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ABSTRACT

Background. The Model of End-Stage Liver Disease (MELD) scoring system can predict
shott-term survival among patients awaiting liver transplantation and is used to allocate organs
prioritizing liver transplantation. Patients with high MELD scores have been reported to have
worse early graft dysfunction and survival. However, recent studies have shown that patients
with high MELD scores had satisfactory graft survival, although they showed more postoperative
complications. In this study. we examined the effect of the MELD score on the short-term and
long-term prognosis of living donor liver transplantation (LDLT).

Methods. This study included 102 patients who underwent LDLT in our institution between
20035 and 2020, The patients were divided into 3 groups according to MELD score (low MELD
group: <20, moderate MELD group: 21-30, and high MELD group: >31). Perioperative factors
were compared among the 3 groups, and cumulative overall survival rates were calculated using
the Kaplan-Meier method.

Results. The patients’ characteristics were comparable, and the median age was 54 years.
Hepatitis C virus cirrhosis was the most common primary disease (n = 40), followed by hepatitis
B virus (n = 11). The low MELD group consisted of 68 patients (median score: 16, 10-20}):
the moderate MELD group, 24 patients (median score: 24, 21-30); and the high MELD group,
10} patients (median score: 35, 31—40). The mean operative time (1241 min versus 1278 min ver-
sus 1158 min, P =.19) and mean blood loss (7517 mL vs 11162 mL vs 8808 mL, P =.71) were
not significantly different among the 3 groups. The vascular and biliary complication rates were
similar. The periods of intensive care unit and hospital stay tended to be longer in the high
MELD group, but the difference was insignificant. The I-year postoperative survival rate
(85.3 % vs 87.5 % vs 90.0 %, P = 90) and overall survival rate were also not significantly differ-
ent among the 3 groups.

Conclusions. Our study showed that LDLT patients with high MELD scores do not have a
worse prognosis than those with low scores.

HE Maodel of End-Stage Liver Disease (MELD) score is a

scoring system using blood biochemical test data (total bil-
irubin level, creatinine level, and international normalized ratio
for prothrombin time) and the presence of dialysis treatment to
evaluate liver functional reserve in cirrhosis and liver transplant
registrants aged >12 years [|]. The MELD scoring system has
been shown to accurately predict short-term survival among
patients awaiting liver transplantation. It is used to allocate
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organs, prioritizing liver transplantation to patients with a
higher risk of death [ 1].
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Previous studies have shown that the MELD system might
also predict graft outcomes after deceased donor liver transplan-
tation (DDLT) and living donor liver transplantation (LDLT)
[2.3]. Our group investigated the risk factors of 39 cases of graft
dysfunction after aduli-to-adult LDLT between 1999 and 2004
and reported that a high preoperative MELD score (=31) was
associated with postoperative graft failure in 2006 [4]. More-
over, Ishigami et al reported that the graft outcomes in patients
with high MELD scores (=25) combined with the presence of
hepatitis C virus (HCV) between 1997 and 2004 were signifi-
cantly poor in LDLT [5]. In 2004, treatment with peginterferon-
alpha2a and ribavirin for HCV was developed. Direct-acting
antivirals such as daclatasvir plus asunaprevir or ledipasvir and
sofosbuvir produced dramatic outcomes (a sustained virological
response) in many patients with HCV, including recipients of
liver transplantation [6.7]. Due to these developments in HCV
treatment and perioperative management. recent studies have
shown that the high MELD score group had satisfactory rates
of graft survival and patient overall survival, However, they
showed significantly more frequent postoperative complications
and longer intensive care unit (ICU} stays [3—10].

Therefore, the aim of this study was to evaluate the effect of
the MELD score on LDLT patients’ short-term and long-term
prognosis, especially after 2005, in the era of the establishment
of HCV treatment,

MATERIAL AND METHODS

Between 2005 and 2020, 104 patients who underwent aduit-to-adult
LDLT in our hospital were retrospectively reviewed. Re-transplantation
cases (n = 2) were excluded. The primary diagnoses in these 102 cases
were HCV cirrhosis (n = 40), hepatitis B virus cirthosis (n = 11}, alco-
holic liver cirthosis (n = 9), fulminant hepatitis (n = 8), primary biliary
cholangitis (n = 7), hepatocellular carcinoma (n = 6), primary sclerosing
cholangitis (n = 3), biliary atresia (n = 5), nonaleoholic steatohepatitis
(n = 5), Budd-Chiari syndrome (n = 2}, eryplogenic cirhosis (n = 2),
autoimmune hepatitis (n = 1), and Wilson disease (n = 1), The eligible
criteria for graft size in our institute were a gralt volume (GV ¥standard
liver volume (SLV} ratio >40% and a remnant liver volume >35% of
the whole liver velume, as previously reperted (2], The recipicnts’ pre-
operative performance status (PS) was judged by a modified version of
the Eastern Cooperative Oncology Group, and the candidate for LDLT
for chronic liver failure needed to have a PS of under 2 [11],

The MELD score was calculated using the UNOS formula based on
data obtained within 3 days of LDLT |1, Patients were divided into 3
groups: low MELD group (£20), moderate MELD group (21—-30), and
high MELD group (=31}, The groups were compared based on the fol-
lowing perioperative factors: age, sex. primary disease, MELD score,
incompatibility of blood type, GV, GV/SLV ratio, operation time, blood
loss, presence of vascular complication, presence of biliary complica-
tion, length of ICU stay, periods of hospital stay after transplantation,
and postoperative survival rate (1-year and overall survival [OS] rates).

This research was conducted in accordance with the 2000 Declara-
tion of Helsinki and the Declaration of Istanbul 2008, The patients pro-
vided written informed consent of their own free will. No prisoners
were used, and donors were neither paid nor coerced.

The values are expressed as the mean £ SD. In statistical analysis, 3-
aroup comparisons were performed using the Wileoxon rank-sum test,
Cumulative O rates were calculated using Kaplan-Meier methods, and
differences between curves were evaluated using the log-rank test. A P
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value of < 05 was considered significant. The IMP Pro versionl6
(SAS Institute, Cary, NC, United States) statistics package was used for
analysis,

RESULTS

The patients’ characteristics and postoperative outcomes are
summarized in Table 1. The median age was 54 vears, ranging
from 19 vears to 69 years. Fifty patients were male, and 52
were female. The median MELD score was 17. An ABO-identi-
cal transplantation was the most common, seen in 62 cases. An
ABO-incompatible transplantation was conducted in 19 cases.
The mean GV was 518 g, and the mean GV/SLV ratio was
43.2%. The mean operation lime was 1176 min, and the mean
intraoperative blood loss was 8555 mL. The vascular and biliary
complication rates were 18,6% and 14.7%, respectively, The 1-
year postoperative survival rate was 86.2% in all cases. Out of
40 recipients with HCV cirrhosis. 27 patients (67.5%) received
anti-viral treatment such as peginterferon-alphaZa and ribavirin
and a direct acting-antiviral. Twenty-four patients achieved a
sustained virological response.

In Fig I, the distribution of the MELD score is shown. Patients
with 15 to 20 points were the most common (35%). Sixty-eight
patients were classified as the low MELD group, 24 patients as the
moderate MELD group, and 10 patients as the high MELD group.
A comparative analysis of the characteristics and the perioperative
outcomes among the 3 groups is demonstrated in Table 2, There
were no significant differences in patient age, sex, primary disease,
or ratio of ABO-compatible, identical, or incompatible transplanta-
tion. The mean GV in each group was not significantly different
(521 g. 524 g, and 487 g in the low, moderate, and high MELD
groups, respectively; P =.73). The mean operation times were not
significantly different (1241 min, 1278 min, and 1158 min, respec-
tively: P = .19). The mean blood loss was also similar among the
3 groups. The incidence of vascular and biliary complications was
19.1% and 14.7% in the low MELD group, respectively; 20.8%
and 12.5% in the moderate MELD group, respectively; and 10.05
and 20.09% in the high MELD group, respectively. The morbidity
rates were not significantly different (P = 74 and £ = 85,

Table 1. Patient Characteristics and Perioperative Outcome

Parameters n=102
Median Age (Range) (y) 54 (19-68)
Sex (maleffemale) 5052
Primary Disease (HCV/HBV/PBC/Alcoholism/Others)  40/11/7/9/35
Median MELD Score (Range) 17 (10—40)
Compatible/ldentical/Incompatible (n[%]) 21/6219
Mean Graft Volume (g) + SD 518+ 12
Mean Graft Volume/Standard Liver Volume (%) 4+ SD  43.2 + 096
Mean Operation Time {min) £ 8D 1176 + 38
Mean Blood Loss (mL) + SD B555 + 532
Vascular Gomplication (n[%]) 19 (18.6)
Biliary Complication (n{%]) 15 (14.7)
Mean ICU Stay (d) + 5D £21L£35
Mean Hospital Stay After Transplantation (y) + 5D 106 £ 75
1-Year Posioperative Survival Rate (%) Be.2

HCV, hepatitis G virus; HBY, hepatitls B virus; ICU, intensive care unit; MELD:
Model for End-Stage Liver Disease; PBC, primary billary cholangslis.
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Fig 1. Distribution of Madel for End-Stage Liver Disease scores
in all patients. MELD, Model for End-Stage Liver Disease.

respectively). The ICU stay perods after transplantation were
22.0 days, 16.5 days, and 30.1 days, respectively (P = .32). The
postoperative hospital stay periods were 102 days, 102 days, and
145 days, respectively; the stay periods tended o be longer in the
high MELD group, but the difference was not significant (P = .37).

As for the long-term clinical outcome, the OS curve in all cases
is shown in Fig 2, The 10-year survival rate was about B0MG,
The OS rates were not significantly different among the 3 groups,
and the |-year postoperative survival rates were 85.3 %, 87.5 %,
and 9.0 %, respectively (P = 25), as shown in Fig 3.

DISCUSSION

The MELD system has improved organ allocation, and it is
well-established in the literature as an excellent predictor of the
risk of death on the waiting list [12]. A previous study by our
group showed that the MELD score was significantly higher in
the subgroup with graft dysfunction after LRLT, and a high pre-
operative MELD score (>30) was identified as a risk factor for
graft failure [4]. Wang et al also reported that the MELD score
was superior for predicting postoperative short-term survival
after LDLT [13]. In a multi-institutional retrospective study,
Ishigami et al demonstrated that the MELD score was useful for
predicting 1-year survival in cirrhosis patients and that a MELD
score of 15 had a discriminatory value for LDLT indication [5].
On the other hand, Hayashi et al reported that the MELD score
did not predict post-LDLT patient survival or graft survival at
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Fig 2. Overall survival rate in all patients. The 10-year survival
rate was approximately 80%.

I year. However. they reported that a higher MELD score
(=>18) was associated with a longer hospital stay | 14]. Another
report by Ikegami et al showed that a high MELD score (=25)
combined with the presence of HCV was associated with a
worse S-year graft survival rate in LDLT [15]. However, a
recent large cohort study showed that a high pretransplant
MELD score did not affect clinical outcomes after LDLT, and
Yadav et al concluded that LDLT could be a good option for
high MELD score recipients | 16]. Recently, Roll et al systemat-
ically reviewed recipient factors influencing clinical outcomes
after LDLT and demonstrated that recipients with a high
MELD score could be expected to reguire longer stays in the
ICU and hospital after transplantation because of the higher
incidence of postoperative complications [ 17]. In this study, our
data showed that the OS rates in the high MELD group were
not inferior to those in the low and moderate MELD groups.
The postoperative ICU and hospital stays tended to be slightly
longer in the high MELD group, but no significant differences
existed.

Table 2. Comparative Analysis of the Patient Characteristics and Perioperative Outcome

Low MELD in= 68) Modarate MELD (n = 24) High MELD in =10} Pyalue
Median Age (y) 52 52 54 .89
Sex (malefernale) 31/37 1410 73 25
Primary Disease (HCV/HBVWPBC/Alcoholism/Others) (n[%]) 33/5/4/5/21 6/4/2/3/9 1/211/8 pui
Median MELD Score (Range) 16 {10—20) 24 (21-30) 35 (31-40) < 0001
Compatible/identical/lncompatible {n[3%]) 15/40/13 5/15/4 1712 92
Mean Graft Velume (g) + SD 521 + 130 524 4 88 487 + 147 73
Mean Graft Volume/Standard Liver Volume (%) & 8D 4258+ 97 45.08 =57 42554+ 139 A2
Mean Operation Time (min) + SD 1241 + 304 1278 + 210 1158 + 435 18
Mean Blood Loss (mL) + 3D 7517 + 57689 11162 + 12727 BEOB + B394 fral
Vascular Complication (n[%a]) 13(19.1) 5(20.8) 1(10.0) 74
Biliary Complication (n[%]) 10(14.7) 3(12.5) 2(20.0) 85
Mean ICU Stay (d) + SD 22.0+39.0 165+ 18.3 30.1 £385 32
Mean Hospital Stay After Transplantation (y) + SD 102 + 69.2 1027141 145 + 1229 37
1-Year Postoperative Survival (%) 853 a87.5 90.0 .90

HCW, hepatitis C virus; HBY, hepatilis B virus; ICU, intensive care unit; MELD; Model for End-Stage Liver Diseasa; PBC, primary biliary cholangitis,
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Fig. 3. Overall survival rate of the 3 groups. There were no signif-
icant differences among the 3 groups (P = .25, log-rank test).
MELD, Model for End-Stage Liver Disease,

The cut-off values for the high MELD score group varied in
previous reports. Most studies defined the high MELD group as
the eohort with a MELD score of =25 or 30 [10,14,1%], The
review by Roll et al suggested that MELD scores of >25 alone
are not a contraindication to LDLT and that the transplantation
team needs to consider the presence of comorbidities and donor
factors that influence the immediate graft function, such as
donor age, graft size., the presence of steatosis, and venous
drainage of the graft. Moreover, patients with a high MELD
score (>35) should receive an optimal graft [ 17].

Hepatitis C virus infection is a common cause of liver cirthosis
in both Eastern and Western countries, and numerous liver trans-
plantations. for HCV cimhosis have been performed. However,
most recipients with HCV developed recurrent hepatitis C with pro-
gressive fibrosis. Some patients developed fibrosing cholestatic
hepatitis with marked jaundice, cholestatic hepatic dysfunction, and
high viremia titers, leading to graft loss [[9]. Around 2000, the
combination of interferon-alfa with ribavinn was established as a
treatment for chronic HCV infection [20,21]. Subsequently, this
combination of treatments was applied for HCV-positive recipients
with liver transplantation, and recurrent HCV infections in trans-
planted liver recipients were well controlied. Several authors
reported that therapy with pegylated interferon and ribavirin
achieved a good response, with a sustained virological response
observed in liver transplant recipients [22,23]. After the develop-
ment of direct acting-antivirals, a multicenter retrospective study in
Japan showed that treatment with asunaprevir and daclatasvir for
recurrent HCV infection after liver transplantation achieved a high
rate of sustained viral response (>80%) (241 It was hypothesized
that the development of HCV treatment contributed to improved
survival in patients with high MELD scores. In this study, only |
of 40 patients with HCV-related cimhosis had a high MELD score.
This may be due to the development of HCV treatment: the number
of patients with severe cirrhosis due to HCV infection and a high
MELD score has decreased. Advances in HCV treatment that

MATOBA, NODA, KOBAYASHI ET AL

enable patients to receive anti-viral therapy before and after liver
mwansplantation have improved OS in LDLT recipients.

Progress in the perioperative management of LDLT recipients is
also hypothesized to improve the prognosis of high MELD score
patients. Another factor is the selection of appropriate patients for
LDLT. Our group has decided that the preoperative PS score of
the recipient needs to be under 2. The PS scores were stratified
into 3 groups: PS 1 (normal or minimally restricted level of activ-
ity). PS5 2 (able to self-care), and PS 3 (confined o bed or chair or
completely reliant on medical care). The PS score is closely related
to sarcopenia, and it is reported that sarcopenia before LDLT is a
significant prognostic factor for patient survival [25,26]. An appro-
priate patient selection might contribute to the improvement in OS
after LDLT for high MELD score patients.

CONCLUSIONS

In the era of advanced HCV treatment and perioperative man-
agement, our study found that with appropriate patient selection
in LDLT, patients with high MELD scores had non-inferior
short- and long-term outcomes compared to those with low
scores. In the high MELD group, the ICU and hospital stay peri-
ods might be longer. From the perspective of organ shortage,
especially in regions such as Japan, where brain-dead liver
ransplantation is limited, LDLT may be a useful option for
patients with a high MELD score.
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Efficacy of Autologous Skeletal Myoblast Cell
Sheet Transplantation for Liver Regeneration in
Liver Failure

Keisuke Toya, MD," Yoshito Tomimaru, MD, PhD,' Shogo Kobayashi, MD, PhD,' Akima Harada, BS,?
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Background. No effective tharapies have yet been established for Iver reganeration in iver failure. Autclogous skeletal
myoblast cell shest transplantation has been proven to improve cardiae function in patients with heart faillure, and cne of
the mechanisms has been reparted to be a paracrine effect by various growth factors associated with liver regeneration.
Therafore, the present study focused on tha effect of myoblast calls an liver regeneration in vitro and in vivo. Methods.
We assessed the effect of myoblast cells on the cells comprising the liver In vitro In ‘association with liver regeneration. In
addition, we examined in vivo effect of skeletal myaoblast cell shest transplantation in CE7/BL/G molse models of liver fallure,
such as liver fibrosis induced by thinacetamide and hepatectormy. Results. |n vitro, the myoblast cells exhibited a capacity
to promote the praliferation of hepatic epithalial cells and the angiogenesis of Iver sinusoidal endothelial celis, and suppress
the activation of hepatic steliate cells. In vivo, sheet transplantation significantly suppressed liver fibrosis in the inducad lver
fibrosis model and accelerated lver regenesation in the hepatectomy model. Conclusions. Autologous skelatal myobiast
cell shest transplantation significantly improved the lver fallure in the [0 vitrg and in viva models, Sheet transplantation is

(Transplantation 2023:107; e190-e200),

expectad to have the potential to be a cinically therapsutic option for Iiver regenaration in liver failure,

A

INTRODUCTION

Liver diseases, such as hepatitis virus infection and alco-
holic and nonalcoholic steatohepartitis, can lead o severe
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liver cirrhosis, resulting in liver Failure, an irreversible and
life-threatening stare.”” The only trearment for severe
liver failure is currently liver transplantacion, but donors
for liver transplantation are lacking,* and there are many
problems with transplantation, including rechnical difficul-
nes and highly invasive surgery, the risk of life-threatening
postoperative complications, requirement for immunosup-
pression after the transplantation, and declining quality of
the posttransplant life because of the immunosuppressive
status, Thus, liver transplantation is not indicated for all
cases with liver failure, suggesting a need to develop novel
new therapeutic interventions for liver failure.

On such a background, liver regenerative medicine is
rapidly expanding as an intervention for liver failure.”
This approach 1s considered theoretically eligible for hver
regeneration based on the concepr that the liver originally
exhibited regenerative ability and some signaling pathways
promoting liver regeneration.”™ The approaches proposed
for liver regeneration include the use of bone marrow cell
transplangation”" and clinical application of induced
pluripotent stem cells (iIPSCs).'*" However, no regenera-
tive medicines have been clinically established for liver fail-
ure, which indicares unsolved problems in the approaches.
For example, a large number of cells are required for
treatment with bone marrow cell rransplantarion, imply-
ing infeasibility due ro the invasiveness associated with
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harvesting the cells. Treatment with iPSCs is also promis-
ing, but its safery and difficulty in preparation remains to
be solved. Thus, there remains a necessity to develop a new
approach for liver regeneration in liver failure.

Myaoblasts are cells that promote repair when skeletal
muscle is injured. Skeletal myvoblast sheets have been
studied in several fields of regencration, including pan-
creatic hstutm gastric: perforation, and duodenal perfora-
tion."'" Recently, an aurologous skeleral myoblase cell
sheer was demonstrated ro funcrionally prevent deteriora-
o uf th: impaired myocardium in an animal infarction
model.'® Furthermore, the effect of sheer transplan-
tation on impaired cardiac function was confirmed in
humans.'” As a result, treatment of cardiac failure by a
skeleral myoblast cell sheet has been covered by health
insurance in Japan. One of the mechanisms underlying the
effect of the skeletal myoblast sheet on cardiac regenera-
tion is a paracrine effect associared with growth factors,
including vascular endothelial growth factor (VEGEF),
hcpamwu fﬁr”"“h factor (HGF), and stromal derived
facror-1.' ' Interestingly, these growth facrors have
been mdcpcndcmlv reported to promote liver regenera-
tion, "5 These previons studies let us consider the possi-
bility that the myoblast cell sheet exhibits the potential 1o
promote liver regenceration, leading to a new therapeutic
option for liver failure, If transplantation of the myoblast
cell sheet is shown to be useful for liver failure, it may be
helpful in evercoming the problems described earlier. This
potential therapeutic option also has advantages over
liver transplantation, which is currently the only option:
it does not require liver donors, is less invasive than liver
rransplantation, and does not require posttransplant
immunosuppression.

In the present study, we focused on the transplantation
of an autologous skeletal myoblast cell sheer as a new
therapeutic option for liver regeneration in liver failure.
Therefore, in this study, we investigated the efficiency of
autologous skeletal myoblast cell sheet rransplantation for
liver regeneration in liver failure in in vitro and in vivo
models.

MATERIALS AND METHODS

Cytokine Secretion Capacity of Myoblast Cells

Human skeletal muscle myoblasts (HSMMs; Lonza
Japan, Lid, Tokyo, Japan) were examined for their capac-
ity to secrete myoblast cytokines. The cells were seeded on
a dish without any serum, and the supernatant was col-
lected after 3 and 7 d. The levels of VEGF and HGF were
measured using the Human VEGF and HGF ELISA Kit
(Abcam, Cambridge, UK).

Coculture of Hepatic Epithelial Cells With Skeletal
Myoblast Cells

The capacity of myoblast cells to induce prolifera-
tion of hepatic cells was assessed by a CCK-8§ assay
iDojinde, Kumamoro, Japan) as described previously.™
Immortalized  human  liver  epithelial THLE-2  cells
(American Type Culture Collection, Manassas, VA) were
sceded with or without HSMMs using a 24-well 0.4-pm
pore polyester membrane insere, The CCK-8 salution was
added to each well 0,24, 48, and 72 h after seeding and the
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absorbance measured by a microplate reader. The results
were expressed as the absorbance relative to Oh of CCK-8
exposure. Immunocytochemical staining analysis was per-
formed with ano-Ki-67 antibody (Abcam), Hoechst 33342
(Dopinde), and Alexa Fluor 488-conjugated phalloidin
(Thermo Fisher Scientific, MA).

Tube Formation Assay

Immortalized human liver sinusoidal endothe-
lial TMNK-1 cells (Japanese Lullurmn of Research
Bioresources Cell Bank, Osaka, Japan) were used for
the tube formation assay. TMNEK-1 cells were seeded
on Matrigel in DMEM  with or without HSMMs
psing 12-well 0.4-pm pore polyester membrane inserts
(Corning Inc., Armonk, NY). The length of the tube and
the number of capillary branches were quantified by
micrascopy in 10 randomly chosen oprical ficlds afrer
24h.

Coculture of Hepatic Stellate Cells With Skeletal
Myoblast Cells

To examine the influence of skeletal myoblast cells on
hepatic stellate cells (HSCs), which play an important role
in liver fibrosis, 1X-2 cells (Millipore, Billerica, MA) were
cultured with or without HSMMs. The human LX-2 H5Cs
were plated in DMEM and treated with 10ng/mL recom-
binant human transforming growth factor-fil (TGF-p1;
R&D Systems, Minneapaolis, MN) and with or without the
same number of HSMMs using 12-well 0.4-pm pore poly-
ester membrane inserts, To assess the conversion from qui-
escent HSCs to myofibroblast-like cells (activated HSCs),
the toral RNA was extracted from LX-2 cells afrer 24 h,
and real-time quantitative reverse-transcription polymer-
ase cham reaction (RT-PCR) was performed.

