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Abstract
Objectives To assess the effect of salvage hepatic vein embolization (HVE) on the volume of the future liver remnant (FLR) for
patients with metastatic colorectal cancer (mCRC) and inadequate hypertrophy following initial portal vein embolization (PVE).
Methods From April 2011 to October 2018, 9 patients with mCRC underwent HVE following PVE. The right or middle hepatic
vein was embolized with coils and/or vascular plugs. Liver volumes were calculated at baseline, following PVE, and following
HVE, in order to assess the hypertrophic effect of PVE and HVE on the FLR.
Results Nine patients underwent HVE (n = 3, right HVE; n = 6, middle HVE) because of inadequate FLR hypertrophy following
PVE. The standardized FLR increased from 0.16 (median, range 0.08–0.24) at baseline to 0.22 (median, range 0.13–0.29)
following PVE (p = 0.0005) to 0.26 (median, range 0.19–0.37) following HVE (p = 0.0050). HVE was performed 40 days
(median, range 19–128 days) following PVE, and assessment of FLR hypertrophy was performed 41 days (median, range
19–92 days) following HVE. Four of nine patients underwent hepatectomy; 5 patients failed to undergo hepatectomy (n = 3,
inadequate hypertrophy; n = 1, disease progression; n = 1, portal hypertension). One patient required repeat HVE due to a patent
accessory vein.
Conclusions Salvage HVE is an effective technique to induce additional FLR hypertrophy in patients withmCRC and inadequate
FLR after initial PVE.
Key Points
•Hepatic vein embolization is effective to induce additional liver hypertrophy in surgical patients with metastatic colorectal
carcinoma and inadequate hypertrophy after portal vein embolization.
• Increases in future liver remnant volume are feasible in patients who receive hepatotoxic neoadjuvant systemic therapy for
metastatic colorectal carcinoma.
• Sequential portal vein embolization and hepatic vein embolization can be a viable technique to induce liver hypertrophy in
patients with small baseline future liver remnant volumes (< 20%).

Keywords Hepatic veins . Portal vein . Hypertrophy . Therapeutic embolization . Colorectal neoplasms

Abbreviations
BSA Body surface area
eLVD Extended liver venous deprivation
FLR Future liver remnant
FOLFIRI Irinotecan plus leucovorin calcium

and fluorouracil
FOLFOX Leucovorin calcium, fluorouracil, and oxaliplatin
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PVE Portal vein embolization
RHVE Right hepatic vein embolization
RPVE+4 Right PVE extended to segment 4 portal veins
sFLR Standardized future liver remnant
sTLV Standardized total liver volume

Introduction

Surgical resection of primary and secondary liver cancers is a
means to achieve long-term patient survival. Risks associated
with surgery include liver insufficiency, liver failure, cholesta-
sis, and insufficient synthetic function [1]. To minimize liver
insufficiency and liver failure, preoperative portal vein embo-
lization (PVE) can be performed to induce hyperplasia of the
future liver remnant (FLR) [2]. PVE has been shown to in-
crease the FLR volume in patients with normal liver as well as
in patients with liver affected by steatosis, with advanced fi-
brosis/cirrhosis, and following high-dose chemotherapy
[3–5]. While the vast majority of patients who undergo PVE
proceed to definitive liver resection, 3.2–17.1% of patients fail
to achieve sufficient FLR hypertrophy following PVE [6–8].
To address insufficient FLR hypertrophy following PVE,
techniques utilizing adjunctive hepatic vein embolization
(HVE) have been described. Hwang et al [9, 10] performed
preoperative sequential PVE and right hepatic vein emboliza-
tion (RHVE); in a more contemporary case series, Guiu et al
[11] performed simultaneous PVE and HVE. In these limited
retrospective case series, adjunctive HVE, whether performed
sequentially or simultaneously with respect to PVE, appears to
increase the size of the FLR. The value of HVE is to decrease
the number of patients who are precluded from surgery based
on a small FLR. The impact of surgical resection for metasta-
tic colorectal cancer (mCRC) to the liver is pronounced.
Shindoh et al [12] reported a median survival of 67.4 months
in patients who underwent staged PVE followed by liver re-
section compared to a median survival of 24 months in pa-
tients who underwent PVE but failed to undergo liver
resection.

