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Background. In living donor liver transplantation (LDLT), the liver donor is almost always a blood relative; therefore,
the donor is sometimes a heterozygous carrier of inheritable diseases. The use of such carriers as donors has not been
validated. The aim of the present study was to evaluate the outcome of LDLT for noncirrhotic inheritable metabolic
liver disease (NCIMLD) to clarify the effects of using a heterozygous carrier as a donor.

Methods. Between June 1990 and December 2003, 21 patients with NCIMLD underwent LDLT at our institution. The
indications for LDLT included type II citrullinemia (n = 7), ornithine transcarbamylase deficiency (n = 6), propionic
acidernia (n = 3), Crigler-Najjar syndrome type I (n = 2), methylmalonic acidemia (n = 2), and familial amyloid
polyneuropathy (n = 1). Of these 21 recipients, six underwent auxiliary partial orthotopic liver transplantation.
Results. The cumulative survival rate of the recipients was 85.7% at both 1 and 5 years after operation. All surviving
recipients are currently doing well without sequelae of the original diseases, including neurological impairments or
physical growth retardation. Twelve of the 21 donors were considered to be heterozygous carriers based on the modes
of inheritance of the recipients’ diseases and preoperative donor medical examinations. All donors were uneventfully
discharged from the hospital and have been doing well since discharge. No mortality or morbidity related to the use of
heterozygous donors was observed in donors or recipients.

Conclusions. Qur results suggest that the use of heterozygous donors in LDLT for NCIMLD has no negative impact on
either donors or recipients, although some issues remain unsolved and should be evaluated in further studies.
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Liver transplantation has become a well-recognized ther-
apy for hepatic failure resulting from acute or chronic
liver disease. It also plays a role in the treatment of certain
inborn errors of metabolism that do not directly injure the
liver (1,2). Due to the unavailability of deceased donors, liv-
ing donors have been employed as a major organ resource for
liver transplantation in Japan (3,4). In living donor liver
transplantation (LDLT), the donor is almost always a blood
relative of the patient. Because most inborn errors of metab-
olism are inherited, an obligate heterozygous carrier of the
recipient’s disorder has sometimes been used as a liver donor
(5-8). For example, in the case of autosomal recessive disor-
ders, the recipient may gain only half of normal enzyme ac-
tivity when a parent is used as the donor. In this situation, it is
difficult to conclude that a heterozygous liver can correct the
disorder and that there will be no relapse of the original dis-
ease in the long-term postoperative course, Furthermore, the
immediate and long-term risks of heterozygous carrier do-
nors have not yet been fully clarified (5-8).

From 1990 to 2003, 21 patients underwent LDLT for
noncirrhotic inheritable metabolic liver diseases (NCIMLD)
at our institution. Although three of these cases have previ-
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ously been reported (9-11), all were evaluated in the present
study in order to determine their LDLT outcomes and to
clarify the impact of the use of heterozygous donors on the
postoperative course of both donors and recipients.

PATIENTS AND METHODS

Twenty-one patients with NCIMLD indicated for
LDLT included type II citrullinemia (CTLN2, n = 7), orni-
thine transcarbamylase deficiency (OTCD, n = 6), propionic
acidemia (PPA, n = 3), Crigler Najjar syndrome type I (CNSI,
n = 2), methylmalonic acidemia (MMA, n = 2), and familial
amyloid polyneuropathy (FAP, n = 1) (Table 1). All were
evaluated based on the mode of operative procedure (auxil-
iary partial orthotopic liver transplantation [APOLT] or not)
(9,12-14), graft-to-recipient-weight ratio (GRWR), liver do-
nor (blood relative or not), and the immediate and long-term
postoperative course.

All of the 21 donors fulfilled our standard donor selec-
tion criteria as described in detail elsewhere (15,16). Of these
21,12 denors were considered to be heterozygous carriers for
respective recipient’s disorder based on the modes of inheri-
tance of the disorders (Table 2): autosomal recessive inheri-
tance for CTLN2 (1,2,5), PPA (10,17), and CNSI (1,18); mul-
tifactorial autosomal recessive inheritance for MMA (19,20);
autosomnal dominant inheritance for FAP (20); and X-linked
inheritance for OTCD (I, 2, 21). Parents with autosomal re-
cessive disorders and mothers with X-linked inheritance dis-
orders were considered to be heterozygous carriers (3-8, 17,
22-24, 25). Furthermore, the father of an atfected patent with
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TABLE 1. Patient characteristics
Age Timing of ABO-blood
Case (years) Sex Diagnosis LDLT APOLT type Donor Outcomes
1 52 F  Citrullinemia type II Elective Yes Identical Husband 83 months, alive
2023 M Citrullinemia type I1 Emergent Yes  Identical Brother 68 months, alive
3 20 M Citrullinemia type I1 Elective Yes Compatible Father I month, died
4 30 M Citrullinemia type IT Elective No Compatible  Father 30 months, with multiple HCC
_ died of recurrent HCC
5 21 B Citrullinemia type II Elective No  Identical Father 54 months, alive
6 18 F Citrullinemia type IT Elective No  Identical Mother 32 months, alive
7 39 M Citrullinemia type 11 Elective No Identical Wife 17 months, alive
8§ 2 F OTCD Emergent No  Identical Mother 112 months, alive
9 3 F OTCD Emergent Yes Identical Father 109 months, alive
10 5 F OTCD Elective Yes Identical Father 94 months, alive
11 5 F OTCD Elective No Identical Mother 80 months, alive
12 7 F OTCD Blective No  Compatible Father 4 months, died in traffic accident
13 16 F OTCD Elective No Identical Father 51 months, alive
4 2 F  Propionic acidemia Elective No Incompatible Mother 59 months, alive
15 5 M Propionic acidemia Elective No  Identical Father 30 months, alive
6 1 M Propionic acidemia Elective No  Identical Father 21 months, alive
17 5 M Crigler-Najjar type I Elective Yes Compatible = Mother 81 months, alive
18 4months M Crigler-Najjar type I Elective No Compatible = Mother 47 months, alive
19 1 F  Methylmalonic acidemia Elective No  Compatible Father 15 days, died of metabolic stroke
20 12 F  Methylmalonic acidemia Elective No Compatible  Father 2 months, died of aspergillosis
21 58 M FAP Elective No  Identical Brother 58 months, alive

LDLT, living donor liver transplantation; APOLT, auxiliary partial orthotopic liver transplantation; HCC, hepatocellular carcinoma; OTD, ornithine

transcarbamylase deficiency; FAP, familial amyloid polyneuropathy.

an X-linked inheritance disorder has a probability, albeit an
extremely low one, of being heterozygous (25).

The mothers of the two CNSI cases (Cases 17 and 18)
received no specitic medical tests because no problem was
found in the results of their routine medical examinations,
including serum direct and indirect bilirubin levels. Because
of surgical risks and the uncertainty of its significance, preop-
erative donor liver biopsy for use in enzymatic or genetic
assays was performed in only one donor. In Case 2 (CTLN2),
an enzymatic assay related to a urea cycle disorder (UCD)
using a liver needle biopsy specimen was performed for a
brother of the recipient, the only donor candidate, and
showed 30% of the normal value for argininosuccinate syn-
thetase activity (5~7) despite normal quantitative plasma
amino acid analysis (QAAA) and normal plasma ammonia
level. No genetic assay was performed because the causative
genetic errors of the disease were not well understood at that
time (26). Although the brother may have been latently dis-
eased, we considered him a heterozygous carrier based on the
results of his QAAA and employed him as a liver donor with
strict informed consent. For all donors, we reviewed the re-
cipient’s disease, donor relationship to the recipient, donor
age, the mode of donor hepatectomy, immediate and long-
term postoperative course, and resection rate of the donor
hepatectomy calculated from the following equation: [{actual
graft weight (g)}/{total liver volume calculated from preop-
erative computed tomography volumetry (ml)}] X 100%.

Mortality and morbidity were studied in relation to the
use of heterozygous donors, and some recipients of heterozy-
gous livers and some heterozygous donors also underwent
specific medical tests in addition to routine checkups, de-
pending on the recipient’s disease. Plasma ammonia level
measurement was included in the immediate and long-term

postoperative routine medical checkups in cases of UCD;
QAAA was performed preoperatively (normal profile, nor-
mal serum ammonia level in donors), 1, 3, 6, 12 months after
LDLT and annually thereafter in cases of CTLN2; an allopuri-
nol loading test (27,28) was performed preoperatively and
annually after the LDLT in cases of QTCD; and in cases of
PPA, plasma propionic acid level measurement was carried
out preoperatively (undetectable in donors), blood gas anal-
ysis (BGA) was conducted preoperatively to confirm whether
metabolic acidosis was present (normal values in both pH
and base excess in donors), and routine postoperative blood
tests included both plasma propionic acid measurement and
BGA. No specific tests were conducted in the CNSI cases. To
determine whether postoperative morbidities were related to
the use of heterozygote donors, recipients of heterozygous
livers were accompanied by their donors or other family
members during follow-up and were asked about their pre-
operative symptoms. Heterozygous donors and other family
members were also asked if they suffered symptoms similar to
those of the recipients.