Isolation of Myoblast Cells and Construction of
Myoblast Sheet

Myoblast cells were isolated from the skeleral muscle
in the legs lithjgh and gluteus muscles) of 4-wk-old fernalc
CS7BL mice and cultured as described previously.™ They
were dissociated from the culture dishes with teypsin-eth-
vlenediaminetetraacetic acid and reincubated on 24-well
temperature-responsive culture dishes (UpCell; Cellseed,
Tokyo, Japan) ar 37 *C. The cell number was adjusted
3.0% 10" per dish. After 24 h, the dishes were incubared at
20 °C for 30mm, During thar nme, the skeletal myoblast
cell sheer detached spontanecusly to generate free-tloating,
monolayer cell sheets.

Animal Models of Liver Failure

Male 7-wlk-old C37BL/% mice were purchased from
Clea Japan (Tokyo, Japan). All mice were acclimanized for
1wk before experiments and housed in a 12-h dark/light
eycle,

To induce liver Abrosis, the mice were mjected intraperi-
toneally with thivaceramide (TAA) rwice a week. Afrer 1
or éwk, the mice underwenr a surgical procedure. In the
myuoblast sheet group, the myoblast sheet was sutured onto
the liver using 6-0 nylon, In the control group, the mice
only underwent the laparotomy and suturing procedures
without the sheer transplantation, After the operation, the
TAA injection was continued until dearh. The mice were

Inc. Unauthorzed reproduction of thes arlicle s prohibited
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cuthanized under isoflurane anesthesia, and the liver and
serum were collected and assessed at several time points
in = 5 for each group and time point).

Mice with partial hepatectomy were also used in this
study. At the same time as the hepatectomy, a sheet was
transplanted onto the remnant liver. In the conirol group,
hepatectomy was performed without the sheet trans-
plantation. The mice in both the groups were euthanized
under isoflurane anesthesia, and the liver and serum were
assessed at various time points (n = § for cach group and
time poine), A 70% partial hepatectomy was performed
as the standard hepatectomy maodel as described previ-
ously,™ and a 90% partial hepatecromy was performed
as a fatal hepatic failure model.”” After the surgical pro-
cedures were completed withour problems, whether the
mice were alive was noted every &h (n > 13 for cach
groupl,

These animal studies were approved by the Animal
Experiments Committee, Osaka University (approval

number 02-022-008),

Blood Test

To measure the serum level of total protein, albumin,
total bilirubin, asparrate aminotransferase, and alanine
aminotransferase, blood was collected from the inferior
vena cava of mice and centrifuged at 10 000g at room
temperature for 15 min, Serum status was measured using
a standard method ar the Oriental Kobo Life Science
Laboratory {Magahama, Japan),

Real-time RT-PCR
Toral RNA was isolated from the liver tissues using the

RNeasy M Kit {Chagen, Hilden, Germany), The RNA was
reverse-transcribed and subjected to real-rime RT-PCR as
described previously,”! For quantizative PCR, complemen-
tary DNA was synthesized using the Reverse Transcription
System (Promega, Madison, W1). Applications were per-
formed in triplicate with the VilA7 Software (Thermo Fisher
Scientifc) based on the Thunderhird SYBR gPCR Mix
(Tovobo Co, Lid, Osaka, Japan). The relative expression
was calculated as the ratio of specific mRNA to endogenous
GAPDH mBNA. The following primers were used: Human
ACTA2: forward 5-GTGTTGCCCCTGAAGAGCAT-3,
reverse 5 -GUTGGGACATTGAAAGTCTCA-3; Human
COLLil: forward 5-ACGAAGACATCCCACCAATC-3,
reverse  S-AGATCACGTCATCGCACAAC-3:  Human
MMP-2: forward 3-GACAGGTGATCT TCGACCAGAAT-3,
reverse S-GTGTGTAGCCAATGATCCTGTA-3"; Human
GAPDH: forward §-CGAGATCCCTCCAAAATCAA-Y,

reverse  SS-TTCACACCCATGACGAACAT-3;  Mouse
Acta2: forward 5-GTCCCAGACATCAGGGAGTAA-S,
reverse  S-TOGGATACTTCAGCGTCAGGA-3;  Mouse
Collal: forward 3-GUTCCTCTTAGGGGUCACT-3,
reverse  SSCCACGTCTCACCATTGGGG-3: Mouse
Gapdh: forward 3 TGTGTCCGTCGTGGATCTGA-,

reverse 5-TTGCTGTTGAAGTCGCAGGAG-3,

Western Elot Analysis

Total protemns were extracted from liver tissue using
RIPA buffer (Thermo Fisher Scentific) containing pro-
tease and phosphatase inhibitor. The homogenates were

wavw ranzsplantjournal.com

purified by centrifugation at 1000g at 4 °C for 15 min.
The protein concentrations were determined by a bicin-
choninic acid protein assay (Thermo Fisher Scientific).
Equal amounts of protein extract were separated by
sodivm  dodecyl  sulfate  polyacrylamide gel electro-
phoresis on 12% Tris-HCL gels (Bio-Rad Laboratories
Inc, Hercules, CA). The separated proteins were trans-
ferred to polyvinylidene difluoride membranes (Bio-Rad
Laboratories Ing) and incubated with primary antibod-
tes for 1 h: and-CD31 (Abcam), anti-Ake, phosphoryl-
ated Akt, Erk1/2, phosphorylated Erk1/2 (Cell Signaling
Technology Inc, MA), and anti-fi actin antibody [Sigma-
Aldrich, Tokvo, Japan). Next, the membranes were incu-
bated with HRP-linked anti-rabbit TgG (GE Healthcare,
Amersham, Buckinghamshire, UK) at room temperature
for 1 h, and the antigen-antibody complex was detected
using the ECL Prime Western Blotting Detecrion kit (GE
Healthcare). The expression relative ro actin expression
was depicted as a column and measured using Image]
software (rsh.infonih.gov/ij).

Histological Analysis

The liver tissues were formalin-fixed and paraffin-
embedded and cut into 5-pm sections using a microtome.
Bricfly, the tissues were removed, immersed in fixative for
Ih in 4% paraformaldehyde, rinsed several nimes with
PES, infiltrared with 30% sucrose, frozen in OCT com-
pound, and processed for immunohistochemistry. The
paraffin-embedded sections were stained with hematoxy-
lin and eosin (H&E) and visualized using standard light
microscopy. The sections were also stained with Sirius
red or Masson trichrome, The images were examined by
oprical microscopy (Keyence, Osaka, Japan), and guan-
titative. morphometric analysis was performed for cach
sample using MetaMorph (Molecular Devices, San Jose,
CA). The sections were labeled immunohistologically
with polyclonal anti-Ki-67 antibody {Abcam) and visual-
ized using the LSABTM kit (DAKO, Glostrup, Denmark),
which is an automated immunostaining system based on
the labeled streptavidin biotinylated antibody method.
Mexr, the sections were fabeled immunohistologically with
antidesmin antibody {Abcam) and ant-VEGFA antibody
(Abcam) and visualized using the corresponding secondary
antibodies (Alexafluor 488 or Alexafluor 555, Molecular
Probes, Eugene, OR). Counterstaining was performed
with Hoechst 33342 {Dojindo) and assessed by confocal
microscopy (Olympus, Tokyo, Japan),

Spatial Transcriptomics Analysis

After 700% hepatectomy with sheer rransplanta-
tion, the mouse was cuthanized 2 d after transplanta-
tion, The liver tissues were collected and consequently
trimmed on ice for spatal wanscripromics analysis by
Visium {10x Genomics, Pleasanton, CA) according to
the protocol reported previously,™ utilizing Visiom
Spatial Gene Expression Reagenr Kits (Chemistry v1).
Visium sequencing libraries were loaded on an Hllumina
MovaSeq 6000 with sequencing sertings recommended
by 10X Genomics. The trimmed data were processed by
l0x Genomics Space Ranger (version 1.2.1). All data
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from the sequence were analyzed using Seuratr R package
{version 4.0,

Statistical Analysis

All data are presented as means = 5D unless other
wise noted. The means of continuous numerical variables
were compared using the analysis of varance followed by
Tukey's post hoc test. P = (.05 was considered significant.
JMP Pro 15.0 {SAS Institute Inc, Cary, NC) was used for
statistical analysis,

RESULTS

Secretion Capacity of Myoblast Cells

Prior to the experiments, the myoblast cells were con
firmed to continuously secrete VEGF and HGF by ELISA
of the supernatant (Figure 1A). After confirming secre-
tiony, the skeletal myoblast cell sheer was produced for
transplantation onto the livers of mice. H&E staining and
immunohistochemical staiming for desmin as o marker
of myoblast cells confirmed that the myaoblast sheer cells
remained viable on the surface of the liver tissue 2 d after
transplantation (Figure 1B and C).
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In Vitro Effect of Myoblast Cells on Cells Associated
With Liver Regeneration

The in vitro effect of the myoblast cells on liver regen-
eration was investigated. First, we investigated whether
the myoblast cells play a role in the acceleration of
hepatic cell proliferation using THLE-2 cells. The pro-
liferative capacity of THLE-2 cells 24h after 5:_'(‘:|i1|§:
was significantly accelerated in the presence of HSMMs
(Figure 24). The percentage of Ki-67—positive cells was
significantly higher m the coculture 24h after seeding
than in the cells withour HSMMs (Figure 2B). In contrast,
the proliferation 48 and 72 h after seeding was not signif-
||Hu1[|)I ditferent between THLE-2 cells cocultured with
or without HSMMs. These results suggest that, although
the proliferative capacity of THLE-2 cells was enhanced
by coculture with HSMMs, the difference in the prolifer-
ative capacity was modest. WNext, we evaluated the effect
of the myoblast cells on liver sinusoidal endothelial cells
{LSECs) i a tube formation assay, In this assay, we used
TMNEK-1 cells un.ul'lliu.i with or without HSMMs, The
assay reveale ngth of the tube and the number
of capillaries were kilL:r1I|'-I1'.':1'|I1|}' inereased in coculrure
with HSMMs and that the increase was dependent on
the number of HSMMs (Figure 2C and D). Furthermore,
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we assessed the influence of myoblast cells on HSCs,
which play an important role in liver fibrosis. TGF-fi1
converts H5Cs into their activated form as a myofibro-
blast-like cell, expressing actin alpha 2 [ACTA2), colla-
gen la-1 (COL1a-1}, and marrix meralloproreases 2,2+
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ment, LX-2 with TGF-f1 treatment (10ng/ml), and
LX-2 with TGF-B1 treatment (10ng/mL) in coculture
with HSMMs, Twenty-four hours after TGF-A1 trear-
ment, the rotal RNA was exteacred from LX-2 cells and
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[Fi'r:ur:‘ 2E), These resules indicare that the |=|y1||}|;1.\|
cells promote heparic cell proliferation and angiogenesis
and inhibit HSC activation in the liver. Considering that
these phenomena induced by the myoblast cells were
closely associated with liver fibrosis, the possibility was
raised that the myoblast cells promore liver regeneration
in hiver hbrosis,
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Suppression of Liver Fibrosis by the Skeletal
Myoblast Cell Sheet in Mice

The above results suggest that the skeletal myoblase cell
sheer atfects liver regeneration in liver failure, letting us
mvestigate the effect of sheet ransplantanon in in vivo
madels. First, the effect was examined in 3 mouse maodel
with liver fibrosis produced by intraperitoneal injection of
TAA, One week after TAA injection, myoblast cell sheet
eransplantation was performed. Three weeks or 5wk afrer
transplantation, liver tissues were excised from the mouse
model and analyzed. The schedule 1s shown in Figure 3A.

H&E staiming of the excised liver tissue indicated Liver
damage by TAA in borh groups, and the liver damage was
less severe in the myoblast sheet group than in the control
group at both 3wk and 3wk (Figure 3B), Next, to assess
the proliferation of hepatocytes for liver regeneration,
the liver tissucs were immunohistochemically stained for
Ki-67, one of the principal markers of DNA replication.
The percentage of Ki-67=positive cells was significantly
higher in the myoblast sheet group than in the control
group at both 3wk and Swk ({Figure 3B and C), Next,
to evaluare the degree of liver fibrosis, Sirius red staining
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and Masson trichrome stamning were performed. The area
of liver fibrosis, determined as the red area in Sirius red
staining and blue area in Masson rrichrome staining,
was signihcantly smaller in the sheet group than in the
control group, These differences between the 2 groups
were particularly remarkable 5wk after transplantation
(Figure 3B-E).

Liver fibrosis was assessed by real-rime RT-PCR, which
demonstrated that the mRNA expression of ACTAZ and
Colla-1 was significantly decreased in the sheer group
compared with the control group at both 3 and Swk
iFigure 4A and B), The results of the blood test performed
Swk afeer transplantation are shown i Figure 4C; aspar-
tate aminotransferase and rotal bilirubin were significantly
lower and albumin was significantly higher in the sheet
group than in the control group, These results were veri-
fied in another mouse model with more severe liver fibro-
sis, which was produced by 6wk of TAA injection before
myoblast cell sheer transplantation (Figure $1,8DC, hrep://
links. lww.com/TPACT21).

Acceleration of Liver Regeneration by the Myoblast
Cell Sheet in a Hepatectomy Model

MNext, we assessed the effect of myoblast cell sheet
transplantation on  liver regeneration afrer hepatec-
tomy. The 70% hepatectomy model was vsed for this
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assessment, and histological exammation included H&E
staining and Ki-67 staining of rhe remnant liver, H&E
staining showed no inflammatory cells or thrombosis in
the sheet or control groups. However, the percentage of
Ki-67-positive cells was significantly higher in the rem-
nant livers of the sheet group than in the control group
48h afrer 70% hepatectomy (Figure 3A). The remnant
liver to body weighr ratio rapidly recovered in the sheer
group, and a significant difference was found in the ratio
2 d after the hepatectomy (Figure SB). These results sug-
gest that myohlast cell sheer rransplantation may also
promote liver regeneration after heparecromy. To assess
the underlying effect of the transplantation, molecules
associated with liver regeneration were investigated in
the remnant liver tissue 48h after hepatectomy. The
expression of CD31 in the remnant liver was significantly
increased in the sheet group compared with the control
group, implying that more angiogenesis was induced by
sheet transplantation (Figure 5C) The Akt and Erk1/2
pathways, which iniriate cell cycle progression afrer liver
resection, were also examined. The phosphorylated form
of both Ake and Erk 1/2 was more strongly expressed in
the remnant livers in the sheet group than in the control
group, indicating more rapid cell cvcle progression in the
sheet proup.

Furthermaore, the effect of the skeletal cell sheer trans-
plantation was investigated in regard o survival after

duction of this articte s pr
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or 50 pm fiower panaels), Right, The percaniage of Ki-67-positive
than in the controf group isheat [-]). *P < 0.05, m = 5 each group.

cells was higher in the group with sheet fransplaniation (sheat [+
B, Liver weight/body weight ratios wens measured 1, 2, 3, and 7 o

after hepatectomy (n = 5 each group). The ratio was significantly higher in the sheat [+ greup than in the control group, “F < 0.06. C,
Westarn biot analysis of the axprassion of molecules associated with Iver regeneration In tha remnant liver tissue 2 d after hepatectomy.
G031 and phosphondated forms of Akt and Ed<1/2 were mora strongly exprassed in the sheet (+) group than in the control grown., $,
kaplan-Meier sunvval curve demanstrating that the surdival rate after 90% hepatectomy was higher in the sheet (+) group than in 1he

control group, P < 0.05,

90% hepatecromy, Although all mice in the control group
died within 24 h after 90% hepatecromy, half of the mice
in the sheet group survived at least 24h after hepatec-
tomy. Using the Kaplan-Meier methods, the survival rare
was significantly improved by cell sheet transplantation
(P < 0.05; Figure 5. These results suggest thar myoblast
cell sheet transplantation accelerates liver regeneration
by promoting cell cyvele progression and proliferation
signals.

Investigation of the Mechanism of Liver
Regeneration by the Myoblast Cell Sheet

To investigate the underlying mechanism of liver regen-
eration after skeletal myohlast cell sheet transplantation,
we performed spatial transcriptomic analysis of the liver
tissue collecred from a mouse 2 d afrer 70% heparecromy
with sheet transplantation. Clustering roughly identified
the remnant liver and the transplanted skeletal myoblast
cells on the H8(E-stained section (Figure 6A), and uniform
manifold approximation and projection of these clusters
indicated that the clusters were mainly divided mto 2
groups: clusters 2 and 5 were myvoblast cells, and the other

Copyright ©
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clusters were cells that comprise the liver {Figure 63). Cells
in cluster 5, where the myoblast cells artached to the rem-
nant liver, overexpressed Vegfa, which is one of the secre-
tions by skeletal myoblast cells {Figure 6C). Furthermore,
immunohistochemical analysis of the liver tissue obtained
from mice 6h after 70% hepatectomy with myoblase cell
sheet transplantanion showed that the VEGEA protein level
was higher in the myoblast cells stained by desmin and the
remnant liver near the cells than in the remaining area of
the liver i Figure 6D}, These indings suggest thar the myo-
Blast cell sheet secreted VEGFA since the early phase after
sheer transplantation and thar the secreted VEGFA pen-
etrated into the remnant liver, which implies a possibility
that the secretion of VEGFA by the myoblast cell sheet 15
one of the mechanisms of liver regeneration.

DISCUSSION

In this study, we demonstrated in vitro that myoblast
cells significanty affect cells associated with liver regen-
eration, such as hepatic cells, LSECs, and HSCs, implying
the possibility thar skeletal myoblast cell sheet transplan-
tation significantly affects liver regeneration. To verify this

2023 Wholters Kluwer Health, Inc. Unauthonzed reproduchon of this arlicte is prohibited
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FIGURE 6. Vascular endothedal growth fector (VEGFA) contributed (o lver regeneration afler hepatectomy with myoblast cell sheat
transplantation, A and B, Hamatoxylin-ecsin staming and unbiased clustenng of spatial transcriptomic analyss of iver tesue 2 o after
F0% hepatectamy with myoblast cell shesl tansplantation. The data were visualized using Visium and summarnized in the unifonm
manifold approximation and projection (UMAP), G, Spatial feature plots show Vagla overaxpeassion in the myabiast cells attached 1o the
rermnant liver, D, Representative immuonahistochermistry for the tissue 6h after T0% hepatectomy with shest transplantation, VEGRA (red)
was overaxpressad at the myoblast cels stained with desmin (green) and the rermnant liver near the cells, Scale bar = 50 pm.

possibility in vivo, experiments were performed in mouse
maodels, The in vivo results revealed that myoblast cell sheet
transplantation significantly suppressed liver fibrosis after
induction of liver fibrosis by TAA and accelerated liver
regeneration after hepatectomy. Taken rogether, the results
suggest that skeletal myoblast cell sheet transplantarion
has the capacity for liver regeneration. This suggestion has
not yet been addressed, indicating the clinical utilicy of
sheer transplantation for liver regeneration in liver failure,

Myvoblast cell sheets have been proven to improve cardiac
failure, and the underlying mechanism for heart regenera-
tion has been investigated.™ In the field of heart regenera-
tion, myoblast cells have been known to have the capacity
to secrete several cytokines, including VEGE, HGE, and
stromal derived factor-1.2*%%# In addivion, the therapy
using myoblast cells has been reported to have the abil-
ity to regulate inflammanon via macrophage polarizanon
mainly into the anti-inflammatory phenotype in peripheral
artery disease. ¥ Based on previous studies, these cvtokines
have been considered independently to have an important
role in liver regeneration; VEGF is known to activate the
HGF-Wnt2 pathway through VEGF2-1d1 activation in
LSECs to stimulare liver regeneration.” Moreover, VEGF
has been reported to improve the formation of LSECs at

Liopynight & . Wer

Health, Inc U

the dme when the liver is injured.*™* In addition to the
abovementioned HGF signaling pathway, HGF has other
capacities in liver regeneration; when the liver is injured,
HSCs rransform into myofibroblast-like cells, which cause
liver fibrosis,™ ™ but HGF promotes apoptosis of myofi-
broblast-like cells.® Considering these potential capacities
of the cytokines in liver regeneration and our finding that
the myoblast cell sheet overexpressed and secreted VEGEA
in the in vivo model, the liver regenerative capacity shown
in this study may be derived from the cytokines secreted by
the myoblast cells. In particular, one of our results showing
the HSMM dose-dependency in in vitro experiments may
be the evidence that the cvtokine secretion from skeleral
cells is a mechanism for liver regeneration. Furthermore,
the efficacy of the myoblast cell sheet transplantation was
evident in our results, especially in the in vive experiments,
although the effect on hepatocyte growth iself in vitro was
relatively modest compared with the effect to the other
cells. This discrepancy may be explained by assuming
that the liver regenerative capacity of the skeletal cells is
derived not only from the direct effect on the hepatocytes
bur also from the comprehensive effects on various cells,
including hepatocytes, LSECs, and H5Cs. Thus, the possi-
bility that these varous cells may induce liver regenerarion

96



3 2023 Wollers Kluwear

may indicate that the liver regenerative capacity is derived
from the cyrokines secreted by the myoblast cells,

Thus far, several options for liver regeneration have
been advocated, including treatments with bone marrow
cells, adipose-derived stem cells, and iPSCs. "™ However,
none of these approaches have been clinically established.
On the contrary, our option for liver regeneration vsing
skeletal myoblast cell sheetr transplantation remains to
develop similarly to the above options, but we consider
that our option has some advantages. First, we utilized
sheet technology that has been reported to be an efficient
means of administration. This approach allows the admin-
istration of a larger number of cells than simple intrave-
nous injection and retains cell—cell interactions inside the
sheet, which then porentially exerts stronger effeces than
simple cell administration.” Furthermore, retaining the
sheet directly on the liver surface may advantageously sup-
ply its effect, considering the nature of the paracrine effect
when considering the mechanism compared to adminisera-
tion far from the subject site. Second, although some of the
other methods utilize allogenic cells, autologous cells are
used i this method, indicating an advantage in terms of
avaiding potential immunogenicity, Finally, from another
perspective, this therapeutic option for liver regeneration
is based on an expanded adaptation of skeletal myoblast
cell sheet rransplantation, the climeal effect of which has
already been confirmed, leading to coverage by the health
insurance in Japan. In this context, the safety of this
method is already proven, suggesting easier clinical appli-
cation than other methods.

This study has several limitations. One limitation is in
regard to the investigation of mechanisms underlving the
effece of the skeleral myoblast cells on liver regeneration
being limited in this study. Although the results of the tran-
seriptomic analvsis and immunohistochemical analysis of
the sample after hepatectomy actually implied that the secre-
tion of VEGFA by the myoblast cell sheet may be one of the
key mechamisms, we have not comprehensively performed
an investigation of the mechanisms. Clarification of the
more detailed mechanism can lead to predicting the effect
and enhancimg the effect based on the mechanism. Another is
that this study contains only data on the local administration
of the skeletal cell sheet. The administration was effective for
the liver transplantation in our experiments, bur the efficacy
was not compared to other administrative methods, such as
the intravenons administration, suggesting thart, although the
skeletal cell may be clinically useful for liver regeneration,
the optimal roure of administration remains o be unde-
termined. Considering that intravenous administration has
been mtroduced in some other regenerative therapies, such
as bone marrow-derived stem cells and adipose-derived stem
cells, the comparison to other methods should be performed.
Therefare, we are currently analyeing the mechanism and
determining the oprimal administration route. In addition,
we did not compare the effect of the skeletal cell sheet to
other cell sources, such as other mesenchymal stem cells,
However, to prioritize prompt announcement of our results
in order to speed up the clinical applicanon of this novel
therapeutic option, we summarized the results without any
comparative analyses in this reporr.

In conclusion, chis study revealed that skeletal myo-
blast cell sheer transplantation significantly improved liver
failure in the in virro and in vivo models and that VEGF

Towa et al el199

was one of the mechanisms responsible for improvements
caused by the myoblast cell sheer, suggesting clinical utilivy
of myoblast cell sheet cransplantation for liver regenera-
tion. This finding could help establish autologous skeletal
myuoblast cell sheet transplantation as an effective thera-
peutic option for liver failure,

REFERENCES

1. Frigdmsan 8L, Sheppard D, Duffield JS, of al. Theraoy for fibrotic dis-
sases: neanrg the starting ling. Soi Transl Med. 2013;5:1878

2. Dienl AM, Meighborhood watch orchestralas lver regenaeation, Mal
Med. 2012:18:497 459,

3. Philip G, Hookey L, Richardson H, et al  Alohol-assocated
ver chaease s now the mest common indication for lver trans-
plant walllisting among poung Amedcan adiuits.  Transplantaton,
2022,108:2000-2008.

