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Background: We previously showed that embolization of portal inflow and hepatic vein (HV) outflow (liver 
venous deprivation, LVD) promotes future liver remnant (FLR) volume (FLR-V) and function (FLR-F) gain. 
Here, we compared FLR-V and FLR-F changes after portal vein embolization (PVE) and LVD.
Methods: This study included all patients referred for liver preparation before major hepatectomy over  
26 months. Exclusion criteria were: unavailable baseline/follow-up imaging, cirrhosis, Klatskin tumor, two-
stage hepatectomy. 99mTc-mebrofenin SPECT-CT was performed at baseline and at day 7, 14 and 21 after 
PVE or LVD. FLR-V and FLR-F variations were compared using multivariate generalized linear mixed 
models (joint modelling) with/without missing data imputation.
Results: Baseline FLR-F was lower in the LVD (n=29) than PVE group (n=22) (P<0.001). Technical 
success was 100% in both groups without any major complication. Changes in FLR-V at day 14 and 21 
(+14.2% vs. +50%, P=0.002; and +18.6% vs. +52.6%, P=0.001), and in FLR-F at day 7, 14 and 21 (+23.1% 
vs. +54.3%, P=0.02; +17.6% vs. +56.1%, P=0.006; and +29.8% vs. +63.9%, P<0.001) differed between PVE 
and LVD group. LVD (P=0.009), age (P=0.027) and baseline FLR-V (P=0.001) independently predicted 
FLR-V variations, whereas only LVD (P=0.01) predicted FLR-F changes. After missing data handling, LVD 
remained an independent predictor of FLR-V and FLR-F variations.
Conclusions: LVD is safe and provides greater FLR-V and FLR-F increase than PVE. These results are 
now evaluated in the HYPERLIV-01 multicenter randomized trial.
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Introduction

Liver resection is the only curative treatment for patients 
with large or multiple liver tumors. Over the past decades, 
advances in surgical techniques and postoperative 
management have increased the proportion of patients 
amenable to curative treatment. However, adequate 
future liver remnant (FLR) remains the main limiting 
factor to achieve safe R0/R1 resection (1,2). Indeed, post-
hepatectomy liver failure (PHLF) is still the main cause of 
death after resection of three or more liver segments (1,3). 
It is generally accepted that PHLF can occur when FLR 
volume (FLR-V) is smaller than 25% of the total volume of 
a normal liver, 30% of a liver with steatosis and in patients 
who had many chemotherapy cycles, and 40% of a liver 
with cholestasis or cirrhosis (3).

By occluding the portal venous branches that supply the 
tumor-bearing liver to be resected, portal vein embolization 
(PVE) is the standard of care to increase the FLR and 
to allow safe resection (4). However, FLR size increase 
takes time (usually 4−12 weeks), and this can explain the 
hepatectomy cancellation rate of approximately 20%, 
mainly due to tumor progression (1,5,6). To overcome 
this issue, the Associating Liver Partition and Portal vein 
Ligation for Staged hepatectomy (ALPPS) method was 
proposed in 2012 (7). By partitioning the liver in addition 
to portal vein ligation, ALPPS accelerates FLR growth (80% 
increase in 1 week), allowing liver resection in the presence 
of adequate FLR-V after only 7−10 days (8). However, the 
first results from the analysis of the international ALPPS 
registry showed unacceptable morbidity/mortality rates 
and surprisingly high PHLF incidence (9). Some insights 
came from studies that evaluated the post-ALPPS liver 
function using 99mTc-mebrofenin hepatobiliary scintigraphy, 
a quantitative method developed to assess total and 
regional liver function (10). 99mTc-mebrofenin is taken up 
by hepatocytes and directly excreted into the bile canaliculi 
without undergoing any biotransformation (11). This 
technique predicts the risk of postoperative PHLF with 
greater accuracy than any other FLR-V evaluation method 
(2,10). After ALPPS, FLR function (FLR-F) increase 
was much lower than FLR-V increase, and even strongly 
decreased in some patients (11-13). Based on these results, 
FLR-F has gained considerable interest for monitoring the 
post-embolization FLR changes. 

Recently, we described the liver venous deprivation 
(LVD) technique (14) that associates concomitant portal 
vein and hepatic vein (HV) embolization in the liver to be 

resected. Like PVE, LVD is a full trans-hepatic procedure 
for occluding the entire or part of the venous outflow (right, 
accessory right, with/without middle HVs). In the first 
report (15), we observed promising FLR-V growth (+52.6% 
at day 23). Moreover, using 99mTc-mebrofenin hepatobiliary 
scintigraphy in three patients, we detected an important 
FLR-F increase (+65%) at day 7 after LVD (16). 

