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Abstract
AIM
To evaluate safety and outcomes of a new technique 
for extreme hepatic resections with preservation of 
segment 4 only.

METHODS
The new method of extreme liver resection consists of a 
two-stage hepatectomy. The first stage involves a right 
hepatectomy with middle hepatic vein preservation 
and induction of left lobe congestion; the second stage 
involves a left lobectomy. Thus, the remnant liver is 
represented by the segment 4 only (with or without 
segment 1, ± S1). Five patients underwent the new 
two-stage hepatectomy (congestion group). Data 
from volumetric assessment made before the second 
stage was compared with that of 10 matched patients 
(comparison group) that underwent a single-stage right 
hepatectomy with middle hepatic vein preservation.

RESULTS
The two stages of the procedure were successfully 
carried out on all 5 patients. For the congestion group, 
the overall volume of the left hemiliver had increased 
103% (mean increase from 438 mL to 890 mL) at 4 
wk after the first stage of the procedure. Hypertrophy 
of the future liver remnant (i.e. , segment 4 ± S1) was 
higher than that of segments 2 and 3 (144% vs  54%, 
respectively, P  < 0.05). The median remnant liver 
volume-to-body weight ratio was 0.3 (range, 0.28-0.40) 
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before the first stage and 0.8 (range, 0.45-0.97) before 
the second stage. For the comparison group, the rate 
of hypertrophy of the left liver after right hepatectomy 
with middle hepatic vein preservation was 116% ± 
34%. Hypertrophy rates of segments 2 and 3 (123% 
± 47%) and of segment 4 (108% ± 60%, P  > 0.05) 
were proportional. The mean preoperative volume 
of segments 2 and 3 was 256 ± 64 cc and increased 
to 572 ± 257 cc after right hepatectomy. Mean 
preoperative volume of segment 4 increased from 211 
± 75 cc to 439 ± 180 cc after surgery. 

CONCLUSION
The proposed method for extreme hepatectomy with 
preservation of segment 4 only represents a technique 
that could allow complete resection of multiple bilateral 
liver metastases.
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Hepatic congestion; Liver regeneration; Liver resection; 
Liver failure
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Core tip: Extreme hepatic resections with preservation 
of one segment only may be required for complete 
resection of multiple bilobar liver metastases. We 
evaluated a new technique of two-stage hepatectomy 
with preservation of segment 4 only. Stage one 
involves a right hepatectomy with middle hepatic 
vein preservation and associated left lobe congestion 
through reduction of the left hepatic vein diameter. 
This combination optimizes segment 4 regeneration 
while allowing the left lobe (to be resected) to maintain 
function with reduced hypertrophy. Stage two involves 
a left lobectomy. Hypertrophy rates of non-congested 
segment 4 were significantly greater than in congested 
left lobe. 
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INTRODUCTION
Complete surgical resection of colorectal liver 
metastases (CLM) leads to long-term survival for 
selected patients with isolated hepatic disease or 
resectable associated extrahepatic disease[1-5]. Tech-
nical improvements, mainly in blood flow modulation 
(such as portal vein embolization, portal vein ligation, 
associating liver partition and portal vein ligation 
(ALPPS), and simultaneous portal and hepatic vein 
embolization), have extended the limits of resection 

for CLM[6-8]. Stimulation of hepatic regeneration has 
also made liver resection feasible in patients who 
would otherwise have a small future liver remnant 
(FLR). However, these methods are not adequate for 
cases requiring bilateral anatomical liver resection with 
preservation of only a small central liver segment, 
as they cannot provide sufficient selective FLR 
hypertrophy.

Extensive bilateral hepatic involvement by CLM that 
requires complete resection of the right hemiliver and 
of the left lateral section, but which shows minimal or 
no involvement of segment 4, is an unusual as well 
as challenging clinical situation. Usually, the volume 
of liver segment 4 is insufficient to meet the minimal 
requirements for safe resection of all other segments. 
Additionally, the commonly applied methods for 
stimulating liver regeneration were designed to 
induce hypertrophy in lateral segments of the liver. 
Deprivation of portal flow to the entire right liver plus 
to the left lateral section has not yet been reported but 
would be expected to lead to liver failure if the FLR was 
very small. 