Patients with mCRC to the liver who are candidates for
definitive liver resection present a unique challenge. While
the optimal regimen to be used in the neoadjuvant setting for
patients with initially resectable hepatic metastases is not
established, systemic regimens used in clinical practice in-
clude leucovorin calcium, fluorouracil, and oxaliplatin
(FOLFOX); irinotecan plus leucovorin calcium and fluoroura-
cil (FOLFIRI); or capecitabine and oxaliplatin with or without
bevacizumab. Liver toxicity has been reported with fluoroura-
cil, irinotecan, and oxaliplatin. The range of liver toxicities
includes steatosis, sinusoidal changes, steatohepatitis, and
hemorrhagic central lobular necrosis which can result in in-
creased 90-day mortality rates following liver resection
[13–16]. Furthermore, given the multifocal nature of

colorectal liver metastases, it is not uncommon for liver sur-
geons to resect large amounts of tissue or utilize two-stage
hepatectomy to clear the FLR of visible tumor prior to defin-
itive liver resection. In the mCRC cohort with liver-only dis-
ease and who have received more than 3 months of neoadju-
vant systemic therapy, a 30% standardized future liver rem-
nant (sFLR) is generally considered necessary prior to resec-
tion [17–19]. Our purpose was to describe our institutional
experience with the use of sequential HVE as an adjunctive
technique to induce liver regeneration in a cohort of heavily
pretreated mCRC patients with low baseline sFLR (i.e.,
< 20%) and insufficient FLR hypertrophy following preoper-
ative PVE.

Materials and methods

Our institutional review board approved this retrospective re-
view. From October 2010 to November 2018, 211 patients
underwent right PVE (RPVE) or right PVE extended to seg-
ment 4 portal veins (RPVE+4) at our institution prior to
planned major liver resection. Ten patients (4.7%) with
mCRC and inadequate FLR hypertrophy following PVE then
underwent HVE; one patient was excluded because portal
vein embolization was performed to segments 6 and 7 only.
Thus, nine patients were included in this analysis. Clinical,
pathological, and radiographic variables were reviewed from
the electronic medical record.

During the work-up for potential liver surgery for patients
with liver-only metastatic colorectal cancer, patients were
screened for prior chemotherapy use and drinking history.
Standard liver function tests (including aspartate aminotrans-
ferase, alanine aminotransferase, lactate dehydrogenase, alka-
line phosphatase, total bilirubin, indirect bilirubin, direct bili-
rubin, and serum albumin) were also obtained. During the
study period, patients underwent PVE if the volume of the
sFLR was ≤ 20% for normal liver and ≤ 30% in patients
who received more than 3 months of chemotherapy prior to
resection [17, 20, 21]. The sFLR was calculated as a ratio
between the FLR volume and standardized total liver volume
(sTLV), which was calculated using a formula for body sur-
face area (BSA) in square meters: sTLV = − 794.41 +
1267.28 × BSA [22]. Systemic administration of chemother-
apy and/or biologic agents was stopped at least 1 month prior
to PVE. Re-administration of chemotherapy and/or biologic
agents was not performed until the patient was no longer
deemed a surgical candidate or completed definitive surgical
resection of liver metastases. PVE was performed via a
transhepatic ipsilateral (i.e., on the side of the liver being
resected) approach utilizing a combination of tris-acryl parti-
cles and coils to occlude the branches of the right portal vein
with or without segment 4 portal veins. Our approach has been
previously described [23, 24].
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For patients with inadequate FLR hypertrophy following
PVE, HVE was offered as a salvage technique to induce ad-
ditional liver regeneration (n = 6, middle HVE (MHVE);
n = 3, RHVE). The technique of HVE has been previously
described [10, 25]. Briefly, the right internal jugular vein
was accessed with an 11-French Raabe vascular sheath
(Cook Medical LLC). The sheath was advanced into the
hepatic vein intended for embolization, which was determined
by the referring liver surgeon. Venograms were performed in
at least 2 obliquities to confirm appropriate catheter place-
ment. A 5-French catheter was used to embolize all first order
branches with metallic coils. Coils were oversized by at least
20% (range 3–14mm). The main right or left hepatic vein was
embolized with serial vascular plugs (Amplatzer™ Vascular
Plug II, Abbott) which were oversized by 50% (range,
10–22 mm) to within 2 cm of the hepatic vein and inferior
vena cava confluence.