A previous study using 99mTc-mebrofenin data obtained 
at week 3−4 after PVE showed that FLR-F increase is more 
pronounced than that of FLR-V. This suggested that the 
necessary waiting time until resection could be reduced 
(2,17). Therefore, early evaluations are required to precisely 
define the optimal time for liver resection. Unfortunately, 
data on FLR-V and FLR-F changes over time are lacking. 
Since 2017, at our institution morphological-functional 
99mTc-mebrofenin SPECT-CT scans are performed each 
week during the first three weeks after liver preparation.

As our previous work showed that LVD (15,16) and 
surgical resection following LVD (18) are safe, we wanted 
to compare the FLR-V and FLR-F changes over time after 
LVD and PVE. Therefore, the aim of this study was to 
use the data collected during the 3-week 99mTc-mebrofenin 
SPECT-CT imaging follow-up to compare FLR-V and 
FLR-F changes after PVE and LVD in patients who will 
undergo major hepatectomy.

We present the following article in accordance with the 
STROBE reporting checklist (available at http://dx.doi.
org/10.21037/hbsn.2020.02.06).

Methods

This single center retrospective study was performed in 
accordance with the Declaration of Helsinki (as revised in 
2013). All study participants provided a written informed 
consent. Our institutional review board approved 
(authorization number: 2019_CLER-MTP_11-03) the 
retrospective analysis of their anonymized data.

Study population 

All patients referred to our institution for liver preparation 
before major hepatectomy between January 2017 and March 
2019 were included. Liver preparation was considered after 
discussion at our weekly multidisciplinary consultation 
meeting (including at least one interventional radiologist, 
one oncologist, and one liver surgeon) in the case of 
small FLR. Small FLR was defined as baseline FLR-V 
<30% of the total liver volume (TLV) (minus the tumor 
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volume), or as FRL-F (99mTc-mebrofenin clearance rate)  
<2.69%/min/m2 (10). Moreover, when the planned resection 
was considered at risk (I) to be larger than expected, or 
(II) to cause venous congestion of part of the FLR due to 
vascular damage or resection, an additional 20% functional 
margin was considered (i.e., liver preparation proposed 
when FLR-F <3.23%/min/m2). Exclusion criteria for this 
study were: lack of baseline 99mTc-mebrofenin SPECT-CT 
or follow-up data for the first 3 weeks after liver preparation; 
cirrhosis; Klatskin tumor; and two-stage hepatectomy (due 
to the difficulty to distinguish between regeneration after 
the first surgical stage and liver preparation).

Baseline and follow-up imaging

All patients underwent 99mTc-mebrofenin SPECT-CT 
imaging using a hybrid scanner (Discovery NMCT570, 
GE Healthcare, Milwaukee, USA) at baseline (prior to liver 
preparation) and at day 7, 14 and 21 after PVE or LVD. 

After injection of 150 MBq of 99mTc-mebrofenin 
(Cholediam, Mediam Pharma, Loos, France), a 6-minute 
dynamic acquisition was performed to assess the total 
liver clearance rate (in %/min/m2) normalized to the body 
surface area. A fast SPECT acquisition was then performed 
as described elsewhere (16). Finally, CT images (2.5 mm 
slice thickness) were acquired at the portal venous phase 
using the same system. The Volumetrix® software (GE 
Healthcare, Milwaukee, USA) was used to reconstruct 
SPECT data using an iterative algorithm to produce 
attenuation corrected images. Co-registration between 
CT and SPECT images was visually and manually checked 
and corrected when required. On each CT image, the 
resection margin was jointly planned by the liver surgeon 
and the nuclear medicine physician. FLR and TLV were 
automatically calculated by the workstation (OsiriX MD, 
Pixmeo, Bernex, Switzerland). Tumor volumes were also 
segmented and subtracted from the TLV and/or FLR, 
depending on the tumor(s) location(s). These volumes of 
interest (VOI) created on CT images were exported to the 
SPECT attenuation corrected images. The actual 99mTc-
mebrofenin counts in the VOI of FLR and TLV were 
calculated and the corresponding regional functions were 
defined as [(total counts in the region of interest VOI/total 
counts in total liver VOI) × total liver clearance rate] and 
expressed as %/min/m2.