Follow-up was continued until April 2004 or death for
both donors and recipients.

SPSS commercial statistics software was used for all sta-
tistical analyses (SPSS 12.0 for Windows, Chicago, IL), and P
values of <0.05 were considered to be significant.

RESULTS

Qutcome of LDLT .

The patients’ characteristics are summarized in Table 1.
Cases 2, 8 and 9 underwent emergency LDLT for life-threat-
ening hyperammonemia, and all three required preoperative
apheresis therapy including plasmapheresis and contintous
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hemodiafiltration immediately prior to surgery. The other 18
patients underwent LDLT electively and required no aphere-
sis therapy.

APOLT was performed in six recipients, in whom a left
liver (segments II-IV according to Couinaud’s nomenclature

Duration from surgery
(months)

CRRICIEBRIIGE . . .
— for liver segmentation) or left lateral segment liver (segments
I1-111) graft was implanted orthotopically following native left
hepatectomy with caudate lobe resection (segments I-IV). In
Case 1, APOLT was implemented in order to intend to com-
pensate for the relatively small graft (GRWR was 0.84% in this
o case) (29); it was also implemented in expectation of the fu-
zh|egnadgnannan ture establishment of gene therapies (30) or hepatocyte trans-
& ClS~dd—a—e = plantation (31) because our institution did not have a right
liver donation program from living donors at that time (32).
In Case 2, the donor had a 100% probability of being a het-
% %- erozygous carrier or even latently diseased. Thus we applied
88 APOLT to this case to avoid right liver donation; this de-
B2 | o o n im0 O creased the operative risks to the donor by reducing the extent
g :& gdemgauddadss of donor hepatectomy (33). As for the other four cases, we
g applied APOLT to these cases with the expectation of future
ﬁ 2 establishment of gene therapies or hepatocyte transplanta-
3 tion. There was no statistical difference between the 5-year

survival rates of the APOLT group (83.3%) and the non-
APOLT group (78%).

ey
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g e E\E\ ) }a\ 2| s There.wele five postoperative deaths among recipients,
9 R R three of which were related to the LDLT procedure. Case 3
8 RRY 88898908 !x died of sepsis, Case 19 of metabolic stroke (23), and Case 20 of
R RN S g g g ug g g E = pulmonary aspergillosis. The other two patients died of brain
§ E g g8 ¢ Sh &b 5D Eb &b S TH Ec’g metastases from hepatocellular carcinoma (Case 4) and a
4+ — . . .
Sles g848 = % ,_“; = ,.2; = = % traffic accident (Case 12). The overall cumulative survival
A, 0 y 7 . .
B & %_@*E Y8 dgus8s|ESe rate of all 21 patients was 80.0% at 1 year after operation and
o . . < .
S|l ggeS8 ﬁ ﬁ é“ 2 |eTE 75.6% at 5 years (Kaplan-Meier life table analysis). Excluding
S GEPPoGEEEEEE |46t the deaths unrelated to LDLT, the cumulative survival rates
R R . o~ [ S s I R | U“;E >
2 were 85.7% at both 1 year and 5 years.
=R
o Y s .
= g § 5 Impact of Employing a Potential Obligate
= - = 3
] 2% = Carrier as a Donor
Pl voodtanmons—~m| k88 i )
Slanhdmmawensol| Seg The donors were the father in 11 cases, the mother in 6,
[ g9 x5 . .
& EXF a brother in 2, and a spouse in 2 cases; thus a total of 19
n T35 E patients received grafts from a blood relative (Table 1), 12 of
2 S=E whom (5 fathers, 6 mothers, and 1 brother) were considered
et . . .
3 & TEE heterozygous donors based on the mode of inheritance of the
vt z o . A . . .
g & PR disorder in question (Table 2). Pour fathers of patients with
I . eyt
&» Sy . ., .BEEEs..bgl|3 ;‘3},5 OTCD (Cases 9, 10, 12, and 13) also had various probabilities
¥ S|S5&2 288 222883 ~E8 of being heterozygous. However, their results in the allopuri-
4= = +— v o . .
§ '5 SEESSSSSSEESE ,E s 2 nol loading test showed no abnormal findings, and thus we
9 = ST E6n ¥ did not consider them heterozygotes. As stated above, addi-
<~ o 205 E g . : : °
S =gs~> & tional preoperative medical tests for heterozygote donors
o Ea:g‘ gt & showed no unusual findings for either the CTLN2 cases or the
p S :
i it et ~_ 228> 3 PPA cases. Two mothers of OTCD patients proved to be par-
o PR E R A - ially deficient i ithi bamylase based on th
w 8« aé E& 9 é g§EE g &l fggsd E tially deficient in 01‘.1'11'[ ine t.ranscar‘amy flse ased on the
N I Sog = T EET T results of the allopurinol loading test, in which peak values of
n 8 9 g dacg Ss8s3l8x = : : : s 3s ; .
a &8 .8 .8.9 8888|5210 08 . . . -
g i § EEEEE i g 85 _:30:0»; 53 urine orotic acid and mphdme were almost tw1§e normal
5 5.2l gEg2e 2gL8E zZ |2z £5%% upper values after allopurinol loading (27,28), despite normal
4 ;.5 .=.2.2.5 IR~ A= v v 9ED . = .
g 2 ZSES=ZZ200228 285 2F5EE plasma ammonia levels. Nevertheless, both were used as liver
d TEEEZEOL G m| T2 P ;
5 REEEAESERREE|EE2S donors because there were no other available donors. Both
e i undenwvent enzymatic and genetic assays using liver tissue ex-

tracted during donor surgery and were proven heterozygous
for mutations at Xp21, where the ornithine transcarbamylase
gene is located (22.23), even though their OTC activity was
normal in the liver tissue and neither showed relevant symp-

OTCD,

TABLE 2.
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toms either preoperatively or early in the postoperative pe-
riod (2,5,22). The mothers of the two CNSI patients also
showed no symptoms related to their respective heterozygo-
sis. Enzymatic or genetic assays using liver tissue extracted
during donor surgery were performed only in Cases 2, 8 and
11, because the significance of these investigations was con-
sidered uncertain at that time.

The age of the donors at LDLT, the mode of donor
hepatectomy, and resection rate of donor hepatectomy are
shown in Tables 2 and 3 for heterozygous and nonheterozy-
gous): donors, respectively. There were no statistical differ-
ences in these variables between the two groups, and there
were no major complications in any donors. All 21 donors
were uneventfully discharged from the hospital within 14
postoperative days; they returned to their preoperative nor-
mal daily lives within 2 months of surgery and are currently
doing well. Furthermore, there have been no cases to date of
any symptoms possibly arising from the heterozygosis, in-
cluding episodes of hyperammonemia in the cases of UCD,
metabolic acidosis in the cases of PPA, or jaundice in the cases
of CNSI.

Of the 12 patients who were matched with heterozy-
gous donors, none has shown any evidence of recurrence of
the original disease. The 10 survivors of these 12 recipients
have not required any dietary restriction during long-term
follow-up, although the three PPA patients still receive carni-
tine supplementation (10,17). No statistical difference was
found between the survival rates of recipients of heterozygous
livers and nonheterozygous livers, with 82.5% survival in the
former and 77.8% in the latter at 5 years after operation.
Although episodes of hyperammonemia secondary to graft
dysfunction due to rejection were observed in Cases 1, 2, 9
and 10 (all of whom underwent APOLT), there have been no
episodes of cornplications arising from the use of a heterozy-
gous donor.

Heterozygous donors to CTLN2 recipients have shown
neither abnormal profiles in QAAA nor any episodes sugges-
tive of hyperammonemia or actual hyperammonemia to
date. CTLN2 recipients of heterozygous livers have shown no
abnormal QAAA profiles and have suffered no episodes of
hyperammonemia except Case 2, whose QAAA profile in-
cluded high levels of citrulline and glutamate during several
episodes of hyperammonemia secondary to graft dysfunction
due to rejection.

Annual allopurinol loading tests of OTCD Cases 8 and
11, who received heterozygous livers, have shown peak values
of urine orotic acid and orotidine excretion of 1.5- to 3-times
normal upper values in both donors and recipients. However,
there have been neither episodes of hyperammonemia nor
episodes suggestive of hyperammonemia in donors or recip-
lents.

