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Introduction 

In the latest decades an important change was registered in 
liver surgery, related to the progress of surgical techniques, 
anesthesiology and postoperative treatment, allowing 
a sharp decrease in mortality and morbidity. However, 
management of liver cirrhosis or small size hepatic remnant 
still remains a challenge (1). 

The liver presents regenerative capacity, allowing 
performance of repeated resections. In certain cases, when 
this capacity is impaired, or where extensive resections were 
performed with small remnant liver, these patients may 
develop small for size syndrome (SFSS) with the presence 
of reduced liver mass insufficient to maintain normal liver 

function. 
The term SFSS was first employed in liver transplantation 

to describe the development of acute liver failure (ALF) 
(hyperbilirubinemia, coagulopathy, encephalopathy and 
refractory ascites) resulted from the transplantation of a 
donor liver that was too small for a given recipient (2).  
A similar syndrome, called ‘‘post-hepatectomy liver 
failure (PLF)’’ was also described in hepatic surgery 
involving extended resections of liver mass. The last one 
is characterized by postoperative liver dysfunction, with 
clinical signs of prolonged cholestasis, coagulopathy, portal 
hypertension and ascites. PLF is the major cause of death 
after liver resection often associated with sepsis and ischemia-
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reperfusion injury (IRI) (3).
The patho-physiological mechanisms of the SFSS and 

PLF are very similar, both presenting reduction of liver 
mass and portal hyper flow beyond a certain threshold (4).

The aim of this review is to discuss applicable peri-
operative methods to prevent the SFSS or PLF and highlight 
the main treatment types.

Pathophysiology

The liver should contain minimum amount of parenchymal 
hepatic cells to assure its functions and the maintenance of 
its regeneration capacity. The hepatic parenchyma should be 
able to accommodate the hemodynamic changes that occur 
after liver resection, avoiding venous congestion. Factors 
such as decrease of hepatic parenchyma cells, infection and 
different causes that might jeopardize regeneration should 
be absent (5).

Decrease in parenchymal volume results in a hyper 
perfusion of the liver, causing dilation of sinusoids, 
hemorrhagic infiltration, shear stress, centro lobular necrosis, 
prolonged cholestasis impaired synthetic function and 
inhibition of cell proliferation (6).

Hepatic resections have higher risks of infection 
(above 50%). The number of Kupffer cells after hepatic 
resection decreased and thus the liver’s ability to fight 
against infection as well. The sepsis possesses the ability 
to complicate or precipitate PLF. A relative increase in the 
production of endotoxins in the remnant liver is beneficial, 
once it activates the Kupffer cells, trigging the liver 
regeneration. This prolonged state may cause Kupffer’s 
cellular dysfunction, resulting in difficulty of regeneration 
and even liver necrosis (7).

The parenchymal damage occurs following vascular 
occlusion or after hemorrhagic shock, causing IRI. After a 
period of ischemia, the complement cascade is triggered, 
leading to the activation of Kupffer cells, reactive oxygen 
appearance of species (ROS) and endothelial cell lesion. 
During reperfusion a release of cytokines, cell adhesion, 
activation and recruitment of T cell and polymorphonuclear 
cell occurs, resulting in microvascular lesion, inflammation 
and cell death (8).

Preoperative period-prevention

Liver function tests and scores (9)
The liver function tests can be divided into three types: 

Conventional tests, i.e., serum bilirubin, albumin, 

alkaline phosphatase, gamma glutamyl transpeptidase, 
prothrombin time (PT) and platelet count; 

Quantitative tests, i.e., aminopyrine breath test, antipyrine 
clearance, caffeine clearance, lidocaine clearance, methacetin 
breath test, galactose elimination capacity, low-dose 
galactose clearance, clearance sorbitol, indocyanine green 
disappearance, albumin synthesis, urea synthesis and 99mTc-
GSA;

Scores, i.e., Child-Turcotte-Pugh and MELD.
One of the best tests today to check liver function before 

surgery is liver retention of indocyanine green. Widely used 
since the decade of the 70 in Asian countries, and not yet 
widespread in the west. 

Based on the decisional tree [established by Seyama et al.  
(Figure 1)] identify before the operation which hepatic 
volume can be resected in cirrhotic patients depending on 
their liver function (9).

Liver volume (LV) manipulation and liver parenchymal 
protection
The ideal volume of the hepatic remnant was exhaustively 
discussed in the literature and some formulas to calculate it 
were described (10) (Table 1).

