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Abstract

Background Preoperative portal vein embolization (PVE) induces shrinkage of the embolized lobe and compen-
satory regeneration in the non-embolized lobe, but does not always induce sufficient regeneration of the future
remnant liver (FRL). We previously developed preoperative sequential PVE-hepatic vein embolization (HVE), and
here we present our experience of treating 42 patients with sequential PVE-HVE.

Methods During 8-year study period, preoperative PVE-HVE was performed on 42 patients with hepatobiliary
malignancies.

Results Primary diseases were bile duct cancers [perihilar cholangiocarcinoma (n = 33) and diffuse bile duct cancer
(n = 1)], hepatocellular carcinomas (n = 4), and intrahepatic tumors [intrahepatic cholangiocarcinoma (n = 3) and
gallbladder cancer liver invasion (n = 1)]. These patients demonstrated insufficient FRL regeneration following PVE,
thus HVE was performed to induce further regeneration. No PVE-HVE procedure-associated complications occurred.
In the bile duct cancer group, FRL volume was 33.9 + 2.2 % before PVE, 38.4 & 1.5 % before HVE, 43.7 + 2.1 % at
surgery, and 73.6 + 8.3 % at 2 weeks after right hepatectomy. The degree of FRL hypertrophy was 13.3 % after PVE,
28.9 % after PHV-HVE, and 117.1 % at 2 weeks after right hepatectomy. All patients except one recovered
uneventfully after surgery, and the 3-year patient survival rate was 45.1 %. In the HCC group, transarterial
chemoembolization was initially performed and FRL regeneration following PVE-HVE occurred very slowly. Active
FRL regeneration occurred in the liver tumor group, but rapid tumor growth was observed in 1 of 4 patients.
Conclusion The sequential application of HVE following PVE safely and effectively induces further FRL regen-
eration in non-cirrhotic livers. Further validation using larger patient population and multicenter studies is needed to
reliably widen the indications.
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Introduction

Preoperative embolization of the portal vein (PV) induces
shrinkage of the embolized lobe and compensatory regen-
eration in the non-embolized lobe, but does not always
sufficiently induce liver regeneration [1, 2]. Its main
underlying causes include liver cirrhosis that innately
limits regenerative capability and incomplete blockade of
PV flow due to minute residual flow or intrahepatic
shunting/collateral formation [3]. Because nearly no
effective method is available that accelerates liver regen-
eration in addition to PV embolization (PVE) [4-6], we
developed the concept of sequential ipsilateral hepatic vein
embolization (HVE). Our early experiences of treating the
first 12 patients who underwent preoperative sequential
PVE-HVE were reported in 2009 [3].

Since then, preoperative sequential PVE-HVE for major
hepatectomy has been sporadically reported [7, 8], but no
high-volume studies existed yet. We have gradually accu-
mulated more experience and here we present the results of
42 patients who underwent preoperative sequential PVE—
HVE for major hepatectomy.

Patients and methods
Study design

This is a retrospective review of 42 patients, which
includes the initial 12 patients who were enrolled in the
preliminary prospective clinical trial [3] and additional 30
patients as a part of an ongoing continuation study. These
42 patients underwent preoperative sequential PVE-HVE
between February 2007 and December 2013. It occupied
about 10 % of overall PVE cases during the study period.
They were followed up for >12 months until December
2014 or until patient death.

In this study, we intended to primarily assess the
regeneration of the future remnant liver (FRL) following
PVE-HVE, regarding on degree of hypertrophy and kinetic
growth rate (KGR). In addition, we analyzed the onco-
logical influence of PVE-HVE on long-term patient sur-
vival and tumor recurrence. The degree of FRL
hypertrophy was defined as the volume percentage differ-
ence between the FRL volume before and after PVE and
HVE. The KGR was calculated as degree of hypertrophy at
first post-PVE volume assessment (%) divided by time
elapsed since PVE and HVE (weeks) at first post-procedure
volume assessment [9].

The initiation of this study was registered to Clini-
calTrials.gov (identifier: NCT00698880) and the mainte-
nance study was approved by the institutional review board
of our institution.