Finally, there have been no episodes of metabolic aci-
dosis in PPA recipients or their donors, and no episodes of
jaundice have been observed in the CNSI cases. Thus, neither
mortalities nor morbidities related to heterozygosis have
been observed in either donors or recipients. Regardless of
whether or not heterozygous donors were used, no surviving
pediatric recipients have shown any problematic retardation
in physical growth or neurological impairments. All surviving
adult recipients are currently enjoying their normal daily lives
as before the onset of the original disease. In addition, all of
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surviving patients and their families including donors cur-
rently declare their well-being and their feeling to be cured.

DISCUSSION

Even when the recipient’s disease is known to be inher-
itable, a blood relative who is heterozygous for the disorder
must sormetimes be used as aliver donor for LDLT in Japan or
other countries where the deceased donors are usually un-
available. It is therefore extremely important to understand
the risks of LDLT with heterozygous donors. In the present
study, no negative impact was found on the immediate or
long-term postoperative courses of either donors or recipi-
ents. Although 3 of the 12 heterozygous donors underwent
right hepatectomy, which is considered to induce a consider-
able regenerative process in the donor remnant liver, they
showed no serious difficulties either early postaperatively or
during long-term follow-up. Regardless of the use of het-
erozygous or nonheterozygous donors, LDLT produced ac-
ceptable survival outcomes with a cumulative survival rate of
85.7% at 5 years after operation and excellent quality of life
for all NCIMLD cases. We therefore believe that more exten-
sive use of LDLT is acceptable in the treatment of NCIMLD.

On the other hand, the onset mechanisms of most
cases of NCIMLD are not yet completely understood, and
some acquired genetic mutations in heterozygous liver may
cause a recurrence or new onset of the original disease (6-
8,10,18,19,21,25,26,34,35). For example, in a study by Saheki
and Kobayashi, some CTLN?2 cases were caused by the addi-
tional effects of genetic or environmental modifiers in the
heterozygous carriers (35). In addition, it was reported that a
recipient of a liver harvested from an adult male deceased
donor who had unrecognized OTCD could die as a result of
hyperammonemia (36). In the present study, liver tissues
were not extracted during donor surgery for cryopreservation
and future examination, and certain types of study are there-
fore not possible with the present group of subjects. Most of
the genetic mutations of these inborn errors of metabolism
are already known and their roles have been clarified
(8,17,18,20-22,25,26,34~36), even if not completely under-
stood. Because the number of our cases was small and the
diseases varied, further follow-up and more studies are nec-
essary to confirm the efficacy and safety of LDLT with het-
erozygous livers. Therefore, in cases of LDLT for these inborn
errors of metabolism with the use of heterozygotes as donors,
hereafter the liver tissue must be extracted from both donors
and recipients in order to elucidate the impact that the use of
the heterozygotes as donors would have on the risk or safety
of both donors and recipients. This is because enzymatic and
genetic assays using a part of the liver tissue should be man-
datory for the recognition of correlations between enzymatic
and genetic variations. Moreover, the remainder of the liver
tissue must be preserved for more advanced analyses in the
future.

Most NCIMLDs arise from enzyme deficiencies, and
enzyme supplementation can sometimes correct the disor-
ders (9,12-14). APOLT has thus been widely indicated, and
indeed, 6 of the 21 patients in the present study underwent
APOLT. APOLT recipients will be released from life-long im-
munosuppressive therapy and maintained with their own
liver when gene therapies for these disorders become clini-
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cally available. Furthermore, hepatocyte transplantation
g2 could be an alternative to hepatic retransplantation when the
S graft liver is severely damaged; however, clinical success with
| E aNg NG R these therapies has not yet been reported and probably will
3 \t/\ = = not be popularized in the near future (22,30,31). Further-
] . .
5 8 more, the postoperative course of APOLT patients tends to be
a ’é complicated, as shown in Cases 1, 2, 9, and 10. Until gene
therapy or hepatocyte transplantation for these disorders has
» been established, application of APOLT should be limited to
T lyggyLeInea particular cases, such as cases with small-for-size graft (29), or
Q . . . . .
. Slo~d-—"dcea - cases in which right liver donation threatens donor safety
because of an extreme volume imbalance between the right
and left hepatic lobes (32).
§ In conclusion, LDLT provides acceptable survival out-
) 5. comes and excellent quality of life for NCIMLD patients even
5 g in cases of a heterozygous carrier donor. The results of the
gl sa—won present study suggest that the use of a heterozygous carrier as
B lodfa—do oo . © . -
BE oY e S a liver donor has no negative impact on either the donors or
3 ,38; the recipients in LDLT for NCIMLD. However, to confirm
5] . . . . .
2 our results, enzymatic and genetic assays, using liver tissue
< extracted from both donor and recipient pairs of LDLT with
the use of heterozygotes as donors for these inborn errors of
. metabolism, should hereafter be mandatory and the remain-
g “E “E ”E B der of the liver tissue must be preserved for more advanced
i 8558 8 < analyses in the future.
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Variations in Biliary Anatomy Associated with Trifurcated Portal Vein in
Right-Lobe Living-Donor Liver Transplantation

Anatomic varlations requiring
multiple vascular and biliary anastomo-
sis were more frequently seen in right-
lobe living-donor liver transplantation
(LDLT) than in left lobes, which was ex-
plained by the relative consistency be-
tween the left umbilical vein and the
liver (I, 2). Clinical implications and
surgical anatomy of these variations in
LDLT, however, has not been studied in
detail because of the lack of accumulated
experience. Trifurcation of portal ve-
nous system, which necessitated dual
portal vein anastomosis, occurred in
6.7% of our initial experience with 120
right lobe LDLTs (3). Reconstruction
using bifurcation of recipient portal vein
is feasible in the right-lobe graft with du-
plicated portal branches and is not a
contraindication of right-lobe LDLT.

Arelatively high incidence of mul-
tiple bile ducts in the patient with trifur-
cated portal vein was experienced in our
series; however, the exact incidence and
anatomic relationship have not been an-
alyzed. We report here the incidence of

P

.

N=8 (30.8%)

Typel

Type Il

FIGURE 1.

dual portal vein and multiple bile ducts
in 321 cases of right-lobe LDLT.

Between June 1990 and April
2004, 972 LDLTs were performed for
947 patients at Kyoto University Hospi-
tal. Right-lobe LDLT was first adopted
inFebruary 1998, and thereafter, 321 pa-
tients received right-lobe graft. Portal
and biliary anatomy was confirmed by
one experienced radiologist using pre-
operative three- or two-dimensional
computed tomography, intraoperative
cholangiography, and intraoperative
findings. None of the patients were ex-
cluded from the potential donation be-
cause of portal and biliary anomaly.

A total of 295 (91.9%) grafts had
bifurcated portal vein, and 26 (8.1%)
had trifurcated portal vein. Overall, one
hundred twenty-six (39.6%) grafts had
multiple bile ducts in the series. One
hundred nine of 295 (36.9%) grafts
showed single portal vein with multiple
bile ducts. Eighteen of 26 (69.2%) grafts
showed dual portal vein accompanied
with multiple bile ducts. Incidence of

N

Trifurcated portal vein
N=26

N=4 (13.4%)

multiple bile ducts was significantly
higher in the graft with dual portal vein
(P=0.001). The anatomic variation in
right-lobe grafts was classified into five
types based on tributaries from the pos-
terior segment, which was proposed by
Nakamura et al. (3) (Fig. 1). The overall
incidence of biliary anastomotic leakage
and stenosis was 8.4% and 19.5% in our
experience with 321 right-lobe LDLTs.
Biliary complications are the most
common complications related to LDLT
surgery (4). When a dual portal vein anasto-
mosis is required, there may be an increased
risk of multiple biliary reconstruction in
right-lobe LDLT. An understanding of these
frequently encountered variations is vital to
avoid surgical complications in right-lobe

LDLT.