FLR-V and FLR-F variations from baseline were 
expressed as percentage of the baseline values.

Liver preparation technique 

All PVE and LVD were performed under general anesthesia 
by the same interventional radiologist (BG) with 12 years 
of experience in liver procedures. The choice of technique 
was left to the interventional radiologist who tended to 
propose LVD in case of low baseline FLR function. All 
patients received intravenous prophylactic antibiotics 
(amoxicillin and clavulanic acid). PVE was performed 
through right portal access, using n-butyl-cyanoacrylate 
(Glubran II, GEM, Italy) and ethiodized oil (Lipiodol 
Ultra-fluide, Guerbet, Aulnay-sous-bois, France) at a 1:7 
ratio. Embolization was not extended to segment IV. For 
LVD procedures, embolization of the right, accessory 
right (when present), +/− middle HVs was performed 
percutaneously using oversized Amplatzer Vascular Plugs II 
(St-Jude Medical, Plymouth, MN) and a mixture of n-butyl-
cyanoacrylate (Purefill, Peters Surgical, Bobigny, France) 
and ethiodized oil at a 1:2 ratio, as described previously (12).  
Pain was managed with paracetamol and/or morphine 
titration when necessary, according to the validated 
algorithm of our institution. Multivitamin and phosphorus 
supplementation was administered to all patients, as 
described elsewhere (12). 

Abdominal CT imaging at the portal venous phase was 
performed at day 1 post-intervention. Technical success was 
defined as complete embolization of the portal and hepatic 
vessels. 

Liver resection and post-operative follow-up

Liver resection was performed when FRL-F was above 
the safe threshold (i.e., 2.69%/min/m2 or 3.23%/min/ m2,  
depending on the FLR venous outflow and/or in the case 
of expected large resection). Liver function tests were 
performed the day before and each day after resection until 
the patient’s discharge. PHLF occurrence was assessed 
according to the “50-50” criteria (19). Grade IIIA-V 
postoperative complications according to the Dindo-
Clavien classification (20) and mortality at day 90 post-
surgery were recorded.

Pathological assessment  

Surgical specimens were entirely evaluated according to our 
institutional protocols. Tissues were fixed in formalin (10%). 
Paraffin tissue sections were stained with hematoxylin and 
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eosin or hematoxylin eosin and Safran. Liver samples of the 
embolized (and resected) lobe were evaluated as described 
elsewhere (18).

Statistical analyses

Qualitative and continuous variables were described using 
numbers, percentages, medians with interquartile ranges 
(IQR) or range, or means ± standard deviations (SD). 

FLR-V and FLR-F were considered repeated measures 
because evaluated in each patient at day 0, 7, 14 and 21. 
FLR-V and FLR-F variations compared with baseline 
were considered as the outcome variables. To evaluate 
correlations of repeated measures and the relationship 
between outcome variables, joint modeling of multiple 
longitudinal outcomes was performed using multivariate 
generalized linear mixed models (21). Models were 
joined on the basis of a shared random effect. A Gaussian 
distribution of the outcome variables was assumed. Time-
trend linearity was checked using the restricted cubic spline 
regression method. 

For each variable, the number of missing data was 
estimated according to the STROBE guidelines (22). For 
each outcome variable, a binary variable “missing data, yes 
or no” was created. The association of these two binary 
variables with different covariates (such as age, sex…) was 
studied through a logistic regression model with a cluster-
robust variance-covariance estimator (23) to determine the 
patterns of missingness (e.g., missing at random). First, 
joint modeling was performed using the available data. 
Then, missing data were handled using multiple imputation 
analysis (multivariate normal imputation) (24). 

All statistical analyses were performed using the STATA 

software version 15.0 (Statacorp, College Station, TX, 
USA); P values <0.05 were considered significant.

