltrates with minimal evidence of rejec-
tion. In no instance was there evidence of
histologic renal damage which could be di-
rectly attributed to the perfusion.

Hepatic homografts. Hepatic homografts
were transplanted in 10 animals after per-

fusions ranging from 71 to 416 minutes

(Table IT). Revascularization after removal
of the liver required an additional average
time of 72 minutes. Hepatic function after
transplantation was inferred from the ability
of the animal to awaken from pentobarbital
anesthesia and survive without supplemental
glucose therapy.

Five animals survived the immediate post-

[OPEEIT
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operative period. Severe hepatic damage was
observed in all, as evidenced by sharp rises
in serum  glutamic oxalacetic acid  trans-
aminase (SGOT) and bilirubin levels (Fig.
4). Three of these animals later died of
hemorrhage at 24 hours, 2 days, and 3 days
postoperatively.

Consistent clotting delects were ericoun-
tered in all animals. Increased fibrinolysin,
decreased plasma fibrinogen contents, and
increased thrombin times were uniformly ob-
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served, The significance of the clotting de-
feets is reflected in the high death rate from
hemorrhage (Table II). Five animals died
from this causc cither on the operating table
or immediately postoperatively; another 3
which survived the procedure had extensive
hemoperitoneum at autopsy. The incidence
of fatal hemorrhage increased with increased

“length of perfusion of the donor liver. Six

of the 8 animals that died from this cause
had received hepatic homografts from

. e

Fig. 6. A, Appearance of homografted cadaveric left kidney 24 days after trans-
plantation, B, Cadaverie contralateral kidney immediately after cessation of perfusion,

(x32.)
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donors that had been perfused in excess of
2 hours ("lable 11).

Histologic sections taken post mortem cor-
related well with the clinical obscrvations.
All livers showed moderate to marked cen-
trilobular congestion and hepatic cell necro-
sis (Fig. 5) without evidence of rejection.
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Clinical use of cadaveric renal homo-
grafts, The first homograft was obtained
from a paticnt who was thought to have a
brain tumor, but who was subscquently
shown at autopsy to have died of actue
bacterial endocarditis. His blood pressure
was 60 mm. Hg or less for 4 hours prior to

Fig. 7. 4. Homogralted cadaveric
right kidney venooeed 12 days after
transplaptations foste pejection, B,
Contealateral donor kidney obtained
at conclusion of perfusion. (x32.)
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Fig. 8. Photomicrograph of first clinical hepatic homograft. The patient died on the operating

table. Note advanced hepatic ccll necrosis. (x32.)

death. Cadaver perfusion was not satis-
factory, the maximal flow rates being 15 to
20 ml. per kilogram per minutes. Revascu-
larization of the kidney in the recipient bed
was accomplished 106 minutes after death.
The homograft functioned for 2 weeks post-
operatively, although at reduced efficiency.
The BUN fell from 176 to 119 mg. percent,
and then rose again after 12 days. Death of
the host from sepsis.occurred on the twenty-
fourth day after transplantation. Histologic
sections of the transplanted kidney showed
severe interstitial hemorrhage and the pres-
ence of proteinaceous material in the tubules.
There was minimal mononuclear infiltrate
(Fig. 6). Scctions obtained from the op-
posite donor kidney after perfusion revealed
normal architecture (Fig. 6). There was no
evidence that septic emboli in the trans-

.

planted tissue contributed to the unfavorable
outcome.

Postmortem hypothermic perfusion in the
second case failed within a few minutes af-
ter its inception. The patient, who died of
subarachnoid hemorrhage, was severely de-
hydrated terminally, and probably had a low
blood volume. Adequate venous return could
not be obtained. The kidney was revascular-
ized in the recipient bed 124 minutes after
death. Renal function did not return.
Twelve days later, the graft was removed,
after it had ruptured following relatively
minor trauma to the recipient patient in a
fall from bed. Histologic sections showed
typical rejection (Fig. 7).