Mureo Kasahara
Hiroto Egawa

Koichi Tanaka

Organ Transplant Unit
Kyoto University Hospital
Kyoto, Japan

N=7 (26.9%)

S

/

A

- j

Type IV N=7(26.9%)

Anatomic types of biliary tree in trifurcated portal vein in right-lobe graft defined by tributary from the

posterior segment. A, anterior; P, posterior; L, left portal vein; LHD, left hepatic duct.
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REVIEW

Current Role of Liver Transplantation for the
Treatment of Urea Cycle Disorders: A Review of the
Worldwide English Literature and 13 Cases
at Kyoto University

Daisuke Morioka,”? Mureo Kasahara,' Y asutsugu Tﬂkam’d Yasumasa S/erouzu, !
Kaoru Taiva,’ Seisuke Sdkczmoto, Kengji Uryu/mm Hiroro Egzzwzz
Hiroshi Shimada,? and Koichi Tanaks

To address the current role of liver transplantation (LT)
for urea cycle disorders (UCDs), we reviewed the world-
wide English literature on the outcomes of LT for UCD as
well as 13 of our own cases of living donor liver transplan-
tation (LDLT) for UCD. The total number of cases was
51, including our 13 cases. The overall cumulative patient
survival rate is presumed to be more than 90% at 5 years.
Most of the surviving patients under consideration are
carrently doing well with satisfactory quality of life. One
advantage of LDLT over deceased donor liver transplan-
tation (DDLT) is the opportunity to schedule surgery,
which beneficially affects neurological consequences.
Auxiliary partial. orthotopic liver transplantation
(APOLYT) is no longer considered significant for the estab-
lishment of gene therapies or hepatocyte transplantation
but plays a significant role in improving living liver donor
safety; this is achieved by reducing the extent of the hep-
atectomy, which avoids right liver donation. Employing

Abbreviations: LT, liver transplancation; UCDs, urca cycle dis-
orders; LDLT, living donor liver transplantation; DDLT, deceased
donor liver transplantation; APOLT, auxiliary partial orthotopic liver
transplantation; CPSID, carbamyl phosphate synthetase I deficiency;
QOTCD, ornithine transcarbamylase deficiency; ASSD, argininosuc-
cinate synthetase; CTLN1, citrullinemia type I CTLNZ, citrulline-
mia type II; ASLD, argininosuccinate lyase deficiency; argD, arginase
deficiency; NAGSD, N-acetyl glutamate synthetase deficiency;
QAAA, quantitative serum amino acid analysis; CT, compured
tomography; GRWR, graft-to-recipient weight ratio; ACR, acute
cellutar rejection; PSP, portal steal phenomenon.
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heterozygous carriers of the UCDs as donors in LDLT was
generally acceptable. However, male hemizygotes with
ornithine transcarbamylase deficiency (OTCD) must be
excluded from donor candidacy because of the potential
risk of sudden-onset fatal hyperammonemia. Given this
possibility as well as the necessity of identifying heterozy-
gotes for other disorders, enzymatic and/or genetic assays
of the liver tissues in cases of UCDs are essential to eluci-
date the impact of using heterozygous carrier donors on
the risk or safety of LDLT donor-recipient pairs. In con-
clusion, LT should be considered to be the definitive treat-
ment for UCDs at this stage, although some issues remain
unresolved. (Liver Transpl 2005;11:1332-1342.)

rea cycle disorder (UCD) is one of the most com-

mon inborn errors of metabolism in the liver.
Although no population studies have been performed,
its prevalence is considered to be 1:30,000-46,000 live
births.!2 Because the urea cycle is the final common
pathway for the metabolism of waste nitrogen in
humans, a defect of this pathway results in the accumnu-
lation of nitrogen as ammonia, glutamate, alanine, and
intermediates prior to the metabolic block.!2 UCDs are
caused by the following deficiencies in enzymes: car-
bamyl phosphate synthetase 1 deficiency (CPSID),
ornithine transcarbamylase deficiency (OTCD), argini-
nosuccinate synthetase deficiency (ASSD; neonatal
onset form, citrullinemia type I [CTLN1]; adult onser
form, citrullinemia type 1l [CTLNZ]), argininosucci-
nate lyase deficiency (ASLD), arginase deficiency
(argD), and N-acetylglutamate synthetase deficiency
(NAGSD).}2 Clinical manifestations of these UCDs
are determined principally but not only by serum con-
centrations of ammonia and glutamate with symproms
that range from mild cognitive deficit to deep coma and
can range in severity from fatal neonartal hyperammone-
mia to asympromaric adults. An approximate determi-
nation of which enzymes in the pathway are defective
can be established based on quantitative serum amino

2005 pp 13321342
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acid analysis (QAAA) profiles, and an enzymaric assay
of each enzyme using liver tissue extracted by needle
biopsy can lead to a precise determination of the defi-
cient enzyme. Furthermore, the genetic errors respon-
sible for each enzyme deficiency have been almost
entirely elucidated, and thus a genetic diagnosis will
soon be escablished.!? Because conservative medical
treatments consisting mainly of protein-restricted diet
and alcernative pathway medication—both of which
are intended to prevent an upsurge in serum ammo-
nia—rfor these disorders have been refined by the recent
precise biochemical and molecular recognition given to
their pathophysiology, some affected patients have been
able to survive for a long time with acceptable quality of
life. However, conservative medical treatments are
complicated and require close medical supervision to
control the risk of severe hyperammonemic coma.!-4
Liver transplantation (LT) has played a significant
role in the treatment of UCDs.!-4 However, because of
their rare occurrence, there have been no large series
studies discussing the outcomes of LT in UCD patients.
In this monograph, we examined the current role of LT
for the treatment of UCDs by reviewing previously
reported cases in the worldwide English literature as
well as our single-center experience with living donor
liver transplantation (LDLT) in 13 UCD patients.

Patients and Methods

To the best of our knowledge, there have been 38 cases of LT
for UCD:s reported in the worldwide English literatuse (Table
1),5-2! not including our own previously reported cases.??-24
We reviewed these 38 cases in addition to our 13 LDLT cases
(Table 2) to collect the following data: disease, age of onset,
gender, time from onset to LT, disease severity, metabolic
status, neurological status, timing of LT (elective or emer-
gent), donor (deceased or living), graft type (whole or partial),
auxiliary partial orthotopic liver transplantation (APOLT) or
not, postoperative complications, survival outcomes, conse-
quences of disease severity, metabolic status, and neurological
status. Emergency transplantacion was defined as LT that was
performed under urgent conditions necessitating artificial
ventilation because of severe hyperammonemic coma. With
regard to our 13 LDLT cases, we further investigated the
following variables: pretransplant status, donor, graft type,
graft-to-recipient weight ratio (GRWR), and outcomes of
LDLT, including postoperative complications, chronological
changes in disease severity, merabolic status, neurological sta-
tus, and qualicy of life. Disease severity, metabolic status, and
neurological status were assessed by accepted grading scales
essentially following Whitingron et al.* with minor modifica-
tions, as shown in Table 3. Quality of life was also classified
into 4 subgroups as shown in Table 3.

UCDs are inherited diseases; OTCD is inherited in an
X-linked manner and the other 5 disorders in an autosomal
recessive manner,224 Thus, in cases of autosomal recessive
disorders, the parents and offspring of an affected individual
were heterozygotes; siblings had a 50% probabilicy of being a
heterozygote or 2 25% probability of being latently diseased.
Furthermore, females with OTCD can inheric causative
genetic errors for OTCD from either parent.

With regard to our 13 LDLT cases, the parental donors of
6 gitls with OTCD underwent a preoperative allopurinol
loading test?526 to determine whether each donor was het-
erozygous. Preoperative donor needle biopsy of the liver used
for enzymatic and/or genetic assays was performed when indi-
cated. In addition, the following data were collected for all
employed donors: age; relationship to recipient; mode of
donor hepatectomy; resection volume (%) of donor hepatec-
tomy calculated by the following formula: resection volume
(%) = {(actual grafc weight [g])/(total liver volume calculated
with preoperative computed tomography [CT] volumetry
[ml])} X 100 (%); and postoperative complications, includ-
ing hyperammonemia. To evaluate the use of a heterozygote
as a donor, mortality or morbidity related to the use of het-
erozygous donorts were investigated. In our LDLT cases who
were recipients of heterozygous livers, we examined whether
hyperammonemia occurred without evidence of grafr dys-
function. In addicion, we asked both heterozygous donorsand
recipients of heterozygous livers about the presence of epi-
sodes suggestive of hyperammonemia. For previously
reported cases, we investigated whether there was a descrip-
tion of mortalities or morbidities associated with the use of
heterozygous donors.

With respect to our 13 LDLT cases, follow-up was con-
tinued until March 2005 or death for both donors and recip-
tents.

Statistical analysis was conducted in a nonparametric
manner using SPSS commercial statistic software (SPSS 12.0.
for Windows; SPSS, Chicago, IL) when indicated. Numerical
variables are shown as median (range). Survival was evaluated
by the Kaplan-Meier life table analysis with the Breslow-
Gehan-Wilcoxon test when indicated.