Patient selection

The indications for right PVE included patients waiting
for right hepatectomy or more extensive liver surgery for
hepatobiliary malignancy, but demonstrating a small FRL
<40 % of the total liver volume (TLV) on computed
tomography (CT) volumetry [3, 10-12]. Patients with
large liver tumors were not usually indicated because their
parenchymal hepatic resection rate (PHRR) excluding
tumor volume was usually <60 % and FRL volume

>40 % of TLV. PVE was performed on patients with
obstructive jaundice, in general, when the total serum
bilirubin level was approximately 5 mg/dL [10, 13], but
the threshold was often intentionally raised to around
7 mg/dL in order to provide a longer waiting period after
PVE and HVE.

If FRL volume is expected to be <40 % of TLV at
2-3 weeks following PVE, these patients were primarily
indicated for ipsilateral HVE because delayed liver
regeneration after 2 weeks usually occurs very slowly in
such patients (post-2 week KGR was <2 % per week).
Hepatocellular carcinoma (HCC) developed in cirrhotic
livers was not usually indicated for HVE because the
short-term FRL regeneration following HVE was negli-
gibly low (usually KGR <1 % per week during the first
month).

At first, we had waited for 2 weeks after PVE to perform
additional HVE. A preliminary study was performed to
assess the degree of FRL hypertrophy in 20 patients of
perihilar cholangiocarcinoma who underwent right PVE.
On weekly CT follow-up, the KGR values during the first,
second, and third weeks were 5.6 &= 2.1, 2.8 £ 1.3, and
1.9 &+ 1.1 %, respectively. This result indicates that 54 %
of FRL regeneration occurs during the first week in the
waiting period of 3 weeks. Thereafter, post-PVE waiting
period was shortened to 1 week because we were able to
reliably predict the liver regeneration rate at 2 and 3 weeks.
Our primary intention was to shorten the overall preoper-
ative waiting period from the viewpoint of surgical
oncology. Briefly, the indication for HVE was FRL <40 %
of TLV with relatively low KGR after PVE. Patients who
had small FRL despite marked PV stenosis from tumor
invasion were indicated for HVE alone without precedent
PVE.

Surgery was scheduled just after the 2-week post-HVE
CT scan was performed. The overall waiting period from
PVE to surgery was set to be <4 weeks in order to mini-
mize the risk of potential tumor progression. During this

@ Springer



2992

World J Surg (2015) 39:2990-2998

A HV B
)A PVE 1\
ZN
HA /\ PV
HVE HVE

C D c;\r;; raalls
j/x/:g

Fig. 1 Hemodynamic changes according to vascular embolizations.
a Normal hepatic sinusoidal flow. b Hemodynamic changes after
occluding only the portal vein: hepatic arterial flow increases due to
buffering effects. ¢ Hemodynamic changes after occluding the
hepatic vein alone: the portal vein drains the hepatic arterial flow.
d Simultaneous occlusion of the portal vein and hepatic vein: there
is nearly no portal vein flow due to low perfusion pressure, and
hepatic artery flow also decreased but drained into the intrahepatic
arterial collaterals. HV hepatic vein, PV portal vein, HA hepatic
artery, HVE hepatic vein embolization, PVE portal vein
embolization

waiting period, we performed triphasic dynamic liver CT
scans every week to evaluate the changes in FRL volume
and tumor progression.

PVE and HVE procedures

The PVE procedure was previously described, in which a
gamut of embolic materials, including coils, gelfoams,

liquid agents (e.g., polyvinyl acetate), and Amplatzer vas-
cular plugs, were used alone or in combination [14-16].
The HVE procedure was also previously presented in detail
[3, 14, 17], in which an Amplatzer vascular plug was
placed at the proximal portion of the right hepatic vein
(RHV) to prevent accidental migration of the embolization
coils. Intrahepatic hemodynamic changes following PVE
and HVE are illustrated in Fig. 1, in which the right hepatic
arterial blood flow was drained into the RHV after PVE,
into the left portal vein after HVE alone, and into the
arterial collaterals after PVE-HVE.