Results

Patients’ characteristics (Figure 1 & Table 1)

Among the 68 patients who underwent liver preparation 
during the study period, 17 were excluded because of 
cirrhosis (n=4), Klatskin tumor (n=4), unavailable baseline/
follow-up morphological-functional imaging (n=5), or 
two-stage hepatectomy (n=4) (Figure 1). Therefore, 
51 patients (37 men, 14 women) with a median age of  
63 years (range, 26–79 years) and median body mass index 
(BMI) of 26.3 kg/m2 (range, 16–35.2 kg/m2) were enrolled 
(Table 1). Among them, 22 underwent PVE and 29 had 
LVD before resection of liver metastases (n=17 and n=22, 
respectively), intra-hepatic cholangiocarcinoma (ICC) 
(n=3 and n=4), hepatocellular carcinoma (n=1 and n=2), 
epithelioid hemangioendothelioma (n=1), or liver adenoma 
(n=1). All patients with metastases (n=39) as well as 3/7 
patients with ICC received a median of two cycles (1-4)  
of systemic chemotherapy for at least 12 weeks. In all 
patients, chemotherapy was stopped at least 3 weeks before 
and 3 weeks after liver preparation. The planned surgical 
procedure was right hemi-hepatectomy (n=23), right 
hemi-hepatectomy extended to segment IV or I (n=26), or 
right hemi-hepatectomy extended to segment IV+I (n=2). 
Baseline %FLR and FLR-F were 23.4% (range, 13.6–
46.7%) and 2.13%/min/m2 (range, 1.26–3.13%/min/m2), 
respectively. As baseline %FLR and FLR-F were weakly 
correlated (Spearman’s rho =0.44, P=0.001) (Figure 2), they 
were both investigated. The baseline patients’ characteristics 

Patients undergoing liver preparation
(January 2017−March 2019)

n=68

Portal Vein embolization

n=22

Liver venous deprivation

n=29

Excluded patients (n=17):

Cirrhosis (n=4)
Klatskin tumor (n=4)

Lack of baseline or follow-up morphological-functional imaging data (n=5)
Two-stage hepatectomy (n=4)

Figure 1 Study flowchart.
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did not differ between groups (PVE vs. LVD), except for 
baseline FLR-F that was lower in the LVD (1.9%/min/m2) 
than PVE group (2.59%/min/m2) (P<0.001) (Table 1).

Technical LVD and PVE success and tolerance 

Technical  success was 100% in both groups ( i .e. , 
embolization of all right portal branches without non-target 
embolization, and plugs adequately positioned, even in 
the three patients with accessory right HV). No migration 
of embolic material was observed. No complication was 
observed except for minor peri-hepatic hematoma (n=1 in 
the PVE group, n=2 in the LVD group) that did not require 
any additional procedure or medication. Transient grade 
1–2 asthenia was reported by six patients (n=2 in the PVE 
group, n=4 in the LVD group). The median hospital stay 
was 2 days (range, 2–5 days).

Figure 2 Correlation between baseline %FLR and FLR function 
in the PVE (in blue) and LVD (in red) groups (Spearman’s rho 
=0.44, P=0.001). FLR, future liver remnant; LVD, liver venous 
deprivation; PVE, portal vein embolization.

Table 1 Baseline characteristics of patients prepared by portal vein embolization (n=22) and liver venous deprivation (n=29)

Variable Portal vein embolization (n=22) Liver venous deprivation (n=29) P value

Sex (n)

1Men 16 21

Women 6 8

Age (years) 66 [45–79] 62 [26–79] 0.219

BMI (kg/m2) 25.1 (16–35.2) 26.3 (17.6–34.5) 0.108

Tumor type (n)

0.984

Liver metastases 17 22

ICC 3 4

HCC 1 2

Other 1 1

Planned surgery (n)

0.977
RHH 10 13

RHH + segment I or IV 11 15

RHH + segment I/IV 1 1

Total liver function (%/min/m2) 9.34 (5–14.9) 8.52 (5.67–15.46) 0.341

%FLR 27.4 (13.7–47.7) 22.6 (16.6–37.7) 0.175

FLR volume (mL) 542 (236–1,119) 484 (233–805) 0.285

FLR function (%/min/m2) 2.59 (1.3–3.13) 1.9 (1.26–2.5) <0.001

BMI, body mass index; FLR, future liver remnant; ICC, intra-hepatic cholangiocarcinoma; HCC, hepatocellular carcinoma; RHH, right 

hemi-hepatectomy.
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Volume and functional analysis (Table 2)

In total, 174 morphological-functional evaluations were 
performed, and 40 (23.3%) were missing: 12 (23.5%) at 
day 7, 15 (29.4%) at day 14, and 13 (25.5%) at day 21. 
The number of missing evaluations did not differ between 
groups (P=0.62). Figure 3 shows an example of 99mTc-
mebrofenin SPECT-CT follow-up in a patient from the 
LVD group.

