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ABSTRACT

Liver resection remains the gold standard treatment for colorectal liver metastases
(CRLM). The improvement of the efficacy of chemotherapy has resulted in an increase of
CRLM candidates for curative resection, including a significant proposition of patients
initially deemed unresectable. The safety of liver resection has increased by taking
advantage of regenerative capacities of the liver with preoperative portal vein embolization
(PVE) and two-stage strategies. However, chemotherapy regimens including new drugs
such as oxaliplatin and irinotecan may induce pathologic changes of the nontumorous liver
parenchyma that could increase the risk of liver resection, and the impact of chemotherapy
on the nontumorous liver parenchyma may limit tolerance of these resections. Preoperative
portal obstruction, including PVE, which aimed to hypertrophy the future remnant liver,
can be adversely affected by this chemotherapy. The aim of this article is to describe the
impact of chemotherapy on nontumorous liver parenchyma and to evaluate the impact of
chemotherapy on the regenerative capacities of the liver, especially after PVE.
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Objectives: Upon completion of this article, the reader should be able to determine the impact of chemotherapy for colorectal liver

metastases on liver regeneration.
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Liver resection remains the gold standard treat-
ment of resectable colorectal liver metastases (CRLM).1

In patients with unresectable liver metastases, chemo-
therapy, which was initially used with a palliative intent,
has considerably improved the response rate of CRLM
during the last decade. Tumor responses increased from

15 to 20% with fluorouracil (5-FU) and to 40 to 50%
with oxaliplatin and irinotecan.2,3 A tumor response
> 60% can be obtained by combining targeted therapies,
including bevacizumab and cetuximab, with a conven-
tional chemotherapy regimen.4,5 This improvement of
the efficacy of chemotherapy has resulted in an increase
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of CRLM candidates for a curative resection. Therefore,
in addition to the 10 to 15% of patients with initially
unresectable disease who become resectable after chemo-
therapy,6,7 there is a trend to use preoperative chemo-
therapy in all resectable patients because perioperative
chemotherapy improves overall survival.8

At the same time, the safety of extensive liver
resection has increased by taking advantage of the
regenerative capacity of the liver with preoperative right
portal vein embolization (PVE) and the two-stage strat-
egy.9–13 However, the impact of chemotherapy on the
nontumorous liver parenchyma may limit tolerance of
these resections.14 Chemotherapy, especially oxaliplatin
and irinotecan, may induce histopathological changes of
the nontumorous liver parenchyma that could adversely
affect regenerative capacities of the liver.15,16 An
increased risk of postoperative liver failure after major
hepatectomy has been reported.17,18 Preoperative portal
obstruction, including PVE and portal vein ligation
(PVL), can reduce this risk.9,10,12 Chemotherapy is
usually discontinued 1 month prior to liver resection
because it is alleged to impair liver hypertrophy of the
future remnant liver (FRL).19 The risk of tumor pro-
gression during the 2-month interval between the last
cycle of chemotherapy and liver resection led us to dis-
continue chemotherapy during this preparation.20 This
article evaluates the impact of chemotherapy on the
regenerative capacities of the liver, especially after PVE.

PREOPERATIVE CHEMOTHERAPY AND
THE RISK OF LIVER RESECTION
The vast majority of patients referred for CRLM are
treated by chemotherapy with an increasing rate of
efficiency. However, the impact of these new drugs can
alter liver parenchyma, liver function, and consequently
surgical outcome following liver resection, and thus they
are an issue of debate. Numerous studies have evaluated
morbidity and mortality following liver resection for
colorectal metastases after neoadjuvant chemotherapy
with discordant results (Table 1).17,18,21–26

Several factors can explain this discrepancy of
results, including modalities of chemotherapy (type of
main drug used, duration of chemotherapy, and the
interval between chemotherapy and liver resection) and
the extent of resection. The two series17,18 showing an
adverse impact of preoperative chemotherapy were char-
acterized by a relatively short interval between the last
cycle and liver resection, a chemotherapy regimen based
on irinotecan or oxaliplatin, and a major liver resection in
the majority of patients.