Clinical use of two cadaveric hcpatic
homografts. The first organ was obtained
from a 3-year-old child who died in the

Ko N R SRR U R B et i
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operating room during resection of a me-
dulloblastoma. The recipient was another
J-vear-old child with terminal biliary cir-
1hi 1% secondary to congenital atresia of the
bile ducts. The time from death to the in-
stitution of extracorporcal perfusion was 15
minutes. For the preceding 30 minutes, open
cardiac massage was performed. Initial per-
[usion flow rates were 30 to 50 ml. per kilo-
gram per minute and cooling proceeded
rapidly. Perfusion was then reduced to 10
to 20 ml. per kilogram per minute. After 2
hours, venous return began to decline and
during the next 110 minutes perfusion
ccased altogether. The temperature of the
liver at the time of perfusion failure was
15° . After an additional 45 minutes, the
liver was removed. Orthotopic revasculariza-
tion in the recipient took 85 minutes.

Following restoration of blood supply to
the donor liver, a blecding diathesis de-
veloped with hypofibrinogenemia and fibrin-
olysis. Despite the administration of fresh
whole blood, fibrinogen, and epsilon-amino-
caproic acid, the hemorrhage could not be
controlled. Histologic scctions of the trans-
planted liver showed well-advanced, non-
specific autolysis which could not be at-
tributed to ordinary postmortem changes
(Fig. 8).

The sccond liver homograft was obtained
from a 55-year-old man who died from a
“cerebral glioma. The recipient was a 47-
year-old man in whom a primary hepatoma
had been found at operation one weck carlier.
Several measures were taken to shorten the
necessary time for and to improve the qual-
ity of perfusion. The recipient was prepared
for the homograft by a prelininary opera-
tion, 24 hours before definitive transplanta-
tion, at which time his own liver was {reed
of all attachments except the bile ducts and
vessels. Intrivenous infusions of glucose were
given to the prospective donor in order to
maintain hepatic glycogen. Immediately af-
ter death had been certified, acute expansion
of the intravascular volume was achieved by
forced transfusion of whole Dblood and
plasma. Finally, the thoracic aorta was oc«
cluded just above the diaphragm (Fig. 1).

Surgery
December 1963

Perfusion at 40 ml. per kilogram per

minute was begun 5 minutes after death,

*and gradually reduced to 20 ml. per kilo-
gram per minute during the next 45 minutes,

during which time the body temperature
fell to 15° C. Disscction and extirpation of
the donor organ required 94 minutes, After
removal, 500 c.c. of cooled lactated Ringer's
solution was used to wash out residual blood.
The liver was then carried to the recipient
operating  room and revascularized  in
the ensuing 63 minutes. Bile flow through
the transected donor common duct was
noted shortly thercafter. Epsilon-amino-
caproic acid, fibrinogen, and fresh blood
were administered during transplantation,
Bleeding was not a major problem.

In spite of the success of perfusion and the
short time from death of the donor to re-
vascularization of the liver in the host, evi-
dence of hepatic damage was observed in the
first few postoperative days with rises of
SGOT to as high as 1,150 units and an early
rise of bilirubin to 12 mg. percent. Liver
function tests gradually returned toward nor-
mal until death occurred on the twenty-sec-
ond postoperative day as a result of multiple
pulmonary emboli. Histologic sections of the
liver showed preservation of architecture
(Fig. 9). There was some increased fibrosis
and bile stasis. No damage due to perfusion
was seen, nor was there unequivocal micro-
scopic evidence of rejection.

DISCUSSION

The beneficial effects of hypothermia in
preventing ischemic damage to tissuc have
been documented for several organs, includ-
ing kidney,ﬁ. 6, 8§, 10, 15 liVCr,l' 4, 13, 16, 17 lung".!
and heart.” Perfusion of isolated organs with
various solutions has also been shown to pro-
long function. The technique described here
incorporates the advantages of both hypo-
thermia and perfusion. The practicality of
the method is considerably increased by the
use of the electrolyte- or glucose-primed
disposable bubble oxygenator, thereby elim-
mating the need  for blood typing. The
resultant  herodiintion reduces yviscosing '
and prowotes increased renal blomd flow.’
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Morcover, oxvgen is available to the tissues
n quantities egual to those obtained from
whole blood.*® "The Tavorable elfect of pro-
caine on renal perfusion at low temperatures
has been demonstrated by Kiser and his col-
leagues.®

Extracorporcal perfusion in cadavers dif-
fers from that in the living patient. Serious
organ damage resulted from overperfusion
when it was attempted to maintain arterial
pressures which would be clinically accept-
able. Apparently there is a rapid and com-
plete loss of vascular tone shortly after
death, making the maintenance of significant
arterial pressure impossible except with ex-
orbitant flow rates. 'The use of low flows in
combination with  hypothenmia  provides
some protection against hydrostatic damage
to the organs from the pump system. While

Extracorporeal perfusion for postmortem homografts 909

low-flow perfusion has metabolic disadvan-
tages, it has appeared to be satislactory for
short-term ])n‘svrvz\linn.