4, Hay DC. Cadaveric hepatocyles mpopulate deeased Ivers: e after
oaath. Gasiroanteralogy. 2010130 T20=-731

5, Texal 3, Tstichwa A, S1alus of and canokiates for cob thorapy | iher
cirhosis: overcoming the “point-of ne return” in advanced liver cirhao-
s J Gastroentenal. 2017,52: 1240140,

&, Dmng BS, Nalan DJ, Butier JM, &t al. Inductve anglocnine sgnats fom
snusolal encothaium & required for Iver regeneration, MNature.
210E488:310-315:

7. Wang L Wang X, Xie G, et al. Liver sinusoidal endothelal cell pro-
genltoe calls promate lver regeneration In rats. J Clin ovast.
2N 22245871673,

8, Russed JO, Manga 3B Wint/i-catenin signaling in lver development,
homeostass, and pathobiolegy, Ann Rev Pathol. 201 8:13:351-378

9, Sakada |, Teral 5, Yamamoto N, f al. Transplantation of bone mar-
row celis reduces CCIA-induced liver fibresis n mice. Hepaloiogy,
2004:40:1304-1311

10, Teral 8, Sakaida |, Current status of AA0KCQOUS booe msrmow cod nfu-
sion thesapy far ver cirhosls patients, Feoatcd Res, 2008.38(Supp!
1):672-575.

11, Teral S, Tandimoto H, Masda M, et &l Timelne for development of
aulologous bone rarrcw infusion IABMI) therapy and perspectve for
future stam coll therapy. J Gastroanterol. 201247 451-497,

12, Tolosa L, Pareja E, Gomez-Lechdn M. Clinical application of plur-
patent stem celis: an altlernative cell-based therapy for treading ey
chseanes? Trangplantation. 2016;100:2548-2557

13, Takebe T, Sekine K, Enomura M, et &, Vasculanzed and funchionst
human Ives frome an IPSC-derdved organ bud trareplant, Mature.
2013;485 481 -484,

14, Tanaka T, Kurckd T, Adachl T, @t -al, Development of a movel rat
mocal wih pancreatic istula and the prevention of the compbea-
tan using  tssus-enginesred myobiast sheets. J Gastroentorol,
201348 10811083

15, Tanaka S, Karetaka K, Fulll M, et &, Ceb sheal technology Tor the
reganeration of gastrointestingl tissue usng a novel gastnc perforation
ral modal, Surg Tooay, 201747 114-121,

16, Matsisnota B, Kanetaka K, Maruya ¥, et al. The efficacy of autologous
myochilast shest transplantation to prevent perfomation after duadenal
endoscoplc submucosal dissection in porcine moced, Call Transpiarnt,
2020 Z 9658 T 20063882

17, Memen 1A, Sawa Y, Fukushema N, et al. Pepalr af impaired myocar-
dium by means of mplantation of enginesed auiclogous myobiast
sheeis. o Thorac Cargiovase Surg, 2008, 130:1353-1341,

18, Sato 5, Miyagawa S, Sakaguchl T, et al. Myobiast shoet can pre-
want the imgairment of cardiac diastole function and late remad-
eling after left ventncular restoration 0 ischemic cardinmyopatig,
Transplantabon. 201283108115

19, Karuma S, Mivagawa 5, Tods K, &t al. Long-term outcomes of
autolegous skeletal myvobiast cell-shest ranspiantation for and-stags
wohermic cardomyopathy, Mol Ther, 202129, 1425-1438,

20, Miyagawa 5, Sawa Y. Taketanl 5. et al. Myccardial regeneration thers
apy for hieart Tallure: hepatocyte growth factor enhances the affect of
cellular cardiomyaplasty. Circwation. 2002;106:2656-2561.

21, Sawa ¥, Miyagawa 3, Sakaguchi T, et al. Tissue enginesned myobtast
sheeis iImproved cardiac funclion sufficlently to discontinue LVAS ina
patiant with DCM: report of & case. Sung Today. 2012,42:181-184

22, Morita M, Watanabe ¥, Akalke T. Protective effect of hepatooyie
growth factor on interteron-gamma-induced cytotoxicity I moss
hepatocytes, Heoatolagy, 1985:21:1585-1583,

Copynght © 2023 Wolters Kluwer Health, Inc: Unauthonzed reproduction of this arficke is prohibited

97



AL
LK} PApPSORIMO

T FSHOE L =P HEE QAT AR HISA LU PO OOTEOHAD A LA

FOHIEGET U B N DT T, AR H SIS OIS A IEanofiu el suBIGeD sy speunoljdy

FEOE L0 uo

e200 Transplantation w August 2023 ® Volume 107 W Mumber 8

23

24,

25,

26,

27,

28,

29

a1,

3z

a4

35,

36

Wao P Zhan Y, Xu W, at &l Hepatoovte growth factor-induced profier-
ation of hepatic stem-like calls depends on activation of NF-kappaB,
J Hapatal. 2004;40:391-358.

Ishikawa T, Facitor Vi, Mamquardt JU. e al, Hapalocyte growth factar!
oc-met signaling is raquired for stem-cell-mediated lver regenaration in
mice. Hepatohgy, 2012:55:1215-1286

Ding BS, Caa Z, Lis R, et al Diwesgent angitcrng signals from
vascular niche balence liver regensration and fibrosis. Maturs,
2014:505:87-102.

Mukai Y, Yamada D, Bguchi H, et al. Witamin D supplamentation is
8 promiging therapy for pancreatic ductal adanacarcinoma in con-
junction with current chemoradiation therapy. Arn Swar Oncol,
2018:25:1868-1878.

Matsumura T. Takasue M, Wastarman KA, st al. Establishment of an
immartalizad human-fver endothelial cel line with SVAOT and HTERT.
Transplantabion. 2004, 77T 1357-18645,

Sekiya M, Matsumiya G, Miyagaws 3, et & Layersd implantation
o myoklast shests ahanustes acverss cardiac remadeling of the
infarcted heart, J Thorae Cardiovass Surg., 2009, 138:005-000,
Mitchall G, Wikenbring H. A mproduchle and well-tolerated mathod
far 2/3 parfial hepatectomy in mice, Mat Protoc, 2008311671170
Making H, Togo 8, Kubata T, et al. A good madel of hepatic failurs
after excesahe hapatactomy mmics, J Surg Res, 2005127171176,
Mikarror M. ¥amada D, Eguchi H. et al. MicroRMA-155 comtrals exo-
same synihess and promoles gamcitabine resistanca n pancreatic
ductal ademocarcinoma, Sof Rep, 2017,7:42339,

Ji AL, Rubin A2, Thrara K, at & Multimaodal anahbsis of compasi-
tion and spatial architecturs in human squamows cell camtinoma. Call,
2030 152:487-514.222.

. Friedman 3L Hepatic stellate cells: protaan, multifunctional, and enig-

matic cels of the: lver, Physiol Rev. 200888125172,

Schuppan O, Km Y0, Evoiving therapies for lver fioross. J Cin
Irresat. 2013;123:1887-1201.

Gresaner AM, Weiskirchen R, Modam mﬂ'ngenatc conoepts of fer
fibrosia sungest stellate cells and TGF-bata aa mejor players and
therapeutic targats, J Call Mol Med, 2006, 10:76-29.

Kigin D, Demory A, Peyre F, et al, W2 acts as a cell type-
gpecific, auiocrne growth factor i et hepatic sinusoidal

ar.

a8

39

40,

41,

42,

43,

44,

45,

46,

47,

www, fransplantjourmal com

andathelial cells cross-stimulating the VEGF pathway, Hepafology.
2008:47:1018-1031

Teldossirt M, Taga Y. Sav A, et & Induction of HGF and VEGF in
hepatic regerermiion after hepatotoan-induced cirhosis in mice,
Hapategastroanteraingy. 2011;58:971-879,

Hu [, Svastava K, Wisland M, &t al, Endathelial celi-derivad angi-
ocooeatin-2 cortrols lver regenaration as & spatiotermponl rheostat,
Scigrca. 2014,34:3:416-419,

Mivake K. Miagawa 5, Harada A, et al. Enginsersd clusterad myo-
biasi cell injection augments angiogenass and muscla regenaration in
peripharal artery dissass. Mol Ther, 2022:30:1239-1251.

Furpu J, Mechida 5, Inao M, ef al, VEGF cary act as vascular per-
meability factor i the bepatc sinussids fhrcugh upeeguiation of
porosity of endothelal cells. Biocherm Bopins Res Commbn,
2007:280:481-485,

¥u H, Shi BM, Lu XF. &t &l Yascular endothelisl gn:\wth facior atter-
ates hepatic sinusaoidal capilarzation in thiossetamide-induced oir-
rhotic rats, World J Gasfroenfarol. 2008;14:2348-2357,

Thabwt D, Shah W Infrahepatic angiogernass ard snusoidal remsd-
aling in chronic ver disease, new targsts for the treatment of portal
hypartarsion?? J Hepailol. 201 0:53:975-050,

Iredale R, Baryan RE, Picksrng J, at &l Mechanisms of sporta-
neus resolufion of rat Gver fibrosis: Hepatic stellate cell apoptozis
and raduced hepatio expression of metaloprateinass inhititors, J G
Irvest. 1988, 102:538-545,

Kisseleva T. Cang M, Paik Y. at &, Mycfibroblasts revernt to an inactive:
pheratype during regrassion of fver Tbrosis: Proo Matl Acad Sef LA,
2012:109:9448-3453.

Troeger J5, Madaracke |, Gwak BY, et al, Daactivation of hepatic
stallata cells during ver fibrosis resaldion in mica. Gastroanteroiogy,
2012;143: 107383222,

Kim WH, Matsumalo K. Bessho K, et al Growth inhibaban
and apoplasis i ver myofiroblasts promoted by bapatocois
gmwﬂ1 facior leads 0 reaalution from liver cirhosis: Am J Cathol,
2005;186:1017-1028.

Ckanp T, Yamada i, SakaiH, at al, A novel recovary system far culturad
nells using plasma-reated polystyrene dishes grafied with pokyN-so-
propylecrdamides). J Siomed Malter fes, 1993271243-1281,

Copynght & 2023 Wollers Kluwer Health, Inc. Unauthonzed reproduction of this article s prohibited

98



Gtk fue
inntes

ELSEVIER

Long-Term Feasibility of Rescue Reconstruction for Isolated Bile Ducts
With Using Cystic Duct in Living Donor Liver Transplantation
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ABSTRACT

Background. The isolated bile duct is sometimes observed in the right liver graft of living
donor liver transplantation (LDLT). Even though, as a rescue option, it is known to use the recip-
ient’s cystic duct (CyD) for duct-to-duct anastomosis, the long-term feasibility of rescue duct-to-
CyD (D-CyD) anastomosis remains unclear.

Methods. We prospectively collected data in the right liver-LDLT cohort and compared rescue
D-CyD anastomosis (n = 4) with standard duct-to-hepatic duct (D-HD, n = 45} anastomosis (D-
CyD group, n=4).

Results. The observation period was over 3 years (range, 68-171 mo) after LDLT.

The D-CyD group included the following anastomosis procedures: anastomosis between the
intrahepatic bile duct of the graft and the CyD of the recipient and anastomosis between the pos-
terior HD and the CyD. Surgical outcomes between the 2 groups are similar, excluding the time
for the biliary reconstruction (D-CyD, 116 £ 13 min vs D-HD, 57 & 3 min). During the period,
one recipient in the D-CyD group exhibited postoperative biliary stricture and biliary stone, and
6 recipients underwent those complications in the D-HD group (D-CyD, 25.0% vs D-HD,
13.3%) All recipients in the D-CyD group are presently alive and have not experienced liver
dysfunction.

Conclusions. Our findings suggest that rescue D-CyD anastomosis for an isolated bile duct in

aright liver LDLT is acceptable as a life-saving option in terms of long-term feasibility,

ECAUSE of their high frequency, biliary complications

are regarded as the Achilles’ heel of liver transplantation
(LT). In a systematic review, Akamatsu et al reported the occur-
rence of biliary sirictures and biliary leakages in 12.8% and
8.2% of LT recipients. respectively | 1]. Moreover, they found
that these incidence rates were higher after partial liver grafts
than after whole liver grafts,

In LT with a partial liver graft, biliary reconstruction used to
be performed with a hepaticojejunostomy, because the main
indication for living donor LT (LDLT) with a partial liver was
pediatric recipients with biliary atresia. However, the indica-
tions for LDLT have now been widely expanded thanks to
recent advances in surgical techniques and perioperative man-
agement. Consequently, in LDLT with a partial liver graft, bili-
ary reconstruction is commonly performed with duct-to-duct
(D-D) anastomosis, which has several advantages including no

© 2023 The Author(s). Published by Elsevier Inc. This is an open
access article under the GC BY license
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enteric anastomosis, 4 functional sphincter of Oddi, and an
easier endoscopic approach to the anastomotic sites.

In cases with a single bile duct in the partial liver graft, the
D-D anastomosis is simple. However, D-D anastomosis is more
complicated in cases where the partial liver graft includes multi-
ple ducts—for example, when a right-lobe grafi is used. If the
partial liver graft includes multiple ducts that are located close
together, the anastomosis can be performed between a single
orifice created by these ducts of the graft and the hepatic duct
(HD} of the recipient. However, this type of anastomosis is
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challenging when the partial liver graft includes multiple bile
ducts separated by a wide anatomic distance. It is necessary to
consider a rescue biliary reconstruction in such cases.

One rescue method of biliary reconstruction is to use both the
cystic duct (CyD) and the HD of the recipient. The anatomic
separation of the CyD from the HD potentially enables anasto-
mosis of separated bile ducts in a partial liver graft. Several
reports have described the successful use of the CyD for biliary
recomstruction in cases of LDLT with a right-lobe liver graft
containing separated bile ducts [2—4]. However, no studies
have focused on the long-term postoperative outcome of duct-
10-CyD (D-CyD) anastomosis performed together with duct-to-
HD (D-HD} anastomosis, or compared outcomes between
D-CyD anastomosis and the standard D-HD anastomosis.

We have experience with several cases that performed D-
CyD anastomosis in LDLT. In our first case. a bile duet branch
of the graft had been intentionally left without anastomosis, and
was successfully postoperatively anastomosed to the CyD
slump using a magnetic compression anastomosis technique
[5]. In the present study, based on our experience, we aimed to
assess the potential of D-CyD as a rescue option 1o D-HD by
mvestigating the long-lerm postoperative outcome of the addi-
tion of the D-CyD anastomosis for biliary reconstruction by
comparing the outcome of D-CyD anastomosis with that of
standard D-HD anastomosis in cases of LDLT with a right-lobe
graft.

PATIENTS AND METHODS
Patients

A total of 148 adult patients received LDLT between 1999 and
2018 at the Department of Gastroenterological Surgery, Osaka
University Hospital. Of these 148 cases, 76 cases used a right-
lobe graft for LDLT. Among the 76 recipients of a right-lobe
graft, 49 (64.5%) underwent biliary reconstruction with D-D
anastomosis, and 27 (35.5%) underwent hepaticojejunostomy.
The present study included 49 recipients who underwent D-D
anastomosis with a right-lobe graft. In 4 included recipients
(8.2%), D-CyD anastomosis was performed together with D-
HD anastomosis (D-CyD group). In the remaining 45 (91.8%)
included recipients, only the standard D-HD anastomosis was
performed (D-HD group). Ethical approval was given by the
Human Ethics Review Committee of the Graduate School of
Medicine, Osaka University, and written informed consent was
obtained from each of the patients (#21228).

Preoperative Evaluation

Preoperative evaluations for living liver donors and recipients
included a work-up with a complete history and physical exami-
nation by expert hepatologists, psychiatrists, hepatobiliary/
transplant surgeons, and other specialized workup team mem-
bers, as previously described [6]. The selection of donors and
recipients based on these evaluations was approved by the
ethics review committee of Osaka University Hospital, as previ-
ously described [7]. For each donor, the graft type (left lobe
with/without caudate, right lobe, or right posterior section) was

determined based on the results of volumetric examination with
multidetector computed tomography and drip-infusion cholan-
giography computed tomography (DIC-CT). Liver volumetric
analysis was performed using Virtual Place software version
2.0 (AZE Lid, Tokyo, Japan) or SYNAPSE VINCENT soft-
ware (Fujifilm. Tokyo, Japan).

Donor Hepatactomy and LOLT

Donor hepatectomy and LDLT were performed using mini-
mally invasive techniques, as previously described [6.5]. In the
donor hepatectomy, to accurately evaluate the bile duct anat-
omy of the graft, intraoperative cholangiography was performed
before cutting the bile duct. In the recipient surgery, the bile
duct was carefully handled to avoid sacrificing the surrounding
tissues and to preserve the vasculature. Both D-HD and D-CyD
anastomoses were performed using interrupted sutures with 6-0
absorbable monofilament. In cases where the CyD of the recipi-
ent might be used for biliary reconstruction, care was taken to
preserve the CyD itself and the surrounding tissues as much as
possible to maintain the blood flow. In LDLT, an external bili-
ary stent was inserted into the biliary anastomotic site,

Postoperative Follow-Up

Postoperative follow-up was performed by regular blood tests
and radiographic evaluation, including cholangiography. The
amount of immunosuppressive drugs was adjusted by their con-
centration. Before removing the external biliary stent, cholangi-
ography was performed to exclude any biliary complications,
such as biliary leakage or stricture.

Statistical Analysis

All data are reported as the number of patients and percentage.
or as mean * standard deviation. Between-group differences
were analyzed for statistical significance by Student ¢ test or
Mann-Whitney [/ test. The cumulative incidence of postopera-
tive biliary stricture was assessed using the Kaplan-Meier
method. Statistical analyses were performed using JMP soft-
ware version 14.0 (SAS Institute Inc.). A P value of less than
.05 was considered significant.

RESULTS
Characteristics of Recipients With D-CyD Anastomosis

Table | summarizes the clinical characteristics of the 4 recipi-
ents who received D-CyD anastomosis together with the stan-
dard D-HD anastomosis for biliary reconstruction during LDLT
with a right-lobe graft. These recipients included 3 men and 1
woman, with ages ranging from 46 o 64 years old. The disease
necessitating LDLT was hepatitis B virus-related cirrhosis in 2
recipients and fulminant hepatic failure in 2 recipients.

In recipients 1 and 2, the D-CyD anastomosis was between
the B6 bile duct of the graft and the CyD of the recipient. In
recipient 3, the D-CyD anastomosis was between the posterior
HD of the graft and the CyD of the recipient. In recipient 4, the
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Table 1. Recipient Demographics

Agein MELD  Intrzcperaiive Operation Biliary
Mo, Years/Sex Diagnosis Score  Blood Loss (ml)  Time (min)  Bifiary Reconstruction Complication Qutcomsa
1 53/Male HBV, cirrhosis 21 59,130 1500 AHD/B7-CHD, B6-CyD  Stricture, stone  Alive without graft loss (171 mo)
2 B4'Male FHF 28 4230 1139 AHD/B7-CHD, B&-CyD None Alive without graft loss (69 mo)
3 49Female FHF 23 3100 1105 AHD-CHD, PHD-CyD  None Alive without graft loss (99 mo)
4 46/Male HBV, cirthosis 16 2810 1252 PHD/BB-CHD, BS-CyD  Naone Alive without graft loss (68 ma)

AHD, anterior hepatic duct; CHD. common hepatic duct; CyD, cystic duct; FHF, fulminant hepatic failure; HBY, hepatitis B virus; MELD, modet for end-stage liver dis-

ease; PHD, posterior hepatic duct,

D-CyD anastomosis was between the B5 bile duct of the graft
and the CyD of the recipient. In recipient 1, the D-CyD anasto-
mosis was added for biliary reconstruction because the standard
anastomosis was technically difficult due to the small size of
the B6 bile duct, which was overcome using the postoperative
recovery magnetic compression anastomosis technigue. In the
remaining 3 recipients, it was impossible to create a single large
orifice from the major bile ducts of the right-lobe graft because
they were too separated. The D-CyD anastomosis was per-
formed post-LDLT in recipient 1. and during LDLT in the
remaining 3 recipients. More detailed information regarding
recipients 1 and 3 has been previously deseribed [5,9].

The follow-up period of the recipients ranged from 68 to 171
months. Recipient | exhibited postoperative biliary stricture
and biliary duct stone, and both complications were success-
fully treated using an endoscopic approach. The other 3 recipi-
ents exhibited no postoperative biliary complications after the
D-CyD> anastomosis. All 4 recipients are presently alive and
have not experienced liver dysfunction during the postoperative
follow-up period. Below we present detailed information about
representative recipients (2 and 4),

Recipient 2

Recipient 2 was a 64-year-old man who was scheduled 1o
receive LDLT with a right-lobe graft due to fulminant hepatic
failure with hepatic encephalopathy with a model for end-stage
liver disease (MELD) score of 28. Because his condition got
drastically worse and had no time for the donor to undergo pre-
operative DIC-CT, an additional intraoperative cholangiogra-
phy was performed to evaluate the bile duct in the donor al the
beginning of the donor hepatectomy (Fig [A) It revealed that
the B6 bile duct was directly confluent to the CyD, separately
from the left HD, anterior HD, and B7 bile duct, In bench sur-
gery for the graft, we successfully ereated a single orifice with
the anterior HD and the B7 bile duct. However, it was impossi-
ble to create a single orifice with the created anterior HDVB7
bile duct and the separated B6 bile duct because of the distance.
Therefore. we performed the anastomosis between the anterior
HIDV/B7 bile duct and the common HD (CHD), the D-CyD anas-
tomosis with the B6 bile duct was performed. The internal
diameters of D-CHD and D-CyD were 7 mm and 5 mm, respec-
tively (Fig B and C}. External biliary stents were inserted into
these 2 anastomoses, The recipient had an uneventful hospital
course. At 6 months after LDLT, three-dimensional cholangiog-
raphy via the inserted external biliary stents revealed patency of
the anastomotic sites without leakage or stricture (Fig (D).

Recipient 4

Recipient 4 was a 46-year-old man diagnosed with end-stage
liver disease due to hepatitis B virus. His MELD score was 16.
LDLT with a right-lobe graft was planned for his treatment. Pre-
operative DIC-CT of the donor indicated that the B3 bile duct
was confluent separately from the left HD, posterior HD, and
B8 bile duct (Fig 2A). Investigation after donor hepatectomy
confirmed the independently confluent B3 bile duct observed in
the preoperative DIC-CT. In bench surgery for the grafi, a sin-
gle orifice was successfully created with the posterior HD and
the B8 bile duct. However, it was impossible to include the sep-
arated BS bile duct into the created posterior HD/BE bile duct
because of the distance. Therefore, we performed the anastomo-
sis between the B5 bile duct of the graft and the CyD of the
recipient and the anastomosis between the posterior HD/BE bile
duct of the graft and the CHD of the recipient (Fig 2B and C).
The internal diameters of these anastomoses were 4 mm and
I mm, respectively. External bikary stents were inserted into
these 2 anastomoses. The recipient had an uneventful hospital
course. At 2 months after LDLT, cholangiography via the
inserted external biliary stents confirmed that the contrast
medium passed through these anastomotic sites without leakage
or stricture {(Fig 2D}

Comparison of Surgical Outcome Between the Two Biliary
Reconstructions

We checked surgical outcomes between the recipients in the D-
CyD and D-HD groups. The 2 groups had similar surgical out-
comes, including intraoperative blood loss, or total operation
time (Table 2), However, the time for the biliary reconstruction
was longer for the 3 cases (recipients 2-4) in which the D-CyD
anastomosis was performed during LDLT, compared with the
D-HD cases (116 £ 13 min vs 57 &+ 3 min, P < 0001). In terms
of intraoperative findings, the biliary anastomosis diameter was
smaller in the D-CyD group than in the D-HD group (2.5 £+
1.5 mm vs 4.0 £1.7 mm, P = 2028,

With regards to postoperative biliary complications, 6 recipi-
ents (13.3%) in the D-HD group exhibited a biliary stricture,
On the other hand, postoperative biliary stricture was ohserved
in one recipient (25.0%) in the D-CyD group, who underwent
the C-CyD anastomosis after LDLT. The incidence of biliary
stricture did not significantly differ between the 2 groups, as
confirmed by the cumulative incidence assessed using the
Kaplan-Meier method (Fig ). Additionally, one recipient from
each group exhibited biliary stone. Notably, the stone in the D-

101



1614

Recipient #2

Fig 1. Perioperative imaging of the
bile duct in recipient 2. (A) Intrac-
perative cholangiography at the
beginning of the donor hepatec-
tomy revealed that the B6 bile duct
was directly confluent with the CyD,
separately from the LHD, AHD, and
B7 bile duct. (B) Intracperative pho-
tograph (C) and schema of the bili-
ary reconstruction, showing
anastomosis between the AHD/B7
bile duct of the graft and the CHD of
the recipient, as well as anastomo-
sis between the B6 bile duct of the
graft and the CyD of the recipient,
with inserted external biliary stents.
(D) At 6 months after LDLT, three-
dimensional cholangiography by
com-beam CT revealed no compli-

Recipient
CHD

External
biliary stent |
Y A

cations at the anastomotic sites.
AHD, anterior hepatic duct; CHD,
common hepatic duct; CT, com-
puted tomography; CyD, cystic
duct, LOLT, living donar liver trans-

Recipient T
CyD

| . Recipient

/ CHD

External .7
biliary stent

plantation; LHD, left hepatic duct.