TLV
Compared with baseline, TLV in the PVE group increased 
by 15% and 1.2% at day 7 and day 14, and decreased by 
1.5% at day 21. In the LVD group, it increased by 11.1%, 
1.2%, and 12.9% at day 7, 14 and 21, respectively. Only 
at day 21, the TLV variation was significantly different 
between groups (P=0.03).

Total liver function
Compared with baseline, total liver function in the PVE 
group decreased by 3.7% at day 7, and then increased 
by 0.1% and 9.4% at day 14 and 21. In the LVD group, 

total liver function first decreased by 12.2% at day 7, then 
increased by 0.1% at day 14, and then decreased again by 
15% at day 21 (no significant difference between groups at 
all time points).

FLR volume (Figure 4)
Compared with baseline, FLR-V increased by 28.7% 
(range, −20.4% to 90.2%) in the PVE group and by 37.8% 
(range, −4.12% to 88.3%) in the LVD group (P=0.23) at 
day 7, by 14.2% (range, −23.5% to 58.6%) and 50% (range, 
−4.4% to 90.6%) (P=0.002) at day 14, and by 18.6% (range, 
−10.7% to 102.2%) and 52.6% (range, 1−175.6%) at day 21 
(P=0.001).

FLR function (Figure 5)
Compared with baseline, FLR-F increased by 23.1% (range, 
−16% to 86.4%) in the PVE group and by 54.3% (range, 
−2% to 105.6%) in the LVD group (P=0.02) at day 7, by 
17.6% (range, −20% to 68.9%) and 56.1% (range, −5.2% to 
94.7%) (P=0.006) at day 14, and by 29.8% (range, 1.1–63.9%) 
and 68.2% (range, 25.4–121.4%) (P<0.001) at day 21.

Table 2 Volume and function variations compared with baseline in patients prepared by portal vein embolization (n=22) and liver venous  
deprivation (n=29)

Item Portal vein embolization, median (min to max) Liver venous deprivation, median (min to max) P value

FLR volume 

Day 0–day 7 28.7 (−20.4 to 90.2) 37.8 (−4.1 to 88.3) 0.23

Day 0–day 14 14.2 (−23.5 to 58.6) 50 (−4.4 to 90.6) 0.002

Day 0–day 21 18.6 (−10.7 to 102.2) 52.6 (1 to 175.6) 0.001

FLR function

Day 0–day 7 23.1 (−16 to 86.4) 54.3 (−2 to 105.6) 0.02

Day 0–day 14 17.6 (−20 to 68.9) 56.1 (−5.2 to 94.7) 0.006

Day 0–day 21 29.8 (1.1 to 63.9) 68.2 (25.4 to 121.4) <0.001

Total liver volume 

Day 0–day 7 15 (−34.5 to 52.5) 11.1 (−5.1 to 54.3) 0.57

Day 0–day 14 1.2 (−21.2 to 64) 11.8 (−13.6 to 46.7) 0.07

Day 0–day 21 −1.5 (−16.3 to 36) 12.9 (−12.7 to 66) 0.03

Total liver function 

Day 0–day 7 −3.7 (-30.8 to 49.8) −12.2 (−35.7 to 15.2) 0.08

Day 0–day 14 0.1 (−41 to 35) −14 (−32.8 to 13.9) 0.15

Day 0–day 21 −9.4 (−24.8 to 11.2) −15 (−33.5 to 36.5) 0.65

FLR, future liver remnant.
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Figure 3 Axial view of 99mTc-mebrofenin SPECT/CT fused images of a patient from the PVE group (upper) and from the LVD group 
(lower) at baseline (A,C) and at day 21 (B,D) after liver preparation. Green solid lines represent the FLR.  FLR, future liver remnant; LVD, 
liver venous deprivation; PVE, portal vein embolization.

Figure 4 FLR volume increase (median with IQR) from baseline 
in the PVE (blue) and LVD (red) groups; * indicates statistical 
significance. FLR, future liver remnant; LVD, liver venous 
deprivation; PVE, portal vein embolization.

Figure 5 FLR function increase (medians with IQR) from baseline 
in the PVE (blue) and LVD (red) groups; * indicates statistical 
significance. FLR, future liver remnant; LVD, liver venous 
deprivation; PVE, portal vein embolization.
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Predictive factors of FLR-V and FLR-F variations

Liver preparation technique (P<0.001), age (P=0.001) and 
baseline FLR-V (P<0.001) were associated with FRL-V 
variations in univariate analysis (linear generalized mixed 
model), but not TLV, tumor type, and surgery type. Only 
liver preparation technique (P<0.001) and baseline FLR-F 
(P<0.001) were associated with FRL-F variations in 
univariate analysis (linear generalized mixed model).

