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Splenic infarction in a patient with end-stage primary
biliary cirrhosis with splenomegaly before living
donor liver transplantation: report of a case

Yuko Hara, Yoshiaki Kita*, Shigeki Wakiyama,
Takeshi Gocho, Taro Sakamoto, Shoichi Hirohara,
Yuichi Ishida, Takeyuki Misawa, Katsuhiko Yanaga

Splenic infarcts are not uncommon in conditions with massive splenomegaly due to portal hypertension.
A 44-year-old woman with end-stage primary biliary cirrhosis and a splenic artery aneurysm before living do-
nor liver transplantation presented with a sudden onset of left upper quadrant pain with a fever of 39C. Ab-
dominal CT with contrast enhancement demonstrated a wedge-shaped defect suggestive of infraction in the
spleen. One week later, living donor liver transplantation with splenectomy was performed as scheduled. The
spleen weighted 1,120 g and demonstrated infarction of the lower pole of the spleen. Histopathological examina-
tion of the spleen demonstrated multiple thromboses of small venous and arterial vessels. Splenic infarction
should be suspected for left upper quadrant pain and/or signs of inflammation such as fever in patient with
known congestive splenomegaly.
Key words: splenic infarction primary biliary cirrhosis splenomegaly
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Abstract The liver hanging maneuver (LHM) is a useful
technique to transect the liver parenchyma while lifting it
with a tape passed between the anterior surface of the
inferior vena cava (IVC) and the liver parenchyma. The
original method was employed mostly for right hepatec-
tomy with an “anterior approach” for huge liver tumors.
The tape serves as a guide to the transection plane and
facilitates the control of bleeding in the deeper parenchyma
of the liver while protecting the anterior surface of the IVC.
On the other hand, several recent studies have shown the
feasibility and usefulness of modified LHM techniques.
These methods can be applied to left hepatectomy with or
without caudate lobectomy (segmentectomy 1), even for
patients undergoing orthotopic liver transplantation. This
report explains the methods and pitfalls of the original and
modified LHM. In addition, important anatomical and
technical aspects of the mobilization of hepatic lobes are
also included.

Keywords Hanging tape - Tunneling - Avascular thin
route - Modified technique - Mobilization
Introduction

The liver hanging maneuver (LHM) introduced by Belghiti
et al. [1] is a technique to transect the liver parenchyma

This article is based on studies first reported in Highly Advanced
Surgery for Hepato-Biliary-Pancreatic Field (in Japanese), Tokyo:
Igaku-Shoin, 2010.

T. Utsunomiya (<) - M. Shimada

Department of Surgery, The University of Tokushima,
13-18-15 Kuramoto-cho, Tokushima 770-8503, Japan
e-mail: utsunomiya@clin.med.tokushima-u.ac.jp

while lifting it with a piece of tape passed between the
anterior surface of the inferior vena cava (IVC) and the
liver parenchyma. This technique is usually used for right
hepatectomy with an “anterior approach” for a large liver
tumor. Upward pressure on the tape provides a direct linear
plane during parenchymal division and facilitates the
exposure and hemostasis of the deeper parenchymal plane
in front of the IVC. Recently, various kinds of modified
techniques, including an application to left hepatectomy,
have been reported. This report explains the techniques and
the pitfalls of two commonly used techniques for hepa-
tectomy, the original and the modified LHM, and mobili-
zation of the hepatic lobe.

Liver hanging maneuver
Original and modified techniques

A hanging tape is passed through an avascular thin route on
the midline of the anterior surface of the infra-hepatic
portion of the IVC without any mobilization of the right
liver (Fig. 1). The space between the right hepatic vein
(RHV) and middle hepatic vein (MHV) is first dissected
2 cm downward. The dissection of the caudal portion starts
with a long Kelly clamp posterior to the caudate lobe,
proceeding cranially with great care along the middle plane
of the IVC. The clamp appears between the RHV and
MHYV after 4-6 cm of blind dissection. It is important to
confirm whether there are thick short hepatic veins or a
right inferior hepatic vein by preoperative computed
tomography and intraoperative ultrasonography [2].

This technique helps maintain a flat transection plane
even at the deeper portion of the liver parenchyma. It also
provides adequate hemostasis because the liver is lifted
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=wes avascular thin route

Fig. 1 Dissection of the anterior surface of the inferior vena cava
(IVC). An avascular thin route is situated on the midline of the
anterior surface of the infra-hepatic portion of the IVC up to the space
between the trunk of the right and middle hepatic veins. CPV Caudate
process veins, /[RHV inferior right hepatic vein, LHV left hepatic vein,
MHYV middle hepatic vein, RHV right hepatic vein

upward from the IVC. The surgeon’s assistant applies
counter traction with the left hand to maintain a good
surgical view, and facilitate the parenchymal dissection of
the deeper plane (Fig. 2).

The LHM can be applied to the left lobectomy with or
without caudate lobectomy (segmentectomy 1) and central
bisegmentectomy as a modified LHM [3-6]. Itis also applied
for extended left lobectomy by passing the lower end of the
tape through the dorsal side of the left hepatic lobe, and
placing it on the ventral side of the hilar plate (Fig. 3). Left
lobectomy requires repositioning of the hanging tape from
between the RHV and the MHYV to between the MHV and the
left hepatic vein (LHV). This technique provides a flat
parenchymal dissection plane even for caudate lobe-pre-
serving left lobectomy and right lobectomy combined with
caudate lobectomy (segmentectomy 1).

Anatomical view of short hepatic veins and IVC
for LHM

Most of the confluences between the short hepatic veins
and the IVC are on the right or left side of the IVC.
Therefore, it is relatively safe to pass a long Kelly clamp
through the midline of the anterior surface of the infra-
hepatic portion of the IVC [1]. A cotton tape lifts the liver
parenchyma for dissection, especially during the latter
steps of liver dissection.

