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complement fractions as they do for immunoglobulins, and
complement fractions return to their initial level within 12 hr
(4, 24). Therefore, in this work, the prolongation of xenograft
survival time seems to be corielated with the decrease in natural
cytotoxic antibodies.

The reason the association between plasma exchanges and
CsA is the most efficient protocol remains unanswered because
the effects of all 3 immunosuppressive methods on the antibody
titers are of the same magnitude. The higher efficiency of CsA
may be due to its selective effects on some B cell subsets (25).

In conclusion, plasma exchanges in association with CsA
allow the delay of hyperacute rejection of guinea pig hearts
grafted into rats, and the efficiency of the treatment is corre-
lated with the decrease in natural antiguinea pig cytotoxic rat
antibodies.
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Orthotopic liver transplantation (GLT) of the pediat-
ric patient is often limited by the availability of a size-
matched donor organ. Use of reduced liver transplan-
tation (RLT) can increase the proportion of candidates
transplanted and may reduce overall mortality. We re-
port herein the initial clinical application of RLT in the
United States.

Indications for RLT included fulminant hepatic fail-
ure (n=2), acute hepatic artery thrombosis (n=3), and
chronic liver disease unresponsive to inpatient support
and more than 30 days on transplant list (n=4). Donb
hepatectomy was performed using standard techniques.
Formal hepatic resection was performed ex-vivo to cre-
ate a size-matched graft, from the larger donor organ,
which was implanted in the orthotopic position.

Between 11/84 and 4/87, 70 pediatric patients were
evaluated for OLT, and 33 of these were transplanted.
During this period only 5 patients (7%) died awaiting
OLT. Of 33 patients treated at the University of Chi-
cago, 5 received RLT. Donor: recipient weight ratios
ranged from 2:1 to 8.1:1. For RLT median operative
blood loss was 1.7 blood volumes (range 0.5-11.7) with
an operative time of 9.3+3.5 hr.

Acceptable early graft function was observed in five
patients, all of whom were discharged from the hospital.
Four of these five patients are alive between 2 and 48
months after transplantation. Marginal graft function

with cholestasis and coagulopathy was associated with -

acute intracranial hemorrhage and neurologic death in
one case. One patient died intraoperatively with non-
function caused by the use of a liver from a donor with
steatosis and a poor size match. Another patient died on
day 5 with primary nonfunction and persistant hemor-
rhage. Systemic cytomegalovirus infection was the
cause of death in the other two cases.

RLT can provide life-sustaining liver function in ur-
gent clinical settings. The graft can serve as a temporary
or permanent liver replacement. With evolution of the
technique RLT could eventually be offered to more elec-
tive candidates and increase the utilization of available
donors by reducing size limitations in OLT.

Rapid development of liver transplantation for the therapy
of end-stage liver disease has occurred since the NIH consensus
conference on liver transplantation in 1983 (I). The growing
pool of candidates for transplantation has led to an increasing
scarcity of donor organs. Pediatric candidates have experienced
the greatest delay in receiving suitable organs, with 20-50%
dying on the waiting list (2, South Eastern Organ Procurement
Foundation, personal communication, February 1987).

The requirement for a size-matched donor liver has contrib-

! Presented at the 13th annual meeting of the American Society of
Transplant Surgeons, Chicago, I1 May 1987.
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uted to the difficulty in obtaining organs for pediatric recipi-
ents, which is most severe when the indication for transplan-
tation is urgent. These indications arise most commonly with
acute failure of a transplant, fulminant hepatitis, or deteriora-
tion of the very small child with chronic liver disease in whom

- the usual wait for an organ can be as long as 3-6 months (2).
:/In contrast, due to the larger pool of adult donors, locating a

size-matched organ for an adult is usually possible even in
urgent settings. By reducing size constraints, the technique of
reduced liver transplantation may lead to an increase in avail-
able donors for pediatric recipients.

The transplantation of reduced-size livers was initially con-
ceived to solve the problem of space in experimental heterotopic
liver transplantation (HLT) (3, 4). *Development of HLT as a
clinical therapy has been limited, however, by physiologic dis-
advantages (5, 6) and the disappointing experiences with lim-
ited clinical application (6). The successful use in patients of

‘reduced-size livers transplanted into the orthotopic position

was initially reported by Bismuth in 1983 (7) and Broelsch et
al. in 1984 (8). Since these reports, several groups are actively
pursuing this option in the treatment of pediatric patients.

