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 Conclusions:  Preoperative assessment that includes evalua-
tion of liver volume and function of the remnant liver is a 
mandatory prerequisite before major hepatectomy. The crit-
ical residual liver volume for patients able to predict PHLF is 
mainly related to the presence of pre-existing liver disease 
and liver function. Among patients with normal liver, the lim-
it for safe resection ranges from 20 to 30% future remnant 
liver of total liver volume. In patients with injured liver (cir-
rhosis, cholestasis or steatosis), preoperative assessment of 
the risk of PHLF should include future remnant liver volum-
etry and accurate liver function evaluation, including differ-
ent dynamic liver function tests. 

 Copyright © 2012 S. Karger AG, Basel 

 Introduction 

 Liver resection represents the first choice of treatment 
for primary and secondary liver malignancies, giving the 
patient the best chance of long-term survival  [1–3] . Ad-
vances in hepatic surgical technique, perioperative care 
and improvements in patient selection criteria were able 
to increase the number of patients who could undergo 
major or extended hepatectomy with curative intent  [4, 
5] . In a recent review of 1,803 consecutive patients over a 
10-year period, a decrease in postoperative mortality to 
1.3% was seen, despite an increase in major procedures 
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 Abstract 

  Background:  Liver resection represents the first choice of 
treatment for primary and secondary liver malignancies, of-
fering the patient the best chance of long-term survival. The 
extensive use of major hepatectomy increases the risk of 
post-hepatectomy liver failure (PHLF), which is associated 
with a high frequency of postoperative complications, mor-
tality and increased length of hospital stay.  Aims:  The aim of 
this review is to investigate the different risk factors related 
to the occurrence of PHLF and to identify the limits for a safe 
liver resection in patients with normal liver and injured liver 
(cirrhosis, cholestasis, steatosis and post-chemotherapy liver 
injury).  Methods:  A literature search was undertaken in 
PubMed and related search engines, looking for articles re-
lating to hepatic failure following hepatectomy in normal 
liver or injured liver.  Results:  In spite of improvements in sur-
gical and postoperative management, the parameters de-
termining how much liver can be resected are still largely 
undefined. A number of preoperative, intraoperative and 
postoperative factors all contribute to the likelihood of liver 
failure after surgery. The safe limits for liver resection can be 
estimated from the data of the literature for patients with 
normal liver and for those with different types of liver injury. 
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 [6] . With such extensive resections of hepatic parenchy-
ma, the risk of post-hepatectomy liver failure (PHLF) is 
increased, and it is associated with a high frequency of 
postoperative complications, mortality and an increased 
length of hospital stay  [7] .

  The occurrence of PHLF after major liver resection 
ranges from 0 to 32% in different case series in the litera-
ture. Jarnagin et al.  [6]  reported a frequency of PHLF of 
5% in a group of patients mainly without chronic liver 
disease, whereas the occurrence of PHLF can reach 20% 
in patients with chronic liver disease or cirrhosis  [8, 9] .

  PHLF is closely related to the volume and function of 
the remnant liver, and these two variables are the major 
determinants of the adequacy of future remnant liver 
(FRL) after resection  [10] . In patients with normal liver, 
smaller FRL volume can be adequate for a rapid recovery 
after resection. In contrast, in diseased livers (chronic 
hepatitis, cirrhosis, cholestasis, steatosis and postchemo-
therapy liver disease), larger remnant liver is necessary to 
avoid a PHLF.

  Definition of PHLF 

 PHLF is defined as failure of one or more synthetic 
and excretory functions that include hyperbilirubinemia, 
hypoalbuminemia, prolonged prothrombin time (PT), 

elevated serum lactate and different grades of hepatic en-
cephalopathy  [6, 11–13] . The incidence of PHLF is ex-
tremely variable in the literature, between 1.2 and 32%, 
partly as a result of differences in the studied patient pop-
ulations, performed procedures and the lack of a stan-
dardized and universally accepted definition  [4, 14–16] . 
In the past decade, mortality after hepatectomy ranged 
from 0 to 5%, and although the cause of death is multi-
factorial, PHLF remains the predominant cause of hepa-
tectomy-related mortality  [6, 17–20] .