CyD group was found in the same patients who exhibited post-
operative biliary stricture. No patients in either group exhibited
biliary leakage. Thus, the occurrence of biliary complications
did not significantly differ between the 2 groups. Recipient 3 in
the D-CyD group postoperatively developed acute cellular
rejection, which was successtully treated with steroid pulse
therapy.

DISCUSSION

In this present study, we assessed the potential of D-CyD as a
rescue option to D-HD by investigating the long-term postoper-
ative outcome of biliary reconstruction with D-CyD anastomo-
sis together with D-HD anastomosis for cases of LDLT with a
right-lobe graft having multiple separated bile ducts. All 4 of
our recipients who had undergone D-CyD anastomosis survived
for over 5 years. Furthermore, a checking of the characters of
the D-CyD and D-HD groups revealed that the surgical out-
come in the D-CyD group was similar to that in the D-HD
group. These findings support that the D-CyD anastomosis
could be an acceptable life-saving option for biliary reconstruc-
tion in LDLT when the standard D-HD anastomosis is because
of the anatomic distance separating multiple bile ducts in the

graft, This 1s the first study to demonsirate the long-term post-
operative outcome of biliary reconstruction using D-CyD anas-
tomosis together with D-HD anastomosis for LDLT with a
right-lobe graft having multiple separated bile ducts.

Several prior reporis have described cases of LDLT with a
right-lobe graft, in which D-CyD anastomosis was included in
the biliary reconstruction. To our knowledge, 9 such cases have
been reported [2—4] (Tuble 3). Among these cases, the longest
postoperative follow-up period is 28 months, and 2 of the 9
cases (22.29%) exhibited postoperative  biliary obstruction.
Moreover, based on the limited previous reports, it remains
unclear how the postoperative outcome of D-CyD anastomosis
together with D-HD anastomosis compares to that following
standard D-HD anastomosis alone, which prompted us to per-
form the present study to investigate the long-term postopera-
tive ouicome.

Carmody et al described biliary reconstruction using the CyD
instead of the HD of the recipient in deceased donor liver trans-
plantation [10)]. However, it does not mention the purpose of
using the CyD, such that it appears that the CyD was simply a
substitute for the HD. It does not provide information relevant
to outcomes of D-CyD anastomosis for biliary reconstruction in
LDLT,
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Fig 2. Perioperative imaging of the
bile duct in recipient 4. (A) Preoper-
ative DIC-CT for the donor indicated
that the BS bile duct was confluent
separately from the LHD, PHD, and
B& bile duct. (B) Intracperative pho-
tograph (C) and schema of the
biliary  reconstruction, showing
anastomosis between the PHD/B8
bile duct of the graft and the CHD of
the recipient, as well as anastomo-
sis between the B5 bile duct of the
graft and the CyD of the recipient,
with inserted external biliary stents.
(D) At 2 months after LOLT, cholan-
giography confirmed no complica-
tions at the anastomotic sites. CHD,
common hepatic duct; CyD, cystic
duct; DIC-CT, drip-infusion cholan-
giography computed tomography;
LOLT, living donaor liver transplanta-
tion; LHD, left hepatic duct; PHD,
posterior hepatic duct.

Table 2. Perioperative Features of Recipients With Biliary Reconstruction by D-HD vs D-CyD Anastomosis

Factors

D-HD Anastomosis (n = 45) D-CyD Anastomasis (n =4)

Intracperative blood loss, mL

Total operation time, min

Biliary reconstruction time, min
Intracperative biliary duct diameter, mm
Postoperative complication

Biliary complication Taotal
Biliary leakage
Biliary stricture
Biliary stones
ACR

11,180 + 9447 17,317 + 27,881
1349 + 248 1243+ 179
57+ 3 116 £13°
40+17 25+ 15
61(13.3%) 1(25.0%)
0(0.0%)

6(13.3%) 1(25.0%)
1(2.2%) 1(25.0%)

10 (22.2%) 1(25.0%)

Data are presented as the number of patients and percentage, or mean + standard deviation.
ACH, scute cellular rejection; D-CyD, duct-to-cystic duct; D-HD, duct-to-hepatic duct.
* The data are the average of 3 recipients who received O-CyD anastomaosis during liver transplantation.

In our present study, we investigated the detailed clinical
course of the 4 cases in which D-CyD} anastomosis was per-
formed together with D-HD anastomosis, and we compared
these surgical results with those following standard D-HD anas-
tomosis. Among the D-HD group, the incidence of biliary com-
plications was 12.2%. In a sysiematic review, Akamatsu et al

reported that after D-D in LDLT, the incidence rates of biliary
stricture and biliary leakage were 19% and 9.5%, respectively
[1]. Mizuno et al also reported that among 108 recipients with
D-D in LDLT, postoperative biliary stricture and leakage
occurred in 13.9% and 5.6%, respectively |1 1]. Based on these
previously reported incidence rates, our D-HD group was
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Fig 3. Cumulative incidence of the postoperative biliary stricture
after liver transplantation. The incidence rates of stricture in the
D-CyD and D-HD groups were assessed using the Kaplan-Meier
method. D-CyD, duct-to-cystic duct; D-HD, duct-to-hepatic duct.

judged to be appropriate as a control group for comparison to
the D-CyD group. Our present study described 2 novel findings.
in LDLT with right-lobe graft. First, we present the first obser-
vation of a long-term favorable outcome after D-CyD anasto-
maosis. Second, our comparative analysis revealed that biliary
reconstruction using D-CyD anastomosis did not negatively
affect the surgical outcome compared with the cases with the
standard D-HD anastomosis.

While our results suggest a good long-term postoperative
outcome of D-CyD anastomosis, several points should be men-
tioned in relation to performing the D-CyD anastomeosis. First,
it is important to focus on maintaining the blood How of the
CyD stump of the recipient. It has been reported that preserving
blood fAow to the bile duct is essential for avoiding postopera-
tive biliary complications in LT [12,13]. Although this concept
was originally applied 1o the bile duct itself, it would also be
applicable to the CyD because of their anatomic similarity. For
this purpose, in cases where the CyD of the recipient could
potentially be used for biliary reconstruction, we were careful

to preserve the CyD and its surrounding tissues as much as pos-
sible to maintain the blood flow of the CyD. The blood flow at
the CyD stump may be checked by cutting the wall of the CyD
stump.

The second point is the insertion of the external biliary stent.
The necessity of placing a stent inside the lumen of the anasto-
motic site in LT has been discussed and remains inconclusive
[13—15]. Notably, it has been reported that the stent insertion
itself is related to postoperative biliary complications | 16, The-
oretical advantages of stent insertion include the ability to check
bile production, potentially preventing an increase of the inner
pressure at the anastomotic site and potentially maintaining the
lumen of the anastomotic site via the inserted tube. However, in
our opinion, this inconclusiveness is applicable only to the bile
duct, not the CyD. Considering that the inside lumen of the
CyD is fregquently anatomically a spiral due to the valve of
Heister [17], tube insertion into the CyD would be reasonable,
especially for maintenance of the lumen of the anastomotic site,

Our present study has several limitations. The small number
of cases that received the D-CyD anastomosis could have lim-
ited the statistical power of between-group comparisons. How-
ever, no previous studies have compared the surgical oulcomes
of D-HD and D-CyD groups after LDLT. Another limitation
was the retrospective and single-institution study design. Data
collection was based on the medical records available from a
single institution, which could have introduced a bias in patient
selection, Therefore, when interpreting the present results, one
should consider the possible influence of selection bias. How-
ever, as mentioned above, the indication for the D-CyD anasto-
mosis was considerably limited. Additionally, the final decision
to perform D-CyD anastomosis was based on intraoperative
findings. Therefore, it would be impossible to perform a pro-
spective study with a large number of patients.

In conclusion, here we described the long-term outcome of
cases in which D-CyD anastomosis was used for biliary recon-
struction in LDLT with a right-lobe liver graft containing multi-
ple separated bile ducts. Furthermore, our analysis showed that
the surgical ouicome of D-Cy[} anastomasis was not inferior (o

Table 3. Reported Cases With D-CyD Anastomaosis Including the P t Cases
Publizhed Year Mo,  Agein Years/Sex  Diagnosis Biliary Reconstruction Postoperativa Billary Complicatien  Follow-up Pancd (mo)  Prognosis
2004 (2) 1 50/Male HBV (HCC) AHD-RHD, PHD-CyD  None 6 Alive
2 41/Male HBV (HCC) AHD-RHD, PHD-CyD  None 1 Alive
3 41/Male HBEV RHD-CyD Mone 4 Alive
2004 (3) 4 64/Male HCV (HCC) AHD-CyD, PHD-CHD  Obstruction 1 Alive
2005 (4) 5  39/Male HBV AHD-CyD, PHD-RHD  MNone 13 Died
6  53/Male HCV (HCC) AHD-RHD, PHD-CyD  MNone 28 Alive
7 58Male HCV (HCC) AHD-CyD, PHD-RHD  None 14 Alive
8  1BMale Caroli disease AHD-RHD, PHD-CyD  MNone 13 Alive
9 44/Male FHF AHD-CyD, PHD-RHD  None 10 Alive
Current cases 10 53Male HBY AHD/B7-CHD, BE-CyD  Stricture, stone 171 Alive
11 B4/Male FHF AHD/B7-CHD, BE-CyD  MNone 69 Alive
12 49/Female FHF AHD-CHD, PHD-CyD  None 99 Alive
13 46/Male HBV PHD/B8-CHD, B5-CyD Nane 68 Alive

AHD, anterior hepalic duct; CyD, cystic duct; CHD, common hepatic duct; D-CyD, duct-to-cystic duct: FHF, fulminant hepatic failure; HEV. hepatitis B virus; HCC,
hepatocellutar carcinoma; HCV, hepatitis C virus; PHD, pestenior hepatic duct, RHD, right hepatic duct,
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that of D-HD anastomosis, These results suggest that D-CyD
anastomosis is one of the acceptable life-saving options to stan-
dard D-HD anastomosis when D-HD anastomosis is compli-
cated by the anatomic distance between multiple bile ducts in a

right-lobe graft.
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Pure Laparoscopic Donor Left Hepatectomy Reduces Postoperative

Analgesic Use and Pain Scale

Hiromichi Sato, Kazuki Sasaki, Shogo Kobayashi*, Yoshifumi lwagami, Daisaku Yamada, Yoshito Tomimaru,
Takehiro Noda, Hidenori Takahashi, Yuichiro Doki, and Hidetoshi Eguchi

Department of Gastroenterological Surgery, Graduate School of Medicine, Osaka University, Osaka, Japan

ABSTRACT

Background. Many recent reports have described the efficacy and safety of pure laparoscopic
donor hepatectomy (PLDH). Here we investigated the extent to which this technique could
reduce patients’ experienced pain.

Methods. Among donor left hepatectomy procedures performed between July 2011 and
November 2022, we retrospectively analyzed 20 open donor hepatectomy (ODH). 20 laparos-
copy-assisted donor hepatectomy (LADH), and 5 PLDH cases. We compared these 3 procedures
regarding the total amount of postoperative analgesic use (narcotics and non-narcotics) and the
first date when the donor was completely pain-free, as evaluated by the patients using a pain
scale.

Results. Total postoperative fentanyl use did not significantly differ among the 3 procedures:
median (range). ODH, (.5 mg (0-2 mg); LADH 1.2 mg (0-7 mg): PLDH. 0.5 mg (0-3.5;
P = .172). The percentage of patients who completely discontinued analgesics on postoperative
day (POD) 5 was significantly higher for PLDH (80%) than for ODH (35%) or LADH (20%)
(P = 041). The day when 50% of donors were completely pain-free on a pain scale was POD9
for ODH, PODI11 for LADH, and PODS for PLDH, significantly shorter in the PLDH group

(P =.004).
Conclusion.

At our institution, we found that PLDH was a useful technique for postoperative

pain management comparad with PDH and LADH. Our results suggest that PLDH effectively
reduces the duration of postoperative analgesia use. Further studies are warranted as the number

of PLDH cases gradually increases.

PTIONS for liver resection now include laparoscopic
surgery and robot-assisted surgery, and although the
first priority is 1o ensure safety and effectiveness, “patient-
friendly” surgery has become increasingly desired [1-6].
Many recent studies described the efficacy and safety of pure
laparoscopic donor hepatectomy (PLDH) in liver donor sur-
gery [71.8]. Minimally invasive techniques, including laparos-
copy-assisted donor hepatectomy (LADH), have been
reported to reduce postoperative complications in liver donor
surgery, decrease postoperative hospital stay. and decrease
postoperative analgesic use [9].
Although PLDH has been the focus of atention in recent
years, most statistics regarding postoperative pain are based on
a combined analysis of PLDH and LADH, and there is no clear

© 2023 Elsevier Inc. All rights reserved.
230 Park Avenue, Mew York, NY 10169

Transplantation Proceedings, 55, 867871 (2023)

determination of whether PLDH truly has a positive impact on
patients” pain, Several reports discuss the differences in pain
between open donor hepatectomy (ODH) and PLDH [10—13]
{Table 1). It is important to investigate this subject further
because PLDH is a recently introduced procedure and only lim-
ited data regarding pain is avalable. Furthermore, the conclu-
sions in the literature are mixed: all published comparisons are
based on pain scales, with no discussion about the actual
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Table 1. Previous Reports on the Relationship Between PLDH and Pain.

Authors Subject of Comparison Surgical Procedures Conclusions

Broering etal [10] ODH vs PLDH Left lateral sectionectomy Pain scores were significantly lower in the PLDH group

Parketal[11,12] ODH vs PLDH Right hepatectomy Reduced use of patient-controlled analgesia in PLDH

Jeong etal [13] ODH vs PLDH Right hepatectomy The numerical pain rating scale did not significantly differ
between the 2 groups

ODH, open donor hepatectamy; PLOH, pure laparoscopic donor hepatectomy,

amount and frequency of analgesic use, and there are no com- Al our institution, the indication for PLDH is limited to only
parisons between PLDH and LADH. left lobe hepatectomy (including lateral segmentectomy).

In the present study, we investigated the extent to which Therefore, we also selected ODH and LADH cases performed
PLDH could reduce patients’ experienced pain. for only left lobe hepatectomy. After surgery, patients were

taken directly to the general ward unless there were intraopera-
tive prablems. Fluid intake was started on the first postoperative
day. and food intake was started around the third postoperative
day. with consideration of the patient’s medical condition. Intra-
Among the donor left hepatectomy procedures performed venous fentanyl was administered immediately after surgery,
between July 2011 and November 2022, we retrospectively and its use was extended depending on the patient’s pain level.
analyzed 20 ODH, 20 LADH, and 5 PLDH cases. We com- Postoperative analgesics are not routinely administered as a pro-
pared these 3 procedures regarding the total amount of postop- tocol but are prescribed as needed at the discretion of the physi-
erative analgesic use (narcotics and non-narcotics) and the first cian in charge, The patients themselves rated their experienced
date on which the donor was completely pain-free, as evaluated pain as +, £, or —, and the nurse in charge for the day would
by the patients using a pain scale. record this rating in the patient’s chart daily. The first day a

PATIENTS AND METHODS
Patient Eligibility

ODH PLDH

10~ 15 em
/ \' 1< case 20d and 5t case
A A
( i bl
:..d ol l;mq s
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Fig 1. Port placements for open donor hepatectomy, laparoscopy-assisted donor hepatectomy, and 4 pure laparoscopic donor hepatec-
tomy cases. LADH, laparoscopy-assisted donor hepatectomy; ODH, open donor hepatectomy; PLDH, pure laparoscopic donor hepatec-
tomy.
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Table 2. Baseline Patient Characteristics and Postoperative Results.

OOH (n =20} LADH (n = 20} PLDH {n = 5) P Valug
Age, y 35 (24-62) 39.5 (20-54) 30 (26-35) A28
Female:male (% female) 9: 11 (45%) 10: 10 (50%) 3: 2 (60%) B3
Procedure classification, lateral segmentectorny: left lobectomy 11: 8{55%) 14: 6 (70%) 5:0(100%) 154

(% lateral segmentectomy)

Blood loss, mL 250 (30-2930) 200 (20-1168) 20 (0-130) 010
Operation time. min 405 (319-483) 422 (326-671) 345 (333-411) 081
Postoperative day of oral food intake 3(3-5) 3(2-3) 3(2-3) 084
Time to first flatus, d 3(14) 2.5(1-4) 3(2-3) 805
Time to first stool, d 4.5(2-8) 4.5 (2-7) 5 (4-6) 203
Clavien-Dindo grade Il or higher 0{0%) 0 (0%} 0 (0%} 1.000

Values ane expressed as median (range) orn {3).

LADH, laparcscopy-assisted donor hepatectomy: ODH, open donor hepatectorny, PLDH, pure laparoscoplc donor hepatectomy.

P < 05 by Kruskal-Wallis test,

patient rated their pain as — was defined as the day when the
pain completely disappeared.

The primary endpoint was the date patients rated their pain as
completely gone. The secondary endpoints were the amount of
analgesics used (narcotics and non-narcotics), the number of
times non-narcotic analgesics were used as needed on the fifth
postoperative day or later, and the percentage of patients
completely off analgesics on the fifth postoperative day.

Port Placements for 4 PLDH Cases

Figure | shows the port arrangements for ODH and LADH and
in 4 cases of PLDH. In general, the PLDH cases required a
reduced number of ports and a shorter length of the incision.

Statistical Analysis

Data are presented as mean and standard deviation or median
and range. The Kruskal-Wallis and log-rank tests were used to
investigate the relationship among ODH, LADH, and PLDH. A
2-tailed value of P < .05 was considered statistically significant.
Statistical analyses were conducted using Statcel, version 4
(OMS; Higashikurume, Tokyo, Japan).

RESULTS
Patient Characteristics and Postoperative Results

Table 2 shows the patients’ background information. The 3
groups did not significantly differ with respect to age

(P = .129), sex (P = 831). or proportion of procedures that
were lateral segmentectomy (= .154).

With regard to postoperative outcomes, blood loss was sig-
nificantly lower in the PLDH group: median (range), ODH,
250 mL (30-2930 mL); LADH, 200 mL (20-1168 mL):
PLDH, 20 mL (0-130 mL) (P = .010). Operative time did not
significantly differ among the 3 groups (P = .061). The 3
groups also did not significantly differ in the number of days
of postoperative oral food intake (P = .084), days 10 first fla-
s (P = .905), or days to first stool (P = .203). Complications
of Clavien-Dindo grade 2 or higher did not occur in any of
the 3 groups.

Postoperative Analgesic Use (if Any) and Total Amount Used
{(Narcotic and Non-Narcotic)

Table 3 shows the use of analgesics, their dosage, and when
analgesic use stopped. The 3 groups did not significantly dif-
fer in the total postoperative fentanyl dose (P = .172), anti-
inflammatory drug dose (P = .971), or the number of uses of
non-narcotic analgesics as needed afier postoperative day
(POD) 5 (P = .205). Notably. total postoperative acetamino-
phen use was significantly higher in the ODH group: median
(range), ODH, 1500 mg (0-9000 mg); LADH, 0 mg (0-14,500
mg): PLDH, 0 mg (0-2000 mg) (F = .003). Additionally, the
percentage of patients who completely discontinued analgesic
use at PODS was significantly higher in the PLDH group
(80%%) than in the ODH group (209) and LADH group (35%)
(P=.041).

Table 3. Relationship Between Histologic Therapeutic Effect and Tumor Reduction Rate

ODH =20 LADH (n =20) PLDH (m=15) P Valua
Total postoperative fentanyl use, mg 0.5(0-2) 1.2 (0-7) 0.5 (0-3.5) 72
Total postoperative nonstercidal anti-inflammatory drugs use, mg 600 (0-2500) 600 (100-2530) 500 (300-1080) a7
Total postoperative acetaminophen use, mg 1500 (0-8000) 0 (0-14,500) 0 (0-2000) 005"
Times non-narcotic analgesics were used as needed after POD 5 3.5 (0-33) 5.5 ((-33) 0(0-9) 205
Percentage of patients completely off analgesics on POD5S 7 (35%) 4 (20%) 4 (80%) 041°

Values are expressed as the median (range} or n (%),
LAD

H, laparoscopy-assisted donor hapatectomy: O0H, open donor hepatectomy; PLDH, pure laparoscopic donor hapatectory: POD, postoperalive day.

* P < .05 by Kruskal-Wallis test,
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Days Until 50% of Donors Were Completely Pain-Free ona
Pain Scale

The POD when 50% of donors were completely pain-free, as
self-reported using a pain scale, was POD9 in the ODH group,
PODI1 in the LADH group, and PODS in the PLDH group.
This happened significantly faster in the laparoscopic group
(Fig 2; P = .004).

DISCUSSION

The results of the present study demonstrated that, at our institu-
tion, PLDH was a useful technique for postoperative pain man-
agement while maintaining safety compared with ODH and
LADH. This reduction of pain may facilitate postoperative
weaning and prevent delirium.

Previous reports have shown that LADH | 14—17] and PLDH
[7,10—=13] were associated with reduced pain compared with
ODH. In addition to liver resection, laparoscopic technigues are
reportedly useful for pain reduction in appendectomy | 18], gas-
trectomy | 19]. and nephrectomy [20]. Robotic liver donor sur-
geries have been widely performed recently, with demonstrated
usefulness and safety [21,22].

At our institution, we found that LADH was less useful than
ODH in pain, as it required more analgesics, and patients tended
to feel pain long after the operation. Patient ratings using the
postoperative pain scale were poorer after LADH than ODH,
possibly because the postoperative acetaminophen use was
higher after ODH (Table 3). The open wound in LADH is larger
than in ODH, and inserting a port site makes patients more sen-
sitive to pain (Fig 1), Reports from other centers vary, with
some reporting that LADH and ODH did not differ in the
amount, duration, or frequency of analgesic use [23] and others
reporting that LADH is associated with better pain scales [14
— 6], number of analgesic uses [15], and duration of analgesic
use [ 17]. Jeong et al [13] even found that PLDH and ODH did
not significantly differ in the numeric pain rating scale (Table 1),
These variations in results may be because of the combined

p=0.003

p=0021  p=0.120
2]

p=0004

Perceutugs stpationts 4, |
reparsig pain fiee

] w b o m
post operative day

Fig 2. Percentage of patients reporting that they are pain free. P
values were determined by the log-rank test for comparison
among 3 groups. LADH, laparoscopy-assisted donor hepatec-
tomy; ODH, open donor hepatectomy; PLDH, pure laparoscopic
donor hepatectomy.

SATO, SASAKI, KOBAYASHI ET AL

effects of differences between institutions regarding intraopera-
tive anesthesia management, wound length, and the number of
port holes, which may prevent us from reaching the same con-
clusions.

Although we found that PLDH is useful for reduced analge-
sia use, unlike ODH/LADH. the indication for PLIDH is limited
to only left hepatectomy at our institution. Other institutions
have reported using PLDH for right hepatectomy [11—13,24],
and the indication for PLDH should be carefully expanded with
increasing experience.