Right portal vein embolization (with or without 
hepatic vein deprivation) induces parenchymal 
hypertrophy of both FLR (segment 4) and the left 
lateral section[9-12]. The ALPPS method was developed 
to induce hypertrophy of the left lateral section, 
in particular[13,14]. Recently, our group published a 
technical alternative option that optimizes hypertrophy 
of segment 4, while avoiding hypertrophy of the left 
lateral section and maintaining its function[15]. In this 
study, we aimed to target hypertrophy to segment 4 
by generating a congestion of segments 2 and 3 after 
performance of a right hepatectomy. The safety and 
efficacy outcomes of this method are presented herein. 

MATERIALS AND METHODS
Study design and patients
From January 2013 to December 2015, patients (Table 
1) with multiple bilateral CLM who underwent a two-
stage hepatectomy with preservation of segment 4 [± 
segment 1 (S1)] only, using a technique previously 
described by our team[15], were selected for study 
inclusion and designated as the “congestion group”. 
For comparative analysis, patients that underwent 
right hepatectomy were selected to fit a 2: 1 case-
matched proportion and included as the “comparison 
group”. Inter-group comparisons were made for the 
hypertrophy rates of each left side hepatic segment 
after a right hepatectomy only (in the comparison 
group) and after a right hepatectomy associated with 
left lobe congestion (i.e., the first-stage procedure in 
the congestion group). Pre- and postoperative hepatic 
triple-phase contrast-enhanced computed tomography 
(CT) images were used for comparative volumetric 
assessment of all patients.
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Congestion group 
The congestion group included 5 patients with multiple 
bilateral CLM who had been selected for resection 
according to fulfillment of the following criteria: (1) 
hepatic segment 4 (± S1) without lesions or with only 
superficial lesions appropriate for atypical resection; (2) 
right hemiliver and left lateral sector both considered 
ineligible for surgical preservation due to the presence 
of multiple deep and/or sectorial or segmental hepatic 
pedicle tumor involvement; and (3) absence of 
detectable extrahepatic metastases (Table 1).

Abdominal and thoracic contrast-enhanced CT, 
abdominal magnetic resonance imaging (MRI), and 
positron emission tomography (PET)-CT were used 
to detect hepatic and extrahepatic disease. Hepatic 
metastases were defined as metachronous if they 
were diagnosed at least 6 mo after colorectal tumor 
resection. All patients received chemotherapy with 
oxaliplatin-based standard protocols and showed 
no hepatic disease progression prior to the surgical 
resection.

At the time of presentation of the metastatic 
liver disease, none of the patients were considered 
candidates for surgery as their FRLs were too small. 
Individual case discussion was carried out by the 
multidisciplinary tumor board, with alternatives for 
ensuring achievement of complete hepatic resection 
of the metastatic disease being considered. In this 
scenario, simultaneous embolization of the right 
portal vein and left lateral sector portal branches was 
deemed to be too risky because of the very small FLR 
(segment 4 ± S1). Of note, the left lateral lobe was 
evaluated for preservation but complete cleanup was 
deemed impossible, even with application of local 
ablation methods. 

Comparison group
The comparison group consisted of 10 patients that 
had been randomly selected from a large database 
so that each patient was matched according to the 
following criteria: age (classified according to decades), 
sex, American Society of Anesthesiologists (commonly 
known as ASA) score, CLM diagnoses, preoperative 
chemotherapy (chemotherapeutic agents and duration), 
and type of resection (right hepatectomy with middle 
hepatic vein preservation).

Rationale for segmental congestion and technical 
aspects
Extended hepatic resection with preservation of 
segment 4 only represents a significant clinical 
challenge. The usual options for resection in patients 
with multiple bilateral metastases include methods 
of portal vein privation with or without local ablation 
techniques. However, when segment 4 is the only one 
to be preserved, performance of isolated right portal 
vein embolization (or even in conjunction with right 
hepatic vein occlusion) induces hypertrophy of both 
segment 4 and the left lateral sector, namely of both 
the segments to be preserved and the segments to 
be respected. Thus, the increase of segment 4 is not 
optimal, and it might not be sufficient for successful 
outcome. On the other hand, coincident embolization 
of the left lateral sector portal branches (in addition to 
the right portal vein embolization) is a risky procedure 
since the non-embolized segment is too small.