Based on the available data, multivariate analysis using 
joint modeling (of both FLR-V and FLR-F) showed that 
liver preparation technique (coefficient =12.38, P=0.009), 

age (coefficient =−0.49, P=0.027) and baseline FLR-V 
(coefficient =−0.04, P=0.001) were independent predictors 
of FLR-V variation, whereas liver preparation technique 
(coefficient =13.55, P=0.01) was the only predictor of 
FLR-F variation (Table 3). After missing data imputation, 
multivariate analysis confirmed that liver preparation 
technique (coefficient =13.9, P=0.021) and baseline FLR-V 
(coefficient =−0.04, P=0.003) were independent predictors 
of FLR-V variation, and liver preparation technique 
(coefficient =14.66, P=0.023) was the only predictor of 
FLR-F variation (Table 4).

Liver surgery 

At week 3 post-preparation, five patients did not reach the 
safe FLR-F threshold (n= 2 in the LVD and n=3 in the PVE 
group). Two of the patients in the PVE group had baseline 
FLR-F >1.72%/min/m2, which has been proposed as the 
threshold to identify patients who cannot reach the safe 
FLR-F cut-off after PVE (25). Two of these five patients 
(n=1/group) reached the adequate FLR-F threshold at 
week 5 post-preparation and underwent surgery, whereas 
the other three received only systemic treatment. In total, 
tumor resection was performed in 47 patients (in another 
one resection was canceled due to peritoneal carcinomatosis 
discovered at surgery) after a median interval of 32 days 
(range, 22–46 days) in the LVD and 36 days (range, 22– 
55 days) in the PVE group (P=0.12). No PHLF was 
reported according to the “50-50” criteria. At post-operative 
day 5, median serum bilirubin concentration was 34 µmol/L  
(IQR, 17–43 µmol/L) in LVD and 38 µmol/L (IQR,  
18–44 µmol/L) in PVE patients (P=0.38) whereas 
corresponding PT values were 67% (IQR, 56–86%) 
and 65% (IQR, 54–80%) (P=0.56), respectively. Major 
complications (Clavien-Dindo ≥ IIIA) occurred in three 
patients in each group. One patient from the PVE group 
died from pulmonary embolism.

Histological assessment 

Eighteen (66.7%) and nine (45%) patients presented 
important sinusoidal dilatation respectively after PVE 
and LVD (P=0.21). Centro- and medio-lobular hepatic 
plates exhibited major atrophy (especially in the vicinity of 
sinusoidal dilatation) in 18 (66.7%) patients after LVD and 
in 8 (40%) patients after PVE (P=0.07). Hemorrhage and 
necrosis were observed in 13 (48.1%) patients after LVD 
and in 7 (35%) patients after PVE (P=0.37). 

Table 3 Multivariate analysis (linear mixed models with joint  
modeling) to identify variables that predict the variation of FLR 
volume and function (all available data)

Covariates Coefficient 95% CI P value

Variation of FLR volume

Technique (LVD vs. PVE) 12.38 3.16–21.6 0.009

Age −0.49 −0.86 0.027

Baseline FLR volume −0.04 −0.04 0.001

Variation of FLR function

Technique (LVD vs. PVE) 13.55 3.23–23.88 0.01

Age 0.05 −0.496 0.796

Baseline FLR function −8.82 −8.288 0.066

FLR, future liver remnant; LVD, liver venous deprivation; PVE, 
portal vein embolization.

Table 4 Multivariate analysis (linear mixed models with joint  
modeling) to identify variables that predict the variation of FLR 
volume and function (with missing data imputation)

Covariates Coefficient 95% CI P value

Variation of FLR volume

Technique (LVD vs. PVE) 13.9 2.31 to 25.49 0.021

Age −0.5 −1.19 0.09

Baseline FLR volume −0.04 −0.047 0.003

Variation of FLR function

Technique (LVD vs. PVE) 14.66 3.23 to 23.88 0.021

Age 0.08 −0.6 0.732

Baseline FLR function −7.31 −18.43 to 3.8 0.193

FLR, future liver remnant; LVD, liver venous deprivation; PVE, 
portal vein embolization.
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Discussion