Limitations of the present study include that it was a single-
center retrospective study and included only a small number of
PLDH cases.

CONCLUSIONS

In conclusion, although PLDH is still in its infancy and requires
further study, the present resulis suggest that it effectively
reduces postoperative analgesia use. Notably, the number of
analyzed PLDH cases was small, and the subject should be re-
examined as the number of cases gradually increases,
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Abstract

In cases of acute liver failure (ALF) with hepatic coma, carly liver transplantation, including ABO-incompatble (ABO1)
living donor liver transplantation {LDLT), should be considered. The ABO amibody barrier can be peduced using plasna
exchange (PE) and the ann-CT20 antibody ritexinab, Plasma exchange is also performed for drug-induced ALF and 15
effective for desensinzation. Ritusimab reatment usually regquires 14 diys, There 15 presenily no established desensitization
privocol for ABO-LDLT for ALE. Here, we report a case of drug-induced ALF with bepatic coma, which was treated with
ABOI-LDLT using PE and rituximab & days prior to surgery. A 33-year-old female, with a history of hesduches for which
she was gaking analgesics daily, developed drog-induced ALF with hepatic coma, Her ABOi sister desired w become u liver
donor, We initiated desensitization using rituximalky (300 mg b and myeophenolate mofedl (MME, 2000 mgfday b, Followed by
five sessions of PE. Eight days after vineximal administeation, ABCR-LILT with spleneciomy was performed, Postoperatively,
the patient recedved local infuesion via porial vein for 14 days and immunosuppression with tacrelmus, methylprednisolone,
and MMFE. Mo episode of cellular or pntibody-medisted rejection (AMER) was observed. The patient was discharged unevent-
fully 56 days after ABO-LDLT with no problems up to 15 months after the transplant.

Eeywords ABO-incompatibbe living donor liver transplantation - Rituximab - Antibody-mediated rejection - Plasma
exchange

Abbreviations MMF  Mycophenolale moeteil

ALF Acute liver fuilure AMER  Aptbody-mediated rejection
ARCE  ABO-incompatible DBD  Donor after brain death
LDLT  Living domnor liver transplantation FE Plasma exchange

APAP - Acetaminopghen CHDF  Contingous hemedizbliration
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CMY  Cytomegalovirs

P Postoperative diy
IWIG  Indravenous immunoglobulin
Introduction

Acute liver fmlure (ALF) with hepatic comi meguines urgent
nultidisciplinary wreatment, including liver transpluntation, Tn
Furope and the TS, ALF is most aften cansed by dcetami-
nephen {APAP) intoxication, but in Japan, APAP i3 rare wml
ALF 15 most commonly coused by viral diseases [1]. APAP
15 an antipyretic analgesic that can be easily obtained as an
over-lhe-counter dnag. According o the Japan Poison Informa-
tion Center, the lethal dose of APAP is 13-25 g for adulis [2].
The glutarhiomns precursor M-pcetyleysteine is a specific agent
fior treaning APAP itoxscation [3], However, if the timing s
rssed, APAP idoxication may progress 10 ALF and requine
liver transplantution, The prognosis is good when liver trins-
plantation is performed for ALF, but Japan has an cspecially
small msmber of bruin-dead liver ransplant donors, In 2022,
the Imternational Begistry in Organ Donation asd Transplania-
tion (TRODary ranked Tapan as 52md worldwide for decensed
chomsar liver transplams, with 048 cases per million people [4].
Because of thes, living donor liver transplantation (LT s
trequently considersd [5] wnd, since an ABO-compatible Biv-
ing donor is not always available, ABO-incompatible (ABCR}-
LDLT i= often recpuired.

ABCH-LDLT used tohave a poor prognosis due s anti-
body-medimed rejecton (AME) (6], However, the introduc-
tion of rituximab has eliminated the difference bepwesn ABD)
and ABO-compatible transplants | 7). Notably. it is gener-
ally recommended o iniliaie desensifization with rineximab
2-3 weeks prior i franspiandation [33, but the urgency of ALF
miay ned albow Tor this tming, Over the last decade, Tinited
reports have described successiul desensatization protocods Tor
ABO-LDUT due to ALF [9-12], and nes standardized proto-
col has yet been established. Another problem is that when
comsidering LT for drug-induced ALF, it is sometimes dif-
ficult to obvain a medical history due o the patient’s impained
conseiousness, Moreover, there are o guidelines e determin.
ing the mdication for LT i patients with undeniable suicide
attemapts, lewving the institution o make o difficult decision
[13].

Ini the present report, we describe a case of drug-induced
ALF, After careful discussion, the indicatinn of LT was deter-
miined and the patient was rescied by ABCH-LDLT with
desensitizaticn, ncluding PE wd ritsaimab sdministeation,
# daws prior o LT, We also performed o literuture review of
ABGE-LDLT for ALF.

& springer

Case report

A 3deyear-old woman, with no medical issues other than
a history of chronic heedache for which she took analge-
sies daily, wus discovered unconscious in her room. No
suicide note was found. She was iransporied o the near-
g5t emergency room, Diug intoxication was suspected, The
praraeng was treated with gasteie laviage, activated chisrceal,
and lumastive administration, and was sedated and miubaed
with midazolam und fentanyl. The following day, the lubo-
ratory test results were as follows: AST 12919 [LJL, ALT
Q369 TUVL, T-RBil 2.97 mgfdL, D-Bil L.65 mgidl, D-T-Bil
ratie U35, and PT < 105, The patient was [ater found to be
negitive for autogniibodies and virol infections. CT scanmng
revealed ne imfectim, no lver atrophy Of aseites, wid o
cerchral edemit. Later that day, the patient’s family brought
an empty bag (equivalent to 12.2 g of APAF). indicating that
the patient had developed ALF due to APAF overdose, How-
ever, since her biood APAP concentration was 8.7 puidl ar
18 hoafter admission, ne N-peetvicysteme was adminisiered.
Because the possibility of ALF caused by drug-induced liver
imjury (DML was considered at that tme, hydrocortisone
pulscs and plasma exchange (PE} were performed to sup-
press hepatic inflammation after discussion with hepatology
specialists. At the sume time, the requirement for a liver
teansplant was discussed with our facility.

The predicted mortality rale was 30-50% according
e the scoring system used (o predict the mortality of
patients with fulminent hepatitis and LOHF [14]. There-
fore, a liver transplantation was considered necessary o
save the patient’s life. However, because she was uncon-
serons, 11 was unclear wheiher the patient had taken drog
for suicide or as an overdose for anal gesia, In the disces-
sion regarding transplantation indication, the opinion wis
stated that even if it was a suicide attempt, every effort
should be made, including liver transplantation. On the
cdber hand, due (o the scarcity of donor after brain death
(DB and mis reliance on DBRD goodwill, it was consid-
ered that it might be unethical 0 use a DBD (or & patient
who may attempt snicide. Notably, since the family 1=
the surmogate decision-maker for o patient with impaired
consciousness, if the family wishes to donate the liver,
then the patient should be considered for transplantation,
Chur hospital’s liver transplantation review commillee
approved LDLT Bt ned bram-desd hiver transplant, pend-
ing the patient’s recovery from impaired consciousness
and confirmation of their wish to be transplunted. At the
fcal hospital. the patient received intensive treatment—
including hydrocorisone pulses, plasma exchange (FE),
and high-TTow continuous hemodilaliation CCHDE), as
well as the admimistration of Numazeni] and naloxone
te antagonize sedatives. Finully, the patient regained
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consclonsness 10 days after [osing conscivesmess, Aller
the sitvation and the need for d liver transplant was
explained. the patient expressed a desire for a liver trins-
plant and was sent to our hospital.

The patient was blood type B, and the available donor
was blood 1ype A, Therefore, 1o prepare for ABO-LOLT,

desensilizanon was performed usiog SO0 mg of dluxmak
and 2000 mgfday of mycophenolate mofetil {5z, 1AY Tar
stools and suspected sastroiniestingl bleeding occurred on
the day of rituximab administration. Upper gastrointesti-
nal endoscopy revealed no bleeding source. Daily platelet
rramsfusions controlled bleeding tendency, At 3 days afrer
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rituximuh treatment, CO1L9 cells (%) decreased from 31 to
0.3% (Fig. 1B). After an additional five performances of PE,
the anti-A Tgh titer decreased from |68 o |4, AL E days
after rituximab eatment, he patient received LDLT with a
leeft Tobe and caudal lobe, along with splencctomy, During
operation, [0 mg of methyiprednizolone was administensd
intravenousty. A catheter was placed in the portal vein for
lecal infusion. The operation time was T min. blood loss
was 1630 ml., graft volume/ssandard liver vislume ratico was
I0T%, and grafi-to-recipient weight ratio was 0083, The
resected liver weighit wos 380 g, The gross appearance of
the hver showesd murked atrophy (Faz. 1), Histologcally,
the specimen showed extensive hemorrhogic necrosis of
the parenchvma, inflammatery cell infiliration (matnly of
lymphocytes and hemosiderin-phagocytic histiocytes), nnd
residual hepatocyte masses in the form of islands. These
findings were consistenl with acute hepatitis,

The patient receivisd triple immunosuppression (with tac-
rodimus, methyl prednisolons, and mycophenolate maofetil ),
as well as local infusion of corticostercids and prostaglan-
din E1 via portal, with svstemic administration of gabexaic
mesilate for 14 days postoperatively (Fig, 1. The patient
left CHDE on postoperative day (PODY) 5 and was transfierred
tor the genernl ward M davs after surgery. The anti-A lgbY
Lz titer was monitored daily for a month. and no incredse
was detected (Fig. 1B). There was no need for PE postop-
crafively, No signs of acuie cellular rejection or AMR were
detected, From around 4 months postoperitively, an increse
ol CDHYY cells (5 was ohserved, which did not cause any
problems (Fig, 1B} Cytomegalovirus (CMV ) unigenemia
was observed wt POD 20, wfter 8 days of prophylactic gan-
ciclovir. Although the patient had no symptoms, 900 mg
Waliza was started on POD 34 due 1o a rise in CMV-positive
cells, Other than that, the cowrse of recovery was uneventful,

Adeonding o paychiatrie mlerview comducted near the
timne of hospital discharge, the patient demied suicidal idea-
tiom, but drug overdose was suspected. She was advised to
comply with correct medication dosage and use and was
discharged at POD 56, The patient now regularly visits a
pavchiatric elinie and 15 sopponed by her family, She has
siiee been dong well, with oo problemis for 15 months after
the transplunt.

Discussion

The presently repored case tHustrates two key poants, The
first point 15 that a patient with drug-induced ALF was
successfully saved by ABO-LDLT, with rituximab and
MMF starting & days prior to LDLT, together with plasma
exchange, splenectomy. and local infusion, without experi-
encing postoperative AME or acute cellular rejection, The

& springer

prodocol we followed in this case was based on what we
had previously wsed for elective ABCE-LDLT, and reduced
the time from ritusimab administeation 1o ransplantation
ti B days [15], During the desensitization period, no spe-
cifie pdverse evenls ovcurred, CMY antigeneniia developed
after ransplantation, bul could be treaed with ganciclovir
without developing UMY infection, The second point is that
this was a case of drug-induced ALF with hepatic coma, in
which ABOI-LDLT was required 1o save the patient’s life,
bt the decision regarding the indication for LT was con-
troversinl because the possibility of a suicide anempt could
et be excluded,

Tuble | summarizes the ABCh-LDLT desensitization pro-
tocols with rituximab for ALF, which have been reported
over the last 10 years, from 2004 1 2025, Protocols were
divided inte three categorias: 1) rituximab and TVIG; 1D
rituximak, PE. and bartezomib; and [} rituximab, PE, and
splenectomy. The timing of ritusimab admimstration rnged
from about two weeks betore LT (1H-1 and -2 to o couple
of days prior to LT (1-2, 1II-1. and I1-2}, or intreoperatively
(1}, or the day afier LT {10 [8-12]. Yasoda ¢t al. reporied
that mo AMBR occurred when rimeximab was adminisiered
o weeks before LT, followed by high-flow CHDE (111-3
and 11-4). However, AME developed with o protocol m
which rituximeb was administered 3 duys prior to surgery
and combined with PE (TI-1 and HI1-2) [ 10]. Although the
timing of PE was nod described in detail, a study of the kinei-
ies of rileximab showed that PE within 3 days of rituximahb
sdrmnastration elimnates 505 of rwsimalb | 16). In cor case
(HI-5). PE was performed 2 doys after riwximab adminis-
traticn due to the progression of jeundice; however, CO19%
cells were found to have almost dissppeared by 3 days after
rituxinib administration. The timing of PE should be care-
fully considered in any desensitization pratoco] that com-
bnes PE and rituaimaky,

There 15 controversy regarding splenectomy and local
infusion. Table | describes two cases of local infusion (HI-1
and [11-53) und five cases of splenectomy (100, Prior we the
availability of rituximab, local infusion and splencctomy
played an important sode in the comrol of AMR [17], How-
ever, i protocals using ritesamsh for ABCH-LDLT, splenec-
towmy has no rmmusolegis benefit | 18], and catheter-related
complications have been reported in local infusion | 1]

FPE was not performed in the combined IV1G and rituxi-
maby protocols {1} described by Shen et al. [9] and Les B
etal. [E2]. Shen et al. prevented AMR with ritusimab and
Foww-dose TVIG for 10 days postoperatively, Lee B el al, pre-
venled AME with high-dese [VIG foe 2 diys postoperatively,
even in a case with a high preoperative titer of anti-donor
isoagglutinin { 121024 ) and positive T-/B-cell crossmatch. In
Japan, FVIG is currently approved for preoperative desensiti-
Eation in anti-donor anibody-positive renal transplantation,
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Table 1 Keported siodees of AHO-LOLT desensitzation sheragy nsng riashmt i the pasi 1 yeors

Desensitization. # Primary Disense PE - Purpose for PE Tuming of ronaxe- VG Akl regi-  Accom-
praacid] ink mh men maslation
withaur
AMR
I: Brinuxi- -1 %] HBY {33} M MO 1 PO =10 MNone Partlally
mah = IVIG E¥ILE (2% (333
Cryplogenic (1)
121121 HBY{l) i PO -3 PIHX -3  None Yis
11: PE 4 Rituxi- N1 HBY {7} Yes  Anvbody reduc- POD I Mo Mone Partially
it ATH (1) ({0 (T
+ Bartermmih
1: PE« Rimsi- 00 [10] Crypogenic (1) Yes  Anfibody reboc-  POD =3 No Loeal infusien K
nigh Lion
SplenEComy L2 [10]) Crplogenicd]) Yes  Antibody reduce POD-3 Mo Mene M
tion
-2 (0] ATH 1) Yo ambibody redue-  POD - 14 Mo Mone Yies
ian
I (107 ATH (1S Yes  Antibody redoc- PO = 15 Mo Mone Yer
L
11.5% DL LS Yes  Anbibody and oD -2 M Eoial Infusion Yes
drug reduction

LOLT living demes Fiver iransplamaticm, ABH ABO-incompatible, PE plasma exehange. VG immvenons immusoglobeling OLT drag-indueed
Fiver dojury, PINF primeary ses-Tosctan, AT astoimmone Bepatits, AWE sntibody-medeed rejection

“Current cane

bt it is not covered by insurance for ABCH-LDLT. However,
IVIC may be o promising ireatment opficn for this purpose.

Lee WO et al, recendly published a quick preparation pro-
feeol using bortezomib for ABOD-LDLT dae 1o ALF (17},
Borezomib 1% & protessome inhibitor wsed 1o farged plasma
cell depletion in multiple myeloma snd primary mocroglob-
ulinemin. Some reports [ 19 20] have already shown the
cificacy of bortezomib as a weatment for AME. The descn-
sitization protocal is based on the sdministration of 3.5 mg
of hortezomib ar .75 = |38 days preoperatively (o depleie
plasma cells, followed by PE o remove antibodies, and post-
operative removil of B cells with rwximab administered
at POD 1. However, 1gM and IgG isoagglotinin titers were
observed o rebound in four and five patients, respeciavely,
and AME developed in | oun of § patients. There remains
a need for oplimization regarcing the dose, timing, and fre-
quency of bortezomib admiinistratao,

When planning liver trunsplantation for drog-indueced
ALF with hepatic coma, the question is often raised of
whether the drug use was intentional (i.e., suicidal) or
accidental. In the reports listed in Table |, the primary
disepse was most commonly HEY (8 16% 1wl rarely from
DILL Unlike HBY, ALF caused by DILD inay ranse ethi-
cal issues. The patient's impadred consciousness mukes i
difficult for them to comprehend the situation. Regard-
ing organ transplantation, the small number of organs
acquired through the altruism of a DBED should noi be lost

due to another suicide attempt or suicide. Interestingly,
liver transplant ouicomes are the same for paticnois with
and without a kistory of suicide or drug addiction [21.
22]. Following transplantation in cases of APAP-induced
ALF, the subsequent mte of suicide has been reporied o
be approximuately 6% [21], On the other hand, it has been
repoerted that the long-term prognosis is worse for cases
of LT for APAP-induced ALF compared o LT for chronic
liver disease. with 33% comtinuing to have secial and
paychiairie problems postoperatively [23], In our present
cise, the patient was forfunate o regam consciousness, her
willingness o underzo trunsplantation was confirmed, and
the transplentation saved her life. When a patient is uncon-
sclons, the decision must be left 1o a surrogate decision-
maker, hut it has been suggested that it is more appropriate
tir ke a decision secording o the patient’s best inlerests,
when medically indicated. rather than considering what
the patient wanis |24, In the absence of uppurent con-
traindications (e.g., infection. growing cerebral edema, or
other organ damage). it appears reasonable to explore liver
trapsplantation. However, eareful judgement i3 required
regarding the indication for lver rransplantation,

Hete, we report our experience with a case of ABO-
LDLT for drog-induced ALF with hepatic comi, which is
relatively rare in Japan, and required discussion about the
indication of LT. A good postoperative course, without
development of AME or other serious complications, was

ﬂ Springer
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achicved by reducing the duration of rituximeb desensit-
zation {(which usuully takes two weeks) to eight days, with
combined treatment with PE, based on the protocol used in
elective ABOL-LDLT, While varicus desensitization pro-
tocls Tor ABCH-LDLT have been reported, the eprimal
desensitization duration and protecal have not yel been
established. There remains a need for further investigation
through clinical trials.
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Successful endovascular embolization e

of the common hepatic artery

for pseudoaneurysm associated with pancreatic
fistula after liver transplantation: a case report
Kazuki Sasaki, Tadafumi Asaoka'”, Shogo Kobayashi' @, Yoshifum| hwagami', Dalsaku Yamacda',

Yashito Tomimaru', Takehiro Moda', Hirgshi Wada™, Kunihito Gotoh'*, Hidernor Takahashi', Mobaru Maeda®,
Yasushi Kimura® Yusuke Onc® Yuichiro Doki® and Hidetoshi Eguchi’

Abstract

Background Afer orthotopic lver ransplantation (OLTE complications such as hepatic artery stencsls, thromba-
sis, and beeding are possible, Hepatic anery pseudoaneurysms (HAF] are prone 1o rupture, rupture hemorrhage,
and increased martality risk. Endovascular rreatrment of HAP may result in recurrence, even after successful emibo-
lizaticn with thrombin. Formation of 3 HAF in the commaon hepanic artery (CHA) is challenging because the CHA

i the only artery in the liver graft after OLT. Therefore, CHA embolization in HAR is not an initial aption. We repors

a case of HAR ar the CHA after OLT that was treated with endovasculas therapy, resulting in the occtusion of the CHA
with coll embalzation, achieving a radical cure,

Case presentation & 59-year-old man with decarnpensated hepatitis £ virus cirrhosis underwert deceased donoe
whole-liver transplantaticn after graf faiflure of a living donar liver wansplantation, After the second transplanta-
tian, the patient developed infecticus narrcw-necked HAF at the CHA assooated with pastoperative pancreatic
fisbula; Repeated transcathseter arterial embalization with thrombin and n-butyl-2-cvarsacrylate was unsuccessfud,

as confimmed by postprocedure argiography, which revealed moanalizaton and segrowth of the HAR Eight months
after the first transcatheter arterial embolization, the patient presented with a chief complaine of abdaminal pain due
to an enlarged HAR Angicgraphy ol the superion miesenteric artery (ShA) revealed a collateral bypass around the bile
duct fram the S 1o the liver grafi Coll embolization of the HAP In the CHA completely eocluded the HAP with-
out complicaticns, More than 2 years after coil embalization, the liver graft function test results rermained within nor-
rraal lirmins without HAP recurrence

Conclusions HAP at the CHA after liver transplantation can be fatal If ruptured. Because the liver is a highhy angic-
genic organ, even if initial treatmient is not successful, radical trestrment to ocoluds the CHA with HAP is possible if suf-
ficiert collateral vessels are developed,

Keywords Hepatic arery peeudcaneudysm, Orthotopic lver rransplantation, Endovascular treatmend, i-2-Butyl-
| cyanoacrylate
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Introduction

Orthotopic lver transplantation (OLT) s practiced
worldwide and is regarded as a standard procedure for
end-stage lver disease, with 0418 transplants per-
formed through December 2020 in Japan [1). Despite
improvements in surgical technigques and immunologi-
cal maintenance, severe billary and vascular complica-
tions can eccur after OLT, leading to graft failure and
patient death.

Hepatic artery-related complications such as hepatic
artery thrombosis {HAT}), stenosis (HAS), and pseu-
doaneurysm {HAF) are rare but can occur after OLT.
Thelr inctdences are 3.5%, 2-13%, and 1.1-2.5% for
HAT, HAS, and HAP, respectively [2—4]. Among thess,
HAP is the most serious complication [2, 5], with the
risk of sudden life-threatening rupture that leads to
graft loss and high mortality {53-6%%) [4]. HAP after
OLT aften presents with noenspecific symploms such
as fever, abdoeminal discomfort, and gastrointestinal
bleeding. Early diagnosis of HAP through close moni-
toring 1s crucial to prevent life-theeatening hermor-
rhages with shock and high mortality. The location of
the HAP depends on its etiology. Intrahepatic HAP is
refated to latrogenic injuries, such as percutanesus
transhepatic intervention or liver biopsy. Extrahepatic
HAP is associated with anastomotic problems, local
infection, hilio-enteric anastomosis [4], bile leakage, or
postoperative pancreatic fistula.

Therapeutic approsches for HAP include surgical man-
agernent and interventional radiology. Surgical treat-
mients include HAP resection, ligation, and subsequent
retransplantation of bypass with a saphenous vein graft
|&], autotogous radial artery, or inferior mesenteric artery
[7]. For endovascular treatment, coil embolism, covered
stenl, endovascular balloon oeclusion [8], and embolic
agents, such as thrombin and &-butyl-2-cyanoacrylate
(MBCAY are used [9, 10]. Surgery has traditionally been
the treatment for HAP after OLT, however, minimally
invasive interventional radiological approaches have
recently become common |3, 11], However, In some
cases, the patient’s condition and the HAD location make
simultancous graft stenting and arterial embolization
difficilt.

A particular challenge is the treatment of a HAP
formed at the commen hepatic artery (CHA} because
the CHA s uswally the only arterial Blood supply path-
way to the liver graft. Therefore, CHA embolization in
cases of HAP is not an initial option. We report a case
of HAP in the CHA after liver transplantation. Although
recurrence of HAP was observed after initial treatment
with NBCA and thrombin infusion, ol embehzation of
the CHA with HAT was finally performed. A radical cure
was achieved due to the formation of collateral flow to

Page 2 of 8

the liver graft via the superior mesenteric artery [SRA)
that developed during that pericd.