It is very important to avoid any forced movement of the
tip of the Kelly clamp when resistance is encountered
during the dissection of the anterior surface of the IVC.
The clamp is inserted toward the 11 o’clock position
(slightly left-sided plane) and short hepatic veins are rarely
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15t agsistant

Fig. 2 Transection of the deeper parenchymal plane. Counter traction
with the left hand of the first assistant facilitates parenchymal
dissection

. Arantitus’
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Spiegel lobe

Fig. 3 Modified liver hanging maneuver. The liver hanging maneu-
ver can also be applied to left lobectomy and right lobectomy
combined with caudate lobectomy by repositioning the hanging tape
from between the right hepatic vein and middle hepatic vein to
between the middle hepatic vein and left hepatic vein. The lower end
of the tape is passed between the right and left Glisson’s pedicles

encountered at this position (Fig. 4). However, extreme
caution is still required for this procedure even when this
route is selected. This procedure can be performed after
mobilization of the right lobe and isolation of the RHV
when the dissection is difficult.

Mobilization of the hepatic lobes

Mobilization of the suprahepatic portion

The surgeon and the first assistant pull the liver in the
caudal direction with folded gauze on the liver surface. The
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Fig. 4 Indication of the region which may be safe for dissection of
the anterior surface of the inferior vena cava (/VC). SHV Short hepatic
vein, LHV left hepatic vein, MHV middle hepatic vein, RHV right
hepatic vein
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Fig. 5 Anatomy around the roots of the hepatic veins in the
suprahepatic space. The confluences of the right hepatic vein and
the common trunk of the middle and left hepatic veins to the inferior
vena cava are exposed by dissecting the coronary ligament

confluence of the RHV and the common trunk of the MHV
and LHV with the IVC are exposed after dissecting the
coronary ligament. The right subphrenic vein, which con-
nects with the right side of the root of the RHV, can be a
landmark to identify the site of caval insertion of the RHV
(Fig. 3).

Shrinkage of the coronary ligament may be encountered
during a second hepatectomy because of the adhesions in
the suprahepatic space if the coronary ligament had been
dissected in the previous operation. Special attention
should also be given to the possible existence of hepatic
veins on a relatively shallow plane under these conditions.

Mobilization of the left hepatic lobe

The left coronary and triangular ligaments are dissected.
Folded gauze sheets are placed between the lateral segment
of the liver and other organs, including the esophagus,
stomach, and spleen. The surgeon pulls the liver caudally
with the folded gauze placed on the liver surface. The left
coronary ligament is dissected by electrocautery while

Left trianguiar
ligament
:

Left coronary

Y

Folded gauze

Fig. 6 Dissection of the left coronary and triangular ligaments. The
left coronary and triangular ligaments are dissected while visualizing
the folded gauze (arrow) placed behind the lateral segment, which
can be seen through the ligaments

visualizing the gauze, which can be seen through the lig-
ament. These precautions prevent injury to the other organs
(Fig. 6). The left triangular ligament is ligated and divided
if it contains thick vessels, but it can usually be divided by
electrocautery or a vessel-sealing system, such as
Ligasurem.

Mobilization of the right hepatic lobe

The hepatorenal ligament is dissected by electrocautery
from the IVC to the right triangular ligament while the
surgeon pulls the right lobe cranially with the left hand.
The right hepatic lobe is medially mobilized until the right
adrenal gland is exposed by dividing the right coronary and
triangular ligaments.The division of the whole ligaments
around the right lobe is completed, and the loose connec-
tive tissue between the liver and the right diaphragm is
exposed. This portion is the so-called “bare area”, and it
can be divided by electrocautery along the surface of the
liver. The anterior surface of the IVC is then cranially
dissected starting from the infra-hepatic portion of the IVC,
and several short hepatic veins are ligated and divided. The
stump on the liver side is simply ligated for the division of
short hepatic veins, while the stump on the IVC side is
secured by Z-sutures using 5-0 monofilament polydioxa-
none suture.

The cranial side of the right adrenal gland is sufficiently
exposed, and a Kelly clamp is gently and securely inserted
between the right adrenal gland and the liver. The location
of the tip of the clamp is confirmed by the surgeon’s left
index finger placed on the caudal portion of the right
adrenal gland (Fig. 7). The edge of the right adrenal gland
is clamped with a vascular clamp, divided, and the stump
on the liver side is ligated while the stump on the IVC side
is covered by over-and-over running sutures using 4-0
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Fig. 7 Dissection of the right adrenal gland. A Kelly clamp is
inserted along the right wall of the inferior vena cava between the
right adrenal gland and the liver. The location of the tip of the clamp
is confirmed by the surgeon’s left index finger, which is placed on the
caudal portion of the right adrenal gland

monofilament polydioxanone suture (Fig. 8). The IVC
ligament is also divided and is secured by over-and-over
running sutures using 4-0 or 5-0 monofilament polydiox-
anone suture. It is essential to obtain an adequate surgical
field for a stress-free operation. The safe mobilization of
the right hepatic lobe requires an adequate surgical field
and the role of the first assistant is very important (Fig. 9).

Dos and Don’ts

1. The tip of the Kelly clamp that is used to dissect the
anterior surface of the IVC is advanced toward the 11
o’clock position.

2. Insertion and movement of the clamp by force should
be strictly avoided if there is resistance on the tip (even
if it is very weak).

3. Dissection between the liver and the right adrenal
gland should be performed only after sufficiently
exposing the cranial side of the right adrenal gland.

Experience of a potentially serious error

A patient with metastatic liver tumors underwent a right
hepatectomy. The liver appeared to be normal, and the
operation seemed to be progressing uneventfully without
difficulties. A Kelly clamp was inserted along the anterior
surface of the IVC toward the surgeon’s left index finger,
which was placed between the roots of the RHV and the
MHV. The tip of the clamp moved cranially with faint
resistance, and it reached the dorsal side of the left index
finger. However, the tip of the clamp had damaged a short
hepatic vein, and was unexpectedly inserted into the IVC.
The mobilization of the right hepatic lobe was performed
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Fig. 8 Dissection of the right adrenal gland. This procedure can be
accompanied by massive bleeding. The edge of the right adrenal
gland is clamped with a vascular clamp, divided, and the stump is
secured by over-and-over running sutures of 4-0 monofilament
polydioxanone suture

Fig. 9 Mobilization of the right hepatic lobe. An adequate surgical
field created by the first assistant provides a stress-free operation

while the tip of clamp was left in place. The location of the
injury site was confirmed from the right side, and then the
hole was sutured. This accident demonstrates that the
clamp should not be inserted by force if there is any
resistance on the tip (even if it is very slight).