  Among the several definitions of PHLF ( table 1 ), the 
most widely used in clinical practice is the following one: 
combination of prolonged PT and serum total bilirubin 
associated with hepatic encephalopathy and/or ascites 
during postoperative period. One of the more frequently 
definition utilized in clinical practice is the 50-50 criteria 
characterized by the combination of PT index  ! 50% 
(equal to international normalized ratio – INR  1 1.7) and 
serum total bilirubin  1 50  � mol/l (equal to  1 2.9 mg/dl) 
on the 5th postoperative day. When this criterion is ful-
filled, patients had a 59% risk of mortality compared with 
1.2% when they were not met (sensitivity 69.6% and spec-
ificity 98.5%)  [13] . A recent study on 1,059 patients was 
designed to provide a standard definition of PHLF in sub-
jects with normal preoperative liver function. These au-
thors found that a peak serum bilirubin concentration 
 1 7 mg/dl predicted strongly hepatectomy-related death 

Table 1.  Definition criteria of PHLF applied in the literature 

First author Year Bilirubin Postoperative
time

PT Encepha-
lopathy

Ascites

Imamura [12] 2003 >5 mg/dl >3 days index <50% – –
Vauthey [21] 2004 >10 mg/dl – INR >2.0 – –
Kubo [22] 2004 >5 mg/dl >5 days – – +
Balzan [13] 2005 >50 �mol/l 5 days index <50% – –
Chen [23] 2006 >2.9 mg/dl – index <50% + –
Menon [24] 2006 >30 �mol/l – >18 s + –
Capussotti [25] 2006 >5 mg/dl >3 days index <50% – –
Ohwada [26] 2006 >5 mg/dl >5 days – + +
Mullen [16] 2007 >7 mg/dl – INR >2.0 – –
Pawlik [27] 2007 >6 mg/dl – – – –
Ribero [28] 2007 >10 mg/dl – – + +
Figueras [29] 2007 >50 �mol/l 5 days index <50% + –
Adam [30] 2007 >50 �mol/l – index <50% – –
Nagino [31] 2007 >10 mg/dl 2 weeks – – –
Hemming [32] 2008 >7 mg/dl – INR >2.0 + +
Fukumori [33] 2011 >5 mg/dl 1–7 days – + +

B ilirubin 30 �mol/l = 1.7 mg/dl, 50 �mol/l = 2.9 mg/dl; PT index <50% = INR >1.7, PT >18 s = INR >1.6.
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and worse postoperative outcomes (sensitivity 93.3% and 
specificity 94.3%), patients with bilirubin peak  1 7 mg/dl 
showed a more than 30% chance of dying from liver fail-
ure  [16] . Schindl et al.  [34]  proposed a classification for 
the severity of PHLF; their score included four parame-
ters (total serum bilirubin, PT, serum lactate concentra-
tion, and grade of encephalopathy) and classified PHLF 
into four grades of severity. The authors found that 72.7% 
of patients with severe hepatic dysfunction developed in-

fectious complications compared to 18.2% in patients 
without severe hepatic dysfunction.

  In 2011, the International Study Group of Liver Sur-
gery (ISGLS) defined PHLF as increased INR and hyper-
bilirubinemia on or after the 5th postoperative day and 
provide a grade of severity depending on the impact on 
patient’s clinical management  [35] . PHLF grade A repre-
sents a postoperative deterioration that does not require 
a change in the patient’s clinical management. Patients 
are diagnosed with grade B PHLF if there is a deviation 
from the regular postoperative clinical pathway but they 
can be managed without invasive treatment. Patients who 
develop PHLF requiring an invasive procedure are clas-
sified as having grade C PHLF ( table 2 ).

  This classification was applied retrospectively to a 
group of 576 patients who underwent hepatectomy. A to-
tal of 65 patients (11%) fulfilled the ISGLS criteria for 
PHLF. Grade A PHLF was diagnosed in 5 patients (8%), 
grade B in 47 patients (72%) and grade C in 13 patients 
(20%). The perioperative mortality of patients with PHLF 
grade A, B, and C was 0, 12 and 54%, respectively  [36] .

  Pathogenesis 

 After liver resection, functional liver mass is lost, and 
in the remaining hepatocytes both regeneration and 
death occur. The ability of the liver remnant to overcome 
the effect of hepatectomy depends on its capacity to lim-
it hepatocyte death, to preserve or recover an adequate 
synthetic function and to enhance its regenerative power 
 [37] .

  Factors that limit the regeneration can be divided into 
patient related, liver related, and surgery related ( table 3 ).

  Patient-Related Factors 
 The role of age in the onset of PHLF is controversial. 