Case presentation

A 5%-year-old male with decompensated hepatitis C virus
cirehosis (Child-Pugh seore of 10 [C], and a Model for
End-stage Liver Disease score of 31) underwent living
denor liver transplantation (LDLT) using a left lver plus
candate fobe graft from his spouse. The patient developed
pactial liver infarction because of a portal vein thrombus
extending from the main to the left portal branches, lead-
ing to liver graft failure. After that, the patient under-
went deceased donor liver transplantation (DDLT) using
a whola-liver graft on postoperative day 43 [Additional
file 1: Fig. S1). A portal vein was reconstructed between
the recipient's superior mesenteric vein and the graft
portal vein with the donor’s left common iliac vein graft
interposition using end-to-end anastomaosis, The biliary
duct was constructed using duct-to-duct anastomaosis,

After DDLT, aspartate  aminotransferase  levels
decreased immediately (Fig. 1), but the patient developed
a postoperative pancreatic hstula (grade B, according
to the International Study Group of Pancreatic Fistula).
Candida species were cultured in the fluid drainage. and
the fistula was relieved by conservative treatment. Seven
menths after the surgery, the patient was transferred to a
nursing haospital,

One month after the teansfer {postoperative day 261),
the patient experienced scute abdominal discomfort
arsund the epigastrium, Abdominal computed tomogr-
phy revealed a 4-cm cystle lesion in the pancreatic head
{Fig. 2A). Abdominal wltrasoncgraphy revealed a to-
amil-fro wave pattern in the cyst {Fig. 2B), Angiography
of the celiac artery confirmed HAP in the CHA (Fig. 2C-
a), Because the HAP had a narrow neck shape, throm-
B {800 L) weas imjected under Balloon protection of the
proper hepatic artery (PHA) (Fig. 2C-b). After this pro-
cedure, the HAP disappeared. and the hepatic artery was
patent (Fig. 2C-¢). Daily doppler abdormiral ulirassnog-
raphy was performed. On the third day, doppler abdomi-
nal ultrasonography showed that the Blood low resumed
in the mass. Embolization was performed with thrombin
under IVR (Interventional Radiclogy). However, during
the thicd relapse, the HAD was recanalized repeatedly
and occluded by embolization with NBCA (1:22 NBCA:
Lipiodol), Mo collateral formation was observed at this
point,

The HAP resolved for a while. However, abdominal
pein and fever were later observed, thus confirming the
fifth HAP recurrence 8 months after the ficst theomlyin
infusion (postoperative day 517). Angiography showed
that the neck of the HAP had widened to 1 cm, and the
PHA diameter had narrowed (Fig. 3A) Another NBCA
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injection ints the HADP or stent graft was unsuitable
because of the widened neck and the small diameter of
the PHA, Fortunately, the liver grall was enhanced by
a collateral bypass around the bile duct from the SMA
{Fig. 3B) and under from left gastric vein with balloon
eccluston of CHA (Additional fle 2 Fig. 52), Given the
collateral vasculature: we believe CHA embolization is
safe, Coil embolization (Target and Penumbra) of the
HAP and CHA under balloon protection was performed
(Fig. 3C) Atfter embolization, angiography confirmed
complete HAP ¢cclusion and Bleod flow to the liver
graft through the SMA {Fig, 3D Additionally, abdomi-
nal ultrasonography showed that the intrahepatic arterial
wavelorms were visible after coil embelization (Fig, 3E).
After that, the patients elinical course was uneventful
Liver function test results remained within normal limits.
The patient was discharged on day 30 afier coil emboli-
zation and has remained stable without abscess or HAP
recurrence for over 2 vears.

Discussion

Along with HAT, HAS, portal vein thrombosis, and por-
tal vein stenosis, HAP s another vascular complication
that can occur after OLT [12]. Although HAPs are rare,
they can lead to severs outcomes, including graft loss and

even death, Therefore, early detection and prompl treat-
ment of HAP before rupture are crucial,

Table 1 summarizes reports of the teeatment of exima-
hepatic psewdoaneurysms after liver transplantation over
the past 10 vears {from 2013 to 2022), Because therc
have been several types of cases, Including ruptiired and
unruptured HAP, it is difficult to uniformely compare the
treatments to debermine which iz best, Surgecal treatment
includes revascularization, hepatic artery (HA) ligatlon,
and repeat liver transplantation. Boleslawski showed the
benefit of HA Ligation for ruptured HAP with high mor-
tality [13]. Among 17 patients with ruptured HAPR & of
10 of those patients with HA ligation achieved long-term
survival. Interestingly, some patients who achieved long-
term survival without repeat transplantation underwent
HA ligation without ischemic bile duct injury. Eegard-
ing endovascular theragy, the usefulness of endovascular
therapies such as coil embolization and stent grafting has
been reported [3, 4,9, 14]. Kadohisa et al, reported three
cases of ruptured HAT ireated with embolization |[14].
Thie HA was completely occluded. One patient was suc-
cesstully treated with autologous vein graft, and another
was successfully treated with liver transplantation; how-
ever, one patient died of liver abscess and sepsis while
wiiting for the formation of collateral channels.
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OLT, where a local infection has infured the artery wall at
the anastomotic site because of technical difficalties dur-
ing anastomesis completion or due to tatrogenic effects
from procedures such as angioplasty for arterial stenosis.
In this case, o HAP developed in the CHA and not at the
anastomotic site. The retrospective imaging evaluation
revealed a portal vein thrombus during DDLT, which
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pancreas in the presence of severs adhesions, The GDA
was considered to have been sacrificed during dissection
around the THA for hemostasis, In f@et, the GIA was
visible on angiography before DDLT, but it was not vis-
ible on postoperative day 14 (Additional file 1: Fig. S1).
And this, combined with the postoperative pancreatic
fistula, may have led to the development of HAP at the
GIMA sturmip.
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Lipiodol for the embolization of pseudoaneurysms [15].
aneurysms [16], arteriovenous malformations [17], and
varices. The advantage of NBCA over coil emboliza-
tion is that it can be applied to tortwous vessels, unlike
coil embolization. However, recanalization can occur
after Injection [18]. In our case, we initially did not per-
form coil embaotization because of the risk of occlud-
ing the native PHA, leading to graft ischemia, ‘We also
did not choose a stent graft because  sultable size was
unavailable owing to the tortuous artery, Thus, we chose
thrombin and NBCA as initial treatments, Despite the
disappearance of HAT immediately after injection,
NBCA could have been washed out by the high arterial
pressure of the CHA during the ensuing months, Because
NBCA was not a definitive treatment in the present case,
we finally switched to coil embolization of the HAP in
the CHA.

Meovascularization of the liver is often observed after
OLT, especially when HAT s invobeed [19=22]. There
have been few reports of HAD treatment that involves
waiting for the formation of collateral channels. Accord-
ing to Panaro et al, the mean interval between the

diagnesis of hepatic artery thrombosis and neovasculari-
zation of the liver was 4.1 months (range, 3-5.5 months)
[20]. Four Factors have been cited i the development
of neovascularization after DDLT: late hepatic artery
thrombesis (=30 daysh, early hepatic artery stenosis
{= 30 days), thrombosis at the anastomotic site, and Boux-
en-Y anastomosis [20], The trigger for nesvascolarization
is unknown; however, the assumed mechanism s that
profonged liver hyposda due to HAT or stenosls induces
the expression of vascular endothelial growth factor and
hyposia-inducible Tactor 1-a, leading to angiogenesis
from the surrounding tissue to the liver [22]. Neovascu-
larization has been reported in various vessels, including
the omentum and mesenteric, subcostal, lumbar, remal,
amd iliac arteries [20, 22]. The connective tissue around
the common bile duct and the hilar plate is usually pre-
served during doner hepatectomy o ensure sufficient
blood flow to the bile duct after transplantation. In this
patient, § months after the first thrombin embolization
{517 days after LDLT), we confirmed collateral formation
around the bile duct; however, we did not know the tim-
ing of the collateral vessel development. We do know that
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during the thied relapse (286 days after the LDLT), it was
not confirmed from SMA angiography (data not shown).
We speculate that arterial stenosis and repeated throm-
bin or NBCA injections may have led to chronle lschemia
of the liver, inducing necvascularization.

Conclusions

This case illustrates the need to pay special attention to
pattents with risk factors for HAP after OLT, such as loeal
infections, In such cases, regular ultrasound or computed
tomography imaging should be performed to enable the
early recognition of HAP and management of this life-
threatening condition. Neovascularizing the liver after
OLT could benefit graft survival by allowing the embao-
lizing of a HAP in the CHA if needed. Fortunately, in
this case, because of the collateral bypass formed arcund
the bile duct more than 500 days after LOLT, HAP in the
CHA was cured without complications by endovascular
treatment with NBCA, thrombin, and coil embelization,
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Interventional treatment for portal vein complications
utilizing a hybrid operating room after liver transplantation

Hiroyuki Hakoda', Nobuhisa Akamatsu', Eisuke Shibgtag. Hidemasa Takao®, Akihiko Ichida’,
Yoshikuni Kawaguchi', Junichi Kaneko', Osamu Abe” & Kiyoshi Hasegawa'

"Artificial Organ and Transplantation Division. Department of Surgery, Graduate School of Medicine, The University of Tokyo, Tokyo,

Japan, and “Department of Radiology, Graduate School of Medicine, The University of Tokyo, Tokyo, Japan

Abstract

Background: Vascular complications after liver transplantation (LT) can be lethal and require immediate
treatment to prevent graft failure. Nowadays, with interventional radiology (IR}, approaches such as the
percutaneous transhapatic (PTH) and transileocolic venous (TIC), have become major treatment options.
We reviewed the safety and efficacy of a hybrid operating room (OR) for portal vein complications after LT.
Methods: Patients who underwent IR for post-LT vascular complications in the hybrid OR from May
2014 to May 2022 were enrolled. Patients who underwent post-LT IR in conventional angiography rooms
were excluded.

Results: Nine patients developed portal vein complications; eight after living donor LT and one after
deceased donor LT. Six patients had portal vein stenosis, two had portal vein thrombosis, and one had
bath. In the hybrid OR, PTH and TIC were used in five and three cases, respectively. The Rendezvous
technique was used in one case. Angioplasty was performed in all patients. A stent was placed in four
patients, The portal venous pressure gradient across the stenotic site significantly decreased after IR (P
&= 0.031). The IR success rate in the hybrid OR was 100%.

Conclusion: The hybrid OR enables us to accomplish IR for post-LT vascular complications safely and

effectively.
Received 26 December 2022, accepted 30 January 2023
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Introduction

Developments in surgical techniques and immunosuppressive
therapies have contributed to excellent outcomes for recipients of
liver transplantation (LT)'; however, surgical complications still
require immediate treatment with an appropriate strategy.
Vascular complications may directly lead to graft dysfunction and
failure and require prompt and appropriate management. The
portal vein (PV) complications such as stenosis (PVS) and
thrombosis (PVT) are reportedly infrequent, ranging from 2% to
15% "'\; however, the management of such complications re-
mains demanding and challenging.

There are several treatment strategies for the complications.
Revision surgery has been an early option after LT; however, it

Meeting presentation: None.

HPB 2023, 25, 589-592

has become less common after the development of interventional
radiology (IR). IR is currently the gold standard for the treatment
of post-LT PV complications. A hybrid OR has recently become a
major tool for abdominal vessels.

In this study, we investigated the efficacy and safety of IR in the
hybrid OR for the treatment of post-LT PV complications.

Methods

Patient data

We retrospectively reviewed the medical records of all adults
{age>18) who underwent LT at the University of Tokyo Hospital
from May 2014 (Hybrid OR introduction) to May 2022,

We selected patients who developed post-IT' PV complica-
tions, that were treated using IR in the hybrid OR. Patients who
underwent IR for post-LT vascular complications in the angi-
ography rooms were excluded.

© 2023 Intemational Hepato-Pancreato-Biliary Association Inc. Published by Elsevier Lid. All rights reserved.
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This retrospective study was approved by the Institutional
Ethics Committee of the University of Tokyo [No: 2158-(6)].

Clinical diagnosis of PV stenosis/occlusion

The diagnosis of PV stenosisfocclusion was fundamentally based
on the morphological findings of CE-CT," and confirmed via
direct venography performed by a radiologist,

Interventional treatment in a hybrid OR
Interventional treatment was performed in a hybrid OR,
consisting of a conventional OR and an angiography system,
which offers high-resolution DSA. The hybrid OR was preferred
in cases requiring a long operative time (>2 h} and stent place-
ment, In the hybrid OR, patients requiring percutaneous trans-
hepatic (PTH) and transileocolic venous (TIC) approaches were
prepared with general anesthesia.

All TR procedures were performed in collaboration with the
transplant surgeons and experienced radiologists, Vascular
sheaths were first inserted into the targeted PV-SMV system

Table 1 Patients' characteristics

using the PTH or TIC approach. In the TIC approach, the
surgeons exposed the ileocecal vein and placed the sheath
through a small laparotomy. In cases of severe anastomotic
stricture or severe thrombosis for which balloon dilation alone
was mnot satisfactory, an intravascular metallic stent was
implanted. After the procedure, the anticoagulant agents were
administered as long as the patient had no contraindication to
anticoagulant therapy.

Statistical analysis

We used the Wilcoxon signed-rank sum test using JMP Pro 16.2
(SAS Institute, Cary, NC, USA). The threshold for significance
was set at P < 0,05,

Results

A total of 833 patients underwent either LDLT (n = 770) or
DDLT (n = 60) between January 1996 and May 2022 at our
institution. Fourteen patients developed post-IT PVS or PVT

Case Age Sex Liver LT Liver Initial symptoms PV Interval Approach Tr Op ion WR
diseass procedure graft complieations from procedures time (min) from complications
LT {day} T
(day)
1 67 M HBV-LC LOLT LLG Renal dysfunction  PVS 107 TiC TA, stent placement 75 57 none
2 50 M HCW-LC, LDLT LLG Inflammation at PVT 1261 TIC TA, thrombectormy 226 22 hematama,
HCC blood test (Grace faver
L]
3 34 F Wilson's. LOLT RLG Accidently PVS 109 FTH FTA, shunt 178 A none
diseass embolization
4 58 M HOV-LC ooLT RATrSG Consciousness PVS and 120 TS — PTA, stent 24 7 none
disordar PUT FTH placermant
(Grade
L}
5 28 F  LCdueta LDLT LLG Faver PVS 13 PTH PTA 103 32" nene
biliary
alresla
8 58 M HBEW LDLT FLSG  Elevated serum PSS 277 PTH PTA, stent 107 B Fone
HOW-LE, levels of hepatic placement
HCC BNZYmes
’ 52 F  CTLM2 APCLT LLE  Elevated serum PYT E T thrombaolyses, TA, 156 29 hematoma,
levels of hepatic (Grade stant placement infection
BNZYmMes L]
& 55 M NASH-LG  LOLT RLG  Elevated serum  PVS 18 PFTH PTA 65 20 nene
levels of hepatic
anzymas
4 64 M HCOW-LC, LDLT RLG Anemsa, melena PVS 158 PTH PTA 28 1 nong
HCC,
Banti
syndrome

M: male, F: female, LC: liver cirthosis, HCV-LC: hepatitis C virus-related liver cirrhosis, HBY-LC: hepatitis B virus-related liver cirhosis, HBV/HDV-LC:
hepatitis B virus and hepatitis D visurs-coinfection-related liver cirrhosis, HCC: hepatocellular carcinoma, CTLN2: adult-onset type |l citrullinemia,
MASH: non-alcoholic steatohepatitis, LDLT: living donor liver transplantation, DDLT: deceased donor liver transplantation, APOLT: auxiliary
partial orthotopic liver transplantation, PV: portal vein, PVT: portal vein thrombosis, PVS: portal vein stenosis, LLG: left liver graft, RLG: right liver
graft, RTriSG: right trisegment graft (right liver split graft), RLSG: right lateral sector graft.

 Grade under Yerdel classification of PVT, PTH: percutanecus transhepatic approach, TIC: transileocolic venous approach, PTA: percutaneous
transluminal angioplasty, TA: transluminal angioplasty, IR: interventional radiology.

b Patients who had been hospitalized since LT when they underwent |R.

HPB 2023, 25, 589-592 © 2023 International Hepato-Pancreato-Billary Association Inc. Publishad by Elsevier Ltd. All rights reserved.
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Figure 1 (a): The scatter plot of portal vein pressure before and after treatment (b): The box-and-whisker plot of the pressure gradient before and
after the treatment in the hybrid operation room The pressure gradients were significantly decreased after the treatment (P = 0,031, Wilcoxon

signed-rank sum test).

requiring IR between May 2014 and May 2022, accounting for
4.8% (14/294) of all LT cases during the period. The develop-
ment of either or both PV complications was observed in 5%
(30/593) of patients during January 1996 to April 2014, that is,
before the introduction of the hybrid OR. The incidences of PV
complications were comparable throughout the study period. In
the post-IR group, nine of the 14 cases with PV complications
were treated in the hybrid OR using the present technigue.
During the same period, five of the 14 patients with PV com-
plications underwent IR in the conventional angiography room.
Relatively mild stenosis (<50%) of the PV anastomosis was
identified in all cases. Detailed characteristics of those treated
with the hybrid OR are presented in Table 1. In eight patients
LDLT had been performed, and in one DDLL

Six patients had PVS and three had PVT. One patient had both
PVS and PVT. Thrombosis was classified according to the Yerdel
classification.”

PTH and TIC approaches were used in five and three cases,
respectively. In one case, the TIC approach was first selected, and
the IR was completed using the rendezvous technique with the
PTH approach.

Angioplasty was performed in all cases. The PV pressure
gradient across the stenotic site significantly decreased after IR
(P = 0.03, Fig. 1). A metallic stent was placed in 4 cases (50%).
Complications after IR occurred in only two cases, which were
mild (Table 1). The technical success rate and the patency after
IR were both 100%.

In the group before the introduction of the hybrid OR, 10 and
20 patients underwent IR and operation for PV complications,
respectively. The rate of the direct approach to PV (open surgery)
was high in this group owing to the carlier cohort.

HPB 2023, 25, 589-592

Discussion

The causes of PVS or PVT after LDLT are thought to be associated
with the relatively short length of the donor PV, PV diameter
mismatch between the donors and recipients, and pre-existing
PVT in recipients.”

Post-LT PV complications have several treatment options such
as revision surgery and IR, including thrombolysis, thrombec-
tomy, and angioplasty.” However, surgical procedures are asso-
ciated with high morbidity and mortality rates because of severe
postoperative adhesions, scar tissues around vessels, or limited
length of the vein structures. Although there are possible
treatment options if PVS occurs early after LT, surgical treatment
is not the first choice.”

IR in the OR with fluoroscopic guidance can be performed
under general anesthesia, which provides the following benefits:
general anesthesia relieves pain, ventilatory respiration control
facilitates a safe and precise procedure, and recipients can
tolerate the long procedure, Additionally, the approach can be
immediately converted to TIC when the PTH approach fails or
requires a rendezvous technique,

The hybrid OR provides higher resolution on DSA.” Since the
hybrid OR combines the beneficial features of conventional OR
and angiography room, it can be especially useful for treating
post-LT vascular complications which require the most meticu-
lous IR management among all abdominal surgeries.

In conclusion, IR in hybrid OR is a safe and effective treatment
for PV-SMV complications after LT,
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Abstract

Abdominal vein replacement with synthetic tissue-engineered vascular grafts constructed from sill-based scaffold material
has not been reported in middle-sized mammals, Fourteen canines that underwent caudal vena cava replacement with
a sllk fibroin (5F) vascular graft (15mm long and Bmm diameter) prepared with natural sillk biocompatible thread were
allocated to two groups, thin and thick SF groups, based on the graft wall thickness, The short-term patency rate and
histologic reactions were compared. The patency rate at 2weeks after replacement in the thin and thick 5F groups
was 50% and 88%, respectively (p=0.04), CD3 |-positive endothelial cells covered the luminal surface of both groups
at 4weeks, The elastic modulus of the thick SF graft was significantly better than that of the thin 5F graft (0.0210 and
0.0007 N/m?, p=0.01). Roundness of thick SF groups (6=08mm) was better than thin 5F (0=2.0mm). There was
significant difference between the groups (p=0.01}). SF vascular grafts are a promising tissue-engineered scaffold material
for abdominal venous system replacement in middle-sized mamrmals, with thick-walled grafts being superior to thin-
walled grafts.
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Introduction

Complete excision is currently the only curative treatment
aption for hepatobiliary pancreatic cancer. Although this
cancer often invades major abdominal venous systems,
such as the hepatic veins, inferior vena cava, portal vein,
and superior mesenteric vein," there was no better syn-
thetic vascular grafts than expanded polytetrafluoroethyl-
ene as a material for those venous replacement.

For artery replacement, fully synthesized vascular grafts
constructed from expanded polytetrafluoroethylene are fre-
quently used. Although expanded polytetrafluoroethylene
vascular grafts have been applied for vein replacement in
hepato-biliary-pancreatic surgery,” their use is limited due
to low-flow thrombogenicity without endothelialization
and higher graft infection rates in contaminated tissue beds
under digestive fluids.® Additionally, fully synthetic vascu-
lar grafts remain in the human body permanently and the
long-term effects are unclear. To date, no alternative tissue-
engineered venous grafts or scaffolds have been reported.

Silk fibroin (SF) is a promising tissue-engineered scaf-
fold material derived from silk fiber with good biocompati-
hility, high affinity for cells, and susceptibility to protealytic
degradation in vivo without antigenicity.® Artery replace-
ment in a rat model using double-raschel knitted SF vascu-
lar grafts coated with an SF sponge has been reported.®’ A
recent study reported that SF application for rat vein replace-
ment produced a better short-term outcome than expanded
polytetrafluoroethylene, with acceptable patency and vascu-
lar remodeling.* The potential for extrapolation of these
findings of better patency from our previous study in rats to
a larger animal such as humans, however, is unknown, Veins
comprise a low-pressure system, which, in humans, gener-
ally ranges from 8 to 10mmHg with the central venous pres-
sure ranging from O to 6mmHg” The intra-abdominal
pressure of middle- and large-sized mammals is higher than
that of small mammals. For example, the intra-abdominal
pressure of a rat is 2.2 mmHg,'"" whereas it is 7.4mmHg in
canines and ranges from 5 to 15mmHg in humans.'"'"? A
higher intra-abdominal pressure than venous pressure can
cause veins to collapse. A highly elastic synthetic vascular
graft, therefore, could potentially collapse and obstruct
SOONET.

To explore the application of SF grafts in clinical prac-
tice, it is important to evaluate wider and longer synthetic
SF wascular grafis in middle-sized mammals. The present
study examined the patency rate and histologic reaction of
thick and thin SF vascular grafts, thick and thin SF films
with different wall strengths, as replacements for the cau-
dal vena cava in a middle-sized mammal (canine).

Materials and methods

SF vascular grafts coated with an 5F sponge

The vascular SF grafts were prepared as follows. SF double-
raschel knit tubes with SF threads from Bombyx mori were
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prepared by two-needle stitch knitting on a computer-con-
trolled double-raschel knit machine (Fukui Warp Knitting Co
Lad, Fukui City, Japan)."* In detail, fertilized eggs of Bombnx
mori were supplied by Gunma Sericultural Technology
Center, and the larvae were reared in Asakura laboratory by
feeding them an artificial diet (Silk Mata 2M, Nippon Nosan
Kogyo Comp., Tokyo, Japan). B. mord cocoons were oblained.
Marseille soap and sodium carbonate were purchased from
Mivoshi soap Corp.. Japan and Tokyo chemical industry Co.,
Lud., Tokyo, Japan. A silk fiber was of 42 Deniers. For use in
canines, the inner diameter was 8mm. The SF fibers con-
tained a small amount of silk sericin to maintain thread
strength and avoid SF thread breakage in the knitting process.
Therefore, the knit SF tube had 1o be degummed in a mixture
of sodium carbonate (0.08% w/v) and Marseille soap (0.12%
wiv) solution at 95°C for Zh 1o remove the remaining silk
sericin. Removal of silk sericin was confirmed by scanning
electron microscope (Real surface view microscope VE-TR00,
Keyence, Tokyo, Japan)."

Thin coating (thin 5F group). An expanded polytetrafluoro-
ethylene rod was inserted into the knit SF tube, The rod
covered with the SF be was immersed into a pipe filled
with a mixed aqueous solution of SF and glycerin (as a
porogen) at a 1:1 (w/w} ratio for coating. Preparation of
the SF agqueous solution was described previously,” The
pipe was placed in a desiccator under a reduced pressure of
100 hPa until no air bubbles were observed on the coated
surface of the SF tube.