Although others have been able to obtain
satisfactory renal function after storage of
kidneys at low temperatures (1 to 4° C) for
as long as 8 hours,® '" we were unable to
do so with continnous perfusion at these
temperatures. Renal homograflts cooled be-
low 10° (. failed to function. When temper-
ature was controlled at 15° C. all renal
homografts were functional (Table I), The
use of extremely low temperatures with con-
tinuous perfusion appears to be harmful.
The mechanism of injury is unknown, but
the gross appcarance of the kidneys was
strongly reminiscent of frostbitten extremi-
ties.

Although satisfactory cadaveric renal
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Fig. 9. Photomicrograph of liver from the sccond clinical hepatic transplant, obtained at
autopsy 22 days after transplantation. Note preservation of hepatic architecture. Moderate
periportal fibrosis and bile stasis are present, (x¥32.)
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homografts have been consistently obtained
with the use of the low-flow perfusion at
temperatures of 15° C. for as long as 14
hours after death, there are lmitations to
the method, Kidneys perfused for longer
than 6 hours showed temporarily depressed
renal function, The liver has been shown to
be even more susceptible to postmortem in-
jury. This is cvidenced by the high failure
rate in the animals perfused over 2 hours
(‘Table 11). Even with perfusion for less
than 2 hours, serious hepatic damage oceurs,
as shown by clevation in SGOT and biliru-
bin levels, and by the development of coagu-
lation defects.

Comparing the animal results with the
clinical material, it is apparent that success
depends as much on the terminal course of
the donor as it does on the perfusion. Renal
homografts obtained from animals sacrificed
with normal cardiovascular dynamics have
been uniformly successful. Cadaveric perfu-
sion in such dogs requires no special precau-
tions. In contrast, kidneys and livers obtained
from patients who have had a protracted
terminal course are variably damaged before
death, resulting in unpredictable function of
the homografts. In addition, difficulties with
perfusion have been encountered, apparently
due to a reduced blood volume, inasmuch as
transfusion of the cadaver partially corrects
this problem. If flows are still inadequate,
selective perfusion of the lower half of the
corpse has been obtained by clamping the
lower thoracic aorta. Despite these adverse
factors, it is encouraging to note the fact that
functional hepatic and renal homografts
have, nevertheless, been obtained for clinical
use.

Other organs, including lung and heart,
have been successfully transplanted in ani-
mals, from living donors. IHomografts of
heart and lung, to be clinically useful, must
be obtainable from other sources. The tech-
nique described should be applicable with
some modifications. It will be necessary to
decompress the pulmonary circuit with left
atrial or ventricular vents to prevent damage
to the lung or overdistention of the left ven-
tricle.

.

Surgery
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SUMMARY

Functional renal homografts have heen
obtained as long as 14 hours post mortem by
a technique of extracorporcal cadaver per-
fusion. The method has also given satis-
factory liver homograflts after perfusion up
to 2 hours. Details of the technique and ex-
perimental and clinical applications are de-
scribed, Analysis of the data indicates that
optimal perfusion times for renal homografts
should not exceed 6 hours. For the liver, 2
hours appears to be the maximum tolerable
period of perfusion.

For clinical application, certain adjuvant
measures are important. Perfusion failure
has been encountered in human cadavers,
presumably as a result of the presence of a
reduced blood volume. This can be pre-
vented by acute postmortein expansion of
the intravascular volume with compatible
whole blood or plasma. Proper donor selec-
tion is as important a factor as the method
used for preservation. Indirect evidence is
cited that premortem tissue injury in pro-
tracted terminal disease may be a greater
dcterent to success than the parenchymal
damage which occurs during postmortem
perfusion.

The extension of this technique for the
procurement of other organs such as heart
and lung is discussed.
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