The radiological examinations (mainly CT and/or 
MRI) before surgery are fundamental to quantify the LV. 
More recently 3D computed tomography reconstructions 
could define more accurately the hepatic volume allowing 
preoperative studies. Through this exam, the surgeon can 
simulate a resection, making possible the planning and the 
choice of the best way to do the procedure (15,18).

Measurement of volume ratios correlated with the 
etiology and severity of chronic liver disease (CLD) 
constitute a reliable predictors of patient survival (19). 
Although, the reliability of this ratio might be compromised 
by the presence of dilated bile ducts, multiple tumors, 
undetected lesions. Additionally, due to cholestasis or 
previous chemotherapy, cholangitis, vascular obstruction, 
steatosis or cirrhosis, or segmental atrophy and/or 
hypertrophy from tumor growth, negatively impacts the 
liver function (16). 

Values calculated from graft weight-to-recipient body 
weight ratio (GRBWR), or standardized liver volume 
(SLV) based on recipient body surface area (BSA) are used 
to predict minimum adequate graft volume (15). But in 
presence of steatosis, particularly >30%, graft weight alone 
is not a suitable guide (10). 

Extended resection of 80% of functional parenchyma 
can be performed in the absence of CLD for hepatobiliary 
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malignancies (20). Recommended minimal functional 
remnant LV following extended hepatectomy is 25% in a 
normal liver, and 40% in a “sick” liver, with moderate to 
severe steatosis, cholestasis, fibrosis, cirrhosis, or following 
chemotherapy (15). 

There are some strategies that allow volume manipulation, 
such as portal vein embolization (PVE) and two-stage 

hepatectomy (16,21). PVE is usually performed percutaneously 
by transhepatic PVE, but may also be achieved by surgical 
ligation and injection of alcohol or others products to prevent 
the recanalization of the portal vein. PVE increases the 
functional capacity of the liver remnant and can increase 
contralateral lobe volume by up to 20 per cent, with the peak 
in growth occurring within 2-4 weeks (22).

Patients, in which the liver does not have a good 
result after PVE are selected as no good candidates for 
large resections due to the difficulty of regeneration (22).  
Patients with bilateral tumors when proceeding PVE 
may stimulate of neoplastic cell growth in the non-
embolized lobes, in this cases surgical treatment or ablation 
[radiofrequency (23,24), microwave (25) and NanoKnife® 
(personal experience)] of such lesions prior to the embolization 
are required (26). Neoadjuvant chemotherapy (27)  
and intra-arterial chemotherapy (28) also can be used in 
combination with PVE to control tumour load before 
resection (20,29).

Patients with bilateral liver lesions, where resection is not 
feasible under one procedure, the two stage hepatectomy 
is applied, allowing the remaining liver to be resected to 
achieve the suitable LV at the second stage.

Figure 1 Decisional tree established by Seyama et al. (9).

Table 1 Formulas to calculate volume of the hepatic remnant 

LV =706.2× BSA (m2) +2.4 (11)

LV =[13 3 height (cm)] + [12 3 weight (kg)] –1530 (12)

LV =1072.8× BSA (m2) –345.7 (13)

TLV =191.8+18.51× weight (kg) (14)

TLV =–794.41+1267.28× BSA (14)

VR = (LV from reconstructed CT image/predicted volume) 

×100 (12)

SFLR = FLR (by CT volumetry) ÷ absolute LV (15)

ERFL = FRL ÷ (TLV – tumour volume) (16)

ERFL = (resected volume – tumour volume) ÷ (TLV – tumour 

volume) (16)

GRWR = graft weight ÷ recipient body weight (kg) (17)
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Intraoperative period-prevention

In order to limit parenchymal damage and optimize 
regenerative capacity, two hepatoprotective measures may 
be employed: intermittent portal clamping and hypothermic 
liver preservation. 

Intermittent portal clamping with intervals allowed for 
reperfusion is preferred to continuous clamping, usually 
applying a 15-min clamp-5-min release regimen (30-32).

Total vascular exclusion of the liver should be used when 
we have no choice to do the resection without it. When 
chosen, we can utilized hepatic vascular exclusion with 
preservation of the caval flow (33).

Hypothermic liver preservation in conjunction with total 
vascular exclusion attenuates IRI. The future remnant is 
infused with a preservative fluid and surrounded by crushed 
ice to maintain the liver at 4 ℃. This approach is a useful 
adjunct to complex resections when total vascular exclusion 
and vascular reconstructions are programmed (34). During 
surgery it is still possible to apply techniques to prevent the 
SFSS, if other procedures were not considered on the pre-
operative period.