Results
Overall Cases

Patient Characteristics

The indications for LT were OTCD in 22 cases,
CTLN2 in 20, CTLNI in 4, CPSID in 4, and argD in
1 (Tables 1 and 2). The age of onset ranged from 0-62
years, with 2 median of 31.5 months. Two patients with
OTCD were diagnosed prenacally by genetic assays.?!
The dme from onset to LT ranged from 0.5-202
months, with a median of 9.0 months. Emergency
transplantation was performed in 4 patiencs (case nos.
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Table 1. Results of a Review of the Worldwide Literature Discussing che Ourcomes of Liver Transplantation for the Urea Cycle

Disorders
Posteransplanc
Remaining
Case Neurological Survival Causes of Reference
No. Discase  AgeofOnsec  Gender  Ageac LT Donor  APOLT  Impairments Outcomes Death No.
i OTCD 0 yr 8 months F 4y Deceased No No 42 months, alive (5)
2 CPSID 2 days M 1 yr 8 months  Deceased No Yes 18 months, died  Pneumonia (6)
3 OTCD 0 yr 0 months M 1yr 2 months  Deceased Yes Yes 7 months, died Billary stricrure 7)
4 CPSID 2 days M 14 days Deceased Nao Yes 40 months, alive (8)
5 CTLN2 35yr M 35 yr Deceased No No 34 months, alive (8)
10 months
6 OTCD 0 yr 0 months 1yr9 months Deceased No No 60 months, alive (8)
7 OTCD 5yt Deceased No No 36 months, alive (8)
8 OTCD tyr 8 months  Deceased No 2 weeks, died Hospital (8)
mortalicy
9 OTCD 2yr4 months  Deceased No Yes 18 months, alive 8)
10 OTCD Deceased No 9)
11 OTCD Deceased No 9)
12 CTLN! Deceased No 9)
13 OTCD 21 days F 5yr Deceased No No 24 months, alive (10)
14  OTCD 1day M 80 days Deceased No No 6 raanths, alive (10)
15 CTLN2 38yr M 39yr Deceased No No 12 months, alive (1)
16 OTCD 2days M 0yr3 months  Deceased No No 63 manths, alive (12)
17 OTCD 0 yr 0 months M 0yr7 monchs  Deceased No Yes 39 months, alive (12)
18 OTCD 0 yr ) months M 40 days Deceased No No 9 months, alive (12)
19 CTLN 13 days M 12yr Deecased No No 29 months, alive* (13)
20 CTLN2 60 yr 0 months F 60 yr Living No No 13 months, alive (14)
4 months
21 CTLN2 15 yr 6 months M 16y0m Living No No 72 months, alivet (15)
22 CTLN 10 yr 0 months F 6 yr 0 months  Living No No 18 months, alive (16)
23 ARD 0 yr 2 months F 7 yr 0 months  Deceased No No 26 months, alive ($W))]
24  CTLN2 12y F 21yr Living No Yes 39 manths, alive (18)
0 monchs
25 CTLN2 61 yr 4 months F 62 yr Living No No 12 months, alive (18)
0 months
26 CTLN2 25 yr 0 months M 25 yr Living No No 70 monchs, alive (18)
7 months
27 CTLN2 44yr M 45 yr Living No No 55 months, alive (18)
28 CTLN2 23yr F 24 yr Living No No 37 months, alive (18)
29 CTLN2Z 17 yr F 17yr Living No No 31 months, alive (18)
30 CTLN2 21yrc M 32yr Living Nuo No 19 monchs, alive (18)
31 CTLN{ 0yr 1 monch F 0yr Living No No 72 monchs, alivet (19)
10 months
32 CTLN2 32yr M 32yr Livingt Yes No 24 months, alive (20)
33 CTLNZ 40yr F 42 yr Living Yes No 22 months, alive (20)
34 CPSID 0 yr 0 monchs M Oyr Deceased No No >30 months, 21
5 monchs alive
35 CPSID 0 yr 0 months M 0yt Deceased No Yes >30 maonchs, (21)
3.5 months alive§
36 OTCD 0 mouaths | M 0yc Deeeased No No >30 months, (21
11 months alive
37 OTCD 0 months | M Oyr Deceased No No >30 months, @an
8 monchs alive
38 OTCD 2 yr 6 monchs F 2yr Deceased MNo No >30 monchs, (21)
11 months alive

Abbreviations: LT, liver transplantation; APOLT, auxiliary partial orthotopic liver cransplantacion; OTCD, ornithine transcarbamylase
deficiency; CPSID, carbamyl phosphare synthetase I deficiency; CTLN2, type H citrullinemia; CTLN1, type I cicrullinemia, ARD. acuce
respiratory disease.

“The pacicnt undenwenr retransplantation 17 months afer the initial transplant because of secondary biliary cirrhosis duc to biliary
anastomoric sricure.

FPersonal communication of 2003.2.
i1 this case, domino splitting liver h

Iamyloid paivneurapachy was used fur she transplancacion.
ause of secondary biliary cirrhosis due to biliarn anastomoric stricture.

tl(‘ﬂ\'.‘fi(_ dsiessmant,
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Table 2. Thirceen Pacients with the Urea Cycle Disorders Who Underwent Living Donor Liver Transplantation at Kyoco University
Scatus ac che
Time fram Latest
Onsex to ABQ- Blood Preeransplane Evaluation® Qualicy of Life
Case LDLT Type GRWR  Survival Outcomes (Currear  stacus {DS/ (DS/MS/  ac the Latese
No.  Agcat LDLT Gender Diagnosis  (Months) Donor  Macching APOLT (%) Immunosuppression} MS/NS) NS) Evaluacion*
39 52 ye 7 months F CTLN2 202 Husband Tdenrical Yes 0.84 92 monchs, alive {Tacrolimus 4131 0/0/0 Excellenc
. alonc)
40 23 yr 6 monchs M CTLN2 10 Brather  Identical Yes 0.78 77 monchs, abive (Tacrolimus 41414 0/0/0 Excellent
alone)
41 20 yr 3 months M CTLN2 38 Father  Compadble  Yes 1.21 1 monch, died of sepsis /1
42 30yr ll monchs M CTLN2 15 Father  Compatible  No 1.55 29 monchs, died of brain 31310 0/0/0t Excellench
with HCC mecastases of HCC
43 21 yr 8 months F CTLN2 4 Pacher  Identical No 1.63 63 moaths, alive {Taccolimus - 4/3/1 o0/0/a Excellent
alane)
44 18 yr 2 months F  CTIN2 9 Mother  Tdencical No 1.42 41 months, alive (Tacrolimus 231 0/0/0 Good
and mizoribine)
45 39 yr Ginonths M CTIN2 3 Wife Tdencical No 1.36 26 months, alive (Tacrolimus 2420 0/0/0 Fxcellent
alone) .
46 2 yr 6 months F  OTCD 3 Mother  Identical No 2.67 121 monchs, alive (Tacrolimus 41414 0/a/o Excellent
alone}
47 3 yr 0 months F  OTCD 17 Facher  Identieal Yes 2.08 118 monchs, alive (Nonc) 41414 0/0/0 Excellenc
48 5 yr 9 monchs F OTCD 36 Father  Idenrical Yes 1.34 103 months, ulive (Tacrolimus 4131 0/0/0 Excellent
alone)
49 4 yr 10 months F OTCD 9 Mother  Identical No 131 89 months, alive (Tacrolimus 331 0/0/0 Excellent
alone)
50 7 yr 2 monchs E  OTCD 86 Facher  Tdencical No 1.3 6 months, died in a truffic 41311 o/o/ot Goadf
accident
51 16 yr 2 months F  OTCD 177 Facher  Idencical No 0.94 60 mondhs alive (Cyclosporin 41312 0/0/0 Exeellenc
Aalone)
Abbreviations: LDLT, living donor liver cransplantation; APOLT, auxiliary partial orthotopic liver transplancacion; GRWR, graft-co-
recipient weight ratio (%); DS, disease severity; MS, metabolic status; NS, neurological status; CTLN2, cicrullinemia type II; HCC,
hepatoccllular carcinoma; OTCD, ornithine transcarbamylase deficiency.
*Assessed by grading scales or classified into subgroups as shown in Table 3.
tEvaluated at the outpatient clinic prior to death.

5, 40, 46, and 47). Whole liver deceased donor LT
(DDLT) was performed in 20 cases, partial liver DDLT
in 5,and LDLT in 26.