In this report we present our initial clinical experience—
methods, indications and results—in 9 pediatric patients re-
ceiving reduced liver transplantation (RLT). Four patients are
alive between 2 and 48 months after transplantation. We
propose, at this stage, that the method is feasible, and can be
used to offer liver transplantation to urgent candidates—and
that by overcoming size limitations RLT can increase the
proportion of livers utilized in available adult multi-organ
donors.

MATERIALS AND METHODS

Patients. Between 11/84 and 4/87, 70 pediatric patients were evalu-
ated for transplantation in the University of Chicago liver transplant
program conducted jointly by the departments of surgery, medicine,
and pediatrics. These patients have been classified into 5 groups based
on their status as of 5/1/87 (Table 1). Thirty-three children have
undergone liver transplantation at the University of Chicago, receiving
a total of 41 transplants. Seven RLT were performed in 7 recipients at
the University of Chicago. Two other patients were treated previously
at the Medizinische Hochschule Hannover, FRG. These 9 patients
receiving RLT form the basis of this report with a follow-up on
surviving patients of between 2 and 48 months. The data presented in
this report were collected in a retrospective review of clinical records.

The indications for transplantation in pediatric recipients are pre-
sented in Table 2. Biliary atresia was the principal indication in primary
grafting, with 5 of 33 patients receiving more than one transplant
(15%). For patients treated at the University of Chicago, RLT was

* Abbreviations used: CMV, cytomegalovirus; FHF, fulminant he-
patic failure; HLT, heterotopic liver transplantation; RLT, reduced
liver transplantation.
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performed in 5/33 primary transplants (15%) and 2 of 9 retransplants
(22%).

RLT was performed when expected survival was less than 48 h,
(n=5), and in patients witl chronic liver disease who were on the
transplant list as inpatients at least four weeks and had progressive
deterioration despite maximal inpatient medical support (n=4).

The preoperative status of patients receiving RLT is presented in
Table 3. Four of 9 patients were in stage 4 hepatic coma at the time of
grafting, and 5 required ICU care with 4 of 9 receiving ventilatory
assistance. Severe ascites was present in 5, with severe nutritional
depletion in 5. Mean serum bilirubin was 17.3+11 mg/dl, with a range
between 2.1 and 32.7. The mean prothrombin time was 25.6+13 sec,
ranging from 13.4 to 52.4.

Surgical techniques. Surgical approaches to RLT were reported pre-
viously (7, 8) and will be described in detail elsewhere.”? In general,
donor and recipient hepatectomies were performed using conventional
techniques. The donor liver was perfused in situ with limited prelimi-
nary dissection. With one exception the reduced graft was prepared in

2 Manuscript submitted for publication.

TABLE 1. Fate of pediatric patients evaluated for liver
transplantation (University of Chicago 1984-1987)

Category n Percentage
Not endstage 20 29%
Transplanted 38° 54%
Alternative therapy 3 4%
Withdrawn 4 6%
Died awaiting transplant 5 7%
Total 70 100%

5 patients transplanted elsewhere.

TABLE 2. Operative indication in 41 liver transplants in 33 children
(University of Chicago experience 1984-1987)

Diagnosis n Percentage
Primary liver disease:
Biliary atresia 21 (3) 63%
Fulminant hepatitis « 5(2) 16%
A-1l-antitrypsin deficiency 3 9%
Alagille’s syndrome 1 3%
Tyrosenemia 1 3%
Byler’s disease 1 3%
Hepatoblastoma 1 3%
Retransplants (21% of all transplants):
Thrombosis 3(2) 33%
Rejection 4 44%
Primary nonfunction 2 23%

Number of reduced liver transplants in parentheses.
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the recipient operating room with assessment of the recipient abdom-
inal cavity and determination of the appropriate reduction of the donor
liver. The reduction was accomplished by anatomic dissection of the
liver based on its segmental anatomy as described as Couinaud (9)
(Fig. 1) and applied to hepatic resection (10, 11). Grafts were prepared
using the entire R lobe (n=2), the entire L lobe (n=4), the L lateral
segment (segments 2 and 3) (n=2), and the extended R lobe (with
segment 4) (n=1).