Statistical analysis

Numeric data are reported as the mean with standard
deviation, or as the median with range. Continuous vari-
ables were compared using unpaired and paired ¢ tests.
Survival curves were estimated using the Kaplan—Meier
method. A p < 0.05 is considered statistically significant.
Statistical analyses were performed using SPSS (version
20; IBM) and Statistica (version 6.0; StatSoft, OK).

Results

Indication of HVE and patient grouping according
to primary diagnoses

During the 8-year study period, 42 patients underwent
HVE after PVE. The patient population consisted of 28
men and 16 women with a mean age of 65.2 &+ 8.5 years
(range 43-76). Their primary diagnoses were perihilar

Fig. 2 Processes of patient H
grouping and preparzﬁory 42 p atients
procedures for major l \
hepatectomy. HCC
hepatocellular carcinoma, PVE Bile duct cancer HCC group Intrahepatic tumor
portal vein embolization, HVE group (n=34) (n=4) group (n=4)
hepatic vein embolization, PV
portal vein, TACE transarterial 1/ \ l l
chemoembolization PVE PV stenosis TACE PVE
(n=31) /(n=3) (n=4) (n=4)
\
HVE PVE HVE
(n=34) /(“=< (n=4)
/ \ TACE — HVE —TACE
No Surgery (n=2) (n=4)  (n=1)
surgery (n=32)
(I’l=2)/ X \ / \ [
Non- Non- Pre-planned Pre-planned Pre-planned
resection hepatectomy hepatectomy surgery hepatectomy  hepatectomy
(n=2)  resection (n=2)  (n=28) (n=1) (n=3) (n=4)

@ Springer



World J Surg (2015) 39:2990-2998

2993

Fig. 3 Computed tomography
(CT) findings of intrahepatic
hemodynamic changes
following right portal vein
embolization (PVE) and right
hepatic vein embolization
(HVE) in a patient with perihilar
cholangiocarcinoma. a Before
PVE, no abnormal arterial
perfusion was identified; b At
7 days after PVE, enlargement
of the right hepatic artery was
identified on the arterial-phase
CT and delayed increase of
arterial perfusion was also
observed in the portal-phase CT.
Peripheral portal vein branches
of the right liver was completely
filled with gelfoams and the
proximal portion was plugged
with multiple coils; and ¢ At
12 days after HVE, a wedge-
shaped area of arterial
hyperperfusion (arrow) was
identified at the right anterior
section on the arterial-phase CT
and prominent increase of
arterial perfusion (arrow) was
also observed in the portal-
phase CT. These findings
support that the right hepatic
arterial blood flow is drained
through the intrahepatic arterial
collaterals in the adjacent
hepatic segments

cholangiocarcinoma (n = 33), HCC (n = 4), intrahepatic
cholangiocarcinoma (rn = 3), gallbladder cancer (n = 1),
and diffuse bile duct cancer (n = 1). The primary reasons
for additional HVE were insufficient FRL volume after
PVE (FRL <40 % of TLV) in 39 patients and marginal
FRL volume (FRL around 40 % of TLV) with anticipated
additional risk from hepatopancreatoduodenectomy
(n = 2) and major comorbidities due to traffic accident-
associated paraplegia (n = 1). After performing a prelim-
inary prospective clinical trial with 12 patients [3], we
recognized that the clinical sequences following preoper-
ative sequential PVE-HVE differed depending on the
background liver status and primary diseases. Thus, we
divided our patients into 3 groups: bile duct cancer group
(n = 34), HCC group (n = 4), or intrahepatic tumor group
(n = 4). Detailed results are presented according to these
groups (Fig. 2).

HVE procedure and complications

Preoperative sequential PVE-HVE was performed on the
right liver in 41 patients and the left liver in 1 patient. One

Arterial phase

ase

Portal ph

patient underwent repeat PVE procedures due to PV
recanalization. During embolization of the RHV, the infe-
rior RHV branch was concurrently embolized in 22
patients (53.7 %). As previously reported [3], the middle
hepatic vein (MHV) trunk was erroneously embolized in 1
patient, and surgery was abandoned due to small FRL and
rapid tumor progression. Erroneous MHV embolization
also happened later in another patient, but we overcame
this situation by performing extended right hepatectomy
after additional RHV embolization. Thereafter, we have
used portable angiographic CT during angiographic inter-
vention, by which we could select the RHV trunk securely.