Association liver partition and portal vein ligation 
(ALPPS) 
ALPPS, a newer strategy to increase resectability of hepatic 
malignancies, has been described for the first time in 2010 (35).  
This method relies on the fact (proved in clinical trials) that 
any closure of portal branch will be followed by a reactive 
perfusion through intrahepatic branches and collaterals 
present between two lobes. Hence, partition of the liver 
along the falciform ligament line, for example, will enhance 
regeneration compared to traditional methods. ALPPS 
has shown high hypertrophy rates compared to PVE/PVL 
(40% to 80% within a week compared to 8% to 27% within 
2 to 60 days by PVL/PVE), however it is associated with 
high morbidity rates (16-64% of patients) and mortality 
rates (12-23% of patients), therefore a careful selection of 
surgical candidates should be done prior to surgery. Further 
investigation if ALPPS approach accelerates tumor growth 
is still required (35-37).

Recently, a number of comparisons between ALLPS 
and standard methods (PVE followed by liver resections) 
have been published (38-40). One of the proposed benefits 
of ALLPS, for example, is rapid removal of tumor(s), thus 
preventing patient dropout due to disease progression of 
existing liver tumors. This assumption, however, failed 
to achieve clinical relevance in a recent publication that 
compared right PVE + segment 4 to ALPPS, demonstrating 

mainly extra-hepatic location of metastasis in the patient’s 
drop-out group. In addition, using PVE in this study 
yielded sufficient growth in 96.5% of the patients, with 
median hypertrophy of 62%, comparable to the FLR 
hypertrophy rates associated with the ALLPS approach (38).

Although none of the studies published with this 
technique provide measurements of portal pressure 
or portal blood flow, the clinical data suggest that the 
acceleration of the hypertrophy of the residual parenchyma 
occurs due to the reduction of intra-hepatic communicants, 
once the in situ split procedure leads to complete portal 
devascularization of segment 4, preventing formation of 
collaterals between the left and the right liver that could 
otherwise undermine the completeness of right portal vein 
occlusion alone (41).

A second and not mutually exclusive explanation would 
be the ‘‘regenerating liver’’ hypothesis proposed by Nagano 
et al. (42).

Modulation of portal pressure 
Intraoperative Doppler ultrasonography has been used 
in combination with hepatic portal inflow modulation to 
detect and offset hyperperfusion in a small-for-size graft. 
Importantly, numerous interventions that modulate the portal 
blood flow have been shown to prevent the development of 
the SFSS in experimental models, such as: the performance 
of a portocaval anastomosis (43,44), the ligation of the splenic 
artery (45), banding of the portal vein (46) or the infusion 
of adenosine (47), somatostatin (48), pentoxifylline (49) or 
endothelin-1 (50). It is important to highlight that the role 
for inflow modulation at the time of major liver resection or 
as a salvage therapy in humans remains undefined. 

After all these studies cited above we can conclude 
that the development of SFSS or PLF are not strictly 
determined by the ‘‘size’’ of the liver graft or remnant. It is 
determined by the hemodynamic parameters of the hepatic 
circulation and, specifically, by a portal blood flow that, 
when excessive for the volume of the liver parenchyma 
leads to over-pressure, sinusoidal endothelial denudation 
and hemorrhage. Perisinusoidal and periportal hemorrhage 
occurs in the first minutes after an extended hepatic 
resection as well as after the reperfusion of a small graft, 
while arterial vasoconstriction and ischemic cholangitis are 
observed at later stages (6). 

Also, experimental and clinical studies consistently show 
that an increased portal blood flow relative to the weight of 
the liver results in an inverse relationship between portal 
and arterial blood flows that is known as the arterio-portal 
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buffer (51). The arterio-portal buffer occurs when the portal 
blood flow increases, the adenosine concentration in the 
space of mall decreases leading to arterial vasoconstriction 
and decrease of arterial blood flow, which is responsible for 
the late damage (52).

Studies performed in patients undergoing liver 
transplantation in which the portal and hepatic arterial 
blood flows were measured intra-operatively have provided 
further insights into the pathophysiology of the SFSS 
(6,53,54). A portal blood flow of 300 mL/min/100 g was 
established by Jiang et al. as the threshold above that the 
incidence of the SFSS increases significantly (54). 

In living donor liver transplantations involving grafts 
with GWRW below 0.8, Troisi et al. showed that the 
construction of a portal-systemic shunt whenever the portal 
blood flow exceeded 250 mL/min/100 g was able to prevent 
the histological alterations characteristic of the SFSS and to 
improve the overall patient and graft survival (43,54).