The ex-vivo hepatectomy was performed in the cold-perfused graft
on the back operating table while a second surgical team completed the
recipient hepatectomy. Figure 2 illustrates the dissection for the prep-
aration of an L lateral lobe graft. In 8 of 9 cases the decision to reduce
graft was made preoperatively, while in 1 case the decision was made
in the recipient operating room when the donor organ was unexpectedly
found to be too large for the recipient.

The graft was implanted in the orthotopic position with end-to-end
reconstitution of the inferior vena cava and the portal vein in all cases.
The hepatic artery was based on the donor celiac trunk with or without
an aortic patch and was revascularized from the recipient common
hepatic artery (n=7) or supraceliac aorta (n=2). End-to-side cholangio-
jejunostomy to a Roux-en-Y loop was used for biliary reconstruction in
all cases. Primary abdominal closure was possible in 7 of 9 cases; in
the other cases temporary closure was accomplished with a Goretex or
a reinforced silastic patch.

Postoperative care. Patients were managed using standard protocols
applied to all liver transplant patients at the University of Chicago.
Immunosuppression was based on cyclosporine and steroids with an-
tilymphocyte preparations as reported previously (12). Rejection epi-
sodes were treated with bolus steroids in all cases.

FIGURE 1. The segmental anatomy of the liver. Segments 2 and 3
correspond to the left lateral lobe Segments 2, 3, and 4 form the whole
left lobe, while 5, 6, 7, and 8 form the right lobe. (Redrawn after
Bismuth [11] and Couinaud [10].

TABLE 3. Preoperative clinical status of patients receiving a reduced liver transplant

Diagnosis s Encephalopathy ICYy
n Age Weight (ke) Indication for RLT (0-4) (10),
1 36 Months 11 Bil. atresia Retx (art. thrombosis) 1 1°
9 24 Months 8 Bil. atresia Deterioration (12 weeks on list) 2 1
3 11 Months 9 Bil. atresia Deterioration (5 weeks on list) 2 0
4 15 Years 61 Fulm. hep. Coma 4 1°
i) 15 Months 10 Bil. atresia Retx (art. thrombosis) 4 1°
6 48 Months 16 Fulm. hep. Coma 4 1
i 6 Months 7 Bil. atresia Retx (art. thrombosis) 4 1°
N 4 Months 6 Bil. atresia Deterioration (5 weeks on list) 1 0
9 6 Months 7 Bil. atresia Deterioration (4 weeks on list) 0 0

" On ventilator,
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FIGURE 2. The dissection of the liver as it would appear ex-vivo on.

the back table. The illustrated plane of section would create a left
lateral lobe graft while dissection along the main fissure (dotted line)
would create a right or left lobe graft.

TABLE 4. Donor/recipient size match in reduced-sized liver

transplants
Recipient Age/ Donor Age/ Weight Graft (lobe
n Weight (kg) Weight (kg) (’g‘_g’) used)
1 3 Years/11 16 Years/47 4.3:1 Right
2 2 Years/8 42 Years/65 8.1:1 L lateral
3 11 Months/9 12 Years/33‘f 3.6:1 Left
4 15 Years/61 37 Years/90 1.5:1 Left
5 15 Months/10 22 Years/64 6.4:1 Left
6 4 Years/19 45 Years/70 " 371 L lateral
7 6 Months/7 2 Years/13¢ 2:1 Right
8 4 Months/6 7 Months/11° 2:1 Right +4
9 8 Months/8 15 Years/25° 3.1:1 Left
“ Pediatric donors.
RESULTS

Donor/recipient size match. The relationship between the
donor and recipient age and weight, and the graft eventually
prepared is presented in Table 4. These tabulated data dem-
onstrate no consistent relationship between donor and recipient
age and weight and eventual graft used. In addition to overall
size of the donor liver there is variation in the relative size and
shape of the hepatic segments. The donor:recipient weight ratio
ranged from 2:1 to over 8:1. A Left lateral lobe graft was used
in the patient with the largest size disparity. Pediatric donors
were used in 4 of 9 cases. However, in one case the decision to
reduce the graft was made when whole liver grafting was
deemed feasible due to an unexpected size mismatch.