Thus, to optimize hypertrophy of the FLR (i.e., 
segment 4), our team conceived of a two-stage 
procedure (Figure 1) in which the initial surgery consists 
of a right hepatectomy with middle hepatic vein 
preservation and induction of congestion of the left lobe, 
and the second stage is a left lateral sectionectomy. 

Since parenchymal resection provides the highest 
expected rate of remnant liver hypertrophy, a major 
hepatic resection (right hepatectomy) is performed 
in the first stage. Additionally, to promote future 
hypertrophy of segment 4 and to avoid hypertrophy 
of the left lateral sector, congestion of left lobe is 
induced. To induce the desired segmental congestion, 
a silicone tube is wrapped around the left hepatic 
vein, outside of the liver. The diameter of the looping 
silicone is progressively diminished around the vein. 
When macroscopic signs of congestion become evident 
in segments 2 and 3, a Doppler study is performed to 
ensure that hepatopetal flow is still present in these 
segments. Finally, the silicone tube is tied-off in order 
to maintain the diameter of the vessel according to the 
size of the loop. The loop is left in situ until the second 
stage is performed. It is important to ensure the 
hepatopetal flow despite congestion, as this will help 
maintain the function of the congested segments but 
will limit their hypertrophy rates.

At 4 wk after the first stage, a CT with volumetric 
assessment is performed to evaluate parenchymal 
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Table 1  Patient characteristics of the congestion group

Sex Age, yr Weight, kg Preoperative chemotherapy Comorbidities CLM

Patient 1 Female 52 55 Oxaliplatin None Metachronous
Patient 2 Female 61 63 Oxaliplatin SAH Metachronous
Patient 3 Female 39 98 Oxaliplatin + bevacizumab None Synchronous
Patient 4 Female 54 66 Oxaliplatin None Metachronous
Patient 5 Female 65 46 Oxaliplatin DM, SAH Metachronous

CLM: Colorectal liver metastases; DM: Diabetes mellitus; SAH: Systemic arterial hypertension.
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following formula: [(segmental volume after surgery - 
segmental volume before surgery) × 100]/segmental 
volume before surgery. Volumetries were determined 
by contrast-enhanced CT acquisitions and by use of 
the Osirix for IOS medical imaging viewer software 
(Pixmeo SARL, Bernex, Switzerland, 2012).

Statistical analysis
Data are expressed as mean ± SE of the mean or 
median. A t-test was used to compare means. P value 
< 0.05 indicated statistical significance. All statistical 
analyses were performed by the SPSS statistical 
software package, version 10.1 (SPSS Inc, Chicago, 
IL, United States).

RESULTS
Liver regeneration in the congestion group
The overall left liver increased by 103% (mean increase 
from 438 mL to 890 mL) in the 4 wk after performance 
of the first stage of the procedure. Hypertrophy of 
the FLR (i.e., segment 4 ± S1) was greater than that 
of segments 2 and 3 (144% vs 54%, respectively, 
P < 0.05). Table 2 shows the individual volumes 

hypertrophy (Figure 2), after which a left lateral 
sectionectomy is performed if the FLR is considered 
sufficient. When lesions are also present on segments 
4 and/or 1, the tumors are resected during the first 
stage, thereby “cleaning” the FLR for the subsequent 
procedure.

Both the first and second stages were performed 
with a J-shaped incision. Intraoperative ultrasound 
was used to verify the transection plane and assure 
preservation and permeability of the middle hepatic 
vein. The left hepatic vein was dissected and encircled 
by the standard technique. Parenchymal transection 
was performed using a saline-irrigated bipolar device, 
and all vascular and biliary structures sized ≥ 3 mm 
were divided between ligatures. Intermittent Pringle 
maneuver (15 min of clamping with 5 min intervals) 
was used as needed.