Nanashima et al.  [38]  showed that incidence of PHLF is 
not affected by age even though systemic complications 
are increased in elderly patients ( 6 70 years; 15 vs. 3%; 
p  !  0.05). According to some authors, advanced age ( 6 70 
years) increased the risk of postoperative morbidity and 
mortality with odds ratios of 1.02 (95% CI 1.01–1.03; p  !  
0.01) and 1.05 (95% CI 1.02–1.09; p  !  0.01), respectively  
[13, 16] . Iakova et al.  [39]  studying gene expression and 
transcription factors involved in liver regeneration dem-
onstrated that aging reduces hepatocyte proliferative ca-
pacity.

  Likewise, diabetes is associated with greater risk of 
PHLF-related postoperative mortality. Little et al.  [40]  re-

Table 2.  Consensus definition and severity grading of PHLF by 
the ISGLS [35, 36]

Definition:
Postoperatively acquired deterioration in the ability of the liver to 
maintain its synthetic, excretory, and detoxifying functions, char-
acterized by an increased INR (or need of clotting factors to main-
tain normal INR) and hyperbilirubinemia on or after postopera-
tive day 5

Grade Mortality

A 0% PHLF resulting in abnormal laboratory param-
eters but requiring no change in the clinical 
management of the patient 

B 12% PHLF resulting in a deviation from the regular 
clinical management but manageable without 
invasive treatment (fresh frozen plasma, albu-
min, daily diuretics, noninvasive ventilation)

C 54% PHLF resulting in a deviation from the regular 
clinical management and requiring invasive 
treatment (vasoactive drugs, glucose infusion, 
hemodialysis, intubation and mechanical venti-
lation, extracorporeal liver support, rescue hep-
atectomy, transplantation)

Table 3.  Risk factors for PHLF

Patient related Age
Diabetes mellitus
Obesity (BMI)

Liver related Cholestasis
Steatosis/cirrhosis
CALI

Surgery related Hypotension
Massive bleeding
Liver ischemia
Remnant liver volume
Infection/sepsis
Portal hypertension
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ported a postoperative mortality rate in diabetic and non-
diabetic patients of 8 and 2%, respectively (p  !  0.02), with 
an 80% of PHLF-related death.

  Overweight (BMI 25.0–29.9) and obesity (BMI  6 30.0) 
are significant predictors of adverse postoperative course 
with an increased morbidity rate after hepatic resection 
of 31–75 and 42–80%, respectively  [41, 42] .

  Liver-Related Factors 
 Pre-existing cirrhosis, cholestasis, steatosis and che-

motherapy-associated liver injury (CALI) are the most 
important preoperative conditions that affect regenera-
tion and increase the risk of PHLF  [43–45] .

  Cirrhosis 
 Cirrhotic livers demonstrate lower levels of hepatocyte 

growth factor and other transcription factors leading to 
a reduction of DNA synthesis and lower volumes of re-
generated liver  [46] . Moreover, cirrhotic livers show an 
increased risk of ischemia-reperfusion injury and fibrosis 
leading to regional ischemia contributes to impaired 
growth and regeneration  [47] . In the 1980s, the operative 
mortality of major hepatectomy among cirrhotic patients 
was as high as 32%; more recent studies in the 2000s re-
vealed a mortality rate of 5–6.5%  [48–50] . More recently, 
some authors reported mortality near 0% also in cirrhot-
ic livers  [51] . The morbidity and mortality after hepatec-
tomy in liver cirrhosis is higher in CHILD B/C stage pa-
tients (60 and 20%, respectively)  [4, 52] .

  Cholestasis 
 Hepatectomy in the presence of cholestasis has been 

found to significantly inhibit liver regeneration by de-
pressing the expression of proliferative genes and tran-
scription factors involved in hepatocyte proliferation (C/
EPB and cyclin E) compared with group control without 
cholestasis (p  !  0.01)  [53] . Some authors report that dila-
tation of the biliary tract, compressing vascular elements 
of the hepatic hilum, leads to a reduction in portal venous 
flow, accompanied by an increase in hepatic arterial flow 
 [54] . This reduction in portal venous flow is further ex-
acerbated by hepatectomy, which may contribute to im-
paired regeneration  [55] .

  Cholestatic patients who undergo hepatic resection 
have an increased risk of postoperative complications 
compared to patients without cholestasis; the reported 
morbidity in the literature is 50 versus 15%, PHLF is 5–17 
versus 0–3% and mortality 5–13 versus 0–6%, respective-
ly  [56, 57] .