Intraoperative data. Table 5 presents a comparison of intra-
operative data for the series of RL'T and whole-liver transplants
in pediatric recipients. Operative blood replacement and oper-
ative time were significantly greater in RLT group. Ischemia
time was similar in the two groups. In Figure 3 operative blood
loss in all pediatric transplants is presented. RL'T was associ-
ated with the highest intraoperative blood replacement and was
significantly higher than that in elective transplants. However,
blood loss in RLT was not significantly greater than in urgent
candidates receiving a size-matched whole-liver transplant.

BROELSCH ET AL. 521

Patient survival. Survival times and the cause of death are
presented in Table 6. In all, 4 of 9 patients (44%) are alive
between 2 and 48 months after transplantation. Patient 3 died
on postoperative day 5 following an intracranial hemorrhage.
Graft function was marginal at the time (PT: 17 sec, bilirubin:
9.8 mg/dl, Platelets: 74,000) and may have contributed to the
complication. The presence of severe hypertension (150/100
mmHg) in this infant also complicated the clinical picture. Two
early deaths (pts. 4 and 5) were directly related to failure of the
transplant. Primary nonfunction led to death in patient 4 with
the development of coagulopathy and hemoperitoneum. In pa-
tient 5, transplanted in stage 4 coma secondary to acute throm-
bosis with respiratory and acute renal failure, a marginal donor
was accepted. The organ was fatty and reduction to a left lobe
graft was still too large for the infant recipient. Reperfusion
was poor and persistent coagulopathy developed leading to
intraoperative death. Patients 2 and 6 died secondary to com-
plications of severe gastrointestinal cytomegalo virus (CMV)
infection at 3 and 6 months with near-normal function of the
transplant.

Graft-related complications. Complications related to the
graft are presented in Table 7 and fall into three general

TABLE 5. Comparison of intraoperative data for reduced and whole
liver transplants in children

Whole
Parameter R(e::%ad organ Significance
(n=34)
Blood loss during op-
eration®
Mean + SD 44+4.6 2.2+2.3 P<.05
Median 1.7 2.1 P=ns
Range 0.5-11.7 0-10
Operating time (hr)
Mean + SD 9.3+35 . 6.9%26 = P<.05
Median 9 6.5 P<.01
Range 6.2-16 3.8-12
Ischemia time (hr)
Mean = SD 7+1.5 6.4+1.7 P=ns
Median 8 6 P=ns
Range 4.5-8.5 2-11

* Intraoperative blood replacement (blood volumes). ,

Pediatric liver transplantation -

University of Chicago Experience
8 —

Operative blood loss

7 -
6-
54

4 Blood loss

Blood volumes

3_

Allchildren  Elective Urgent Reduced
=41 =18 n=16 n=7

Mean intraoperative replacement + SEM
FIGURE 3. Blood loss in pediatric liver transplantation in Chicago.
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TABLE 6. Patient survival TABLE 8. Extrahepatic complications
n ((l}rl:;f'g Follow-up Alive Cause of death Complication Patient Management Outcome
obe CMV infection L
1 R 48 Months 1 ) Systemic 1 Antiviral globulin Resolved
2 LL 3 Months 0 System{c CMV GI GI bleeding 2 Bowel resection Death
bleeding GI bleeding 6 DHPG; bowel resection Death
3 L 5 Days 0 Intrac:ramal hemorrhage Hepatitis 7 Lowered immunosuppression Resolved
4 L 5 Days 0 Nonviable graft Acute pulmonary 9 Prolonged ventilatory sup- Resolved
5 L None 0 Intraoperative death failure port
6 LL 6 Months 0 Systemic CMV GI Intracranial hem- 3 Death
bleeding orrhage
7 R 6 Months 1 (Retransplanted) Rejection 1, 2,7, Bolus steroids Resolved
8 R +4 7 Months 1 8,
9 L 2 Months 1 9
DISCUSSION
TABLE 7. Graft-related complications The series reported here is the first clinical experience with
Complication Lobe Management Outcome reduced liver grafting in the United States. Bismuth et al. in
Size disparity R Retransplanta- Alive Paris, 1‘31chlmayr in Han.nover, ERQ, and Otte et al. in Belgium
L tion Intraoperative are actlvelx pursuing this modality in Europe where the short-
death age of pediatric organs is even more severe. The European