The evaluation of perioperative use of targeted
therapies on postoperative outcome following liver re-
section was conducted in one study including 32 pa-
tients.27 In this study, 8 patients received preoperative
bevacizumab-based chemotherapy, 16 patients received T
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postoperative bevacizumab-based chemotherapy, and
8 patients received both pre- and postoperative bevaci-
zumab. The median number of doses of bevacizumab
provided was 9 (range, 4 to 15) preoperatively and
8 (range, 1 to 16) postoperatively. The median interval
between the last cycle of preoperative bevacizumab and
the liver resection was 6.9 weeks (range, 3 to 15) and
between surgery and the first cycle of postoperative
bevacizumab was 7.4 weeks (range, 5 to 15). Of the
32 patients, 17 underwent a major liver resection. Post-
operative outcomes of these patients were compared
with those of 32 matched patients who were not treated
with bevacizumab. Overall, postoperative complications
(two considered major) occurred in 13 patients (40.7%).
Although the impact of bevacizumab on regeneration
after major hepatectomy has not been studied, according
to this research, there is no argument demonstrating an
increased risk of liver resection for CRLM in patients
treated by targeted therapies.

CHEMOTHERAPY-ASSOCIATED
HEPATOTOXICITY
Chemotherapy for CRLM is associated with different
patterns of histopathological changes of the non-tumor-
bearing liver (Table 2).17,18,23,28–30 Steatosis was
observed in 30 to 47% of patients receiving systemic
FU-based chemotherapy.31–33 Although no convincing
argument shows an increased risk of liver resection due to
chemotherapy-induced hepatic steatosis, severe steatosis
due to diabetes mellitus and obesity is associated with
increased morbidity rates.28–30 Therefore, patients with
severe steatosis who are candidates for CRLM resection
have an increased risk of complications and blood trans-
fusion, whatever the pathogenesis of steatosis.30

More recently, two major histopathological enti-
ties related to the use of chemotherapy were defined:
chemotherapy-associated steatohepatitis (CASH)16 and
sinusoidal obstruction syndrome (SOS).15 An increasing
number of studies suggest that the use of a chemotherapy

regimen including oxaliplatin and irinotecan may be
responsible for the occurrence of these lesions. However,
the natural history of CASH and SOS and their impact
on liver function are still unknown. Vauthey et al18

observed that CASH occurred in 8.4% of patients
treated by neoadjuvant chemotherapy with an increased
risk in patients with a body mass index > 25 kg/m2

treated by irinotecan. In this study, CASH was associ-
ated with an increased mortality rate following liver
resection (14.7% versus 1.6%; p¼ 0.001). SOS was
initially described in the setting of bone marrow trans-
plantation where its occurrence was associated with a
high mortality rate.34,35 Rubbia-Brandt et al15 reported
that oxaliplatin-based chemotherapy may induce SOS
lesions in 78% of patients treated for CRLM. The
impact of SOS on postoperative outcomes has been
studied in several reports. Aloia et al23 showed that
severe vascular lesions were associated with increased
intraoperative transfusions, but no major consequences
on morbidity and mortality were observed. Karoui et al17

demonstrated in a series of patients who mainly received
oxaliplatin (40 of 67) that this chemotherapy was asso-
ciated with an increased morbidity due to postoperative
liver dysfunction. Chemotherapy was associated with
microvascular changes and hepatocyte necrosis, but liver
injuries were not stratified according to the chemo-
therapy regimen.

However, according to the literature, no clear
argument shows that patients with CASH and/or SOS
are impaired regarding the regenerative capacities of the
liver or an increase in postoperative dysfunction.