Surgical Outcomes

Among the 51 cases under consideration, there were
only two hospital mortalities (case nos. 8 and 41) and 4
other deaths (case nos. 2, 3, 42, and 50). Two of the 4
deaths other than hospital mortalities arose from com-
plications of LT or remaining neurological impair-
mencs (case nos. 2 and 3). The other two deaths (case
nos. 42 and 50), both of which were among our cases,
were unrelated to either the LDLT procedure or to the
original UCD (Table 4). With respect to the cases taken
from the literature, biliary complications were reported
to have led to graft failure in three cases. As a result, case
3 died?; case 19 underwent a second LT 17 months
after the first LT'3; and case 35 had been placed on a
waiting list for retransplantation.?! Other than these
three cases and the two cases of hospital mortality, no
serious postoperative complications leading to mortal-
ities or graft losses were observed. Based on our analysis,
the cumulative posteransplanc graft and patient survival

rates were 93.7% and 93.7% at 1 year, and 88.9% and
91.3% at both 5 and 10 years, respectively (Fig. 1).

Metabolic and Neurological Outcomes After

Liver Transplantation

Hyperammonemia, dietary restrictions, and the use of
alternative pathway medications were completely eradi-
cated by LT in all surviving patients, although neurologi-
cal impairments remained in 7 (case nos. 2, 3, 4, 9, 17, 25,
and 35) of the 47 patients in whom neurological status was
evaluated. Six of these 7 (case nos. 2, 3, 4, 9, 17, and 35)
received LT in their early infancy, at an age ranging from
0.5-28 months with a median of 10.5 months, and the
remaining patient (case 25) was a 52-year-old adult,
Among the 47 patients in whom neurological status was
evaluated, 6 of the 21 patients who underwent DDLT
showed remaining neurological impairments, compared
with only one of 26 LDLT cases. In other words, neuro-
logical impairments were more likely to remain in pediat-
ric cases {6 of 25 cases) chan in adult cases (aged 12 years or
more, 1 of 22 cases) and more likely to remain in patients
who underwent DDLT than in chose who undenvent
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Table 3. Grading Scales to Evaluate Disease Severity, Metabolic Status, and Neurological Status, and Classifications
of Qualiry of Life

Severity of the Disease

Metabolic Status

Neurological Sratus
Grade 5: persistent coma or vegetative state

delayed development, only modest learning deficits

Quality of Life

a scale of 1

Grade 4: many episodes of severe hyperammonemic coma, some with NH3* > 300 pmol/L

Grade 3: one to several episodes of hyperammonemic coma, no more than one with NH3* > 300 umol/L
Grade 2: one to few episodes of hyperammonemic coma, none with NH3* > 300 pmol/L

Grade 1: only one episode of hyperammonemic coma, with NH3* < 300 wmol/L

Grade 0: no episodes of hyperammonemic coma, no NH3*> 100 pmol/L

Grade 4: no improvement, severe hyperammonemia, need for canstane, full doses of medication

Grade 3: some improvement, moderate hyperammonemia, need for constant medication

Grade 2: major improvement, moderate hyperammonemia, need for some medication for control
Grade 1: almost complete correction, occasional hyperammonemia, with or without need for medication
Grade 0: complete correction, no hyperammaonemia, no need for medication

Grade 4: responds to noxious stimuli, but no social interaction, no ambulation, no communication

Grade 3: limited social interaction, no bipedal ambulation, limited communication through gestures

Grade 2: definice social interaction, fair ambulation, though possibly limited by spasticity

Grade 1: good social interaction, full ambulation but perhaps partially impaired gross and fine motor skills, use of language, mildly

Grade 0: seemns to be normal spectrum for social interaction, motor skills, language development and learning
Excellent: receiving one or no immunosuppressive drugs and all the above grading scales corresponding to a score of 0
Good: receiving two or more immunosuppressive drugs and all the above corresponding to a score of 0

Fair: regardless of the number of immunosuppressive drugs each patient received, one or more of the above scales corresponding to

Poor: with any episodes of graft dysfunction to necessitate frequent or long hospital stay regardless of their causes and/or one or
more of the above scales corresponding to a score of 2 or more

*Serum ammonia level.

LDLT; these differences did not reach the level of statisti-
cal significance.

Outcomes of Auxiliary Partial Orthotopic
Liver Transplantation

Alchough APOLT is considered to be the preferred
treatment for UCD,72022 it was performed in only 8
cases (case nos. 3, 32, 33, 39, 40, 41, 46, and 47). Of
these 8 cases, a deceased donor was used in only 1 case
(case 3, Table 1), and LDLT was performed in the other
7 cases (Tables 1 and 2). Comparison of posttransplant
patient survival berween the APOLT cases and the
other 43 non-APOLT cases showed that the cumulative
patient survival rates were 75.0% ateach of 1, 5, and 10
years in the APOLT cases, and 95.0% at 1 year, 92.1%
at 5 years, and 92.1% at 10 years in the non-APOLT
cases (Fig. 2). There were no stadstically significant
differences in these rates between the two groups.

Kyoto University Cases

Of our 13 cases, 5 patients underwent APOLT, using a
left liver graft (segments I1-TV according to Couinaud’s

Nomenclature for liver segmentations) or left lateral
section liver graft (segments II-III); the remaining 8
patients underwent total hepatic replacement (Table 2).
Serum ammonia levels fell to the normal range (11-35
wmol/L) within 4 days posttransplant in all patients.
early  postoperative were
observed, most of which were managed with medica-

Several complications
tion or surgical and/or radiological intervention, result-
ing in recovery in all patients but one (case 41), who
died of sepsis following steroid pulse therapy for acute
cellular rejection (ACR) diagnosed in the early postop-
erative period. Two other deaths (case nos. 42 and 50)
were unrelated to the LDLT procedure (Table 2). With
regard to long-term complications, late-onset ACR was
observed in case nos. 39, 40, 47, and 48, and biliary
anastomotic striccure was observed in case nos. 39 and
46. In case nos. 47 and 48, both of whom underwent
APOLT, we observed the portal steal phenomenon
(PSP), in which late-onsec ACR was a trigger and the
native liver remnane stole portal blood inflow from grafe
liver,? resulting in mild but refractory hyperammone-
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Table 4. Characteristics of the 13 Employed Donors
Resection
Relationship Volume (%)
Recipient’s with Made of Donor of Donor Duration
Casc Disease Recipient Age  Heterozygore or Not Hepatecromy Hepatectomy* from Surgery
39 CTLN2 Husband 52 Nonheterozygote Left hepatectomyt 33.2 92 months
40 CTLN2 Brocher 24 Heterozygorte or Left hepatecromyt 329 77 months
latently diseased
41 CTLN2 Father 54 Heterozygote Left hepatectomyt 36.7 68 months
42 CTLN2 Facher 59 Heterozygore Right hepacectomyf 53.2 65 months
43 CTLN2 Father 50 Heterozygore Right hepatectomyt 60.8 63 months
44 CTLN2 Mother 54 Herterozygote Right hepacectomyf 43.5 41 months,
45 CTLN2 Wife 38 Nonheterozygote Right hepatecromy} 64.4 26 months
46 OTCD Mother 32 Heterozygote Left lateral 25.5 121 months
sectionectomy$
47 OTCD Father 36 Nonhemizygote Left lateral 215 118 months
sectionectomy$
48 OTCD Father 36 Nonhemizygote Left laceral 215 103 months
scctioncctomy$
49 OTCD Mother 35 Heterozygote Left lateral 22.1 89 months
‘ sectionectomy$
50 OTCD Father 29 Nonhemizygote Left lateral 24.1 63 months
sectionectomy$
51 OTCD Father 44 Nonhemizygote Left hepatectomyt 33.2 60 months
Abbreviations: CTLNZ, cicrullinemia cype II; OTCD, ornithine transcarbamylase deficiency.
*Calculated from the following equation: [actual graft weight (g)}/(total liver volume calculated from preoperative CT volumetry
(mL)} X 100 (%).
{Resection of segments II+II1+1V according to Couinaud’s nomenclature for liver segmentarion.
$Resection of segments V+VI+VII+VIIL
SResection of segments [I+I1I.
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Figure 1. Cumulative posttransplant patient and graft
survival rates in 51 patients with urea cycle disorders
undergoing liver transplantation. Based on the present
analysis, the cumulative posttransplant graft and patient
survival rates were 93.7% and 93.7% at 1 year and 88.9%
and 91.3% at both 5 and 10 years, respectively.

mia (100-200 pmol/L). In both cases, ligation of the
right portal vein flowing into the native liver remnant
successfully eradicated the PSP; ligation was performed
at 26 months after LDLT in case 47 and at 16 months
after LDLT in case 48. In case 48, however, a second
PSP was brought on by abundant collateral vessels,
which had developed around the previously ligatured
right portal vein. As a result, case 48 underwent surgical
removal of the native liver remnant at 64 months after
LDLT.24 These complications temporarily impaired
the patients’ quality of life, but all patients recovered
after management with medications or surgical and/or
radiological intervention. Consequently, all patients
but case 41, in which LDLT resulted in hospital mor-
tality, showed excellent or good quality of life at the
latest evaluations (Table 2).