LL Secondary closure 6-Month survival
Nonviable graft L Died awaiting
retx.
Bile duct necrosis LL  Revision hepati- 6-Month survival

cojejunostomy

categories. Size disparity was a problem in several cases and
underlines the difficulty of assessing the type of reduction of
the graft necessary for an optimal fit. In 3 cases (pts. 5, 6, 7)
the organ was too large for abdominal closure. In patient 6 a
left lateral lobe was used—however, the donor was an adult
male with an unusually large left liver. In the other 2 cases
inappropriate choice of the size reduction was made. Secondary
abdominal closure was possible in patient 6. In patient 7 the
graft continued to increase in size postoperatively because of
secondary ischemic change and edema, and retransplantation
with a size-matched organ was performed 10 days after trans-
plantation despite intact synthetic function and production of
bile by the graft. Primary nonfunction directly caused the death
of patients 4 and 5 and poor function may have contributed to
the death of patient 3.

Bile duct necrosis occurred in a single case (pt. 6) and was
managed by revision of the hepaticojejunostomy. In this case
an L lateral lobe was used and the blood supply to the duct
may have been compromised in the dissection of the hilus.
Revision of the anastomosis required creation of a long jejunal
loop because of the position of the bile duct high in the right
upper quadrant.

Extrahepatic complications (Table 8). Severe extrahepatic
complications were observed in several patients, leading to
death in patients 2, 3, and 6. Clinically significant CMV infec-
tion occurred in 4 patients (44%). Gastrointestinal bleeding led
to death in 2 of these 4 patients despite antiviral therapy. Acute
pulmonary failure developed in patient 9 who required 4 weeks
of ventilatory support with resolution without the identification
of a causative organism. Rejection episodes manifested by
abnormalities of liver tests and a supportive histologic picture
occurred in patients 1, 2, 8, and 9, and responded to bolus
steroid therapy in all cases.

groups have used RLT in elective recipients and have observed
morbidity and mortality comparable to that of whole-liver
grafting in their institutions (personal communications). The
experience with RLT reported here represents the use of RLT
exclusively in urgent settings where results of OLT have, in
general, been less favorable (13). Despite the high-risk setting
4 of 9 patients were rescued, making it reasonable to pursue
expanded application of RLT.

In the Illinois procurement area in 1986, only 40% of 143
cadaver renal donors were also liver donors (Illinois Transplant
Society, 1986). This figure is consistent with national experi-
ence. The inability to find a size-matched liver recipient at the
time the donor was available was one of several factors contrib-
uting to this disparity, particularly in large adult donors. An
increase flexibility in the use of available cadaver organ donors
could be anticipated with the use of RLT in both elective and
urgent clinical settings. The ability to offer RLT to the urgent
candidates will reduce the overall loss of pediatric patients
waiting on the transplant lists. At the University of Chicago
the loss of pediatric patients on the transplant list was only 7%
(Table 1).

Review of the indications of RLT in this series demonstrated
three categories: emergency retransplants, fulminant hepatic
failure (FHF'), and chronic liver failure in small children. The
role of retransplantation in acute graft failure with coma and
multi-organ failure is difficult to assess. Survival of patients in
stage 4 hepatic coma at the time of retransplantation has not
been reported, and Shaw et al. (13) have argued that retrans-
plantation is contraindicated in that setting. To successfully
salvage patients with acute thrombosis or nonfunction, retrans-
plantation must be done quickly and the rapid availability of a
donor becomes critical. _

Recent results of OLT in the therapy of FHF have been
encouraging (our unpublished observations and [14])—how-
ever, transplantation must be performed rapidly, often within
48 h of admission. In FHF the use of RLT is often the only
option for rapidly obtaining a graft for children and small
adults.