Thick coating (thick SF group). A SF tube was set in a coax-
il pipe and a mixed aqueous solution of SF and glycerin
was poured into the gap between the pipe and SF tube. In
details, the difference between the fabrication method of
thin and thick coating was as follows: for thin coatings, the
SF tbe was removed from the pipe before freezing at
=20°C, and then only the SF tube was freeze-dried later.
On the other hand, for thick coatings, the SF tbe was
freeze-dried with the pipe at the same time, while still
immersed in the solution,

The SF tubes of both groups were frozen at —20°C
overnight before immersing in distilled water. Both SF
grafts were freeze-dried and kept in a refrigerator until
implantation into an animal,

Scanning SF grafts and measurement of
physical properties

The knitted pattern of the SF fibers from the outside sur-
face and a cross-section of 8-mm diameter SF grafis were
ohserved by scanning electron microscopy (JSM-6360LA,
Japan Electron Optics Laboratory Lid., Tokyo, Japan).
Sample size was 10mm long, 8mm in diameter and
total six SF grafts were used (three thick SF and three thin
SF, respectively). The breaking strengths of the SF graft
were measured using a tabletop material tester (EZ-graph,
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SIMAZU Coup., Kyoto, Japan)'®. Each sample SF vascu-
lar graft was placed in the testing machine and slowly
extending it until they broke (Supplemental Figure 1A).
The load cell was 100N, and the stretching rate was 2 mm/
min.

The compressive elastic modulus of the knitted grafis
(10mm long, 8mim in diameter) was also determined
using the same tabletop material tester. The load cell was
5N, and the compression rale was 2 mm/min. The elastic
modulus (N/mm?®), when compressed o 25% of the
diameter, was calculated with the following formula:
Elastic Modulus { Young's modulus), £=o (compressive
stress)/e (Adiameter / diameter, strain) using analysis
software (TRAPEZIUM, SIMAZU Coup., Kyoto, Japan;
Supplemental Figure 1B, C).

Animal model

The study protocols (I-P16-034) and (R03-32) were
approved by the University of Tokyo and the Tokyo
University of Agriculture and Technology Animal Ethics
Committee in accordance with the Japanese and ARRIVE
(Animal Research: Reporting of In Vivo Experiments)
guidelines. We used female beagles (Kitayama Labes
Co,,Ltd., Nagano, Japan) weighing 8—17kg. All canines
were kept in cages for 2—4weeks with a 12-h light/dark
cycle. The canines were fasted overnight before undergo-
ing the surgical procedure,

Surgical procedure

All surgical procedures were performed by hepato-biliary-
pancreatic surgeons (KF, SK, and JK). The canines under-
went general anesthesia using midazolam (0.2 mg/kg:
Sandoez K.K, Tokyo, Japan) and buprencrphine (0,02 mg/
kg: Nissin Co, Kanagawa, Japan) as premedication fol-
lowed by intravenous injection of propofol (3mg/kg body
weight, titrated to effect; IMS Co., Ltd, Hiroshima, Japan)
for induction and isoflurane (1.3%—1.6%: Pfizer, New
York, NY, USA) for maintenance anesthesia by a veterinar-
ian (C.C.). Cefazolin (20mg/kg; Nichi-lko Pharmaceutical
Co, Ltd, Toyama, Japan) was given intravenously at the
time of induction, No postoperative antibiotics were
administered.

The caudal vena cava was exposed from the bifurcation
of the renal veins to the bifurcation of the iliac veins, and all
branches of the caudal vena cava were ligated and divided
with 3-0 silk (Alfresa Pharma CO,, Osaka, Japan) knotted
sutures using an electric scalpel. After intravenous injection
of unfractionated heparin (1001U/kg; AY Pharmaceuticals
Co., Lid, Tokyo, Japan), the proximal and distal portions of
the caudal vena cava were clamped with vascular clips.
Approximately 15 mm of the caudal vena cava was removed
and replaced with the SF vascular graft {15 mm long, 8 mm
in diameter) by continuous sutures using 6-0 Prolene

{Johnson & Johnson med Co., Raritan, NJ, USA), starting
with two stay sutures 180 apart at both the cranial and cau-
dal sides, then suturing the back wall, followed by the front
wall. The cranial and caudal sides of the vascular graft were
de-clamped (Figure 2). Anticoagulants, Dalteparin (100U/
kg three-times-daily, Michi-lko Pharmaceutical Co, Lid,
Toyama, Japan) was given subcutaneously for 7days..
Clopidogrel (Sawai Pharmaceutical Co, Ltd, Osaka, Japan)
was given orally at day 0 with a loading dose of 4mg/kg
followed by 2mg/kg once daily on days 1,2, 3, 5, and 7.

Patency assessment

The patency of the SF graft vascular grafis was monitored
extracorporeally by Doppler ultrasonography {EnVisor
M2350404; Phillips, Tokyo, Japan) on postoperative days
1, 3,5, and 7, and then every week for 4 weeks, and then
every month, Graft occlusion was defined as the absence
of a color Doppler signal. In the absence of a color Doppler
signal, the canine was anesthetized as mentioned above,
and the graft was grossly and pathologically evaluated.

Histologic analysis

Al 4weeks after surgery or at the time of confirming an
occlusion, the canines underwent general anesthesia as
described above, The grafis were carefully removed with
the surrounding tissue. Cross-sections of the middle of the
SF grafts were fixed in 20% formalin, embedded in paraf-
fin, and sectioned (4-um thick, Tissue-Tek Auto Section,
Sakura Finetek Japan Co., Ltd.) for hematoxylin and eosin
staining. Elastica van Gieson staining was applied to detect
elastic and collagen fibers. Immunohistochemical staining
was performed as previously reported.”” The sections were
incubated with primary antibodies, including alkaline
phosphatase-conjugated anti-alpha smooth muscle actin
fanti-aSMA; clone 1A4, MilliporeSigma, St. Louis, MO,
USA), anti-rat CD 31 antibody (clone TLD-3A12, BD
Biosciences, San Jose, CA, USA), and anti-podoplanin
antibody (ab11936, Abcam, Cambridge, MA, USA) fol-
lowed by incubation with biotinylated anti-mouse imimu-
noglobulin (1g) G secondary antibody (DAKO, Glostiup,
Denmark).

Roundness was measured on each cross-section of thin
and thick SF grafts in hematoxylin and eosin staining, was
calculated with the following formula: roundness (mm,
diameter measurement method)=difference between cir-
cumscribed and inscribed circle in diameter / 2. The analy-
sis was performed using Image J software (version 1.44;
Mational Institute of Mental Health Bethesda, MD, USA)."®

To know thickness of normal native caudal vena cava of
canine, hematoxylin and eosin, and EVG staining were
performed.

Rats were also anesthetized and grossly and pathologi-
cally evaluated at 1 month and 12 months after surgery. To
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Cross section Surface

Thin SF

Thick SF

Implantation

Figure |. Thin 5F had a reticulate appearance on gross examination, whereas the thick SF had a sponge-like appearance with a soft
texture. In both SF groups, the graft turned red after implantation in canine (B.0mm in diameter, |5mm length) because the blood

cells infiltrated the interfiber space, but did not leak out of the graft.

determine the degree of degradation, semi-guantitative
analysis was used o evaluate the rate of SF fibers and

infiltrated tissue area of a representative cross-section of
the 5F grafl wall. SF fibers, observed as aggregations of

transparent dols on a representalive cut surface, were
encircled by yellow lines on a histologic image by three
surgeons (KF, JK, and YS). The area of infiltrated autolo-
gous cells—the other area of the whole SF graft wall—was
encircled with a blue line. The ratio of the remaining SF
fiber area (yellow) to autologous cells (blue) was deter-
mined 1o calculate the area of 1 cut surface of the SF grafl
that was replaced by autologous cells at 1 and 12 months,
The analysis was performed using Image 1 software (ver-
sion 1.44: National Institute of Mental Health Bethesda,
MD, USA).'®

Statistical analysis

Continuous variables are expressed as the median and
range, The backgrounds of ¢ach group were compared
using the Mann—Whitney U test or Student £ test. The log-
rank lest was used lo compare the palency rate. A p-value
less than 0,05 was considered statistically significant,
Statistical analysis was conducted using software (JMP
Pro version 16.0.0; SAS Institute, Cary, NC, USA),
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Results

Appearance, scanning electron microscopy of
SF grafts, and measurement of its physical
properties

Thin SF grafis had areticulale appearance on gross exami-
nation, whereas the thick S8F grafis had a sponge-like
appearance with a soft wexture (Figure 1), After implanta-
tion, the color of grafls in both 5F groups changed to red
because blood cells infiltrated the intertiber space, but did
nol leak out of the grafl. Scanning eleetron microscopy
images, mcluding the surfaces and cross-sections of SF
grafls coated with SF sponges, are shown in Figure 2. The
images revealed a reticulate and sponge-like appearance of
both the thin and thick SF surfaces. In the cross-seclion,
the thickness of the thin SF was 500 pm, whereas the thick
SF grafl thickness was 1500 pm. The cross-section view
revealed that two-thirds of the external side of the thick SF
grafls was coated with SF sponge.

Breaking strength was nol significantly different
between the thin and thick SF groups (35.5 and 42.2,
p=029), whereas the elastic modulus differed signifi-
cantly (0.0210 and 0.0007 N/m’, p<0.01, Figure 2a, b),
Stress—strain curve was shown in Supplemental Figure 2.
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Figure 2. Scanning électron micrascopy images including the surfaces and cross-sections of SF grafts coared with SF sponges are
showr. Breaking strength did net differ significantly beeween the thin and thick SF groups (35.5 and 422, p=0.29), whereas the
elastic modulus was significantly different between groups (0.0210 and 0.0007 Nim?, p<0.01).

Animal model

We implanted 12 canines, 4 with the thin SF graft (thin SF
group) and 8 with the thick SF graft {thick SF group). The
median weight of the thin SF group was 8.0kg (range
7.6-8.8B) and that of the thick 5F group was 8.2 (range
7.5-9.4), mdicating no significant difference between
groups (p=0.864). The median diameter (B.0mm vs
.0mm; p=1.000} and length (15mm [range 15-19mm]
vs |5 mm [range 15-15], p=0.296) of the replaced caudal
vena cava were not significantly different between the
2roups.

The inferior vena cava of two rats (13-14wecks of age,
weighing 400 g) were replaced by thin and small SF grafts
{3 mm diameter, 10mm length).

Graft patency

A representative Doppler ultrasonography result showing
the flow inside the SF graft, indicating better venous flow,
15 shown in Figure 3a, b. Although the thin SF graft seemed
to show shight stenosis of the intra-lummal diameter com-
pared with the other parts of the canine caudal vena cava
(Figure 3a), the thick SF graft seemed to have the same
intra-luminal diameter {Figure 3b).

On postoperative day 1 (24 h later), the mira-luminal
diameters differed significantly between the thin and
thick SF vascular grafts (2.23 and 4.27 mm, respectively,
p==0.01, Figure 3) The patency rate is shown in Figure 4.
Although there was no significant difference between the
groups (log-rank, p=10.18), there was a significant difTer-
ence at day 14 (Student’s ¢ test, p=0.04). At 28 days later,
50% (4/8) of the thick SF gralls were patent.

In the two rats, the grafts were patent at both 1 and
12 months, with no complications.

Histologic analysis

Hematoxylin and eosin staining of the thin and thick SF
vascular grafts is shown in Figure 5. The graft lumens of
both groups remained patent, but the walls of the thin SF
grafts were deformed (Figure 5a) compared with those of
the thick SF grafts (Figure 5b). In both the thin and thick
SF wvascular grafts, cellular proliferation was observed
around the SF fibers, and the luminal surfaces were cov-
ered by flat cells (Figure 5). Elastica van Gieson staining
of the SF vascular grafts revealed collagen fibers around
the SF fibers, but no clastic fibers, (Figure 5, EVG). CD31
was expressed on the luminal surface of both SF vascular
graft types (Figure 5, CD31). Anti-alpha smooth muscle
actin antibody staining of the SF vascular grafts was posi-
tive (Figure 5, aSMA).

Roundness of thick SF groups (e=08mm) was better
than thin SF (o=2.0mm). There was significant difference
between the groups (p=0.01).

Hematoxylin and eosin and EVG staining of normal
native caudal vena cava of camine showed that wall
thickness was around 1200 pm (Supplemental Figure
3a, b). It was approximately two times thicker than
native caudal vena cava of rat, around 600 um m previ-
ous our report ¥,

Discussion

This is the first report of SF vascular grafts for abdominal
venous replacement in a canine model. We found that SF
vascular prafts require a certain modulus of elasticity to
have less deformity and better patency in middle-sized
mammals. Furthermore, 89.5% of the SF vascular wall at
12 months was substituted by autologous cells, indicating
better SF vascular graft degradation ability in rat.
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Figure 3. A representative Doppler ultrasonography result showing colored flow inside of the 5F graft. indicating better venous
flow as shown in {a) and (b). Although the thin 5F grafts exhibited slight stenosis of the intra-luminal diameter compared with the
other parts of the canine caudal vena cava (a), the thick 5F was not stenotic (b). The intra-luminal diameter of the thin and thick SF
vascular grafts was significantly different on postoperative day | (L23mm ws 4.27 mm, respectively, p < 0.01). Note, yellow color (a
and b) indicated high velacity with disturbed flow, suggesting stenosis of anastomosis.
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Figure 4. Although there was no overall significant difference
in the patency of the grafts between groups (log-rank, p=0.18),
a significant difference was detected at day |4 {Student’s t tesr,
p=0.04). Ar 28 days, 50% of the grafts in the thick 5F group
were patent (4/8),

Unlike the arterial system, vein walls do not have much
elasticity due to a lack of, or fewer, elastic fibers in mam-
mals. Contrary to our expectation, the thick SF grafts with
a certain modulus of elasticity had better patency. In pre-
sent study, we concluded that tortuous wall with narrow
lumen due to inferior of roundness of thin 5F grafis made
inside marrower and led to earlier occlusion. As patency
rate was shown in Figure 4, initial experiment using thin
SF graft resulted in early obstruction, with 73% occlusion
within 21 days (at day 14, p=0.04). This led us to decide to
increase the elasticity by adding thickness to the SF grafis,
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creating a new thick SF graft. We found that synthetic SF
vascular grafts for the abdominal venous system should
have a better modulus of elasticity. at least 40N/mm? in
canine caudal vena cava replacement model. The flexibil-
ity of the venous wall is another crucial point for maintain-
ing a certain luminal diameter, but the thin SF grafts tended
to collapse soon after insertion into the canine abdeminal
vein. As mentioned in the introduction, the larger the mam-
mal’s body size, the higher the intra-abdominal pressure.'!
We found that g certain wall strength was reguired (o main-
tain the luminal diameter, even for synthetic vein grafis.
Further studies are needed to determine the precise corre-
lation among venous pressure, intrabdominal pressure,
wall strength of the SF vascular grafl, and the change in
flexibility after replacement.

Matsumura et al." reported graft stenosis that occurred
at | month after venous replacement using &-mm diameter
biodegradable scaffolds consisting of polyglyeolide knit-
ted fibers with a 3.6-mm intra-liminal diameter. They sug-
gested that stenotic changes may lead to tissue regeneration
disorders, blood flow disturbance, and more thrombogen-
esis. In the present study, we found that stenosis developed
at 24 h after replacement. The intra-liminal diameter of the
thick SF vascular graft (4.3 mm) was larger than that of the
thin SF graft (2.2mm). The venous system has low pres-
sure, however, and vascular grafts require higher elasticity
1o avoid stenosis and maintain better patency, Intramural
thrombus was another problem and 50% of the thick SF
grafts became obstructed within 4 weeks. A previous report
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Thin SF

Figure 5. Hematoxylin and eosin staining of thin and thick SF vascular grafts is shown, The lumens of both che thin and chick
grafts remained patent, but the wall of the thin 5F graft was deformed (a) compared with the chick 5F graft (b). In bath the thin

and thick SF vascular grafts, cellular proliferation was observed around the SF fibers, and the luminal surfaces were covered by flat
cells. Elastica van Gieson staining of the 5F vascular graft revealed collagen fibers (red) around the SF fibers, but no elastic fibers
(EWG). CD31 was expressed on the luminal surface of both 5F wascolar graft cypes (CD31). Anti-alpha smooth muscle actin (xSMA)
antibody staining of the SF vascular grafts was positive and adjacent to CD3/ -positive cells.

confirmed that endothelialization oceurs within 4 weeks
after venous replacement in rat,” and the present study is
the first to confirm endothelialization in a canine model
with a SF vascular graft. Early after placement of the SF
vascular praft, however, the gralt developed low-flow
thrombogenicity without endothelialization. SF vascular
grafls may need to be coated with a heparin-like substance
coating to avoid early intramural thrombus development,
and this requires further study.

Although we did not establish tolerance against bacte-
rial infection in this study, autologous cells were sceded
into the SF fibers of present the SF vascular grafts in
canine. Outcome might allow SF vascular grafts to tolerate
bacterial infection, but further studies are needed.

In conclusion, thick SF vascular grafts were better than
thin SF vascular grafls as a pronusing tissue-engineered
scaffold matenal for abdominal vein replacement m mud-
dle-sized mammals.
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1 | INTRODUCTION

Abstract

Background: Anatomic virtual hepatectomy with precise liver segmenta-
tion for hemilivers, sectors, or Couinaud's segments using conventional three-
dimensional simulation is not automated and artificial intelligence (Al)-based
algorithms have not yet been applied.

Methoeds: Computed tomography data of 174 living-donor candidates for liver
transplantation (training data) were used for developing a new two-step Al al-
gorithm to automate liver segmentation that was validated in another 51 donors
(validation data), The Pure-Al (no human intervention) and ground truth (GT,
full human intervention) data groups were compared.

Results: [n the Pure-Al group, the median Dice coefficients of the right and left
hemilivers were highly similar, 0.95 and 0.92, respectively; sectors, posterior to
lateral: 0.86-0.92, and Couinaud's segments 1-8: (.71-0.89. Labeling of the first-
order branch as hemiliver, right or left portal vein perfectly matched; 92.8% of
the second-order (sectors); 91.6% of third-order (segments) matched between the
Pure-Al and GT data.

Conclusions: The two-step Al algorithm for liver segmentation automates ana-
tomic virtual hepatectomy. The Al-based algorithm correctly divided all hemiliv-
ers, and more than 90% of the sectars and segments.

KEYWORDS

anatomic virtual hepatectomy, artificial intelligence, antomatle lver segmentation, automatic
liver vessel extraction, deep learming

with three-dimensional {(3D) simulation has become the
standard procedure for surgical planning and intraoper-

Liver cancer is the third leading cause of cancer death, with
an estimated 0.8 million deaths in 2020, Hepatectomy
is crucial treatment for liver cancer’ and colorectal liver
metastases.” To ensure a safe hepatectomy and avoid post-
operative liver failure, preoperative virtual hepatectomy

© 2023 Japanese Soclaty of Hepats-Billary-Pancreathc Surgery,

ative navigation lo precisely estimate the liver resection
volume.**

Based on the Brisbane 2000 terminology,” the liver is
anatomically divided and segmented into two hemilivers,

four sectors{section), and eight segments corresponding

J Hepatebiligry Pancrest Scl, 20233061 205-1217

wileyanlinelibrarcom/joumnal/jkbp 105
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to the perfusion area of the portal vein (PV) according to
the Couinaud classification. While anatomic hepatectomy
is critical to maximize the functional future liver remnant
volume and minimize cancer recurrence,*™ precise liver
segmentation by conventional 3D simulation remains
challenging."" Currently, anatomic virtual hepatectomy
has not been automated, and conventional software re-
quires verification and correction by expert surgeons and
radiologists.

Artificial intelligence (Al) has attracted high attention
for developing new algorithms for medical image pattern
recognition, but an Al-based algorithm for liver segmen-
tation has not been reported. Furthermore, ne evaluation
method exists for verilying the accuracy of AT algorithms
for this purpose.

In the present study, we report a new two-step Al algo-
rithm aiming al automating liver segmentation and eval-
uate its accuracy and quality from the viewpoint of liver
SUrZEOnS.

2 | METHODS

Between 2012 and 2019, consecutive 284 donor candidates
for living-donor liver transplantation with no history of
any disease underwent computed tomography (CT) at the
University of Tokyo Hospital during the donor evaluation
steps. Among them, 39 donor candidates were excluded
due to a thicker CT slice, 5-mm thick CT data. CT images
from the remaining 225 donor candidates were included
in the study. The retrospective cohort study was approved
by the local ethics committee of the University of Tokyo
Hospital (2018201NI). An opt-out statement was pub-
licly disclosed (http://plaza.umin.ac.jp/htokyotransplan
I/results/index.html). None of the donor candidates were
opposed to being included in the present study.

2.1 | CT scanning

Multidetector row CT was performed with a tube voltage
of 120 kvp (Aquillion; Canon Medical Systems Corpora-
tion). The CT images {1-mm thick) were obtained at 0.85-
mm intervals by scanning for 20, 25, and 755, respectively,
after injecting an iodine-based contrast media (Omni-
pague 350; Daiichl Pharmaceutical; 2 mL/kg bodyweight,
maximum dose of 100mL) within 30s. The late portal
phase, scanning at 75s, was used for the study.

2.2 | Training and validation data

The training and validation data comprised CT from 174
and 51 donor candidates obtained from 2012 to 2017, and
2018 to 2019 (Figure 1), The donor characteristics were
collected.

In the training data, the outer edge of the whole liver,
PV, and hepatic vein (HV) branches were extracted from
the CT data of each of the 174 donors to develop the first
and the second step of the Al algorithm. The first step of
the Al algorithm to extract the PV and HV from the CT
data has been previously reported' (Synapse Vincent, ver-
sion 6, Fujifilm Corp.). To develop the second step of the
AL 2 experts, hepato-biliary surgeons with 10 and 9years
of experience (YK and RT, respectively). made corrections
and labeled each of the PV and HV branches to define the
two hemilivers, four sectors, and eight segments for liver
segmentation, as described later, Two other experts, two
senior experts, hepato-biliary surgeons with 20 years of ex-
perience (JK, KH), confirmed the labeled and segmented
PV branches or discussed the anatomy with them in a clin-
ical meeting for consistency of the evaluation. These ex-
perts provided the PV branch labeling and segmentation
of the training data were used for the deep learning. Then,

| & total of 284 ving doner candidates for liver transplantation with CT data |

S-mm thick CT data {n=58} was Excluded |

[ 1-mm thick £F data [n=225} |
I

Training data
n=174

I Automated portal and hepatic vein extraction® I

alidation data
LEED

1
| Exparts made commection [human intervention} |

I Automatad liver segmentation** I

I Automated liver ssgmentation®* I

FIGURE 1 Flow-chart of the Pure-

1
| Experts made correctlon (human Intervention) |

and Seml-Al groups and GT data. *The

first step of artficial intelligence (AL},

Pure-ﬂlllsroup
[Me human intervention, n=31)

Semi-Al group
(Half human intervention, n=51)

[Full hurman intervention, n=51)

GT data **the second step of AL CT, computed

tomography; GT. ground triath.
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two-step artificial intelligence algorithm was evaluated in
the validation data.

2.3 | Pure- and Semi-Al, and ground
truth data groups

In the validation step, three groups were created. The
Pure-Al group (no human intervention, n=>51) comprised
the data for which no corrections were made, as shown in
Figure 1. The Semi-Al group (half human intervention,
n=>51) comprised the data for which the experts made
corrections after the first Al step. The experts also made
corrections alter each of the Al steps, classifying the er-
rors as missing (i.e., failing to extract) or misclassifying
(i.e.. successful extraction but labeled incorrectly) the PV
and HV branches after the first Al step, and mis-dividing
the liver segmentation after the second Al step. These data
were defined as the ground truth (GT) data (full human
intervention, n=51), The time required to make the cor-
rections for each case was recorded.

2.4 | Portal vein branch labeling

All PV branches were labeled and categorized as first to
third-order PV branches: hemiliver (first-order branches;
right, left), sector (same as “section”, second-order
branches; posterior, anterior, medial, lateral), and seg-
ment (third-order branches; Couinaud’s segments 1-8),
based on the Tokyo terminology for the updated Brisbane
2000 system,™"

The first-order branches were defined as those branch-
ing off the main trunk of the PV. Second-order branches
were defined as those directly arising from the right and
umbilical portion of the left PV. Anatomic variations, for
example, a trifurcation, a separate and sole right posterior
vessel branching off the main trunk of the PV, were cat-
epgorized as a second-order branches of the PV. A third-
order branch was defined as any Couinaud's segment
branch, for example, a branch coming from a third-order
branch as a different Couinaud's segment branch that was
categorized as a third-order branch. For example, when
a segment 5 branch arcse from a segment 8 branch, both
branches were categorized as third-order branches.