Modified liver hanging maneuver

The LHM has been modified, and is frequently used during
hepatic resections other than a right hepatectomy. This
method has been used for left hepatectomy without caudate
lobectomy (segmentectomy 1) and extended right hepa-
tectomy with caudate lobectomy (segmentectomy 1). The
procedure includes the mobilization of the left lobe, and
dissection behind the common trunk of the MHV and LHV.
The upper end of the hanging tape is repositioned from
between the RHV and MHV to between the MHV and
LHV. The lower end of the tape is pulled caudally along
the ligamentum venosum and passed between the right and
left Glisson’s pedicles.
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Tape for liver hanging maneuver

A nasogastric tube, Penrose tube, or umbilical tape is
usually used as a tape for the LHM. A retrograde tran-
shepatic biliary drainage tube is also used because the tip of
this tube is atraumatic, and can be inserted cranially and
advanced directly toward a space between the RHV and
MHV.

Discussion

The LHM has become an accepted surgical technique, as it
enables an “anterior approach”, which reduces several
risks caused by liver mobilization, such as bleeding, rup-
ture of the tumor, and hemodynamic instability. In partic-
ular, for patients with huge liver tumors, this technique is
preferred not only technically but also for prevention of
tumor cell dissemination. The feasibility of this maneuver
was reported to be 94%. An absolute contraindication for
the LHM is tumor infiltration into the retrohepatic avas-
cular space. Adhesions between the IVC and the liver have
a negative impact on the feasibility of this technique.
According to this indication, the LHM is easily achievable
without risk of major bleeding during retrohepatic dissec-
tion [7]. More recently, various modified methods have
also been developed for use in other kinds of hepatectomy
with some advantages of the original LHM, such as left
hepatectomy and caudate lobe resection for hilar bile duct
cancer [3-6]. This technique has also been used in donor
operations for living donor liver transplantation, where a
hepatic parenchymal transection should be performed
before dividing the feeding vessels for the graft [8]. The
most important and technically difficult step of this tech-
nique is the dissection of the anterior plane of the IVC.
However, a significant technical improvement has been
achieved with an effort to minimize the length of the blind
dissection [7]. In addition, it is noteworthy that intraoper-
ative ultrasound may enable a safer and technically easier
retrohepatic dissection to be performed [2].

Conflict of interest The authors declare that they have no conflict
of interest.

Appendix: Important points

1. Confirmation of the roots of hepatic veins: The falci-
form ligament is divided before mobilizing the hepatic
lobes, the subphrenic serosa and connective tissues are
dissected approximately 5 cm toward both the right
and left sides, and the roots of the three hepatic veins
are exposed.

2. Dissection of the coronary and triangular ligaments:
Folded gauze is placed behind the lateral segment of the
liver before dissecting the left coronary ligament. The
left coronary and triangular ligaments are dissected
while visualizing the gauze, which can be seen through
the ligaments. These precautions prevent injury to the
esophagus, stomach, and upper portion of the spleen.

3. Dissection of the anterior surface of the inferior vena
cava (IVC): It is important to insert a long light curved
Kelly clamp in the proper direction, and advance it
toward the space between the right hepatic vein (RHV)
and middle hepatic vein (MHV) while the anterior
surface of the infra-hepatic portion of the IVC is
dissected. The Kelly clamp is inserted through the
avascular thin route (middle plane) of the anterior
surface of the IVC in the 11 o’clock position (slightly
left-sided plane), especially at the cranial site. It is
important to strictly avoid forcing the clamp insertion if
there is any resistance on the tip (even if it is only very
slight).

4. Confirmation of the location of short hepatic veins
using ultrasonography:Careful confirmation that there
is no short hepatic vein using ultrasonography may
help to prevent any unexpected injury to the short
hepatic veins during the dissection of the anterior
surface of the IVC.

5. Division between the right hepatic lobe and right
adrenal gland: The surgeon may use the digital finger
(cranial side) and thumb (dorsal side) to confirm that a
small amount of connective tissue is left around the
right adrenal gland following the mobilization of the
right hepatic lobe. A clamp is cranially inserted
between the liver and right adrenal gland toward the
surgeon’s left index finger placed on the cranial side of
the right adrenal gland.

6. Dissection of short hepatic veins: Dissection of the short
hepatic veins should be performed very carefully to
ensure that there is sufficient length for ligation and
division. The stump on the liver side is simply ligated
while the stump on the IVC side is secured by Z-sutures
using 5-0 monofilament polydioxanone suture.
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Abstract

Purpose The liver-hanging maneuver (LHM) is a useful
technique in major hepatectomy. We made modifications
to this technique with special reference to the ligamentum
venosum for performing a left hepatectomy (LH). The aim
of this study was to clarify the usefulness of our new
technique.

Methods Between August 2007 and May 2009, five
patients underwent LH using our modified LHM and 12
patients underwent LH using a conventional procedure.
The two groups were compared in terms of the patient
characteristics, preoperative hepatic functions, surgical
records, and outcomes.

Results The characteristics and preoperative hepatic
function tests were similar between the modified LHM and
non-LHM groups. Intraoperative blood loss was signifi-
cantly reduced in the modified LHM group compared with
the non-LHM group (193 &£ 133 vs. 375 &£ 167 ml,
P < 0.05). The lengths of the operations and time required
to perform a parenchymal transection did not differ sig-
nificantly between the two groups (duration of operations
273 4 37 vs. 337 £ 70 min; transection times 29 £ 10 vs.
28 £ 13 min). The postoperative complications and hos-
pital stays did not differ significantly between the two
groups.
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Conclusion Our modified LHM can reduce the intraop-
erative blood loss during LH, and our results have shown
the usefulness of this modified technique for LH.