LIVER HYPERTROPHY FOLLOWING
PVE OR PVL
Mechanisms of liver hypertrophy are complex and asso-
ciated with multiple factors, but it is well demonstrated
that the portal flow has a hepatotrophic effect.36 Uni-
lateral portal vein occlusion induces an atrophy of the
ipsilateral liver lobe and a hypertrophy of the remnant
liver. Makuuchi et al37 reported that fatal liver failure did
not occur after major liver resection when the portal vein
of the resected lobe was obstructed. This group capital-
ized on this finding to advocate preoperative PVE to
initiate compensatory hypertrophy of the FRL. Azoulay
et al38 reported their experience of 30 patients with
colorectal hepatic metastases initially considered unre-
sectable because of inadequate liver remnant that became
resectable after chrono-modulated chemotherapy fol-
lowed by PVE. PVE induced a median 42% liver volume
gain in liver remnant volume and allowed resection in 19
of 30 patients (63%). There was no instance of post-
operative liver failure, and the actuarial 5-year survival
for the resected patients was 40%. Several other authors
have confirmed the applicability of this approach
to increase the resectability rate for colorectal liver

Table 2 Correlation between Postoperative Outcome
Following Liver Resection and Liver Parenchyma
Changes Associated with Preoperative Use of
Chemotherapy

Liver

Parenchyma

Changes

Morbidity

Following

Liver Resection

Mortality

Following

Liver Resection Authors

Steatosis þ 0 Kooby et al28

Belghiti et al29

Gomez et al30

CASH þþþ þ Vauthey et al18

SOS þþ 0 Karoui et al17

Aloia et al23

CASH, chemotherapy-associated steatohepatitis; SOS, sinusoidal
obstruction syndrome.
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metastases. The FRL volume limit for safe resection
varies from patient to patient. Guidelines have evolved
from analysis of outcomes after extended hepatectomy.39

In patients with an otherwise normal liver, PVE is
indicated when the standardized FRL volume is
� 20%. This cutoff point was determined by the analysis
of complications in 42 patients with a normal underlying
liver who underwent extended right hepatectomy.13 The
complication rate was increased, and intensive care unit
stay and hospital stay were prolonged in patients with an
FRL volume � 20% compared with those with an FRL
volume > 20%. No patient died in the series. Among
patients who receive extensive chemotherapy prior to
hepatic resection, liver injury can occur.14 Although the
clinical significance of chemotherapy-related liver injury
is not well defined, it has been proposed to prepare for a
major hepatectomy with preoperative PVE in patients
who have received preoperative systemic chemotherapy
with the stigmata of CASH and/or SOS.14,40,41

Our group10 reported an all-surgical two-stage
approach for patients presenting with synchronous hep-
atic metastases where PVL was performed at the time of
the initial exploration for bowel resection, sometimes
associated with resection of left-side CRLM, to induce
hypertrophy of the FRL. We, and others,42,43 recently
showed that right PVL and PVE result in a comparable
hypertrophy of the left liver and that PVL can be
performed efficiently and safely during the first laparot-
omy of a two-step liver resection.

Hence improved understanding of the benefits of
liver regeneration has allowed portal vein occlusion to
increase the pool of patients who can safely undergo
potentially curative hepatic resection.

HEPATIC REGENERATION
AND CHEMOTHERAPY

Liver Regeneration and Neoadjuvant

Chemotherapy

Gruenberger et al44 have evaluated the impact of pre-
operative chemotherapy on surgical outcome following
hepatic resection. In this study, liver regeneration was
assessed by a computed tomography scan performed
3 months after liver resection. Fifty-four patients re-
ceived six cycles of preoperative oxaliplatin-based che-
motherapy (XELOX) with bevacizumab. The sixth cycle
of chemotherapy did not include bevacizumab, resulting
in a 5-week interval between the last bevacizumab dose
and the liver resection. Forty-eight patients underwent a
curative liver resection after completing chemotherapy.
Among these 48 patients, 17 underwent a major liver
resection (three or more liver segments) and 9 patients
had a combined resection of the primary tumor. There
were no postoperative deaths, and morbidity was en-
countered in 8 (17%) patients. In this study, preoperative

chemotherapy including bevacizumab had no worse
effect on postoperative course following hepatic resec-
tion. Liver regeneration assessed at 3 months was
reported to be normal in all but one patient (related
to steatohepatitis).

Numerous studies have evaluated the impact of
preoperative chemotherapy on postoperative outcome
following hepatectomy (Table 1), but liver regeneration
was not assessed in these studies.