Several studies indicate that additionally to blood flow, 
portal pressure can also be considered a good parameter for 
predicting the failure of the graft. For example, patients with 
a portal pressure higher than 20 mmHg show a decrease 
from 85% to 38% in their 6-month survival (55). Yagi et al. 
also described that a portal pressure above 20 mmHg was 
associated with the development of ascites, coagulopathy 
and hyperbilirubinemia as well as with an early hypertrophy 
of the graft, higher values of hepatocyte growth factor 
(HGF) and diminished levels of vascular epithelial growth 
factor (VEGF), suggesting that an increased portal pressure 
also influences liver regeneration (56). Kaido et al. reported 
their experience with small grafts (GWRW of 0.6) in 
combination with portal pressure control (targeting final 
portal pressures below 15 mmHg), showing that the survival 
of recipients of small grafts and standard-size grafts was 
similar and that the portal pressure control strategy resulted 
in a decreased rate of complications in the donors (57). 

As in liver transplantation, studies involving extended 
hepatic resections also indicate that the increased portal 
blood flow with diminished residual parenchyma are 
a critical factor determining the development of PLF 
(47,58,59). The performance of a portocaval anastomosis 
in a patient with liver cirrhosis undergoing a major 
hepatectomy effectively prevented the syndrome, probably 
by reducing shear stress and damage to the sinusoids (60).

Post-operative period-treatment (61)

PLF is a quite complex disease, that requires a multi-

disciplinary approach, where it management must be 
undertaken in conjunction with critical care, hepatology, 
microbiology and radiology services (1).

After liver resection, clinical and laboratory assessment 
should be proceeded. Normally, the level of serum bilirubin 
and the INR rises in the first 48-72 h after resection. It is 
possible to identify liver dysfunction, whenever bilirubin 
concentration is above 50 µmol/L (3 mg/dL) or INR greater 
than 1.7 beyond 5 days of surgery (3). The most sensitive 
variable is serum bilirubin as predictor of outcome in PLF (62). 
PT and INR are also relevant, but the interpretation may be 
compromised if patients have received clotting factors. 

Serum albumin, although an indicator of hepatic 
synthetic function, will vary in response to inflammation 
and administration of intravenous fluids (63,64). Increased 
levels of liver enzymes are common after liver resection and 
do not predict outcome (3). 

Ascites and hepatic encephalopathy are important 
markers for liver failure, although it may be difficult to 
assess in the immediate postoperative period. The first 
occurs as a result of surgery (portal hypertension, dissection, 
gross fluid overload), while the second is a result of mental 
state as collateral effect of drugs such as opiates (62). 

Several studies assessed the role of postoperative 
functional of the liver. This task still consist a challenge, 
once the ICGR15 is capable to predicts PLF (65), but its 
value diminishes once liver failure is established, since the 
changes in hepatic blood flow impacts ICGR15. In the 
absence of controlled trials for PLF, management relies on 
data from experience with ALF, secondary to paracetamol 
toxicity (66-68). 

The pattern of organ dysfunction that occurs as a result 
of PLF is similar to that in sepsis (1). Once the following 
symptoms occur: cardiovascular failure, characterized by 
reduced systemic vascular resistance and capillary leak; 
acute lung injury, due to pulmonary edema and acute 
respiratory distress syndrome may ensue and acute kidney 
injury can progress rapidly in PLF. In those cases, fluid 
balance should be managed judiciously with avoidance 
of salt and water overload (64). Identifying and treating 
underlying sepsis is key in managing patients with PLF. 
Sepsis may exacerbate PLF, and bacterial infection is 
present in 80 per cent of patients with PLF (69) and in 90 
per cent of those with ALF (70). 

Therefore, any acute deterioration should be attributed 
to sepsis until proven otherwise. Management of sepsis 
should be in accordance with the surviving sepsis 
guidelines (71). A trial of prophylactic antibiotics after liver 
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resection failed to show a reduction in liver dysfunction 
or infective complications (72). A study of ALF have 
shown that prophylactic antibiotics reduce infections, but 
the impact on a long-term outcome is inconclusive (70). 
In critically ill patients with PLF, chest radiography and 
cultures of blood, urine, sputum and drain site/ascitic 
fluid should be performed (68). Current guidelines for 
ALF propose that broad-spectrum antibiotics should be 
administered empirically to patients with progression to 
grade 3 or 4 of hepatic encephalopathy, renal failure and/
or worsening SIRS parameters (68). 