Keywords Left hepatic lobectomy -
Liver-hanging maneuver - Ligamentum venosum

Introduction

Initially described in 2001 by Belghiti et al. [1], the liver-
hanging maneuver (LHM) uses a tape passed between the
anterior surface of the inferior vena cava (IVC) and the
liver parenchyma, and is commonly applied for right
hepatectomy. The purpose of the LHM is to control
bleeding at the deeper parenchymal plane during right
hepatectomy without liver mobilization. The LHM is use-
ful in difficult major right hepatectomies, especially those
requiring the so-called anterior approach described by Lai
et al., or in donor operations for living donor liver trans-
plantation, in which a hepatic parenchymal transection
needs to be performed before dividing the feeding vessels
for the graft [2—4]. The LHM technique also has potential
advantages in terms of a shortened operation, reduced
malignant dissemination, improved remnant liver mobili-
zation and function, better surgical exposure, transection,
and hemostasis, and safer IVC protection [3, 5-10].

Since the first report of the LHM, various modifications
to this procedure have been tried and reported, such as a
technique applied to isolated caudate lobectomy and a tape-
repositioning technique for donor operations [3, 7]. We
herein introduce a procedure for left hepatic lobectomy
without the caudate lobe using a modified LHM that can
simplify the procedure and standardize liver surgery, and
evaluate the usefulness of our new technique.
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Fig. 1 Preparation of the modified liver-hanging maneuver (LHM).
a, b A tape is placed along the ligamentum venosum between the
caudate lobe and the left lateral segment and passed through the space

Patients and methods
Patients

Between August 2007 and May 2009, five patients under-
went left hepatectomy (LH) using the modified LHM and
12 patients underwent LH using a conventional procedure.
The two groups were compared in terms of the patient
characteristics, preoperative hepatic functions, surgical
records, and outcomes.

Surgical procedures

Dissection of the left Glissonean pedicle at the hepatic
hilum

The liver was exposed through an inverted L-shaped
abdominal incision or a Benz incision. If there were no
difficulties or problems, we usually perform Glissonean
pedicle transection at the hepatic hilum during a hemi-
hepatectomy. After cholecystectomy, hilar dissection was
performed to free the right and left Glissonean pedicles. In
caudate lobe-preserving left hepatic lobectomy, the left
Glissonean pedicle was dissected at the distal level, and the
‘caudal branches were diverged. The left Glissonean pedicle
was dissected at the upper level of the lesser omentum in
cases of caudate-preserving left hepatic lobectomy. The
left Glissonean pedicle was encircled with a vinyl tape and
clamped at that time. The falciform ligament was divided
along the anterior surface of the liver, and the anterior
surface of the suprahepatic IVC was exposed. The space
between the right hepatic vein (RHV) and the middle
hepatic vein (MHV) was blindly dissected in the downward
direction for 2—-3 cm using a finger in the caudal direction.

Modified LHM
The lesser omentum was divided to include an aberrant left
hepatic artery originating from the left gastric artery, if

present. After mobilizing the left lateral segment, the lig-
amentum venosum, which indicated the Arantius duct, was
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behind the common trunk of the middle hepatic vein and left hepatic
vein. ¢ The lower end of the tape is pulled up to the ventral side of the
hilar plate

ligated and divided pear the root of the left hepatic vein
(LHV). A careful dissection behind the common trunk of
the MHV and LHV was performed using a curved clamp,
and the hepatic veins were taped. Dissection around the
common trunk was then easily accomplished by pulling the
cranial stump of the divided ligamentum venosum. A cotton
tape was placed along the ligamentum venosum between
the caudate lobe and the left lateral segment through the
space behind the common trunk of the MHV and LHV. The
lower end of the tape was then pulled up to the ventral side
of the hilar plate between the encircled left Glissonean
pedicle and the liver (Fig. 1). During a left hepatic lobec-
tomy without the MHV, the upper end of the tape was
switched from the right to the left side of the MHV.

Left hepatectomy without the caudate lobe

The left Glissonean pedicle was divided using a mechani-
cal stapler at the previously encircled level. A parenchymal
dissection was routinely performed using a Cavitron
Ultrasonic Surgical Aspirator (CUSA; Valleylab, Boulder,
CA, USA) and electrocautery under intermittent hepatic
inflow control. Almost all vessels of less than 5 mm in
diameter that presented at the cut surface were divided
using vessel-sealing devices such as a LigaSure (Valley-
lab). At the stage of the deeper parenchymal dissection,
countertraction was applied continuously to the hanging
tape by pulling both ends of the tape. This maneuver
contributed to the reduction of bleeding by venous back-
flow and to keeping the transection plane dry. The other
merit of this method was the ability to obtain and maintain
a flat cutting plane instead of a curved plane. Finally the
LHV, with or without the MHV, was divided using a
mechanical stapler, and the left hepatic lobectomy was
successfully completed.

Statistical analysis
All data are presented as the mean & SEM unless other-

wise stated. Correlations, which were represented as scatter
plots, were analyzed using the Pearson test (JMP 8.0.1.;
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Table 1 Patients’ characteristics and preoperative liver function test
results

Table 3 Postoperative complications

Parameter Modified Non-LHM P value

Variable Modified LHM Non-LHM P value LHM
Age (years) 65.6 £ 150 68.5+93 NS Bile leak (yes/no) Ya 2/10 NS
Male/female 5/0 8/4 0.139 Uncontrolled ascites  0/5 1/11 NS
Tumor (yes/no)

Benign/HCC/THCC/meta  1/2/1/1 2/2/4/4 NS HePatjC failure 0/5 012 NS
Child-Pugh classification D(yes' nO) f hospital 19.8 (8.0, 34.0) 264 (16.5,31.0) NS

uration of hospital .8 (8.0, 34. . .5, 31,

A/B 5/0 12/0 NS stay (days)®
Preoperative liver function - - -

Albumin (g/dl) 42 £ 043 384+ 044  0.108 Median (25th, 75th percentile)