  Steatosis and CALI 
 Steatosis of the liver is an increasingly common find-

ing either due to lifestyle-related factors or as a compli-
cation of neoadjuvant chemotherapy (CALI)  [58, 59] . 
 Steatosis and steatohepatitis are associated with delay in 
regeneration, increased susceptibility to ischemia-reper-
fusion injury and increased risk of bleeding following 
hepatectomy. Experimental studies in rats demonstrated 
that steatosis induces impaired regeneration during the 
first days after surgery with a regenerated liver mass re-
duced by 60% when compared with non steatotic livers 
 [45] . In clinical studies steatosis was associated with an 
increased rate of morbidity and mortality after hepatec-
tomy, compared to patients with normal liver (43 vs. 26 
and 9 vs. 2%, respectively)  [60–62] .

  Surgery-Related Factors 
 Massive Bleeding and Transfusion 
 Massive bleeding ( 1 1,000–1,250 ml) and need for 

blood transfusion, which can occur during hepatectomy, 
predispose the patient to PHLF, and increase morbidity 
(37–43 vs. 22–30%) and mortality rate (7.5–9 vs. 0–3%)  [6, 
12, 17, 63] .

  Ischemia-Reperfusion Injury 
 Hepatic ischemia-reperfusion injury is a condition 

that may occur during hepatectomy in the case of massive 
bleeding and subsequent hypotension or hepatic in- or 
outflow occlusion  [64] . Hepatic ischemia and reperfusion 
activate a complex cascade that triggers an inflammatory 
reaction mediated by cytokines (IL-6, TNF- � ) and cells 
(Kuppfer cells, neutrophils). Although this process is pri-
marily intended to maintain homoeostasis, uncontrolled 
activation may become destructive inducing necrosis and 
apoptosis of hepatocytes  [65] . To reduce the hepatic tissue 
damage induced by vascular occlusion, different tech-
niques have been developed. Pringle clamping can be em-
ployed in the intermittent cycle, with a period of ischemia 
followed by up to 30 min of reperfusion  [66] . Ischemic 
preconditioning, 5–10 min of vascular occlusion followed 
by 5–10 min of reperfusion before starting liver resection, 
has been shown to decrease the severity of liver necrosis, 
exhibit an antiapoptotic effect, preserve liver microcircu-
lation, and improve survival rates following hepatectomy 
 [67–70] .

  Portal Vein Hypertension 
 Following hepatectomy, the loss of liver functional 

mass and vascular capacity result in a marked increase in 
hepatic artery resistance and an increase in portal vein 
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pressure  [71] . Excessive portal vein pressure may result in 
microcirculatory collapse, sinusoidal endothelial dam-
age, Kupffer cell injury and subsequent lack of hepatocyte 
regeneration up to liver atrophy  [72] .

  In an experimental study of animals submitted to 
massive liver resection in which postreperfusion portal 
vein flow was 4 and 2 times the flow at baseline, the 5-day 
survival was 29 and 100%. The authors concluded that 
excessive portal hyperperfusion can lead to impairment 
of regeneration  [73] .

  Sepsis 
 Sepsis represents an important risk factor for PHLF 

affecting postoperative course. In fact, sepsis affects post-
operative liver function and regeneration in a number of 
different ways. Sepsis is an important cause of postopera-
tive hypotension, and in this manner may prolong he-
patic ischemia following surgery  [74] . In addition, sepsis 
adversely affect Kuppfer cell function, may increase the 
concentration of liver-toxic cytokines, and endotoxins 
released by bacteria have a direct inhibitory action on he-
patocyte proliferation  [75–78] .

  Small-for-Size Syndrome  
 Small-for-size syndrome (SFSS), formulated at the be-

ginning for the liver transplantation surgery but also ap-
plicable in extended hepatectomy, is a clinical syndrome 
which occurs in the presence of a reduced mass of liver 
insufficient to maintain normal liver function, character-
ized by postoperative liver dysfunction with hyperbiliru-
binemia, prolonged PT, portal hypertension, and ascites 

 [79–81] . Inadequate functional liver mass, excessive por-
tal perfusion and exposure to gut-derived endotoxin are 
implicated in the pathogenesis of SFSS  [82] .

  Limits for Safe Liver Resection 

 The safe limits for liver resection are still a debated is-
sue in the literature. The minimal volume of remnant liv-
er depends on factors related to liver function and the 
presence of underlining liver disease. The preoperative 
evaluation of the safety of liver resection is based on the 
volume of FRL and liver function ( fig. 1 ).

  Liver Volumetry 
 The FRL volume in major hepatic resection is a critical 

factor for predicting postoperative outcome. With the in-
troduction of CT, measurement of liver volume can now 
be accurately estimated and the volume of FRL estab-
lished before surgical resection. FRL is usually expressed 
as the ratio of FRL volume and total functioning liver vol-
ume [total liver volume (TLV) – tumor volume]  [83, 84] .