Measurement of liver volumetry 
Volumetry of segments 4 and 1 (or of only segment 4 
if S1 should be resected) and of segments 2 and 3 (left 
lobe) was performed preoperatively and at 4 wk after 
the right hepatectomy (Figure 2). The regeneration 
rate (percent hypertrophy) was calculated with the 

Figure 1  Schematic representation of two-stage hepatectomy with preservation of segment 4 only using outflow modulation. A: During the first stage, a right 
hepatectomy with middle hepatic vein is performed along with an associated induction of congestion in the left lobe; B: Redistribution of portal flow (increased inflow 
to segment 4 after territorial congestion of segments 2/3) optimizes hypertrophy of segment 4 and avoids hypertrophy of segment 2 and 3; C: The second stage of 
procedure, a left lobectomy, is performed.

Figure 2  Computed tomography-based volumetry. A: Before the first stage of liver resection; B: Before the second stage of the procedure. Modulated congestion 
of the left lobe associated with right hepatectomy led to a significant hypertrophy rate of segments 4 and 1 (156%) but only a modest hypertrophy rate of segments 2 
and 3 (24%). Modified from Balzan et al[15].

A B
157 cm3 205 cm3 391 cm3 253 cm3
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and hypertrophy rates for each patient. The median 
remnant liver volume-to-body weight ratio was 0.3 
(range, 0.28-0.40) before the first stage and 0.8 (range, 
0.45-0.97) before the second stage.

Liver regeneration in the comparison group
The overall hypertrophy rate of the left liver at 4-6 
wk after right hepatectomy with middle hepatic vein 
preservation in this group was 116% ± 34%. The 
hypertrophy rates were proportional for segments 2 and 
3 and segment 4 (123% ± 47% vs 108% ± 60%, P > 
0.05). The mean preoperative volume of segments 2 
and 3 was 256 ± 64 cc, which increased to 572 ± 257 
cc after the right hepatectomy. The mean preoperative 
volume of segment 4 increased from 211 ± 75 cc to 
439 ± 180 cc after the surgery. 

Morbidity and mortality rates
Both of the two stages of the novel procedure were 
successfully completed in all 5 patients. One patient 
(case #3) developed postoperative ascites after the 
first stage, requiring prolonged hospital stay. Another 
patient (case 5, a 65-year-old female) died at 30 d 
after the second stage, due to liver failure that likely 
resulted from small-for-size syndrome. In this patient, 
ascites and jaundice developed on postoperative day 
7 and increased progressively with no evidence of 
biliary obstruction. She had been receiving systemic 
oxaliplatin-based chemotherapy for 8 mo prior to 
performance of the first stage. Her hypertrophy rate at 
4 wk after the first stage was below expected, for both 
congested and non-congested segments (15% and 
23%, respectively). 

All other patients experienced uneventful posto-
perative recovery (i.e., no Dindo-Clavien complication 
of grade 2 or more) after the first and second stages.

DISCUSSION
The present study demonstrates that modulation of 
outflow allows for targeted liver regeneration. The 
method reported is particularly useful for patients 
in whom only segment 4 (± S1) can be preserved. 
In such cases, as described herein, the hypertrophy 
rate of segment 4 (± S1) after right hepatectomy 
was optimized when partial outflow deprivation of 

segments 2/3 was employed.
The classical paradigm of liver resectability 

comprises the preservation of at least two contiguous 
functional liver segments, with appropriate portal and 
arterial inflow, as well as venous outflow and biliary 
drainage. Right and left trisectionectomies are the 
most extensive liver resections routinely performed[16]. 
Moreover, two-stage hepatectomy for bilateral CLM 
may provide long-term outcomes that are comparable 
to those in patients treated with a planned single-stage 
hepatectomy[16-20]. However, extreme resections with 
preservation of only a single liver segment have been 
reported rarely[21-23]. Two cases of hepatic resection 
with only segment 4 preservation were reported by 
Adam et al[21], and both used staged procedures. For 
these, the first stage involved a major hepatectomy 
(right hepatectomy) in one of the patients and a 
minor hepatectomy (left lobectomy) in the other one. 
Schadde et al[19] reported 6 cases with left lobectomy 
performed during the first stage, in the context of 
ALPPS, followed by right hepatectomy in the second 
stage. 