The postoperative observation period of the survi-
vors ranged {from 26-121 months, with a median of 77
months (Table 2). No surviving pediacric case has
shown any evidence of problemaric retardadion in neu-
rodevelopmental or physical growth, and all have been
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Figure 2. Comparison of cumulative posttransplant
patient survival rates between auxiliary partial orthotopic
liver transplantation (APOLT) cases and non-APOLT
cases, The comparison of posttransplant patient survival
between the 8 APOLT cases and the other 43 non-APOLT
cases showed that the cumulative patient survival rates
were 75.0% at each of 1, 5, and 10 years in the APOLT
cases and 95.0% at 1 year, 92.1% at 5 years, and 92.1% at
10 years in the non-APOLT cases. There were no statisti-
cally significant differences in these rates between the two
groups.

educated at ordinary schools. All surviving adule
patients are currently doing well and leading socially
normal daily lives. A comparison of cumulative post-
transplant patient survival rates between the 13 UCD
patients who underwent LDLT and 909 patients
undergoing initial LDLT for other indications during
the same study period at Kyoto University showed that
these rates were better in the 13 UCD patients than in
the other 909 patients, although these differences did
not reach the level of statistical significance (Fig. 3).

Impact of Employing a Heterozygote as a
Donor

Preoperative allopurinol loading testing for parental
donors of girls with OTCD (case nos. 46-51) showed 4
fathers with no abnormal findings and two mothers
with almost twice the normal upper values of urine
orotic acid and orotidine peak levels after the loading.
These results suggested that these two mothers were
heterozygotes for OTCD. Thus, of 26 living donors, 14
parental and two offspring donors were heterozygous
for the disorder in question, two sibling donors had a
50% probability of being heterozygous or a 25% prob-
ability to be latently diseased, and the other 8 donors
were nonheterozygous.

Irrespective of their status as heterozygous or non-
heterozygous, all donors in our LDLT cases (Table 4)
fulfilled our standard donor selection criceria as

described in detail elsewhere.?”:2® Concerning the het-
erozygote donors in our cases, three fathers (case nos.
41-43) and one mother (case 44) of CTLIN2 patients
showed neither elevation in plasma ammonia level nor
abnormal QAAA profiles, and all were used as donors
without further examinations. In case 40, because a
24-year-old brother of this CTLN2 patient was the
only donor candidate, enzymatic assays using liver nee-
dle biopsy specimens were performed despite the
donor’s normal QAAA profiles and lack of elevation in
serum ammonia level. The assays showed 30% of the
normal value for argininosuccinate synthetase activity,
suggesting that the brother was certainly either het-
erozygous or latently diseased. A genetic assay was not
performed because the causative genetic errors of
CTLN2 were not well understood at that time.??
Because the recipient’s condition necessitated emer-
gency transplantation, the brocher was used as a donor
with a strict informed consent clearly stating the poten-
tial risks related to his heterozygosis or latent disease.
We performed APOLT using a left liver graft in this
case in order to avoid right liver donation so as to
decrease the operative risks of the donor by reducing the
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Figure 3. Cumulative posttransplant patient survival
rates of 13 patients who underwent living donor liver
transplantation (LDLT) and 909 patients who underwent
LDLT for other indications during the same study period
at Kyoto University. The comparison of cumulative post-
transplant patient survival rates between the 13 UCD
patients who underwent LDLT and 909 cases undergoing
initial LDLT for other indications during the same study
period showed that these rates were better in the 13 UCD
cases than in the other 909 cases, although these differ-
ences did not reach the level of statistical significance.
(Two deaths unrelated to LDLT procedures or the origi-
nal UCD were excluded from the incidence of survival
curve of the 13 UCD patients.)
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extent of his hepatetomy.?® Two mothers of girls with
OTCD (case nos. 46 and 49), both of whom were
determined to be heterozygous for OTCD as stated
above, were further examined by enzymatic and genetic
assays and proven to be heterozygous for muracions on
Xp21, where the OTC gene lies,'>24 but normal in
OTC activity in the liver.

In case nos. 42-44, we performed right liver dona-
tion for heterozygous carriers; no major postoperative
complications occurred in any donors, and all donors
were uneventfully discharged from the hospirtal within
14 postoperative days. None of the donors showed con-
sistent signs of hyperammonemia in the early postoper-
ative period, and all have been doing well without any
episodes suggestive of hyperammonemia. Furthermore,
all recipients, including those who received heterozy-
gous livers, have shown no episodes of either hyperam-
monemia without evidence of graft dysfunction or epi-
sodes suggestive of hyperammonemia.

With respect to the use of heterozygous donors in
our review of the literature, there were no descriptions
of moreality or morbidity related to che use of heterozy-
gous donors.

Discussion

In the present metaanalysis, 40 of 51 patients are cur-
rently surviving with satisfactory qualicy of life obrained
from the implementation of LT, and neurological
impairments remain in 5-surviving patients. The camu-
lative patient survival rates are presumed to be more
than 90% at 5 years posttransplantation. These out-
comes are superior to those reported in cases of LT for
other diseases.3® Successful conservative treatment of
severely affected UCD patients requires close medical
supervision and may become complicated with a high
number of medications and strictly restricted protein
intake; nevertheless, anecdotal evidence suggests that
these patients fare no better than those who undergo
LT, and they are always accompanied by the fear of
sudden fatal metabolic crisis."4 Thus, LT should be
more enterprisingly performed for cases of UCD
because the results of the present study confirm chat
acceptable survival outcomes and quality of life for
patients with UCD can be obtained through LT. In
addition, a delay in LT for affected patients often leads
to remaining neurological impairments, most notably
in severely affected infants (case nos. 2, 3, 4, 9, 17, and
24). Furchermore, all individuals affected by UCD run
the risk of severe hyperammonemic coma indicarive of
fatal merabolic crisis, which has been reporred to be

easily induced by slight stresses such as the common
cold."# In neonatal cases in particular, hyperammone-
mia with serum levels of more than 300 pmol/L has
been reported to easily lead to irreversible brain dam-
age.?3' In the early days of both DDLT and LDLT,
severely affected neonates rarely received LT due to
their small body size and the scarcicy of livers of appro-
priate size.”-32 In modern times, however, splitting the
liver has become a common procedure. In addition,
monosegmental liver graft has been gaining wider
acceptance even for premature neonates.’? When
DDLT is unavailable, LDLT is an ideal alternative to
DDLT when a monosegmental graft is necessary
because the donor hepatectomy is less invasive. At
present, when the causative genetic errots of UCD have
almost been clarified,? making prenatal diagnosis pos-
sible,219:21.29 elective LDLT immediately after birth
can be performed as occasions demand. For adult
patients, right liver donation from a living donor has
gained wider acceptance® and has almost resolved the
small-for-size-graft problem.?* If the extent of right
hepatectomy for the donor exceeds 70% of the resec-
tion rate, APOLT can be an effective therapeutic option
to avoid right liver donation and reduce the extent of
donor hepatectomy. Living liver donor morbidity
appears to have increased in recent years,?3:36 and this
increase in morbidity has been attributed mainly to the
wider acceptance of right liver donation.? APOLT
using a left liver graft can correct UCDs by providing
sufficient enzyme supplementation,2%2? because most
UCD livers are functionally normal other than the urea
cycle.t4 APOLT has traditionally been preferred for the
treatment of UCDs because the APOLT recipient will
be released from life-long immunosuppressive therapy
if gene therapies for the UCDs are established,?” or if
the graft liver is severely damaged, hepacocyte trans-
plantation can be a successful alternative to hepatic
retransplantadon.?® However, both of our first two
APOLT cases (case nos. 47 and 48) suffered severe graft
dysfunction caused by functional competition of portal
blood inflow between the native liver remnant and the
graft liver.24 After these experiences, we have performed
total portal diversion of the native [iver remnant in all
subsequent APOLT cases to prevent this functional
competition.?® This procedure benefits the graft liver
but compromises the integrity of the native liver rem-
nant, and thus these APOLT recipients would not ben-
efit from gene therapies or hepatocyte transplantation
even if these advanced therapies were clinically avail-
able. Furthermore, the postoperative morbidicy rate of
APOLT recipients was higher than thatof non-APOLT
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recipients,?® and thus we have suspended our APOLT
program over the last several years to reconsider the
implications of applying APOLT to UCD patients.
However, Yazaki et al.?® report that partial portal diver-
sion of the narive liver remnant, in which only the right
anterior branch of the portal vein was ligatured, success-
fully prevented functional competition of portal blood
inflow between the graft and the native liver remnant in
CTLN2 cases who underwent APOLT using a left liver
graft. This refined procedure can lead not only to better
living liver donor safety by avoiding the right liver
donation but also to reapproval to perform APOLT in
patients with noncirrhotic metabolic liver diseases,
including UCDs, with the expectation of the establish-
ment of gene therapies or hepatocyte transplantation
because the integrity of the native liver remnant will be
maintained with portal inflow supplied by the right
posterior branch. ‘