Total bilirubin (mg/dl) 0.76 + 0.17 0.83 & 0.33 NS

ICGR;s (%) 10.0 £ 4.1 144 +£84 NS between the two groups. Hepatic failure was not observed

Data are the mean =+ standard deviation with ranges in parentheses or
numbers with percentages in parentheses, unless otherwise indicated

LHM liver-hanging maneuver, HCC hepatocellular carcinoma, [HCC
intrahepatic cholangiocarcinoma, /CGR; s indocyanine green retention
rate at 15 min, NS not significant

Table 2 Surgical details of the LHM

Parameter Modified LHM  Non-LHM P value
Blood loss (ml) 193 £ 133 375 £ 167  0.047
Length of surgery (min)® 273 £ 37 337 £ 70 0.104
Time of parenchymal 29 + 10 28 £ 13 NS

transection (min)

* Donor operation (n = 1) excluded

SAS Campus Drive, Cary, NC, USA). Values of P < 0.05
were considered to indicate statistical significance.

Results

Table | shows the characteristics and comparisons of the
modified LHM and non-LHM left hemihepatectomy
groups. The patients in both groups were similar with
regard to age and sex. Comparisons of the background liver
function tests and liver tumor variables also showed no
significant differences between the groups.

The surgical data of the patients in both groups are
summarized in Table 2. The amount of intraoperative
blood loss was significantly lower in the modified LHM
group than in the non-LHM group (193 & 133 ws.
375 £ 167 ml, P < 0.05). The duration of the operations
and times required for parenchymal transection did not
differ significantly between the groups (duration of oper-
ation 273 £ 37 wvs. 337 + 70 min; transection time
29 + 10 vs. 28 £ 13 min).

Table 3 shows the data regarding postoperative com-
plications. The incidence of bile leakage did not differ

in either group. The lengths of the postoperative hospital
stay did not differ significantly between the two groups
(19.8 vs. 26.4 days).

Discussion

In general, the LHM offers several advantages for major
hepatic resection: (1) it provides a straight transection
plane from the anterior surface to the deeper area of the
liver; and (2) lifting of the tape pulls the liver up and
provides better exposure for hemostasis of the transection
surface [1, 3].

Tape-guided major hepatectomy is feasible in some sit-
uations, not only for left hepatic lobectomy without the
caudate lobe but also for right hepatic lobectomy with the
caudate lobe, which has almost the same transection plane.
The most important technical point for left hepatic lobec-
tomy without the caudate lobe is considered to be that the
transection plane should be curved toward the left liga-
mentum venosum, which lies along the border between the
left lateral lobe and the caudate lobe. Using the LHM, the
deep part of the parenchymal transection plane is lifted
ventrally to obtain a flat cutting plane, instead of a curved
plane (Fig. 2). Another merit of this procedure is that the
tape placed along the ligamentum venosum serves as a
landmark for the dissection at the late stage of the paren-
chymal transection. This procedure also provides better
exposure of the hepatic transection surface to facilitate the
hemostasis. In this study, although the lengths of the oper-
ations and times required for parenchymal transection did
not differ significantly between the two groups, the amount
of intraoperative blood loss was significantly lower in the
modified LHM group than in the non-LHM group.

Nanashima et al. [5] reported that a shorter time was
required for hepatic parenchymal transection in an LHM
group compared with a control group treated with a con-
ventional procedure. They proposed that the possible rea-
sons for their results were as follows: (1) dissection of the
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Fig. 2 Photograph and drawing
of LHM taken during a left
hepatic lobectomy without the
caudate lobe. Using the LHM
technique, a flat cutting plane
can be obtained for transection,
instead of a curved plane

liver parenchyma was more easily and rapidly performed
by parenchymal compression using the LHM; (2) dissec-
tion of the parenchyma in a deeper area could be performed
without hesitation, while avoiding injury to the vena cava
or short hepatic veins because of the shield provided by the
covering tube; and (3) the surgeon could always target the
tube position during the transection, allowing for an ade-
quate transection plane to be obtained without hesitation
regarding the direction of the transection.

To date, we have performed a left hepatic lobectomy
without the caudate lobe using this procedure in five
patients, including a living left liver donor operation. This
technique is considered to be effective, especially for donor
hepatectomy, in which the parenchymal transection should
be completed just before dividing the portal veins. In our
series, although the times for the parenchymal transection
were similar between the modified LHM and conventional
LHM groups, the amount of intraoperative blood loss
during the donor operation was less than 250 ml using the
modified LHM.

Our modified LHM includes two important techniques,
namely, encircling of the Glissonean pedicle at the hepatic
hilus and encircling of the common trunk of the MHV and
LHV to place the tape for the LHM. Although these pro-
cedures are somewhat difficult, they remain basic tech-
niques in liver surgery. We have not experienced any
intraoperative complications related to these procedures.

Although the number of cases is still small to date, left
hepatic lobectomy without the caudate lobe using our
modified LHM appears to be a safe and feasible procedure
that does not require special equipment or extensive expe-
rience. In conclusion, we have shown the usefulness and
suitability of our modified LHM for left hepatic lobectomy
without the caudate lobe. Use of the modified LHM

@ Springer
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contributes to a reduction in the intraoperative blood loss,
without the development of postoperative complications.
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Abstract

Background Ischemia-reperfusion injury has been dem-
onstrated in a variety of clinical settings. The morbidity
associated with liver transplantation and major hepatic
resections is partly a result of ischemia-reperfusion injury.
Follistatin, an activin-binding protein, binds to activins and
subsequently blocks their action. It was reported that
blockade of the action of activin with administration of
follistatin accelerates recovery from ischemia renal injury.
This study was conducted to investigate the involvement
of the activin—follistatin system in hepatic ischemia-
reperfusion injury.