To our knowledge, this is the first study to compare early 
FLR-V and FLR-F changes following PVE and LVD. 
We recently described the LVD technique that combines 
the concomitant embolization of portal inflow and venous 
outflow (14,16). Occluding the hepatic venous outflow, in 
addition to PVE, may improve FLR regeneration through 
several mechanisms. Hepatic venous embolization (HVE) 
can counteract persistent minute portal inflow that may 
occur after incomplete or too proximal PVE by reversing 
the portal inflow. In addition, porto-portal collateralization 
between the liver portions with and without portal 
embolization should be strongly reduced due to outflow 
obstruction, as recently shown in a preclinical pig model (26).  
Moreover, occlusion of the hepatic venous outflow in a 
PVE context decreases the hepatic arterial inflow due to 
the hepatic arterial buffer response (27), and therefore 
can increase damage to the liver portion that underwent 
embolization (15). In the absence of any significant 
difference in histological damage of the embolized liver, we 
can speculate that counteraction of persistent minute portal 
inflow and reduction in porto-portal collateralization are 
the predominant mechanisms explaining the effects of LVD.

In this study, we confirmed that LVD is as safe as PVE. 
In the initial experience, we reported deep asthenia in some 
patients (16). However, after the introduction of post-LVD 
vitamin and ion supplementation, we did not observe this 
complication any longer, confirming that LVD is an energy-
demanding technique. In another study, we showed that 
the perioperative impact of LVD and PVE was comparable 
in patients undergoing right hemi-hepatectomy (18). The 
absence of PHLF in our series contrasts with the commonly 
reported rates (2–16%) after resection of colorectal 
metastases (28,29), where up to 7% of severe PHLF was 
observed despite adequate FLR-V. The decision to operate 
only when FLR-F was above the safe threshold probably 
explains the absence of PHLF, in agreement with previous 
studies (2,30).

Given these promising preliminary results (15,16), it 
was necessary to compare FLR changes after LVD and 
PVE. During the first three weeks after PVE, we observed 
a 14.2–28.7% FLR-V gain, within the range of what is 
commonly reported at week 2–8 after PVE (8–37.9%) (1,6). 
However, comparison with previous data is difficult due to 
the considerable variability in time intervals of FLR growth 
follow-up by imaging (31). 

In our study, baseline FLR-V was independently (and 

negatively) associated with FLR-V gain, as reported 
elsewhere (32). This point is of great importance and 
probably underestimated in the literature. It means that the 
FLR-V volume gain is higher with small baseline FLR-V. 

FLR-V increase after LVD was faster and greater (+37.8% 
at week 1, +52.6% at week 3), although regeneration seems 
more important after liver resection [≈55% at post-operative 
day 7 (33,34)] and ALPPS [+48.6% to 90% between stage 
1 and 2 (7,35,36)]. However, functional regeneration is 
delayed compared with volumetric regeneration after liver 
resection (37). The same applies after ALPPS stage 1 where 
FLR-F gain, evaluated by 99mTc-mebrofenin scintigraphy, 
is 2-fold lower than FLR-V increase (38-40). Conversely 
after PVE, FLR-F gain is greater than FLR-V gain (2,17). 
Therefore, although baseline FLR-V and FLR-F are 
correlated (as confirmed in our study), the variation of one 
cannot be used to predict changes in the other. 

By capturing both FLR quality and quantity, 99mTc-
mebrofenin morphological-functional imaging brings 
meaningful data for comparing LVD and PVE effects. 
Our results show that FLR-F increase is greater and faster 
after LVD than after PVE. As FLR-F and FLR-V were 
concomitantly evaluated using the same imaging modality 
(99mTc-mebrofenin SPECT/CT), we chose joint modeling 
to investigate the effect of the preparation technique (LVD 
vs. PVE) on FLR variation. We adjusted the analysis for 
(I) age, because liver function declines with age (41), (II) 
baseline FLR-V because it is inversely correlated with 
FLR-V gain (32), and (III) baseline FLR-F because it was 
significantly different in the LVD and PVE groups (we 
tended to propose LVD, the more aggressive technique, 
mainly to patients with low baseline FLR-F). Multivariate 
analysis showed that LVD independently predicted greater 
FLR-V and FLR-F increase, with/without missing data 
imputation. 