  Assessment of future liver volume with imaging tech-
niques is necessary because a significant inter-patient 
variation exists in segmental liver volume. In most pa-
tients, right liver represents  1 50% of the TLV with a wide 
range of variation, 45–80%. Also the volume of the left 
liver is variable: 15–45% of TLV  [85] .

  Different techniques of estimation of TLV have been 
introduced, and the two most frequently utilized in the 
literature are the 3-D volume CT calculation and the cal-
culation of standardized liver volume utilizing body sur-
face area or body weight. In the first technique, the use of 
cross-imaging techniques can precisely determine the 
volume of liver tumors and liver mass  [86] . The actual 
liver volume can be calculated with CT or MRI imaging 
techniques, on each slice both TLV and FRL are outlined, 
and the sum of the slices are calculated with integrated 
software  [87] . Tumor volumes are considered nonfunc-
tional liver parenchyma and subtracted from TLV  [84, 
88] . This technique demonstrated its accuracy in estimat-
ing total and remnant liver volume before resection  [89] .

  In patients with multiple tumors, measurement of in-
dividual volumes cumulates the error variability associ-
ated with each measurement, and lesions beyond resolu-
tion of imaging or areas of non-functioning liver for dila-
tation of bile ducts or vascular obstruction can result in 
inaccurate estimation of TLV  [90] .

  The second method is defined as standardized meth-
od of liver volume calculation. This method utilizes CT 
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 Fig. 1. Limit for safe hepatic resection. 
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measurement of FRL (this part of the liver is not diseased, 
and CT measurement should be more precise), but TLV 
is calculated based on body surface area or body weight. 
Different formulas to calculate TLV had been proposed 
and validated in the literature, and recent meta-analysis 
demonstrated that the most precise method is related to 
body surface area. This method provides a uniform com-
parison between patients that is based on a single formu-
la estimating normal functional TLV for all patients. 
However, this method has several limitations; all formu-
las are based on a population with normal livers and no 
data of standardized volumes in diseased livers are avail-
able in the literature.

  Liver Function Tests 
 Precise assessment of liver function is one of the most 

important factors before hepatectomy. Unfortunately, 
how to assess and quantify liver function during the pre-
operative staging remains controversial because no single 
biological marker or score is able to accurately predict the 
postoperative outcome.

  Liver function tests can be divided into three types: 
conventional liver function tests, scoring systems that in-
tegrate clinical and laboratory values and quantitative 
liver function tests that evaluate the metabolism or the 
clearance of different substrates ( table 4 ).

  The conventional liver function test includes labora-
tory parameters that represent different synthetic and ex-
cretory functions of the liver. Although these parameters 
are fundamentals of preoperative liver function evalua-
tion, none of these factors provide adequate evaluation of 
liver function.

  Among different scoring systems to evaluate preop-
erative liver function, Child-Pugh and MELD (model for 
end-stage liver disease) score are the most utilized in clin-
ical practice.

  Many qualitative tests have been proposed using dif-
ferent substrates ( table 4 ); in spite the fact that they dem-
onstrated to precisely evaluate liver function, they are 
rarely applied in clinical practice due to the complexity of 
tests.

  Between the proposed tests to anticipate the postop-
erative residual liver function, indocyanine green (ICG) 
clearance is considered as the most powerful predictive 
test of operative mortality after hepatectomy compared 
to other tests  [91, 92] . The 15 min retention rate (ICG-15 
R15) is the most frequently used parameter in decision-
making protocol before hepatectomy. The application of 
this test has been significantly increased in clinical prac-
tice in Western countries since the introduction of pulsed 

spectrophotometry using an optical sensor  [93] . There is 
no clear consensus on the cutoff value of IGC retention 
with a predictive value of postoperative hepatic insuffi-
ciency, but it is believed that IGC-15 equal or more than 
14% is indicative of inadequate clearance with limited he-
patic reserve. Fan et al.  [48]  reported that 101 patients 
underwent major hepatic resection with a mortality of 
13.8%; an ICG R15 value of 14% was the cutoff point for 
patient short-term survival according to discriminant 
analysis. Lau et al.  [94]  reported a mortality of 11% in 127 
patients submitted to liver resection. In their study, ICG 
R15 was the only test that could discriminate between 
survivors and non-survivors. 