Enhanced CT scans were performed with a multidetector
CT scanner, with 4, 16, or 64 slices (LightSpeed; GE
Healthcare), using a tri-phasic liver protocol. Images were
reconstructed at 2 mm to 5 mm thickness. The DICOM
images were then transferred to a MIM® workstation (MIM
Software, Inc.) to calculate volumes of the total liver and FLR.
CT scans of the liver with intravenous contrast (iodixanol, GE
Healthcare) were performed before PVE, 28 days (median,
range 16–42 days) following PVE, and 42.3 days (median,
range 19–92 days) following HVE.

Medians and ranges were used to report clinical and volu-
metric variables. Comparisons between continuous variables
were performed with a paired t test (GraphPad Prism,
GraphPad Software, Inc.). P values < 0.05 were considered
statistically significant.

Results

Nine patients were included in this retrospective review (n = 7
male, n = 2 female; median age 52 years, range 27–70 years).
The clinical characteristics and clinical outcomes of the 9 pa-
tients are included in Table 1. Chemotherapy and/or biologic
agents were administered in a neoadjuvant setting to all 9
patients included in this analysis (median number of cycles
6, range 4–24 cycles). Of the 9 patients, 3 (33.3%) patients
underwent definitive liver surgery; 6 (66.7%) patients were no
longer candidates for surgery because of inadequate FLR
hypertrophy (n = 3), cancer progression precluding liver
resection (n = 2), and worsening of comorbidities (splenomeg-
aly and thrombocytopenia, n = 1). The clinical follow-up data
for the 3 patients who underwent definitive surgical resection
of their liver tumors is as follows: (a) one patient is alive with
no evidence of disease at 5.5 years of follow-up, (b) one
patient died from disease progression at 3.8 months following
liver resection, and (c) one patient suffered an asystolic

cardiac arrest on postoperative day 3 following liver resection
and passed away 3 days later. Of note, for the patient who
passed away within 30 days of the liver resection, the serum
total bilirubin measured 1.6 mg/dL on the day before the car-
diac arrest. One patient did not undergo definitive liver resec-
tion because of splenomegaly and thrombocytopenia, and an
exact etiology for the worsening comorbidities was not eluci-
dated. Nevertheless, this patient underwent proton beam radi-
ation as salvage therapy. The patient is currently 62 months
from the PVE with no evidence of disease [26]. Five of 9
(55.6%) patients underwent a first-stage liver surgery to clear
the FLR prior to definitive liver resection as part of a two-
stage hepatectomy approach [27, 28]. The time interval
between PVE and HVE measured 40 days (median, range
19–128 days), and assessment of FLR hypertrophy was per-
formed 41 days (median, range 19–92 days) following HVE.
The median time interval between the HVE and definitive
hepatectomy for the 3 patients who were candidates for sur-
gery was 40 days, 48 days, and 96 days. For these 3 patients
who underwent definitive liver surgery, there was no evidence
of postoperative hepatic insufficiency as defined by a total
bilirubin > 7 mg/dL within 30 days following surgery and
there was no death attributable to liver insufficiency within
90 days following surgery [29].