In a very recent retrospective study, greater FLR 
hypertrophy at week 3–4 was observed after embolization 
of the portal and hepatic veins than after PVE (+51.2% vs. 
+31.9%, P=0.018) (42). Unlike LVD, in HVE one plug is 
deployed proximally in one HV (usually the right) through 
the trans-jugular access (43). In LVD, the objective is the 
proximal occlusion of one/several major HV(s), and also 
the embolization of distal venous branches to limit the 
development of veno-venous collaterals. Such collaterals 
have been detected in 46% of normal livers (44,45) and may 
rapidly enlarge after plug deployment (15,16). Comparable 
FLR-V gains were reported in this study (+52.6% at  
day 21 after LVD) and that of Le Roy et al. (+51.2% at  
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day 26 after bi-embolization) (42). As both assessment time 
[day 21 (LVD) vs. 26 (bi-embolization)] and baseline FLR-V 
[394 cc (bi-embolization) (42) vs. 484 cc (LVD); +22.8%] 
influence FLR-V gain, we can hypothesize that volume gain 
is actually greater after LVD than after bi-embolization, 
although this would require another dedicated study. 

One of the most striking result of our study is the 
very high FLR-F gain after LVD (+68.2% at week 3), 
unprecedented for a liver preparation technique. Although 
very few studies have investigated FLR-F after PVE (2,17), 
FLR-F increase by 51.9% was reported at week 3–4 after 
PVE. Here, we observed an increase by 54.3% at day 7 after 
LVD. A very recent study on 125 patients undergoing major 
hepatectomy (34) showed that median FLR-F increase 
at post-operative day 7 was 38.8%. Therefore LVD can 
provide a greater FLR-F gain than hepatectomy does itself.

In the ALPPS literature (11-13), despite extremely 
rapid FLR hypertrophy, FLR-F was increased by only 
22–28% at day 6–7, a value comparable to the one we 
obtained after PVE. LVD provides at least a 2-fold greater 
increase at the same time point. In addition, Olthof et al. 
reported a surprising FLR-F decrease in 6/27 patients after 
ALPPS stage 1 (11). In another series, Sparrelid et al. (12) 
showed that FLR-F could even decrease by −35.7%. This 
unpredictable FLR-F degradation after ALPPS stage 1 
should be a severe warning against this technique, and may 
explain the high PHLF rate (14%) reported in the ALPPS 
registry (9). Conversely, only one of our 29 patients who 
underwent LVD presented a very limited and transient 
FLR-F decrease (−2% at day 7 and −5% at day 14) that was 
reversed at day 21 (+25.4%).

Several limitations must be acknowledged. Fist, the 
number of included patients was relatively small. However, 
they were consecutively enrolled and PVE, which is part of 
both procedures, was performed by the same operator using 
exactly the same technique. Second, although all the other 
baseline characteristics were comparable, baseline FLR-F 
was lower in the LVD group because we tended to propose 
the more aggressive technique to these patients. Therefore, 
we adjusted the analysis for this covariate to limit the 
selection bias. Third, some data are missing as generally 
observed in retrospective studies. Some morphological-
functional evaluations were not performed for several 
reasons, such as patient’s opposition, 99mTc-mebrofenin 
shortage, or earlier achievement of the safe FLR-F 
threshold. Nevertheless, the analyses performed before 
and after missing data imputation gave the same results. 
Fourth, although joint modeling, adjustment for covariates 

and missing data imputation were performed, the higher 
FLR increase after LVD must be confirmed in a prospective 
multicenter trial. To this aim, the French multicenter 
randomized phase II HYPERLIV-01 (NCT03841305) trial 
is currently recruiting patients. 

This retrospective study confirms that the statistical 
hypothesis on the primary endpoint of the HYPERLIV-01 
trial (≥12% of difference in FRL-V at week 3 between 
LVD and PVE) is realistic. Finally, faster and greater liver 
regeneration after LVD could both increase the proportion 
of patients amenable to liver resection and reduce the 
waiting time from preparation to resection, limiting 
surgery cancellation due to tumor progression. However, 
fast regeneration could also favor tumor progression and 
ultimately alter the oncologic outcome. This critical point 
could not be properly evaluated in our study due to the 
variability in tumor types. In the HYPERLIV-01 trial, 
only patients with colorectal cancer liver metastases are 
enrolled to allow the reliable assessment of the oncological 
outcomes. 

Conclusions

In conclusion, LVD is safe and provides greater FLR-V and 
particularly FLR-F, compared with PVE. These results need 
to be confirmed in the ongoing HYPERLIV-01 multicenter 
randomized trial.
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