Our technique comprises a right hepatectomy (with 
or without wedge resections on segment 4) during 
the first stage of the procedure and a left lobectomy 
as the second stage. The potential disadvantages of 
performing a major liver resection first include: (1) 
submitting the patient to a higher-risk procedure 
initially, although this is offset by the chance that 
the patient may eventually not be a candidate for 
the second stage due to disease progression; and 
(2) subjecting the surgeon of the second stage to a 
procedure with increased technical difficulty if adhesions 
involving the diaphragm have formed. However, other 
positive aspects should be considered: (1) a major 
resection performed as the initial procedure induces 
a greater extent of hepatic regeneration than a minor 
hepatectomy; (2) anatomical right hepatectomy is a 
standardized procedure with acceptable morbidity; and 
(3) lysis of adhesions from the diaphragm to the cut 
section of the liver is not routinely required to perform 
the second stage procedure (left lobectomy). Besides 
these, no oncological benefit has been demonstrated 
for one strategy over another.

Extensive parenchymal resection results in the 
highest rate of regeneration of the remaining liver, as 

Table 2  Hypertrophy rate of congested and non-congested segments

Segments 2/3 Segment 4 (± S1) P  vaule

1st stage, in cc 2nd stage, in cc Hypertrophy rate 1st stage, in cc 2nd stage, in cc Hypertrophy rate
Case 1 205 253   24% 157 391 149%
Case 2 228 331   45% 192 505 163%
Case 3 309 679 120% 272 823 203%
Case 4 248 407   64% 225 641 185%
Case 5 186 214   15% 167 206   23%
mean ± SD 235 ± 42 377 ± 165 54 ± 37 203 ± 42 513 ± 211 144 ± 63 < 0.05

1st stage: Volumetry before 1st stage; 2nd stage: Volumetry before second stage (after right hepatectomy and segments 2 and 3 congestion).

Balzan SMP et  al. Taking benefit of territorial hepatic congestion
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compared to other reported methods that induce FLR 
hypertrophy. In our study, the overall volume increase 
of the left liver after the first stage was 103%, and 
the FLR (i.e., segment 4) increased 144% before the 
second stage. In ALPPS, the reported hypertrophy 
rates of FLR before the second stage have ranged 
from 47% to 110%[13,24-26]. Likewise, in portal vein 
embolization or ligation alone, or when associated with 
ipsilateral hepatic vein occlusion, even more modest 
rates of hypertrophy have been reported (from as low 
as 8.2% and up to 46%)[27-31].

Hypertrophy of the remaining liver after major 
parenchymal hepatic resection is fast and powerful, 
and involves a complex process of signaling path-
ways[32]. The role of portal flow in the process of 
regeneration after major hepatectomy is unclear, but 
induction of regeneration seems to occur due to: (1) 
the increase of portal flow per unit mass itself; and 
(2) the large incoming amounts (per hepatocyte) of 
signaling molecules usually present in portal blood[33]. 
According to these concepts, the temporary increase 
of portal flow to some hepatic territories would 
strongly stimulate the regenerative process of these 
hepatocytes, while the maintenance of a usual portal 
flow would prevent regeneration. 

This phenomenon explains the disproportional rate 
of hypertrophy that is seen between the left lobe and 
segment 4 after right hepatectomy, with or without 
preservation of the middle hepatic vein. It is known 
that after right hepatectomy with middle hepatic vein 
resection, the rate of regeneration of segment 4 is 
lower than that of segments 2 and 3. On the other 
hand, after right hepatectomy with middle hepatic vein 
preservation, all remnant segments show a similar 
hypertrophy[33-35]. In our technique, this knowledge was 
applied in a reverse manner, specifically a reduction of 
outflow from the left lobe after the right hepatectomy 
with preservation of middle hepatic vein. In fact, 
the induced congestion of the left lobe prevents the 
expected increase of portal flow to this hepatic area, 
maintaining its function while avoiding hypertrophy. 
In the meantime, the portal flow is redirected to non-
congested segments (segments 4 and 1), i.e., the FLR, 
optimizing its regeneration.