Additionally coagulopathy may occur transiently 
after major resection and is found in all patients with 
PLF. As in ALF, coagulation parameters can be used 
to chart the progress of PLF, provided blood products 
have not been given. In the absence of bleeding it is not 
necessary to correct clotting abnormalities, except for 
invasive procedures or when coagulopathy is severe. 
The level at which a coagulopathy should be corrected 
before an interventional procedure in ALF has yet to be 
defined (66,68,73). Vitamin K may be given, but this is 
not supported by clinical trials (66). Thrombocytopenia 
may complicate l iver fai lure (74).  Indications for 
platelet transfusion in ALF include bleeding, severe 
thrombocytopenia (less than 20×106/L), or when an 
invasive procedure is planned. A platelet count above 
70×106/L is deemed safe for interventional procedures (75).  
Recombinant factor VIIa (rFVIIa) has been used to 
treat coagulopathy in patients with ALF (76). In a large 
controlled trial of rFVIIa following major liver resection, 
no reduction in bleeding events was observed (77). Its role 
in PLF is yet to be defined. 

Gastrointestinal hemorrhage is a recognized complication 
of liver failure. In ALF, H2-receptor blockers and proton 
pump inhibitors (PPIs) reduce gastrointestinal ill patients 
ensuring euglycemia improves survival and reduces 
morbidity (78). 

The role of imaging in PLF is to assess hepatic blood 
flow, identify reversible causes of liver failure and locate 
sites of infection. Hepatic blood flow can be evaluated 
using non-invasive imaging. Doppler ultrasonography 
may identify portal vein, hepatic artery and hepatic vein 
thrombosis. Contrast CT or MRI can be used to establish 
hepatic blood flow, provide more details of vascular 
abnormalities and identify sites of infection. If patency of 
hepatic vessels is still in doubt on cross-sectional imaging, 
angiography is the “gold standard” (79). 

Portal vein thrombosis has also been implicated in 

the development of PLF. In these rare cases of inflow 
and outflow thrombosis with PLF, a decision must be 
taken regarding the benefit of surgical or radiological 
thrombectomy or dissolution versus anticoagulation (80,81). 
The use of terlipressin also can reduce the portal venous 
pressure helping to hepatic regeneration (82). Cerebral 
edema and intracranial hypertension may occur as a result 
of PLF. It is unlikely in patients with grade 1 or 2 of liver 
encephalopathy. When achieving grade 3 encephalopathy, 
a head CT should be performed to exclude intracranial 
hemorrhage or other causes of declining mental status. 

In patients with established ALF and encephalopathy, 
enteral lactulose might prevent or treat cerebral edema, 
although the benefits remain unproven. Progression to 
grade 3/4 encephalopathy warrants ventilation and may 
require intracranial pressure monitoring (68). 

The concept of hepatocyte transplantation has been 
investigated as a strategy to boost residual liver function. 
Intrahepatic hepatocyte transplantation (83) has been used 
successfully to treat patients with metabolic disorders of the 
liver. However, results in liver failure (including patients 
with PLF) have been poor due to insufficient delivery of 
functional cells. The potential for stem cell therapies has 
yet to be established (84).

The use of salvage hepatectomy and orthotopic liver 
transplantation for PLF has been reported in seven 
patients who underwent liver resection for cancer (85). 
Although the indications for transplantation in this study 
were questionable, overall 1-year (88 per cent) and 5-year  
(40 per cent) survival rates were promising. 

Extracorporeal liver support (ELS) devices fall into two 
categories: artificial and bioartificial systems. Artificial 
devices use combinations of haemodialysis and adsorption 
over charcoal or albumin to detoxify plasma. Bioartificial 
devices use human or xenogenic hepatocytes maintained 
within a bioreactor to detoxify and provide synthetic 
function. These systems have not been evaluated extensively 
in patients with PLF. A recent meta-analysis and systematic 
review showed that ELS may improve survival in patients 
with ALF, but not acute-on-chronic liver failure, in 
comparison with standard medical therapy (86).

 

Conclusions 

The increased use of small liver grafts and the expansion 
of indications of curative liver surgery in patients with 
hepatic tumors allows a step change in the knowledge of the 
mechanisms responsible for the development of the SFSS 
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and PLF. 
It became evident that the size of the liver cannot be 

considered the main variable in the development of liver 
dysfunction after extended hepatectomies. Additional 
characteristics should be taken into account, such as: the 
future liver remnant; the portal blood flow and pressure 
and the exploration of the potential effects of regeneration 
preconditioning are all promising strategies that could help 
to expand the indications and increase the safety of liver 
surgery.
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