 ICG and bilirubin bind to the same carrier in the 
transport phase in hepatocytes determining a competi-
tive inhibition. In the patients with obstructive jaundice, 
hyperbilirubinemia is independent of the reserve of he-
patic function, and ICG retention is therefore not valid. 
In these cases, 99-m TC-GSA (diethylenetriamine-pen-
taacetic acid with galactosyl human serum albumin) 
scintigraphy is proposed to assume the role of a quantita-
tive test of hepatic function  [51] . Scintigraphy with 99-m 
TC-GSA is a dynamic technique that provides informa-
tion on the density of specific receptors on the plasma 
membrane of hepatocytes, and this density reflects di-
rectly the functioning of the hepatic mass.

  It has been described that the scintigraphy receptor 
amount of the remnant liver (R0-remnant) and the max-
imal removal rate of asialoglycoprotein in the remnant 

Table 4.  Liver function tests

Conventional Alanine transaminase – aspartate transaminase
tests Gamma glutamyl transpeptidase

Alkaline phosphatase
Albumin
Bilirubin (total and conjugated)
Coagulation test (INR)
Serum glucose
Lactate dehydrogenase
Platelet count

Scoring Child-Turcotte-Pugh
systems Model for end-stage liver disease

Model for end-stage liver disease-Na

Qualitative 
tests

Quantification uptake: 99-m TC-GSA 
scintigraphy

Quantification clearance: ICG test
Quantification metabolism: aminopyrine breath 

test, MEGX, galactose elimination, LiMAX
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liver (GSA-RL) represent the functional reserve after hep-
atectomy and can predict postoperative liver failure  [95] . 
Kokudo et al.  [96]  reported a close relationship between 
the amount of the receptors in the remnant liver (R0-
remnant) and postoperative liver failure. The morbidity 
rate in patients with remnant receptors of less than 0.05 
 � mol was 100%, and the rate decreased in inverse pro-
portion to the remnant receptor amount.

  How Much Remnant in Normal Liver? 
 The critical residual liver volume for patients without 

underlining liver disease able to predict postoperative se-
vere hepatic dysfunction had been investigated in the lit-
erature, generally the accepted limit for safe resection 
ranging from 20 to 30% according to different authors  [5, 
7, 90, 97, 98] . Vauthey et al.  [90]  described a minimum 
safe FRL volume of 25% in patients who underwent ex-
tended right hepatectomy. The authors described the oc-
currence of major postoperative complications in 3 of 5 
patients with standardized FLR volumes of  ̂  25% com-
pared with no major complications in the remaining 10 
of the resected group with an FLR of  1 25% (p = 0.02). 
Shoup et al.  [7]  reported that patients without liver dis-
ease undergoing right trisectionectomy with less than 
25% of liver remaining demonstrated a 90% incidence of 
hepatic dysfunction. None of the patients undergoing tri-
sectionectomy with more than 25% of liver remaining 
showed postoperative hepatic dysfunction.

  More recently, Abdalla et al.  [5]  showed that postop-
erative complication occurred in 50% of patients who un-
derwent to extended right hepatectomy with FRL volume 
 ̂  20% versus only 13% for patients with an FRL volume 
 1 20%. This smaller cutoff value for safe resection in pa-
tients without liver disease was confirmed by two large 
follow-up studies  [28, 98] . In particular Kishi et al.  [98]  
analyzed 301 patients who underwent extended right 
hepatectomy. The authors analyzed the occurrence of liv-
er insufficiency and death from liver failure based on FRL 
volume of  ̂  20, 20.1–30.0, and  1 30.0% of TLV in a cohort 
of 301 patients. The authors identified a significant in-
crease in the frequency of liver insufficiency and death 
from liver failure in patients with FRL volume  ̂  20% of 
TLV (34 and 11%, respectively), compared with patients 
with FLR of 20–30% of TLV (10 and 3%, respectively; p  1  
0.001 and p = 0.038).

  This minimum safe limit for liver resection with nor-
mal liver ( 1 20% of TLV) was published in 2006 in the 
consensus statement following consensus conference on 
the resectability of liver metastases  [97] .

  How Much Remnant in Chronic Liver Disease and 
Cirrhosis? 
 The safe limit for liver resection in chronic liver dis-

ease and cirrhosis is not well established in the literature. 
In these patients, the safe limits for liver resection are de-
termined by FRL volume and liver function. The safety 
of surgical resection is greatly determined by the degree 
of liver dysfunction due to the underlying liver disease 
 [84, 99] .