In the present study, no negative impacts of the use
of heterozygous carriers as donors on either donors’ or
recipients’ postoperative course have been observed to
date. Nevertheless, the advisability of using heterozy-
gous carriers as donors should be considered uncertain.
Indeed, it was reported that a recipient of a liver har-
vested from an adult male deceased donor with unrec-
ognized OTCD died as a result of severe hyperam-
monemia.4® Male hemizygotes of OTCD can range in
severity from fatal neonatal hyperammonemic coma to
asymptomatic adults, whereas female asympromatic
heterozygotes of OTCD might be approved for donor
candidacy according to the degree of X-inactivation in
the liver because X-inactivation has been reported to be
correlated with OT'C activity only in the liver.4! Based
on these findings, we propose the following guidelines
for the use of heterozygous carriers of UCDs as donors.
In OTCD, preoperative enzymatic and genetic assay
using liver tissue must be performed for all blood rela-
tive donor candidates to exclude male hemizygotes
from donor candidacy; in addition, these male hemizy-
gotes must be strictly followed up because of the poten-
tial risk of sudden metabolic crisis. Adule heterozygous
females for OTCD will be employed as donors only if
their liver OTC activity is normal. With regard to the
other disorders, asymptomnatic heterozygous carriers
will be employed only if chere are no other candidates.
In such situations, liver tissue must be extracted for
enzymatic and/or genetic analyses. A part of the tissue
should be used to investigate the correlation berween
genetic errors and enzyme activities, and the remainder
must be preserved for furure analyses to precisely eval-
uate the impacr of the use of heterozygous carriers for

disorders on the risk and safety of both donors and
recipients. It remains essential to conduct worldwide
multicenter studies.

Although the differences did not reach the level of
statistical significance, there was a trend in the present
study for neurological deficits to persist in pediatric
recipients as well as recipients of DDLT. We consider
that an ability to schedule surgery, which is one of the
biggest advantages of LDLT over DDLT, had a bene-
ficial effect on the posttransplant neurological out-
comes of LDLT recipients. In the past, LT has not been
readily used for patients with UCDs. The management
of patients with CPSID or OTCD who present in the
newborn period is known to be difficult.? Thus, these
patients must undergo LT immediately after the onset.
Furthermore, patients in whom dietary restriction and
alternative pathway medications are not very effective
must be considered as potential candidates for LT. In
other words, patients with UCDs in whom repeated
hospitalizations as well as hemodialysis or peritoneal
dialysis is required to control hyperammonemia should
undergo LT as soon as possible. Especially in pediatric
patients, long-term dietary restriction almost always
leads to growth retardation, and the retardation of
growth has been reported to disadvantageously affect
the outcome of LT.42 Therefore, earlier application of
LT to pediatric patients with UCDs will be inevitable to
prevent both growth retardation and neurological def-
icits. In addition, when LT is necessary for UCD
patients, LDLT can be an important choice of treat-
ment in order to avoid missing the optimal time range
for LT.

In conclusion, LT should be considered to be the
definitive treatment for UCDs, and thus more enter-
prising application of this procedure to UCD patients is
acceptable. If DDLT is unavailable, the selection of
living donors must be initiated immediately. However,
the use of heterozygous carriers as LDLT donors for
UCD has not yet been validated.
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Living Donor Liver Transplantation For Biliary Atresia
Complicated By Situs Inversus: Technical Highlights

Kentaro Matsubara,”

2 Yasubiro Fu]zmoto szeyzz Kamei,! Kobei Ogdwﬂ

Mureo Kasabara,” Mikiko Ueda,’ Hiroto Egawa,” Yamt;ugu Takada,’
Masaki Kitajama,” and Koichi Tanaka’

Living-donor liver transplantation (LDLT) has become
an established technique to treat children with end-
stage liver disease. Biliary atresia (BA), one of the most
common indications for liver transplantation in chil-
dren, can be associated with situs inversus (SI). In the
past, the presence of SI has been considered to be an
absolute contraindication for liver transplantation
because of the technical difficulties. Recently, some
reports of successful diseased-donor liver transplanta-
tion in patients with BA complicated by SI have been
published; however, few reports of that with LDLT
exist. The technical difficulties involved with LDLT for
such cases have not been described. Herein, we present
4 successful cases of LDLT for BA with SI. Complex
anomalies associated with SI, such as a hepatic artery
arising from the supraceliac aorta, a preduodenal portal
vein, and absence of the retrohepatic inferior vena cava,
increase the technical difficulties involved with the
operation. Additional caution is required in LDLT
because a living-donor graft has short vessels and the
availability of vascular grafts from the donor is limited.
In conclusion, LDLT for BA complicated by SI can be
managed successfully with technical modifications and
scrupulous attention. This series represents the largest
reported group of patients with BA complicated by SI
wheo underwent a successful LDLT procedure. (Liver

Transpl 2005;11:1444-1447.)

itus inversus (SI) is a condition characterized by a
mirror image orientation of the abdominal and tho-
racic viscera relative to the midline. It includes one or
more of the following: polysplenia, intestinal nonrota-

Abbreviations: LDLT, living-donor liver transplantation; BA,
biliary atresia; S1, situs inversus; DDLT, diseased-donor liver trans-
plantation; HA, hepatic artery; PV, portal vein; IVC, inferior vena
cava; LUQ, left upper quadrant; HV, hepatic vein; V2, vein from
segment 2; V3, vein from segment 3.

From the ' Department of Transplantation and Immunology, Kyoto
University Paculty of Medicine, Kyoto, Japan, and the *Department of
Surgery, Keio University School of Medicine, Tokyo, Japan.

Recejved April 4, 2005; accepted Accepted August 5, 2005.

Addyess reprint requests to Kentaro Matsubara, MD, Department of
Surgery, Keio University School of Medicine, 35 Shinanomachi, Shin-
Jrki-ku, Tokyo 160-8582, Japan. Telephone: 81-3-3353-1211; FAX:
81-3-3355-4707; E-mail: m-ken@dk9.s0-net.ne.jp

Copyright & 2005 by the American Association for the Study of
Liver Diseases

Published ondine in Wiley InrerScience funve. fntesscience.wiley.coni .

DO7 10.1002/r.2053+4

1444

tion, preduodenal portal vein, aberrant hepatic arterial
supply, and absence of the retrohepatic inferior vena
cava. Sl is a rare anomaly, with a frequency reported to
be between 0.002% and 0.1%.! Interestingly, associa-
tion with biliary atresia (BA) occurs in up to 28% of
children with SI.2

Although BA is one of the most common indications
for liver transplantation, patients with BA complicated
by SI have been considered highly questionable candi-
dates because of the technical difficulties.> However,
several reports of successful diseased-donor liver trans-
plantation (DDLT) in patients with BA complicated by
SI have been published recently.4-¢

Living-donor liver rtransplantation (LDLT) has
become a standard option for pediatric patients. How-
ever, there are few reports of a successful use of a living-
donor graft for patients with BA and SI. Herein, we
present 4 cases of LDLT performed for BA complicated
by SI and discuss the necessary operative management,
especially technical highlights, for an SI recipient
undergoing such liver transplantation.

Patients and Methods

Between June 1990 and June 2004, 1,000 LDLT procedures
were performed at Kyoto University, of which 613 were per-
formed on children (younger than 18 years). For all 1,000
LDLT procedures, 415 were for BA and 4 were for BA with
SI. All candidates previously underwent a Kasai operation.
The diagnosis of SI was established at presentation using
radiography and confirmed during surgical exploration,
which was performed prior to LDLT.

The entire operative procedure has been described else-
where.? For the donor operation, a left lateral segment graft
was used for three cases. After isolation of che left hepatic
artery, hepatic duct, and portal branch in the donor, a
hepatic parenchyma of the medial segment was transected
5 mm to the right of the falciform ligament without blood
inflow occlusion or graft manipulation. A reduced mono-
segmental graft method, which was recently introduced for
small infants to mitigate che problem of large-for-size graft,
was used for one case. Briefly, in che recipient operation,
following isolation of che hepatic artery (HA) and porral
vein (PV), the liver was dissected from the inferior vena
cava (IVC) by ligacion and dissection of the shore hepacic
veins without IVC clamping. After dissection and closure
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