Methods Total hepatic ischemia for 30 min was per-
formed followed by reperfusion in a rat model. Rats were
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divided into two groups: a follistatin group and a control
group. Follistatin (1 pg/body), which is an activin-binding
protein, was administered at the time of reperfusion.
Results Though 80% of animals survived in the follistatin
group, four of five animals died in the control group within
3 days after reperfusion (p < 0.05). AST was significantly
lower at 3 h after reperfusion in the follistatin group
(p < 0.05). LDH was also lower at 6 h after reperfusion in
the follistatin group (p < 0.05). Follistatin inhibited the
mRNA expression of the SA subunit of activin. Moreover,
the expression of IL-6, which is an inflammatory cytokine,
was suppressed at 6 h after reperfusion in the follistatin
group (p < 0.05).

Conclusions The present study demonstrated that treat-
ment with follistatin reduced the expression of IL-6 and
activin resulting in beneficial support for hepatic ischemia-
reperfusion injuries.

Keywords Hepatic ischemia-reperfusion injury -
Follistatin - Activin - Cytokine

Introduction

Ischemia-reperfusion injury (I/R) has been demonstrated in
a variety of clinical settings, such as in a myocardial
infarction [1], stroke [2], and organ transplantation [3]. The
possible consequences of injury caused by I/R include both
primary organ failure and/or secondary multi-organ system
failure that eventually lead to mortality [4]. Moreover, /R
injuries to the liver are of clinical importance in humans
after hemorrhagic and cardiogenic shock, liver surgery, or
liver transplantation [5]. Hepatic ischemia-reperfusion
injury is a complex, multifactorial pathophysiologic pro-
cess. In the early stages of reperfusion, endothelial cell
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swelling, vasoconstriction, leukocyte entrapment, and
platelet aggregation within the sinusoids result in failure of
the microcirculation. Consequently, activation of nuclear
factor-xB in the liver promotes proinflammatory cytokine
and adhesion molecule synthesis. These reactions cause
oxygen- derived free-radical production and neutrophil
recruitment, further contributing to cellular injury. Many
studies have been carried out to understand the underlying
mechanisms and sequences in an attempt to determine an
ideal treatment for the prevention of both primary and
secondary tissue injuries caused by ischemia reperfu-
sion [4].

Follistatin is an activin-binding protein. This protein
stoichiometrically binds to activins and blocks their action.
Follistatin is expressed on the surface of the target cells of
activins by binding to the extracellular matrix. Activins are
members of the transforming growth factor-f (TGF-f)
supergene family [6, 7]. Among them, activin A, whichisa
homodimer BA subunit of activin, is an autocrine growth
inhibitor produced in hepatocytes and tonically inhibits
proliferation of hepatocytes [8, 9]. After partial hepatec-
tomy, the expression of the fA subunit of activin abruptly
drops [9, 10]. The expression of the SBA subunit then
increases gradually at 12-24 h after hepatectomy and
remains elevated until the liver regeneration is terminated.
The actions of activins are modified at several levels by
various factors. Activins trapped by follistatin are inter-
nalized by endocytosis and subsequently degraded by
proteolysis. It was reported that follistatin induces imme-
diate deoxyribonucleic acid (DNA) synthesis in the rem-
nant livers of 90% hepatectomized rat [11].

It was reported that blockade of the action of activin
with administration of follistatin accelerates recovery from
ischemia renal injury by accelerating regeneration after
ischemia [12]. Activin was reported to support neuronal
survival or neural differentiation in stroke injury [{3].
However, there are no reports about the effect of follistatin
on hepatic ischemia-reperfusion injuries. Therefore, in this
study we evaluated the role of follistatin on hepatic
ischemia-reperfusion injuries.

Materials and Methods
Animals

Male Wistar rats (180-220 g, Charles River Inc., Japan)
were used after 7 days of acclimation to the animal room.
The animals were allowed free access to water and stan-
dard laboratory chow ad libitum. They were fasted for 12 h
before surgical procedure. The present study was con-
ducted in compliance with the Division for Animal
Research Resources, Institute of Health Biosciences, the
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University of Tokushima. The experiments and procedures
were approved by the Animal Care and Use Committee of
the University of Tokushima.

Experimental Operation Procedure
of Ischemia-Reperfusion Model

The animals were randomly divided into two groups: a
follistatin group (n = 31) and a control group (n = 31).
The animals were anesthetized by inhalation with diethyl
ether. A midline incision was made and the liver exposed.
Total hepatic ischemia was induced by clamping the
hepatoduodenal ligament. After 30 min of total hepatic
ischemia, the clamp was removed to initiate hepatic
reperfusion. At the indicated times (0, 3, 6, 12, and 24 h)
after reperfusion, animals were killed (n = 5 each) for
collection of serum and liver tissue.

Administration of Follistatin

After total hepatic ischemia and reperfusion, the cecum
was washed out from the peritoneal cavity and the ileocolic
vein was stretched. In the follistatin group, 1 mg of
recombinant human follistatin, as in the previous study,
dissolved in 0.5 ml of physiological saline, was infused
into the portal vein via the ileocolic vein. The same volume
of saline was infused in the control group [8, 14]. As
previously described, a significant amount of recombinant
human follistatin remained in the liver after intravenous
infusion [&].

Survival Study

Six rats in the each group were used for the survival study.
Rats that had lived for more than 4 days after reperfusion
were considered to be survivors.

Histological Analysis

Liver tissue was fixed in 10% neutral buffered formalin,
embedded in paraffin, and cut serially into 5-pum sections.
The hematoxylin and eosin (H&E)-stained sections were
evaluated at 200x magnification.