No significant complications that required blood trans-
fusion or intervention occurred after PVE or HVE proce-
dure. Following HVE, accidental migration of the
embolization coil into the heart or lung did not occur in any
patient. Seventeen patients (40.5 %) developed transient
symptoms and signs after HVE, including mild abdominal
pain, low-grade fever, and nausea. All of these symptoms
are very similar to those observed after PVE.

The peak blood levels of the liver enzymes increased
more following HVE than PVE [88.2 £ 33.7 [U/L vs. 52.3 £
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Fig. 4 Comparative increase in future remnant liver (FRL) volume
to total liver volume (TLV) following right portal vein embolization
(PVE), right hepatic vein embolization (HVE), and right liver
resection in 24 patients with perihilar cholangiocarcinoma. FRL
volume before PVE was used as the baseline denominator volume

223 IU/L, respectively, for aspartate aminotransferase
(p = 0.000); 93.5+£49.11U/L vs. 62.1 £29.8IU/L,
respectively, for alanine aminotransferase (p = 0.001)], indi-
cating that HVE induced further tissue damage of the right liver
after PVE. Immunohistochemistry showed that apoptosis
occurred much more in the liver area affected by both PVE and
HVE than in that affected by PVE alone [3]. No patient
demonstrated any unusual deterioration in liver function after
preplanned major hepatectomy.

The hepatic parenchyma territory involved in both PVE
and HVE was meticulously examined through weekly
dynamic liver CT scans in afraid of risk of hepatic necrosis.
We measured the diameter of the right hepatic artery
before and 1 week after PVE and HVE in 31 patients of
perihilar cholangiocarcinoma. The mean diameter increase
was by 64 £+ 15 % at 1 week after PVE. Simple calcula-
tion of post-PVE right hepatic artery blood flow resulted in
269 % of the pre-PVE blood flow, thus arterial blood flow
to the right liver was 2.7 times increased. At 1 week after
HVE, the mean diameter increase was by 71 + 18 % of
pre-PVE size and blood flow was 2.9 times increased
comparing with the pre-PVE state.

In all patients, intrahepatic arterial collateral perfusion
was definitely identified at the right anterior section and
noticeable hepatic necrosis was barely observed (Fig. 3).
This development of intrahepatic arterial collaterals
might contribute to prevention of extensive hepatic
Necrosis.

In the overall 42 patients of this study, there was only
one case of mortality within first 3 months after surgery.

@ Springer

Outcomes in the bile duct cancer group

Bile duct cancer without evidence of liver cirrhosis was the
main indication for PVE-HVE, and thus 34 patients with
perihilar cholangiocarcinoma (n = 33) or diffuse bile duct
cancer (n = 1) received preoperative PVE-HVE. Preop-
erative biliary decompression was performed on 28
patients (82.4 %). The total serum bilirubin level was
5.6 £ 2.3 mg/dL (range 1.2-8.8) at PVE, 3.4 + 1.8 mg/dL
(range 1.0-5.8) at HVE, and 1.9 £+ 1.3 mg/dL (range
0.9-3.4) at surgery. Of these 34 patients, 3 patients (8.8 %)
did not undergo PVE because the right PV was severely
stenotic due to tumor invasion at the time of diagnosis;
thus, PVE was unnecessary or infeasible and only HVE
was performed.

HVE was performed 11.5 £ 6.7 days (median 9 days;
range 6-34) after PVE. Right and left HVE were performed
in 33 and 1 patient, respectively. As already mentioned,
2 patients erroneously received MHV embolization, and
one of them also additionally underwent RHV emboliza-
tion (and thus received RHV-MHV embolization). Left
HVE consisted of concurrent embolization of the left
hepatic vein and MHV. While waiting to undergo surgery
after HVE, 2 patients abandoned surgery due to low FRL
regeneration, low KGR (mean KGR per week <2 % for
first 3 weeks), and rapid tumor progression. Finally, 32
patients underwent surgery 16.7 £ 8.4 days after HVE
(median, 15; range 8-44), which corresponds to
2777 £ 9.7 days after initial PVE (median, 26; range
14-52). Three patients (9.4 %) had to wait >4 weeks after
HVE due to the insufficient resolution of obstructive
jaundice or repeated cholangitis.