Standardized future liver remnant was calculated on serial
CTscans obtained following PVE and HVE (Fig. 1). Changes
in sFLR per patient are depicted in Fig. 2. There were statis-
tically significant increases in sFLR following PVE
(p = 0.0005) and following HVE (p = 0.0050) (Table 2). In
our study, MHVE was performed in 6 patients and RHVE
was performed in 3 patients. The median sFLR before
MHVE measured 0.20 (range, 0.13–0.22), and the median
sFLR following MHVE measured 0.22 (range, 0.19–0.27);
the median sFLR before RHVE measured 0.27 (range,
0.25–0.29), and the median sFLR following RHVE measured
0.34 (range 0.33–0.37) (p = 0.0870). There were no complica-
tions as a result of PVE or HVE. However, one MHVE pro-
cedure had to be repeated as a large tributary to the hepatic
vein was not appreciated on the initial embolization procedure.

Discussion

HVE induces increases in FLR volume for patients with
mCRC and inadequate FLR hypertrophy following PVE. In
our population of mCRC patients who received neoadjuvant
systemic therapy with hepatotoxic chemotherapy and/or bio-
logic agents, increases in sFLR following PVE and HVEwere
observed despite a small baseline sFLR (median 0.14, range
0.08–0.24; Table 2). Importantly, there were no serious ad-
verse events in our patients; specifically, there were no reports
of abdominal pain, fever, or nausea, which can be seen with
post-embolization syndrome. HVE can be performed with
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high efficacy; only one patient in our cohort needed a follow-
up procedure owing to a large tributary hepatic vein which
was unrecognized at the time of the initial procedure.

The decision to embolize the right hepatic vein or middle
hepatic vein was dictated by the surgeon based on the extent
of the planned surgical resection (i.e., right HVE was per-
formed prior to planned right hepatectomy, and middle HVE
was performed prior to planned right trisegmentectomy). Our
results indicate that there may be greater degree of hypertro-
phy for patients following RHVE as compared to MHVE
(p = 0.0870) though additional research involving more pa-
tients will need to be performed. Prior studies have demon-
strated that HVE induces centrilobular congestion and
scattered areas of parenchymal hemorrhage within the
embolized territory during the acute phase [30, 31]. While
compensatory intrahepatic venous collateral formation can
occur as early as 7 days following hepatic vein occlusion,
prior work by Hwang et al [10] has shown that sequential
PVE and HVE can induce additional liver regeneration by
the induction of damage to the embolized liver by HVE.
Tani et al [32] measured the venous drainage from three-

dimensional simulations of the liver in 100 healthy donors
and found that the left hepatic vein, middle hepatic vein, and
right hepatic vein contributed a mean drainage of 20.7%,
32.7%, and 39.6% of the entire liver, respectively. The in-
creased drainage territory by the right hepatic vein may be a
plausible explanation for increased FLR hypertrophy follow-
ing RHVE relative to MHVE. It should be noted, however,
that in our study, RHVE was performed in patients who
underwent RPVE alone andMHVEwas performed in patients
who underwent RPVE+4. The HVEs performed in this case
series were performed largely before the reports on extended
liver venous deprivation (eLVD), which described the safety
of simultaneous RHVE and MHVE [11]. It would be interest-
ing to evaluate whether the addition of RHVE to MHVE in
patients who will undergo extended right hepatectomymay be
beneficial for sFLR hypertrophy over MHVE alone.

Previous studies have described the use of adjunctive HVE
for FLR hypertrophy. Hwang et al [9, 10] described the use of
sequential PVE-HVE in patients with primary hepatobiliary
malignancy (n = 54 patients). Guiu et al [11] described the use
of simultaneous RPVE and MHVE + RHVE (i.e., eLVD) in
10 patients. The median FLR at baseline was 324 cm3 (range
241–421 cm3), and the median FLR following eLVD was
523 cm3 (range 437–670 cm3). The magnitude of the change
is consistent with the findings in our study where we reported
a median FLR of 224 cm3 (range 135–511 cm3) at baseline
and a median FLR of 499 cm3 (range 280–776 cm3) following
sequential PVE and HVE.