  Shirabe et al.  [99]  analyzed 80 patients with chronic 
liver disease who underwent major liver resection. In this 
study, the authors analyzed the factors related to death 
from liver failure, and identified that all the 7 deaths from 
liver failure occurred in patients with an FRL volume of 
less than 250 ml/m 2 . The authors concluded that the ex-
pected remnant liver volume appears to be a good predic-
tor for postoperative liver failure in patients who undergo 
a right lobectomy of the liver for HCC. An expected liver 
volume of 250 ml/m 2  seems to be a safe limit for such 
liver resections.

  Other experiences in the literature emphasized the 
role of liver volume associated with the degree of liver 
dysfunction. Some authors proposed a different surgical 
approach depending on ICG R15, ranging from simple 
enucleation to major hepatectomy  [51, 100] . The authors 
proposed a decision tree for selection of operative proce-
dure in patients with impaired functional reserve. With 
this approach, Imamura et al.  [51]  reported one single 
death in over 1,400 liver resections during a 10-year pe-
riod. More recently, the relationship between the ratio of 
remnant liver volume and the preoperative ICG15 value 
has been demonstrated in patients with postoperative liv-
er dysfunction  [101] . Chen et al.  [23]  identified a linear 
relationship between remnant liver volume and ICG R15 
test for patients with higher risk of postoperative liver 
failure. Using this strategy, they observed that 83% of pa-
tients without liver dysfunction fall above the regression 
line. With this formula to calculate the resection ratio 
prior to hepatectomy using individual ICG R15 retention 
rates, they reported a sensitivity of 83% and specificity of 
92% for occurrence of postoperative liver failure. Ya-
manaka et al.  [102]  proposed a predictive score for post-
operative mortality incorporating the resection rate, the 
ICG R15 and age of patients. The authors observed a mor-
tality of 33% in HCC patients with high risk score, where-
as mortality was 7.3% for patients with low risk score.

  How Much Remnant in Cholestatic Liver? 
 Despite advances in perioperative management and 

operative techniques, postoperative complications re-
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main a major problem of liver resection in patients with 
jaundice or cholestasis. Moreover, patients with cholan-
giocarcinoma, who are frequently associated with jaun-
dice and cholestasis, are more frequently submitted to 
extensive liver resection in order to achieve radical re-
section. Takahashi et al.  [103]  reported that the func-
tional reserve of a liver in a patient with obstructive 
jaundice who was relieved of the jaundice by biliary 
drainage is significantly worst compared to the normal 
liver, and it is second only to that in those with liver cir-
rhosis.

  The limits for a safe resection in patients with obstruc-
tive jaundice after preoperative biliary drainage are not 
well established in the literature. Ferrero et al.  [104]  in a 
group of 47 patients with preoperative jaundice observed 
a frequency of postoperative liver dysfunction of 40% for 
patients with an FRL volume between 30 and 35% com-
pared to 0% in the normal liver group. The authors re-
ported that the critical FRL volume to avoid postopera-
tive liver dysfunction for these was 35% of TLV  [104] . 
Suda et al.  [105]  reported that the mean extent of remnant 
liver volume in patients who developed postoperative hy-
perbilirubinemia was 42 and 35% for those with subse-
quent fatal outcome. The authors concluded that the ex-
tent of liver that can be safely resected is limited in the 
case of cholestatic liver, even after this condition has been 
relieved, and, when the estimated RLV/ELV ratio is lower 
than 40%, which is the critical point for postoperative 
liver dysfunction.

  The other critical factor for predicting postoperative 
liver failure is the degree of liver dysfunction due to the 
damage of chronic biliary obstruction. The most utilized 
preoperative liver test is ICG retention rate. Since such 
assessment is directly influenced by the severity of jaun-
dice, due to excretory competition with bilirubin, its re-
sults are reliable only after effective biliary drainage and 
resolution of jaundice. Nagino et al.  [106]  proposed a 
score calculated by multiplying the proportion of the fu-
ture liver remnant by the clearance of ICG (KICG). The 
author reported 240 consecutive patients who had under-
gone PVE and subsequent major hepatectomy for biliary 
cancer, in which a KICG of the future liver remnant of 
0.05 was used as a cutoff value to determine eligibility for 
major hepatectomy for biliary cancer. In 28 patients 
whose KICG of the future liver remnant was less than 
0.05, 8 (28.6%) patients died of postoperative complica-
tions, while in 165 patients whose KICG of the future liv-
er remnant after PVE was greater than 0.05, 9 (5.5%) pa-
tients died (p  !  0.001)  [106] .