Pre-planned hemihepatectomy was performed on 28
patients (right liver resection in 27 patients and left liver
resection in 1 patient), including hepatopancreatoduo-
denectomy in 2 patients. The caudate lobe with paracaval
portion was completely removed in all cases. In contrast, 2
patients underwent palliative bile duct resection due to far
advanced tumors, and another 2 patients did not undergo
resection due to far advanced tumor (n = 1) and peritoneal
seeding (n = 1). Thus, 28 of 34 patients (82.4 %) suc-
cessfully underwent pre-planned surgery after the
preparatory waiting period of mean 28 days following
PVE-HVE in order to accommodate FRL regeneration
and/or further biliary decompression.

The liver volume changes following PVE, HVE, and
right hepatectomy in the 24 patients who underwent right
hepatectomy are depicted in Fig. 4, with exclusion of 3
patients who had shown PV stenosis by tumor invasion.
The proportion of FRL volume to pre-PVE TLV was
339+ 22 % before PVE, which increased to
38.4 + 1.5 % before HVE, 43.7 &+ 2.1 % at the time of
surgery, and 73.6 £ 83 % at 2 weeks after right
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Fig. 5 Overall survival outcomes of 27 patients with perihilar
cholangiocarcinoma who underwent major hepatectomy with cura-
tive intent after sequential application of portal vein embolization
and right hepatic vein embolization

hepatectomy, indicating that a combination of PVE and
HVE reduced PHRR by 9.8 % (4.5 % from PVE and 5.3 %
from HVE). The degree of FRL hypertrophy was estimated
to be 13.3 % after PVE, 28.9 % after PHV-HVE, and
117.1 % 2 weeks after right hepatectomy. Considering that
TLV also decreased along with right liver atrophy despite
concurrent FRL regeneration (TLV proportion to pre-PVE
baseline TLV was 97.3 4.1 % before HVE and
94.3 + 5.3 % before surgery), the actual PHRR at the time
of surgery further decreased to 53.7 £ 2.8 %.

The 27 patients who survived after right or left hepa-
tectomy were classified as stage I in 3 patients, stage Il in 8
patients, stage IIIA in 3 patients, stage IIIB in 10 patients,
and stage IVA in 3 patients according to the 7th AJCC
TNM staging system. R1 resection was performed in 4
patients. Survival analysis showed that their 1-, 3-, and
5-year survival rates were 96.2, 45.1, and 30.0 %, respec-
tively, with the exclusion of 1 patient due to perioperative
mortality who died of uncontrolled pneumonia on postop-
erative day 28 [3] (Fig. 5).

Outcomes in the HCC group

The HCC group demonstrates two distinguishing features
from other groups, which are additional requirement for
performing transarterial chemoembolization (TACE)
before PVE in order to prevent HCC growth and longer
waiting period after PVE or HVE due to low KGR [18].
Only 1 of 4 patients underwent surgery at 31 days after
initial PVE. Another 1 patient did not undergo surgery due
to near-absent FRL regeneration at 2 months after PVE-
HVE (KGR <1 % per week). The other 2 patients had post-
PVE waiting periods that were more than 6 months, and

right hepatectomy was performed at 43 days and
17 months after HVE, respectively. During the long wait-
ing period following PVE and HVE, they received TACE
to control recurrent HCC lesions. After observing 2
patients for more than 1 year after HVE, the FRL regen-
eration rate was very low and barely noticeable, but the
estimated PHRR was progressively reduced due to the
marked shrinkage of the embolized right liver (actual
PHRR was 51 % in the patient who underwent right hep-
atectomy after 17 months) [3]. All 3 patients who under-
went right hepatectomy postoperatively survived for
>5 years with post-hepatectomy tumor recurrence only in
1 patient.