Biochemical Analysis

To evaluate the liver injury at each time point, the levels
of serum aspartate aminotransferase (AST), serum alanine
aminotransferase (ALT), and lactate dehydrogenase (LDH)
were measured using the Japan Society of Clinical
Chemistry standardization matching method. All mea-
surements were performed by Shikoku Chuken, Inc.
Kagawa, Japan.
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RT-PCR for IL-6, IL-10, Activin A, and Activin SC

At each time after reperfusion, the messenger ribonucleic
acid (mRNA) expression levels of interleukin-6 (IL-6),
IL-10, activin BA, and activin fC were evaluated by
reverse transcriptase-polymerase chain reaction (RT-PCR).
Total ribonucleic acid (RNA) was extracted from 30 mg of
rat liver tissue using RNeasy Mini Kit (QIAGEN, Hilden,
Germany). The amount of purified RNA was measured by
ultraviolet (UV) spectroscopy at 260 nm, and its purity
was determined by calculating the ratio of absorbance at
260/280 nm. Using 1 pg of total RNA isolated from each
sample, synthesis of complementary deoxyribonucleic acid
(cDNA) was carried out with M-MLYV reverse transcriptase
(Promega Co., Madison, WI). RT reactions were conducted
in the presence of 25 pmol/pl random hexamer, RT
5 x reaction buffer, 2.5 mM dNTP Mix (GeneACT, Inc.,
Kurume, Japan), RNase inhibitor (Promega Co., Madison,
WI), and reverse transcriptase in a final volume of 20 pl;
reactions were conducted at 42°C for 60 min. PCR was
carried out in the final volume of 20 pl containing 2 pl of
cDNA, 1 x PCR buffer containing 20 mM of MgCI2
(Roche Applied Science, Basel, Switzerland), 2.5 mM of
dNTP mix (GeneACT, Inc., Kurume, Japan), each specific
primers and 1 unit of FastStart Taq DNA polymerase
(Roche Applied Science, Basel, Switzerland). PCR was
performed under the conditions shown in Table 1. PCR
products were separated and stained in 2% agarose gels
mixed ethidium bromide solution (10 mg/ml). After the
electrophoresis and photographing, the data were analyzed
using the public-domain Imagel] software (Version 1.34;
developed at U.S. National Institutes of Health).

Statistical Analysis

All results were expressed as mean values & standard
deviations (SD). Comparisons between the two groups
were performed with Student’s ¢ test, Mann—Whitney
U test, or log-rank test for survival. Survival rate between
groups of animals was compared using the log-rank test for
comparison of survival curves. A p value of less than 0.05
was considered statistically significant.

Results
Survival of Animals

Four days after the experimental operation, the survival
rate was significantly better in the follistatin group com-
pared to the control group (n = 6 each) (Fig. 1). Four of
six died in the control group within 12 h after reperfusion.
The survival rates 1 week after reperfusion were 17% in
control group and 82% in the follistatin group.

Effects of Follistatin on Hepatocellular Injury Induced
by Ischemia Reperfusion

Hepatocellular injury was evaluated by measuring the liver
enzymes (AST, ALT, and LDH). In the follistatin group,
AST at 3 h, ALT at 3 h, and LDH at 3 h after reperfusion
showed a significantly decrease in follistatin group com-
pared to the levels in the control group (1,004 £ 320 vs.
2,689 + 1225; p < 0.05, 558 £ 116 vs. 2,118 4= 1,193:
p <0.05, 5730 £ 2,178 vs. 11,325 + 3,105; p < 0.05)
(Fig. 2). AST at 6 h and LDH at 6 h after the reperfusion
tended to be lower in the follistatin group than the control
group (1,231 4226 vs. 1,617 & 349; p < 0.1, 2,472 +
1,661 vs. 8,393 + 5,840; p < 0.1). This suggests that fol-
listatin may protect hepatocellular injury in the early phase
of ischemia reperfusion.

Histological Assessment of Ischemia-Reperfusion
Injury

In the control group, hepatocellular ballooning was shown
in the peri-central area followed by 3, 6, and 12 h of
reperfusion (Fig. 3a—). In the follistatin group, the
occurrence of hepatocellular ballooning in the peri-portal
area was reduced compared to the control group followed
by 3, 6, and 12 h of reperfusion (Fig. 3e—g). In the control
group, hepatocellular necroses were shown in peri-central
area at 3 and 6 h after reperfusion. At 12 h after repertu-
sion, the necrotic area was increased and shown in peri-
central area (Fig. 3d). On the other hand, almost normal
structures were shown in the follistatin group after 12 h of

Table 1 Sequence of synthetic

oligonucleotide primers and Gene Primer sequence Size (bp)
expected fragment sizes of PCR 1 ¢ 5-GAG GAT ACC ACC CAC ACC AGA CCA GTA-3' 525
products in the rat
5'-GGT TTG CCG AGT AGA CCT CAT AGT GAC-3¥
IL-10 5'-TGC CTT CAG TCA AGT GAA GAC-3' 346
5'-AAA CTC ATT CAT GGC CTT GTA-3'
Activin A 5'-GAG AGG AGT GAA CTG TTG CT-3’ 605
5'-TAC AGC ATG GAC ATG GGT CT-3'
Activin SC 5'-CCA TAT GAC ACC AAC CTC ACC-3 543
5'-GAC AAT GTT GCT GTC CCT GTC-3
@ Springer
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Fig. 1 Survival after ischemia reperfusion. Five of six animals in the 2000
control group died during 3 days after reperfusion, whereas survival i
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reperfusion (Fig. 3i). 0.
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The highest expression of IL-6 was observed at 6 h after 14000
reperfusion in the control group (Fig. 4a). Administration 12000 1
of follistatin significantly reduced the IL-6 response at 10000 -
6 h after reperfusion (0.075 £ 0.025 vs. 0.926 + 0.336; z 8000 |
p < 0.05). After 12 h of reperfusion, there was no signifi- -1 6000 -
cant difference in IL-6 between the two groups. The levels 4000 4
of IL-10, which is an anti-inflammatory cytokine, increased 2000 |
at 6 h after reperfusion in both groups, but there were no ol
o 3 6 12 24

significant differences between the two groups (Fig. 4b).
Expression of Activin Subunits

Expression of the SA subunit of activin was significantly
reduced at 6 h after reperfusion in the follistatin group
(0.344 £ 0.204 vs. 0.841 £ 0.206; p < 0.05) (Fig. 5a).
However, the expression of the SC subunit of activin
showed no significant difference in two groups after 12 h
reperfusion. The mRNA expression of the fC subunit of
activin showed no significant difference due to adminis-
tration of follistatin (Fig. 5b).