Thus, induced congestion of the left lobe (which is 
to be resected) during the first stage of the procedure 
aims to prevent its hypertrophy while optimizing that 
of segment 4 (which is to be preserved). Our results 
confirm a significant disproportional hypertrophy 
rate of the congested left lobe (54%) compared to 
the non-congested segment 4 (144%), allowing for 
safe resection of the left lobe in the second stage of 
the procedure. The consistency of this strategy is 
evidenced by the hypertrophy rate of the matched 
comparison group of patients that underwent a right 
hepatectomy with middle hepatic vein preservation. In 
this comparison group, in the context of single-stage 
hepatectomy for CLM, a proportional hypertrophy rate 

was observed for left lobe and segment 4.
The interval between performance of the first 

and second stages ranged from 6 wk to 8 wk, and 
all patients underwent the second stage of the 
procedure. One patient died following the second 
stage. This patient presented an unexpected low rate 
of hypertrophy after the first stage (15% for the left 
lobe and 23% for segment 4) and underwent the 
second stage with a FRL of 206 cc (0.45% of the 
body weight). The restricted rate of hypertrophy could 
have been related to the long period of preoperative 
chemotherapy (8 mo) that the patient had undergone. 
The postoperative clinical findings were compatible 
with small-for-size syndrome and started to develop 
after postoperative day 7, with progressive hyper-
bilirubinemia and voluminous ascites. The patient died 
of liver failure on postoperative day 30. 

Future studies should take into account both the 
expected rate of hypertrophy and the kinetic rate of 
hypertrophy. These rates should probably be considered 
as contraindications for the second procedure, as in 
other strategies used to induce liver hypertrophy. Also, 
the ideal interval between the two stages remains to 
be determined, as well as the benefit of chemotherapy 
during the interval period. To evaluate the viability of 
performing the second stage early, our group recently 
initiated a prospective protocol that includes volumetric 
assessment on day 7 after performance of the first 
stage.

In summary, this novel method for extreme hepa-
tectomy with preservation of only segment 4 represents 
a new understanding of the clinical treatment that could 
refine the assignment of patients with multiple bilateral 
liver metastases to achieve a complete resection.

COMMENTS
Background
Complete resection is the only potential curative treatment for colorectal liver 
metastases (CLM). Resection of multiple bilateral lesions represents a technical 
challenge and a real risk of postoperative hepatic failure when segment 4 is the 
only hepatic segment to be preserved.

Research frontiers
The usual technical options for resection of multiple bilateral CLM are 
preoperative portal vein embolization, associating liver partition and portal vein 
ligation, and two-stage hepatectomy. Unfortunately, these are rarely useful for 
extreme resection with preservation of segment 4 only, due to the common 
very-small future liver remnant. Thus, a method allowing safe hepatic resection 
with preservation of only segment 4 will benefit a significant number of patients. 

Innovations and breakthroughs
A two-stage procedure that can overcome the risk of postoperative hepatic 
failure among patients with preservation of segment 4 only is presented. The 
first stage involves a right hepatectomy (to accomplish the higher expected 
hypertrophy rate) and a reduction of the left hepatic vein diameter (venous 
congestion to preclude proper hypertrophy). This strategy allows for an 
extraordinary hypertrophy rate of segment 4 (future liver remnant), while the left 
lobe maintains its function with a much less extent of increase in size. Then, the 
second stage can be safely accomplished through a left lobectomy. Compared 
to conventional right hepatectomy, the use of outflow modulation optimizes the 
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hypertrophy rate of the target area. 

Applications
This surgical technique represents a useful and safe method to perform 
extreme resections when the only hepatic segment to be preserved is segment 4.

Peer-review
This is a retrospective study, limited by the small number of patients. However, 
the use of this innovative technique allows extensive liver resection in patients 
with multiple bilateral liver metastases in a scenario that cannot be treated by 
conventional approaches. The comparison group in this paper clearly shows 
that venous congestion is a useful tool to optimize liver hypertrophy of the future 
liver remnant. The spreading of such technique should encourage other centers 
to perform it. Its benefit in a larger number of patients shall become apparent 
with further series.
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