Outcomes of the intrahepatic tumor group

Patients in the intrahepatic tumor group—including intra-
hepatic cholangiocarcinoma in 3 patients and gallbladder
cancer in 1 patient—differed from other groups, in which
the tumor can grow up along FRL regeneration because
some triggering factors of liver regeneration may provide
stimulatory effects on tumor growth. Primarily due to
hypovascular tumors, TACE was not performed in the
patients of this group unlike HCC group. All patients in this
group demonstrated rapid FRL regeneration (KGR >4 %
per week), which was similar with that observed in the bile
duct cancer group. In a patient with intrahepatic cholan-
giocarcinoma, overt tumor growth within the shrunken
right liver was observed while the contralateral FRL was
rapidly regenerating after PVE and HVE. This patient had
multiple tumors and lymph node metastasis, thus survived
11 months after right hepatectomy. In contrast, the other 2
patients with intrahepatic cholangiocarcinoma did not
demonstrate noticeable tumor progression after PVE-HVE:
one patient died after 16 months due to lymph node
metastasis, and the other patient survives without tumor
recurrence for 2 years. Another patient with advanced
gallbladder and liver invasion and lymph node metastasis
also did not demonstrate tumor growth after PVE-HVE
and survived 28 months after extended right hepatectomy.
Therefore, 3 of 4 patients with intrahepatic tumor did not
demonstrate noticeable tumor growth during active regen-
eration of the contralateral liver. No patient demonstrated
tumor recurrence in the remnant left liver within 6 months
after hepatectomy, implicating the absence of intrahepatic
metastasis at the FRL.

Discussion
The FRL regeneration rate following right PVE is

approximately 10 % of TLV after 2—4 weeks [3], and thus
the FRL significantly enlarges. We demonstrated that the
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KGR value was peak at the first week, and then decreased
along time passage. This unique phenomenon can be called
“interlobar volume shifting” depending on the changes in
PV blood flow [1, 2, 19-21]. However, such interlobar
volume shifting does not uniformly occur in all human
livers, probably due to different intrahepatic hemodynam-
ics (e.g., intrahepatic PV shunting and collateral formation)
and concurrent liver diseases (e.g., liver cirrhosis and
unresolved obstructive jaundice with cholangitis) [3, 21].
Impaired post-PVE liver regeneration or low KGR is
associated with a higher risk for post-hepatectomy liver
failure or dysfunction, especially in patients with liver
cirrhosis [9, 18]. The underlying mechanisms of PVE-as-
sociated effects are complex and associated with various
mediators, including inflammatory cytokines, vasoregula-
tors, growth factors, eicosanoids, and several hormones [1,
2]. We previously reported that persistence of minute PV
flow, concurrent liver cirrhosis, prominent arterial hyper-
perfusion, and incomplete biliary drainage -clinically
impede contralateral liver regeneration following PVE [3,
10, 22].

However, in practice, except for liver cirrhosis, the
most common cause of insufficient FRL regeneration may
be the incomplete interruption of PV blood flow. Even if
the first-order PV branch is completely occluded, the
distal minute PV branches can be refilled by arteriovenous
shunting. Such retrograde PV filling is often noticeable,
especially when the distal PV branches are not completely
occluded with embolic materials. Because absolute alco-
hol, which is also used for sclerotherapy, can extensively
destroy the endothelia of all peripheral PV branches and
thereby cause adverse local tissue effects, it can more
effectively induce PV flow occlusion than other less
irritating embolic materials [23, 24]. Local preferences
appear to dictate the choice of embolic material, as there
are no clear data that support a superior choice among the
gamut of embolic materials available for treating PVE
[25].

Hemiliver damage due to sequential PVE-HVE was
well tolerated in all patients in our present series. Dete-
riorated hepatic function following HVE was not evident,
similar to what is seen after PVE alone. The main
mechanism to induce parenchymal atrophy in the embo-
lized liver area is apoptosis [3]. In our 7 patients who did
not undergo liver resection, no noticeable adverse effects,
such as liver abscess, cholangitis, or necrosis, occurred
during the >1-year follow-up period or until patient death.
Such PVE-HVE-associated safety is ensured probably
due to the persistence of arterial perfusion at the territory
of PVE-HVE. This is the first study to demonstrate overt
development of intrahepatic arterial collaterals in the
situation of PVE-HVE. No accidental migration of
embolization coils into the cardiopulmonary system

@ Springer

occurred, most likely probably due to the application of
preventive measures such as the prior placement of a large
vascular plug.