  How Much Remnant in Steatosis and 
Postchemotherapy Liver Disease (CALI)? 
 Steatosis of the liver is an increasingly common find-

ing either due to lifestyle-related factors or as a common 
sequel to chemotherapy for colorectal liver metastases. 
Steatosis is related to a delay in regeneration, increased 
susceptibility to ischemia/reperfusion injury and in-
creased risk of trauma and bleeding following hepatec-
tomy  [45, 60] . Recently, it was observed that liver hyper-
trophy in patients with steatosis was significantly lower 
than in patients without steatosis among patients who 
underwent hepatectomy. According to these results, ste-
atosis, which frequently is induced by aggressive chemo-
therapy, may impede liver regeneration when one com-
pares groups undergoing similar PVE or hepatectomy 
procedure  [107] .

  The influence of steatosis and chemotherapy-induced 
steatosis in patients who undergo liver resection is still a 
matter of debate in the literature.

  Some authors reported that liver resection for patients 
with steatosis is associated with an increased risk of peri-
operative mortality when compared to patients with nor-
mal livers (49 vs. 2%)  [108] . Other studies in the literature 
failed to confirm a higher rate of postoperative mortality 
and morbidity in patients with steatosis. A recent meta-
analysis revealed a significant association between de-
gree of steatosis and increased risk of postoperative com-
plications and mortality  [109] . In this meta-analysis, the 
authors demonstrated that the presence of moderate ste-
atosis ( ! 30%) is associated with a significantly higher risk 
of complications compared to patients without any ste-
atosis. This risk was even higher in patients with severe 
steatosis ( 1 30%). The meta-analysis for mortality failed 
to confirm a higher risk for patients with moderate ste-
atosis ( ! 30%), whereas the risk of mortality for patients 
with more severe steatosis was significantly higher than 
in patients without any degree of steatosis.

  Vauthey et al.  [61]  verified that patients with steato-
hepatitis had a postoperative 90-day mortality of 14.7% 
compared to 1.6% without this specific injury, while the 
presence of sinusoidal injury increased morbidity after 
major hepatectomy from 6.3 to 40.0% in a recent paper 
from Nakano et al.  [62] .

  There are no accepted limits for safe resection in pa-
tients with severe steatosis or postchemotherapy liver dis-
ease. In the literature, the minimal safe volume for FRL 
is not well established; however, according to the data in 
the literature, the safe limits for patients with mild steato-
sis should be 30–35%, whereas for patients with severe 
steatosis the limit is 40%.
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  Conclusions 

 Major liver resection has now become the accepted gold 
standard of treatment for primary and secondary liver 
malignancies. With such extensive resections of hepatic 
parenchyma, the risk of PHLF is increased, and it is asso-
ciated with postoperative complications, mortality and an 
increased length of hospital stay. The incidence of PHLF is 
extremely variable in the literature, between 1.2 and 32%, 
partly as a result of differences in the studied patient pop-
ulations, performed procedures and the lack of a stan-
dardized and universally accepted definition. Among the 
different definitions of PHLF, the most widely used in 
clinical practice is as follows: combination of prolonged 
PT and serum total bilirubin associated with hepatic en-
cephalopathy and/or ascites during postoperative period.

  Different risk factors are related to the occurrence of 
PHLF; among patient-related factors, diabetes and over-
weight were related to higher frequency of PHLF. The 
presence of preexisting liver disease such as cirrhosis, 
cholestasis, steatosis and CALI had been involved with 
impaired liver regeneration and with the occurrence of 
postoperative complications.

  Preoperative assessment that includes evaluation of 
liver volume and function of the remnant liver is a man-
datory prerequisite before major hepatectomy. The criti-
cal residual liver volume for patients able to predict PHLF 
is manly related to the presence of preexisting liver dis-
ease and liver function. Among patients with normal liv-
er, the limit for safe resection ranges from 20 to 30% of 
TLV.

  In patients with injured livers (cirrhosis, cholestasis or 
steatosis), preoperative assessment of the risk of PHLF 
should include FRL volumetry and accurate liver func-
tion evaluation, including different dynamic liver func-
tion tests. The critical FRL volume in these patients ac-
cording to the data in the literature is 30–40%.

  Finally, the carefully intraoperative management with 
reduced intraoperative blood loss and low ischemia-re-
perfusion injury can avoid additional liver damage.

  Future perspectives in pharmacological perioperative 
protection of the liver, liver support with liver-assist de-
vice and perioperative enhancement of liver regeneration 
will improve postoperative outcome, decreasing the inci-
dence of PHLF, in patients submitted to extended liver 
resection.
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