The optimal timing between interventions intended to pro-
vide FLR hypertrophy and definitive surgical resection is not
known. In our study, four of nine patients were taken to the
operating room at a median of 101 days (range 88–140 days)
following PVE; three of these patients ultimately underwent
definitive liver resection. Importantly, there was no evidence

Fig. 1 Morphologic changes involving the liver following portal vein
embolization (PVE) and hepatic vein embolization (HVE). a Axial com-
puted tomography (CT) scan of the liver demonstrates the sFLR (area
enclosed by a series of white dots) measuring 0.19. Of note, patient is
status post first-stage hepatectomy involving segment 2/3 resection.
Because of the small sFLR, patient underwent subsequent right PVE. b
Axial CT scan of the liver 4 weeks following right PVE demonstrates

interval growth of the sFLR to 0.25. Because of insufficient sFLR hyper-
trophy, patient underwent right HVE. cAxial CTscan of the liver 7 weeks
following right HVE demonstrates interval growth of the sFLR to 0.37.
However, patient did not undergo definitive hepatectomy because of in-
terval disease progression. White dots reflect boundary of the future liver
remnant. sFLR standardized future liver remnant

Fig. 2 Standardized future liver remnant volume at (1) baseline, (2) fol-
lowing portal vein embolization, and (3) following hepatic vein emboli-
zation for patients (n = 9) included in the study
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of postoperative liver insufficiency (total bilirubin > 7 mg/dL)
in our patient cohort. For the patient who suffered a cardiac
arrest on postoperative day 3, the total serum bilirubin prior to
the event was 1.6 mg/dL. Using the eLVD technique, Guiu
et al [11] reported that 9 of 10 patients underwent liver
resection at a median of 31 days (range 22–45 days) following
the procedure. However, it should be noted that longer time
intervals between PVE and surgery may actually be beneficial
as it may allow for selection of oncologically appropriate
candidates for major hepatectomy.

Our study is a retrospective single-arm cohort study with its
attendant limitations. Only three of nine (33.3%) patients in
our study who underwent HVE ultimately were taken to the
operating room for definitive surgical resection of liver domi-
nant mCRC limiting evaluation of surgical outcomes. Despite
significant increases in FLR volume following PVE and HVE,
the decision to take patients with mCRC to liver surgery is
ultimately a clinical decision based on patient factors (e.g.,
comorbidities), oncologic behavior of the tumor (i.e., interval
disease progression), and quality of the underlying liver paren-
chyma and should not be taken as a singular marker for the
efficacy of HVE. Also, while our study evaluated the change in
sFLR volumes following PVE and HVE, additional informa-
tion could be obtained from a functional assessment of the
FLR [33, 34]. A recent study by Theilig et al [33] showed that
FLR function is accurately predicted with gadoxetic acid–
enhanced MRI before and after PVE with a reduction in FLR
enhancement correlating with post-hepatectomy liver failure.
These results suggest the potential importance of physiologic
parameters in addition to volumetric assessment in the evalu-
ation of patients prior to surgical. Furthermore, histopathologic
evaluation of the underlying liver parenchyma evaluating for
liver injury (e.g., steatosis and/or fibrosis) was not performed,
limiting our assessment for the impact of PVE and HVE on
FLR hypertrophy in patients with varying degrees of
chemotherapy-associated liver injury. Nonetheless, the ubiqui-
tous use of systemic agents in this study in a neoadjuvant
setting is consistent with current standard of care for treatment
of patients with surgically resectable liver dominant mCRC.

In conclusion, in our study of nine patients with surgically
resectable mCRC who had inadequate FLR hypertrophy fol-
lowing PVE, sequential HVE was a viable technique to

achieve sufficient FLR growth to allow for safe surgical re-
section of the tumor-bearing liver in a subset of our patient
cohort (n = 3 of 9 patients). Factors warranting further inves-
tigation include the optimal timing of HVE relative to PVE
(e.g., simultaneous PVE and HVE versus sequential PVE and
HVE) as well as the effect of administration of interval che-
motherapy and/or biologic agents in the periprocedural period
to mitigate the risk of interval tumor growth. Our study adds to
the growing literature regarding the use of HVE as a safe and
effective adjunctive technique to induce additional FLR hy-
pertrophy for patients with mCRC.
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