We experienced 2 patients who erroneously received
embolization of the MHV instead of RHV. Such wrong
HVE can happen in any institution. Surgery was performed
on 1 patient who had undergone additional RHV
embolization. Currently, in our institution, we can obtain
angiographic 3-dimensional CT images during angio-
graphic intervention, and thus RHV can be securely dis-
cerned from MHV. Therefore, we believe that preoperative
sequential PVE-HVE is as safe as PVE alone.

At this point, the underlying mechanisms of HVE should
be reviewed. As we previously reported [3], sequential
ipsilateral HVE following PVE further damages the
embolized lobe, facilitating compensatory regeneration in
the contralateral lobe. PVE induces PV flow deprivation
and compensatory arterial hyperperfusion throughout the
entire right lobe. Embolization of the RHV system
including the inferior RHV induces outflow obstruction in
most of the right posterior section and a considerable
proportion of the right anterior section (or about two-thirds
of the right liver volume) [26]. PV flow was nearly com-
pletely inhibited within the territory of RHV drainage, and
arterial flow may also be severely inhibited by outflow
pathway obstruction. Preserving minute arterial flow is
beneficial to preventing ischemic necrosis and the subse-
quent formation of abscess [3, 4]. When only RHV is
occluded does the PV serve as a drainage vein for hepatic
arterial flow, but PV flow also significantly decreases [26].
When the RHV and right PV are concurrently occluded, the
hepatic arterial blood flow of the right liver drains into the
MHV after development of intrahepatic collaterals.
Because of such changes in intrahepatic hemodynamics,
the right posterior section territory is more damaged than
the right anterior section territory [3]. In other words, liver
damage is more severe after HVE following PVE than PVE
alone; thus, additional damage results in the further
regeneration of the contralateral liver.

In total, 27 patients with perihilar cholangiocarcinoma
underwent right hepatectomy, and the regeneration rate of
the FRL volume was 4.5 and 5.3 % of pre-PVE TLV fol-
lowing PVE and HVE, respectively. The regeneration
impact from PVE was lower than expected due to the
shorter post-PVE waiting period during the late phase of
this study. PHRR decreased from 66.1 % before PVE to
56.3 % after HVE. However, TLV also decreased follow-
ing PVE and HVE, and the actual PHRR at the time of
surgery further decreased to 53.7 %. This value implies
that PHRR can be lowered toward 50 % when patients with
not so small FRL undergo sequential PVE-HVE. Previ-
ously, nearly all studies regarding on PVE have used the
pre-PVE TLV as the baseline denominator TLV. In
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contrast, we demonstrated that TLV would be decreased
along with right liver atrophy despite concurrent FRL
regeneration. TLV after PVE-HVE was decreased by more
than 5 % of pre-PVE TLV in this study, thus the actual
PHRR would be further decreased by about 2 %. This
strategy toward 50 % resection can be applied to patients
with major comorbidities, such as the patient with para-
plegia in this study series.

Most patients with limited FRL regeneration after PVE
demonstrated further increases in FRL volume after receiv-
ing sequential PVE-HVE. However, the effect of HVE on
liver volume was much smaller in all 4 patients with viral
hepatitis-associated liver cirrhosis than in patients with non-
cirrhotic livers. Their KGR was usually less than 1 % per
week. After treating the first 3 patients, patients with definite
liver cirrhosis were no longer considered proper candidates
for HVE. However, very slow but progressive liver atrophy
developed in 1 patient after sequential PVE-HVE, and the
patient successfully underwent right hepatectomy for
recurrent HCC at 17 months after HVE.