Discussion

Ischemia-reperfusion injury of the liver is clinically rele-
vant in hepatic resectional surgery, live transplantation, and
hemorrhagic shock [5]. In the present study, we examined
the effects of follistatin on liver ischemia-reperfusion
injury. The overall results demonstrate that administration
of follistatin reduces the liver damage caused by ischemia

@_ Springer
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Fig. 2 Inhibition of hepatic enzyme release. Rats were given infusion
of follistatin (black bar) or saline solution (white bar) at the time of
reperfusion. Serum aspartate aminotransferase (AST) levels (a),
serum alanine aminotransferase (ALT) levels (b), and lactate
dehydrogenase (LDH) levels (c), were measured at the indicated
time points. Values are mean £ SEM, *p < 0.05, **p < 0.1 versus
saline solution

reperfusion with a resultant improvement of survival. This
is the first study that examines the role of follistatin in liver
ischemia-reperfusion injuries, though the number of ani-
mals included in this study was relatively small.

Activin A is an autocrine-negative regulator of DNA
synthesis in hepatocytes. In addition, activin A also regu-
lates the functions of non-parenchymal cells. For example,
activin A augments tubulogenesis of sinusoidal endothelial
cells, and the collagen production in hepatic stellate cells is
stimulated by activin A. This is an important role of activin
A because reconstruction of the hepatic sinusoid is critical
for the reorganization of the liver architecture during liver
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Fig. 3 Histology of the liver
after ischemia reperfusion.
Liver specimens were obtained
and H&E staining was
performed for 3, 6, 12 h
reperfusion in the control group
(a—c photographs are at 100x
magnification) and in the
follistatin group (e—g
photographs are at 100x
magnification). d, h H&E-
stained histology for 12 h
reperfusion in the control group
and the follistatin group
(photographs are at 200x
magnification). i Necrosis index
was calculated. Results were
expressed as the ratio of the
necrotic area to the whole area
in high-power fields (200x
magnification)
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Fig. 4 Effect of follistatin to ischemia reperfusion on expressions of
cytokines

regeneration. Blockade of activin action by administration
of follistatin accelerates liver regeneration after partial
hepatectomy [8, 9]. In ischemia-reperfusion injury, it was
reported that TGF-f; protects the heart from ischemia-
reperfusion injury. TGF-f inhibits tumor necrosis factor-o
(INF-«) release and improve endothelium-dependent
relaxation, and preserve of reactive oxygen species (ROS)
generation. Moreover, TGF-f§ suppresses expression of
Matrix metalloproteinase-9 (MMP-9) and MMP-12 in
monocytes and macrophages induced by cytokines, such as
IL-1 and TNF-g, results in the protection of myocardium
from the adverse effects of ischemia reperfusion and
improvement of cardiac function. In cerebral ischemia-
reperfusion injury, it was reported that activin protects
neurons from ROS induced toxicity. On the other hand, in
renal ischemia reperfusion, levels of mRNA for the A
subunit of activin were up-regulated at 12 h after ischemia
[5]. Maeshima et al. reported that follistatin accelerated
renal regeneration and attenuated histological changes and
improved renal function in renal ischemia [12].

In this study, we examined the effects of administration
of follistatin on hepatic ischemia-reperfusion injury. The
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Fig. 5 mRNA changes after ischemia reperfusion. Quantitative real-
time PCR reveals an increase in mRNA for a activin fA subunit and
b activin fC subunit. Values are mean + SEM, *p < 0.05, ¥¥p < 0.1
vs. saline solution

present study showed that the administration of follistatin
down-regulated mRNA for SA subunit of activin and
improved the liver function and survival rate. These results
suggested that the acceleration of regeneration induced by
exogenous follistatin after ischemia-reperfusion injury
resulted in the beneficial effects in hepatic ischemia
reperfusion.

Inflammation is also considered to be one of the most
important causes of tissue injury in organs subjected to
ischemia. Recent studies have suggested a novel role for
activin in inflammation and repair processes in various
organs [l4-17]. For example, increased expression of
activin was observed in various types of inflammatory
processes, including cutaneous wound repair and inflam-
matory arthropathies. The level of activin expression cor-
related with the degree of inflammation in inflammatory
bowel disease. Strong expression of activin A was induced
in vitro by proinflammatory cytokines such as interleukin-1
and tumor necrosis factor-o (TNF-a), which are known
to be released from macrophages and stromal cells at the
sites of tissue injury and inflammation [18]. Therefore,
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proinflammatory cytokines are possible inducers of activin
expression in this model. Regarding the action mechanism
of activin, the release of activin into the circulation
precedes the release of proinflammatory cytokines after
lipopolysaccharide (LPS) treatment, suggesting a proin-
flammatory action of activin [16]. Activin A is released
into the circulation at very acute phase in response to LPS.
Activin A is capable of stimulating the production of the
pro-inflammatory cytokines TNF-o and IL-1f. It was
reported that administration of follistatin decreased relea-
ses of TNF-o. and IL-15 by blocking the action of the
activin [19]. In contrast, activin A produces anti-inflam-
matory effects by blocking the action of IL-6. It was
reported that activin A significantly stimulated production
of IL-6 at lower concentration, while at higher concentra-
tion production of IL-6 was significantly inhibited in
human amnion calls [20]. On the other hand, IL-6 level was
also significantly lower with follistatin treated group in
colitis model of mouse [21]. In this study, administration of
rh-follistatin reduced expression of IL-6 after ischemia
reperfusion. This suggests that rh-follistatin may exert an
anti-inflammatory action by blocking activin in hepatic
ischemia reperfusion.

Finally, our results suggest a novel and important role of
follistatin in the repair process of the hepatic ischemia-
reperfusion injury. It is reported that it is acceptable to give
1 ug ~ 1 mg/kg of follistatin to human (patent; JP,
4483276, B). However, the safety and toxicity of this drug
for human use has not been revealed completely. So, we
need clinical trials to determine the safety, proper dosage,
efficacy, and adverse reactions of this drug. Follistatin has
therapeutic potential for the prevention and treatment of
hepatic damage leading to acute liver failure.
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