2.5 | Couinaud’s concept of liver
segmentation

The right hemiliver comprises twao sectors, posterior and
anterior sectors, The posterior sector is made up of supe-
rior segment 7 and inferior sepment 6, and the anterior

sector is made up of superior segment 8 and inferior seg-
ment 5. The left hemiliver also comprises two sectors, me-
dial and lateral, which are separated by the falciform and
round ligaments, The left medial sector is not divided and
comprises single segment 4. The left lateral sector is di-
vided into two segments (superior segment 2 and inferior
segment 3). Segment 1 is defined by a small PV branch
that could not be defined as a second-order branch into
any sector, branching directly from the main trunk or a
first-order branch of the PV. Segmentation also depends
on the hepatic vein (HV). The Rex-Cantlie line with the
middle HV divides the right and left hemilivers. The right
HV is segmented into posterior and anterior sectors, and
the left HV is divided Into segments 2 and 3 as an inlerseg-

mental plane '

2.6 | Deep learning-based algorithm for
automated segmentation

To extract the PV and HV, the first step of the Al algo-
rithm used a method that has previously been reported.'
In the second step, input data from the CT imaging and
D reconstruction model of the liver, and the PV trees are
evaluated in two substeps. First, the PVs are divided into
four sector branches, including segment 1. Second, the
PVs are subdivided into eight segment branches. Then,
Voronoi tessellation is applied to the labeled PV tree to
compute the perfusion area of each PV branch as shown
in Figure 2a.

A 3D fully convolutional neural network (FCN) is used
for the PV labeling task. A 3D FCN has two parts, an en-
coder and decoder, as illustrated in Figure 2b. The encoder
part consists of consecutive convolution, pooling, and
nonlinear activation layers, Due to several pooling layers
in the encoder, the feature maps generated from the en-
coder had small spatial dimensions. The decoder, which
consists of several up-sampling layers and convolution
layers, maps the encoder feature maps to spatial dimen-
sions the same as that of the input image.

For the task of classifying the PV into sector branches,
the FCN is trained to label the PV into five branch clus-
ters, that is, posterior, anterior, medial, and lateral sectors,
and segment 1. The inputs for the neural network are the
CT images, PV mask, HV mask, and liver mask, defining
the area outside the masked areas as a negative (0 valued)
image. The neural network was trained to output labeled
PV branches such that each voxel in the labeled image be-
longs to one of the five branch clusters. The weights of
each of the layers in the neural network are trained such
that the output PV-labeling tree is as close to the GT PV-
labeling tree. The training was done using a backpropa-
gation algorithm,” which is a standard algorithm used in
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FIGURE 2 Overview of the liver
segmentation training in the Al deep
learning-based algorithm. {a) In the
second step of the Al-based algorithm,
wio substeps were used to automate the
PV labeling into segment PV branches.
The Input data is the CT image and 3D
reconsiruction model of the liver. and PV
. and HV trees. First, all PV branches are
divided into the four sector branches and

Outer surface

|

Ug

Portal vein  Hepatic vein Portal vein labeling Segmentation segment 1. Second. they are subdivided
Input data {fully comolinianal neurl (Centroidal \l.fnmnol inte the eight segment branches. Then,
network) tessellation) :
1 Voronol tessellation is applied to the
TiEE i 168 B 5

labeled branches to compute the perfusion
area. (b) A 3D fully convolutional

e e neural network (FCN) was used for

the PV labeling task. The 30 FCN has

wo parts, an encoder and decoder. (c)

§ » 1516 52 185

' All areas of the hemlliver, sectors, and

; ‘I#I ]'lll Couinaud's segments are represented as
.E an aggregation of voxels with following

HnputcT ¥ 22 2 attribution, hemiliver (right or left),

H I Output

;1m38e Itltl I_IIDIOI 3 sector (posterior, anterior, medial, and

: * B B 64 1238 84 i lateral), and segment {1-8). Accuracy was
: l.'thrlj--r.p. caleulated on the difference of attribution
. » ) Lp

: . of each voxel between Pure- (Semi-Al

; eI —

! Encoder 38 | i Decader groups and the ground truth data as

# convolution 3x3x3, batch normalization, rectified linear unit ¢ convolution 1xlxl shown in the figure.

& copy and concatenate = max pooling 2u2x2 < up-conmvelution 2x2x2

Segment B

(e} Segment A

True positive ! successful extraction of voxels of segment A

- False positive : voxel of segment B was misclassified as A
‘ol -
' False negative ! failed to extract voxels of segment A

'j True positive : successful extraction of voxels of segment B

deep learning that utilizes a multi-class dice loss function
(Figure 51} as shown in the following equation. Multi-
class refers o the five branch clusters, that is, posterior,
anterior, medial, lateral sectors, and segment 1.

¢ 2% Epleigic)
1

Loss=1—EE

—_ i¥PV, =1
ol ZPJ{CJ' + gilc) '
I

Here, p;(c)is the predicted probability for voxel { being
class ¢ (e.g.. ¢ = anterior sector, as one of the 5 branch clus-
ters), gy(c) is the GT, so-called ground truth probability
map which takes a value of 0 to 1, for voxel i being class ¢
When voxel i is located in class ¢ and ge) is close to 1, p;(c)
takes value of close to 1; if no, pi{c) takes value of close to
0, C 15 the total number of classes; five for this task. Loss
was computed only for PV voxels (PV,=1), the regions
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outside the PV mask (PV;=1) are ignored and were not
included in the training,

To further subdivide the portal branches associated
with each sector, three separate 3D FCNs for the poste-
rior, anterfor, and lateral sectors were used. Each 3D FCN
used the same input data for the division into sectors, and
outputs 2 class label images of the PVs, For example, one
3D FCN was trained to separate the lateral PV into seg-
ments 2 and 3. The architecture of the neural network was
similar to that shown in Figure 2b, except that the final
scoring layer (1x1x1 convolution) outputs two Images
instead of five. The loss function used for training the 3D
FCN for segment labeling was similar to the above equa-
tion with € = 2 because the tolal number of output classes
was 2. Additionally, for each of the 3D FCNs, the loss was
computed only over voxels i that belong to the posterior,
anterior, and lateral regions, respectively. The following
equation shows the loss computation for the 3D FCN
trained to separate the lateral PV into segments 2 and 3,
respectively. In the equation, PL is the GT label of PV at
voxel i,

c 2% X ploglcy
1

Losg=1-——

_iYPL, =2 | PL;=3
C & Tplor+gfle) " '
1

Once a PV branch enters one of the areas and travels
a certain distance, the label of the PV should not change
and was added to the post-processing as a rule-based
constraint,

2.7 | Accuracy of automated
segmentation

All areas of the hemiliver, sectors, and Couinaud's seg-
ments were represented as an aggregation of voxels clas-
sified with each of the three attributes (hemiliver [left or
right], sector [posterior, anterior, medial and lateral], and
segment' ™) on the 3D simulation data as shown in Fig-
ure 2¢, Attribution of these voxels for the Pure- and Semi-
Al groups, and GT data were compared to determine the
true positive, false positive, and false negative rates, and
the similarities among the Pure- and Semi-Al groups, and
the GT data. The Dice coefficient," which ranges between
0 and 1, with 1 signifying the greatest similarity'’ was ap-
plied, The formula is given as,

2 true positives
2 true positives + false positive + false negative

Sepmentation was evaluated by comparing the accu-
racy of the automated PV branch labeling and volumes of

automated segmentation among the Pure- and Semi-Al
groups, and the GT data.

2.8 | Preliminary clinical data

In the clinical setting, the Pure-Al algorithm has been
used for preoperative 3D simulation since April 2023,
Clinical data, including blood loss, operation time, esti-
mated liver volume, and actual graft liver weight of 10
consecutive donors, was collected during March 2023
(=35, right 3/left 2, No-Al group, Synapse Vincent, ver-
sion 5.5), and April 2023 (n=35, right 3/left 2, Pure-Al
group, version 6.8).

2.9 | Statistical analysis

The dener characteristics data are expressed as the
median and range. The categorical data of the training
and validation data were compared using Fisher's exact
test or the chi-squared test as appropriate, Continuous
data were compared using the Mann-Whitney U test
or the Kruskal-Wallis test, Pearson's correlation coef-
ficient was used to test correlations between the Pure-
or Semi-Al groups and the GT data. Group variability
was assessed using Bland-Altman plots with 95% limits
of agreement using mean values and standard devia-
tions.'™ All statistical tests were performed using JMP
software (version 15; SAS Institute). A p value of <.05
was considered statistically significant.

3 | RESULTS

The median age of training data was 34 years (range: 20-
65) with 92 men and 82 women, whereas validation data
was 46 years (range:21-64), 26 men and 25 women. The
median age was significantly different (p < .001); however,
the gender between the data did not differ significantly
{p=.874). The median body mass index and body surface
area of the training data were 22.2 (range: 14.5-33.2) and
1.65 (1.24-2.09); the validation data were 21.9 (16.6-30.6)
and 1.65 (range: 1.34-2.14), respectively. These were not
significantly different between the groups (p=.524 and
p=.666, respectively, Table 51},

3.1 | Comparing voxel attribution

In the Pure-Al group, the median numbers of voxels
in the right and left hemiliver were 2115319 (range:
1 144 805-4 881 676) and 912842 (range: 315938-15639720),
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FIGURE 3 Example of liver segmentation. (a) An example of segmentation of hemiliver (lefi: labeled portal vein branch, middie; with
transparent liver parenclivma, right: with opagque liver parenchyma) showed a better similarity demarcation line and irs area among Pure-
AL (1) {upper), GT data, (i) {lower), and an actual photo oblained during Hving donor liver surgery and the yellow arrowhead in panelf a
indicates the demarcation lne (i1}, (b and ¢} Another example of sector and segment segmentation with a better similarity demarcation line
is shown in panels (b} and (e} (upper: labeled portal vein branch, lower: with opaque liver parenchyma: left to right: right anterior obligue,
front, left anterior oblique, back). Right, deep blue; left. golden yellow; posterior, light pink; anterior, deep blue; medial, pale green; lateral,
golden yellow; segment 1, white; segment 2, orange red; segment 3, golden yellow; segment 4, pale green; segment 5. blue-green; segment 6,
light pink: segment 7. red-purple; and segment & deep blue: inferior vena cava, transparent blue-green,

respectively, whereas In the Semi-Al group, they were
2115492 (range: 1123326-4679300) and 923668 (range:
332994-1566345), respectively. The differences between
the groups were not significant (p=.907 and .666). The
numbers of voxels for the two hemilivers, four sectors and
eight segments are shown in Table 52: the differences be-
tween the two groups were not significant (p=.320 to .97a).

In the Pure-Al group, the median Dice coefficients of
the right and left hemilivers were 0.95 and 0.92, respec-
tively. The median Dice coefficients for the posterior, an-
terior, medial, and lateral sectors were (.92, (0,91, (.86, and
0.91, respectively. The median Dice coefficients for the
Couinaud's segments 1-8 were 0.71, (.82, 0.85, 0.86, 0.82,
0.84, 0.86, 0.89, respectively. The results for the Semi-Al
group exhibited superior accuracy over the those for the
Pure-Al group {all, p<.001, Table 1),

3.2 | Accuracy of automated portal
vein labeling

A trifurcation and a separate and sole right posterior vessel
branching off the main trunk of the PV were 12.1%, 8.6%
(Training data), 13.7%, 9.8% (Validation data), and there
was no significant difference (p=.75, p=.91), respectively.

For the PV labeling concordance rate, the labeling of the
first-order branch as right or left PV fully masched, with 100%
of both the Pure- and Semi-Al (102/102) groups matching
the GT data (Figure 3a). For the second-order PV branches of
sectors, 92.8% of the Pure-Al (437/471, Figure 3b) and 96.2%
of the Semi-Al (478/497) groups matched the GT data. For
the third-order branches of segments: 91.6% of the Pure-Al
(790/862, Figure 3c) and 95.7% of Semi-Al (885/925) groups
matched the GT data (Table 2).

3.3 | Comparing automated
segmentation volumes

For the hemiliver assignments, the median right hemili-
ver volume was 744, 737, and 737mL for the Pure-Al
and Semi-Al groups and GT data, respectively (p=.983).
The left hemiliver volume was 328, 332, and 333mL,

respectively (p=_819). The volumes of the posterior, an-
terior, medial, and lateral sectors were 134-454ml in the
Pure-Al group, 140-454 mL in the Semi-Al group, 140-
457 mL in the GT data. The differences among the groups
were not significant (p =865 to 986). The median volumes
of segments 1-8 ranged from 48 to 281 mL in the Pure-Al
group. The differences in volumes among the groups were
not significant (p=.343 to K65; Table 3).

Pearson’s correlation coefficient of the segmented liver
volume revealed a strong positive correlation between the
Pure-Al and GT data for the hemiliver (right, 0.993; left,
0.974), sectors (posterior, anterior, medial, and lateral;
0.906 to 0.958), and two of the segments (segment 4, 0.906
and segment 8, (1934), and a positive correlation for the
remaining segments (segments 1, 2, 3, 5, 6, and 7; 0.602
1o 0.827). The correlations were all statistically significant
{p < .001; Figure 4a).

Bland-Altman plots analysis revealed that the mean
differences in the right and left hemiliver volumes obtained
with the automated segmentation between the Pure-Al
group and GT data were =3.2+22.8 and =4.0+18.4mL,
respectively, The 95% limits of agreement were —47.9 to
41.5 and —40.0 to 32.0 mL. For the sector assignments, the
mean differences in the volumes of the posterior, anterior,
medial, and lateral sectors in automated segmentation be-
tween the Pure-Al group and GT data ranged from —7.9 to
4.7mL, with 95% limits of agreement ranging from —85.5
to 69.7mL. For automated segmentation of the & seg-
ments, the mean difference in the volumes between the
Pure-Al group and GT data ranged from —21.7 to 14.5mL,
with the 95% limits of agreement ranging from —92.4 to
106.1 mL (Figure 4b). Pearson's correlation coefficient of
segmented liver volume and Bland-Altman plot analysis
of Semi-Al is shown in Figure 52.

3.4 | Correction time

The Pure-Al took a median of 1.4 min (range: 1.1-1.9min) on
a personal computer (Intel Corp,, US, Core 7 with 16 gigabyte
random access memory) for full automated liver segmenta-
tion. In the Semi-Al and GT data group, the median correc-
tion time was 10.2min (range: 4.5-37.2min) and 14.9min
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TABLE 2 Concordance rate of portal vein labeling.
Pure-Al Semi-Al
etected (n) C 7 W % F Fand ted I,'II) % i
Hemiliver
Right 5l 51 100 51 5l 100 L.oon
Left 51 3l Ty 51 51 100 10000
All hemi 12 102 100 102 102 100 1000
Sector
Posterior 63 56 HEH 63 62 954 029
Anterior 6l 59 96.7 o4 63 054 1P
Medial 199 186 93.5: 07 215 991 A3
Lateral 148 136 91.9 153 138 9.2 B78
All sections 471 437 928 497 478 96.2 D20
Segment
1 88 78 BE.0 LE] 94 LEA] A6
2 56 56 100 58 57 983 317
3 92 80 B7.0 95 8l B5.3 a13
4 1949 186 935 217 215 991 A3
5 137 116 #47 144 135 938 a7
3 82 EE] B9.0 o1 LR 91.2 983
7 69 i 95.7 74 72 7.3 25
-] 139 135 97.1 151 148 5.0 897
All segments §62 790 91.6 9235 885 95.7 <.
Abbreviation: Al artificial intelligence.
TABLE 3 Volume comparison,
Pure-Al Semi-Al GT data -
Hemiliver
Right 744 511-1407 FET 534-1443 737 533-1429 J9H3
Left 328 1R4-359 332 174-573 333 173571 819
Sector
Paosterior 2897 147-631 300 171-645 A0 115631 8953
Anterior 454 HT-776 454 F09-798 457 307-T98 S0l
Medial 134 37-284 140 BE-286 144 h7-282 BAS
Lateral 197 108-343 197 106-=367 187 106-367 856
Segment
1 48 10=126 9 14-114 41 14-124 511
2 a0 B-163 b1 41-176 81 39-177 AR
3 15 34-208 104 34-208 108 S0-218 B4
4 134 37-284 140 GRE-2RG Ly B7-28H2 (BG5S
5 132 H-4 119 34-248 121 43-242 730
[ 124 0404 132 20-342 125 24-332 536
ko 168 Te-277 17 101-303 176 Y360 43
8 281 | 64679 296 200-638 37 195678 343

Abbreviations: Al artificial intelligence; GT, ground truth,
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'“'i' (a) FIGURE 4 Pearson’s correlation
fam| coefficient of segmented liver volume and
ml Bland-Altman plot analysis of Pure-AlL
| (a} Pearson's correlation coefficient of
| — /I — the sepmented liver volume revealed
b —— _r z e : Em', _', a strong positive correlation between
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Pure-Al and GT data in the hemiliver
(right (0,993, left 0.974), seciors (posterior,
anterlor, medial, lateral: 0.906 1o 0.958),
segment (4, 8: 0,906, 0.934), and a positve
correlation in the remaining segments
(1.2, 3, 5, 6.and 7: 0,602 to 0.827) ALl
correlations were statistically significant
(p<.001). (b} Bland-Alman plot analysis
showed that the mean differences

in the volumes of the right and left
hemiliver in the automated segmentation
between the Pure-Al group and GT data
were =32+ 228 and =4.0 + 18 4mL,
respectively. The 5% limlits of agreement
wene —47.9 o 41.5 and =400 to 32.0mL,
respectively. The mean differences In

the volumes of the posterior, anterior,
medial, lateral in the sectors by automated
segmentation berween the Pure-Al group
and GT data were —7.9 to 4.7mL. The
95% limits of agreement were —85.5 to
6.7 mL. The mean differences in the
volumes of segments 1 to 8 by automated
segmentation between the Pure-Al group
and GT data were —21.7 to 14.5mL. The
95% limits of agreement were =924 to
106.1mL.
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(range: 7.8-41.3min}. The Pure-Al required significantly less
time for full automated liver segmentation than the Semi-Al
and GT data with full correction {each, p<.007).

3.5 | Preliminary clinical data

The operation time, blood loss, estimated liver volume,
and actual graft liver weight were not significantly differ-
ent between the No-Al and Pure-Al groups. The difference
between the estimated liver volume and the actual graft
liver weight tended to be smaller in the Pure-Al group
than the No-Al group (19 vs. 49, respectively, Table §3),
but the difference was not significant.

4 | DISCUSSION

The present study is the first report of a rwo-step Al-based
algorithm for automated liver segmentation, and we devel-
opead & new evaluation method to improve the accuracy and
quality of liver segmentation, which will benefit an advance
of the Al algorithm. In the noncorrected data (no human
intervention, i.e., the Pure-Al group), the Al algorithm cor-
rectly assigned 100% of hemilivers into the right and left,
92.8% of the sectors, and 91.6% of the eight segments on
the basis of matching to the GT data. Although the Dice
coefficient of the Semi-Al group was superior to that of the
Pure-Al group, the volumes were not significantly different
among the Semi-Al and Pure-Al groups, and the GT data,

Since Hashimoto and colleagues reported the first sim-
ulation for estimating liver valume in 1991 from CT data,'*
3D simulation of a virtual hepatectomy has become the
standard for planning liver surgery.* Briefly, an expert, the
surgeon or radiologist, confirms the PV and HV vascular
trees extracted by the software, and then manually selects
1 or several PV branches, so-called “clipping,” to deter-
mine the areas and volumes of the hemilivers, sectors, and
or resecting area to predict the volume of the future liver
remnant, These processes are based on the concept of ana-
tomic resection” to maximize the remnant functional liver
volume. Here, we demonstrated that an Al-based algo-
rithm can help improve the efficiency of the software, and
the Al-based algorithm requires significantly less correc-
tion time than the GT data without requiring an expert’s
supervision, based on the present method of evaluating
the accuracy of automated liver segmentation.

[n the present study, liver segmentation required a two-
step Al algorithm, detailed extraction of the PV and HV
vascular trees and precise PV labeling into hemiliver, sector,
and segment categories. We previously reported that Al en-
hances the accuracy of PV and HV extraction on CT for vir-
tual hepatectomy as the first step of the Al algorithm, In that

report, the sensitivity, specificity, and Dice coefficient for the
PV were 0.84, 0.97, and 0,90, respectively.'’ In the present
study, we attempted to fully automate liver segmentation by
developing a second step for the Al algorithm, With this two-
step Al-based algorithm, precise liver segmentation for vir-
tual hepatectomy was achieved and may contribute to more
rapid surgical decision-making in the clinical setting,

A feature of second step of the AT algorithm is that
segment 1 i given additional weight for differentiating
the right and left hemilivers. Generally, the thickness
and welght of the PV branches of segment 1 decrease
abruptly, directly branching off the thick main trunk or
first-order, right or left PV branches compared with the
other branches in which the thickness and width gradu-
ally taper.™ As PV branches in segment 1 have different
features, we designed various 3D-FCNs to work on the
five branch clusters: posterior, anterior, medial, and lat-
eral sectors, and segment 1, as described in Methods. This
increased the accuracy of the Al algorithm. Further stud-
ies are needed to determine the best algorithm for virtual
hepatectomy, Additionally, although there are previous
reports of liver segmentation based on the HV tree,™'
welghing the balance between the PV and HV was an-
other key of the second step of the Al algorithm. The Rex-
Cantlie line with the middle HV is a crucial landmark
for dividing the liver into the right and left hemilivers.™
Segmentation focusing on the PV tree rather than the HV
tree may still be helpful because some reports describe
that the peripheral branches of the right and left HVs do
not always run in the plane between the posterior and an-
terior sectors, that is, segments 2 and 3,

As previously reported,' the first step of the Al pro-
cess remains somewhat inaccurate. The missing (failing to
extract the PV}, and misclassifying (successful extraction
of the PV but unable to label it correctly) rates were 6.7%
and 4.4%, respectively, for the third-order PV branches. In
the present study, the volume did not completely match
among the Pure-Al and Semi-Al groups and the GT data.
One reason for this may have been a missing and/or mis-
classified PV in the first Al step. Another reason is that
the inaccuracy of the Al algorithm for the fourth-order
branches. In our previous study regarding the first Al step,
9.8% and 4.4% of the fourth-order PV branches were miss-
ing and misclassified, respectively. These values may be
clinically insignificant because fourth-order PV branches
have relatively small perfusion area. On the other hand,
there was a discrepancy between the low concordance
rate and the lack of a significant volume difference (e.g.,
the posterior and medial sector, and segments 1, 4, and 5},
This discrepancy may have been due to the fact that the Al
algorithm continued 1o search for another branch of the
PV to create enough volume. Further studies are needed
to clarify the clinical impact of the inaccuracy.
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The most challenging part of the non-Al algorithm is
that there was no clear definition or rule and no consen-
sus among experts for detérmining the four sectors and
segment 1-8, because there are many interindividual
variations. We demonstrated that Al addresses and sim-
plifies this challenging task, but some differences existed
among the Pure- and Semi-Al groups, and GT data. We
also demonstrated that the Al -based algorithm still re-
quires an experts supervision during the final step, or
after the first step of Al in the Semi-Al group. For exam-
ple, as described above, the volume of Couinaud’s seg-
ments or labeling of the third-order PV branch level was
somewhat inconsistent with the GT data. The Al-based
algorithm may have utilized different properties lo assess
the liver anatomy. Further studies are needed to elucidate
the precise boundaries among the sectors and segments.

There were some limitations to the present study. We
did not evaluate Pure or Semi-Al in diseased liver. Al was
trained in only healthy donor livers, which may affect the
accuracy and quality of virtual hepatectomy ol diseased
liver. A large tumor or liver cirrhosis may deform the
intrahepatic PV or HV vascular structure, Thus, further
studies with a cohort of diseased livers are needed.

In conclusion, the two-step Al algorithm for liver
segmentation automates anatomic virtual hepatectomy.
Liver segmentation withoul human Intervention (i.e., the
Pure-Al group) correctly divided 100% of the hemilivers,
§2.8% of the sectors, and 91.6% of the segments.
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