Artificially inducing FRL regeneration using PVE or
PVE-HVE is effective, but increasing evidence suggests that
such preoperative procedures can stimulate tumor growth
both in the embolized and non-embolized parts of the liver by
altering the blood supply and/or inducing a network of
cytokines and growth factors [27]. Theoretically, rapid FRL
regeneration may cause negative effects on tumor growth
following PVE or PVE-HVE. Such stimulating effects are
more obvious in patients with HCC [28], and thus TACE is
usually performed before PVE [18, 29]. In contrast, no
effective preventive measures are available for hypovascular
tumors, such as intrahepatic cholangiocarcinoma or hepatic
invasion of gallbladder cancer. We noted accelerated tumor
growth in 1 of 4 patients, and thus the indications for PVE or
PVE-HVE should be prudently selected according to the
types of intrahepatic malignancy. In contrast, the bile duct
cancer group demonstrated a 3-year survival rate of 45.1 %.
Considering the high proportion of patients with advanced
tumors, such survival outcomes appear comparable to our
previously reported survival rate of 50.7 % at 3 years after
RO resection in 214 patients with perihilar cholangiocarci-
noma [30].

Unlike PVE experience in Western countries, our
experience on PVE included only a small proportion of
colorectal cancer liver metastasis [9, 11]. We presented
only 5 cases of metastatic liver disease in 79 cases of PVE
during the year of 2006 [3]. It was probably due to its lower
incidence per se as well as anxiousness regarding on PVE-
induced tumor progression [27, 28]. Therefore, no patient
with colorectal cancer liver metastasis was indicated for
PVE-HVE yet in our series.

For colorectal cancer liver metastasis, operative proce-
dures to induce rapid liver regeneration such as associating

liver partition with portal vein ligation for staged hepate-
ctomy (ALPPS) has been attempted in many institutions. In
an European study with 9 centers of 62 cases, FRL volume
was increased by 48.6 % at 7.8 days after the first stage,
but the KGR decelerated beyond 7 days. Major compli-
cation occurred in 40.3 and 12.9 % of patients died [31].
Our PVE-HVE induced 28.9 % hypertrophy of FRL after
PHV-HVE, which is much lower than in ALPPS. Since
ALPPS are often associated with high morbidity rate, it
may be possible to think of PVE-HVE instead of ALPPS,
but we do not think so because they have different indi-
cations. If any tumor is present at the FRL, PVE-HVE is
contraindicated on the oncological basis, thus PVE-HVE is
not valid for multiple intrahepatic lesions of colorectal
cancer liver metastasis. Contrarily, ALPPS is not suitable
for patients with perihilar cholangiocarcinoma [32].

When assessing the risk of post-hepatectomy liver fail-
ure, the concept of standardized FRL volume was proposed
to estimate PHRR objectively [9]. Such liver volumetric
quantification is suitable for large intrahepatic space-oc-
cupying lesions, but not valid for perihilar cholangiocar-
cinoma because the native TLV is usually well preserved.
We also presented our results regarding on standard liver
volume-corrected FRL volume, in which a formula for
standard liver volume was derived from 2155 living liver
donors and FRL volume assessment with or without cor-
rection by standard liver volume was performed for 723
patients undergone right hepatectomy for HCC [33].

We have performed pre-operative PVE in more than 400
patients during the 7-year study period. Its main indication
was patients with perihilar cholangiocarcinoma requiring
major liver resection, in whom PVE was performed in 91
of 168 patients (54.2 %) who underwent 154 right hemi-
hepatectomy, 9 right and 5 left trisectionectomy [30]. In
contrast, patients with HCC was less frequently indicated
for PVE, as shown in 116 of 723 patients (16.0 %) who
underwent right hepatectomy or right trisectionectomy
[33]. Based on our experience, about 10 % of patients have
shown insufficient regeneration of the FRL volume fol-
lowing PVE, thus being indicated for subsequent HVE,
especially in non-cirrhotic livers.

There were several limitations to this study. This was
the first medium-volume study reported by a single center,
thus multicenter studies need to be performed to validate
our results. It was difficult to delineate the liver contours
and hemiliver territory on CT images after PVE and HVE
due to serious artifacts from multiple embolization coils.
This difficulty might have negatively influenced the accu-
racy of CT volumetry.

In conclusion, our experience confirms that additionally
applying HVE to PVE is safe and effectively induces the
further regeneration of the contralateral liver in non-cir-
rhotic livers. Further validation in a larger patient
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population with multicenter studies is needed to reliably
widen the indications for HVE.
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