Determination of the need for RLT in chronic liver disease
is more difficult. Approximately 1/3 of patients with biliary
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atresia develop progressive liver failure before their 2nd birth-
day (15). Many of these small children are less than 10 kg,
although the abdominal cavity can usually accomodate a graft
from a donor up to twice as large because of distension and
massive ascites. If the graft is too large, size-reduction may be
preferable to avoid the complications of inadequate perfusion
and respiratory compromise. This occurred once in our expe-
rience in which the donor organ was larger than anticipated
from preoperative size matching. These small infants can also
be transplanted electively with a partial graft from an adult
donor if a size-matched organ is not available in a timely
fashion. This will probably be the principal application of RLT
in the future.

In the technical application of RLT, the problems of size-
matching and the choice of the lobe for use as a reduced-sized
graft remain the key obstacles. The use of the entire L lobe as
a graft provides a fit and orientation that is most similar to
whole-liver transplantation. The large A-P diameter of segment
4 (quadrate lobe) acts as a new right lobe and fills the right
upper quadrant of the recipient, correctly orienting the vena
cava and hilar structures. The use of a left lobe graft is usually
not feasible if the weight ratio exceeds 5:1. With a larger size
disparity, only the L lateral lobe can be used—however, use of
this graft requires careful reconstruction of the vena cava and
introduces a left-to-right orientation of the structures of the
hilus that must be carefully managed to avoid portal vein
obstruction. The creation of a Roux-en-Y loop provides the
flexibility to manage the bile duct, even with an abnormal
orientation. Because of its large AP diameter, the use of a right
liver graft with a large donor-recipient size-mismatch should
be avoided. The fit is poor, resulting in poor perfusion of the
large bulk of parenchyma, unfavorable orientation of the ves-
sels, and difficulties in abdominal closure that can cause res-
piratory compromise.

Since there is great variability in the size and shape of liver
lobes a back-up adult recipient should be ready to avoid wasting
of the donor if the anatomy is unfavorable for use as a reduced
graft. At least two independent surgical teams should be in-
volved for the optimal application of RLT, so that the recipient
hepatectomy can be performed at the same time the graft is
being prepared. Several early RLT in this series were performed
with a single surgical team, resulting in longer ischemic periods,
perhaps contributing to poor or absent graft function observed
in three cases. On-site donors provide optimal timing, but this
situation is not mandatory.

As a result of the extended operative procedure, blood loss
was greater in RLT (Fig. 3)—however, multivariate analysis of
blood loss in 85 liver transplants at the University of Chicago®
has indicated that the preoperative condition of the recipient
has the strongest correlation with blood utilization. In RLT
bleeding from the transected parenchyma was minimal due to
careful ligation of each structure during preparation of the graft
and the vasospasm that occurs early upon reperfusion making
it possible to control any bleeding that occurs. Bleeding from
the cut section occurred only with nonfunction of the transplant
in cases 4 and 5 because of diffuse coagulopathy. The operating
time was longer in RLT group due to the additional procedure
and technical adjustments—however, this can be minimized
with the use of two teams. The comparable ischemic times

3 Manuscript submitted for publication.
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presented in Table 5 were due to a higher incidence of long-
distance procurement in the group receiving whole-liver grafts.

The principal medical complication in the patients receiving
RLT was clinically significant CMV disease, which occurred in
44% patients, an incidence much higher than that observed in
whole-liver grafting (16). Of concern was the observation of
eventually fatal involvement of the GI tract in two patients:
patient 2 was seronegative preoperatively and received a graft
from a seropositive donor, patient 6 was seropositive preoper-
atively and received a graft from a positive donor. This high
incidence of clinically significant disease may warrant the
prophylactic application of anti-CMV therapy in children re-
ceiving an adult organ until the serostatus of both donor and
recipient is known. The optimum use of such therapy is unclear
and will require further investigation.

In conclusion, this initial clinical experience indicates the
following: (1) long-term survival with RLT is possible, and the
procedure could also serve as a temporary support measure if
the graft were not ideal until an optimal donor could be located;
(2) although there is insufficient experience at present, it is
possible that with further development of the technique the
operative risk will be comparable to that of whole-liver grafting;
(3) experience with planning and execution of the size reduction
and the use of two operating teams is mandatory and optimal
application of RLT; (4) Antiviral precautions should be consid-
ered in transplantation of an adult liver into a pediatric recip-
ient; and (5) by overcoming size limitations RLT can increase
utilization of available donors.
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