Liver Regeneration and Postoperative

Chemotherapy

Little data are available on liver regeneration and
postoperative chemotherapy in humans. Adjuvant
chemotherapy following a hepatic resection is mostly
reintroduced when the patient is discharged, that is, 4 to
6 weeks after the operation. However, there are several
studies on liver regeneration following hepatectomy in
rats treated postoperatively by chemotherapy. Engum
et al45 evaluated liver regeneration in five groups of rats
after 70% hepatectomy. Group I (untreated controls,
n¼ 32) received 0.9% saline intraperitoneally (IP); group
II (n¼ 31): cisplatin, 4 mg/kg IP; group III (n¼ 36):
cisplatin, 10 mg/kg IP; group IV (n¼ 34): cisplatin,
20 mg/kg IP; and group V (n¼ 27): doxorubicin,
6 mg/kg intravenously. Liver regeneration was evaluated
by liver weight, DNA incorporation measured by
titrated thymidine (3H-TdR), and quantitative image
analysis (QIA) of hepatic nuclei at 18, 24, 36, 48, and
72 hours, and 5 days postoperatively. The study showed
that (3H-TdR) DNA incorporation was not inhibited by
cisplatin. QIA, however, showed a dose-dependent in-
hibition with 4 mg/kg, 10 mg/kg, and 20 mg/kg cisplatin
administration. The authors concluded that early use of
cisplatin (4 mg/kg is two times the human dose) follow-
ing hepatic resection is feasible and may reduce the risk
of local recurrence and/or metastatic spread.

Liver Hypertrophy following PVE

and Chemotherapy

Histopathological changes of the nontumorous liver
parenchyma associated with chemotherapy could ad-
versely affect the regenerative capacities of the liver
and consequently increase the risk of major liver resec-
tion. For this reason, some authors have proposed
performing PVE or PVL in this context. This strategy
has two major advantages: First, PVE leads to a hyper-
trophy of the FRL and prevents the risk of postoperative
liver dysfunction; second, PVE allows a preoperative
assessment of the regenerative capacities of the liver. A
theoretical drawback of this strategy is that chemo-
therapy is usually discontinued in the interval between
PVE and liver resection because it has been alleged to
impair liver hypertrophy, leading to an increased risk of
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tumor progression during this period. Two studies have
evaluated the hypertrophy of the liver following PVE in
patients treated by chemotherapy for colorectal liver
metastases. Goere et al20 compared 10 patients treated
by chemotherapy in the interval between PVE and
hepatectomy and 10 without chemotherapy. In the
chemotherapy group, patients received mainly a FU-
based chemotherapy associated with either oxaliplatin or
irinotecan. In this study, chemotherapy had no adverse
effects on liver hypertrophy following PVE (33� 26%
in the chemotherapy group versus 25� 7%). On the
contrary, in the study of Beal et al,19 chemotherapy
administrated in the interval between PVE (mainly
oxaliplatin-based chemotherapy, 60%) and hepatectomy
impaired liver hypertrophy (89 mL; range, 7 to 149 mL
in the chemotherapy group [n¼ 10] versus 135 mL,
110 to 254 mL in patients without chemotherapy
[n¼ 5]; p¼ 0.016). In this latter study, patients without
chemotherapy were more likely to have tumor progres-
sion between the PVE and the hepatectomy. The
authors concluded that peri-procedure chemotherapy
did not prevent but did reduce liver hypertrophy follow-
ing PVE. In addition, a trend toward tumor progression
in patients not treated with peri-procedure chemother-
apy was observed.

In conclusion, some arguments suggest an adverse
effect on the regenerative capacities of the liver after the
use of new cytotoxic agents such as irinotecan and
cisplatin and targeted therapies for CRLM. The impact
of histopathological changes induced by these agents
remains unclear. Therefore it seems logical to propose
preoperative PVE or PVL in patients in whom a major
hepatectomy is considered. Although no recommenda-
tions for the peri-procedure use of chemotherapy can be
proposed on the basis of the data in the literature, the
risk of tumor progression when the chemotherapy is
discontinued necessitates it be taken into account.
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