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Introduction

Liver-augmenting techniques such as portal vein embolization 
(PVE), 2-stage resection, and ALPPS (associating liver partition 
and portal vein ligation for staged hepatectomy) have pushed for-
ward the frontiers of liver resection, resulting in an increase in the 
number of patients eligible for major liver resection. Judicious use 
of these modalities now offers patients with extensive tumor load, 
complex tumors, or highly compromised livers a chance for a cura-
tive resection. This aggressive surgical approach, however, comes 
with substantial morbidity and a mortality higher than accepted 
with standard resections.

The most dramatic complication after liver resection is the oc-
currence of posthepatectomy liver failure (PHLF) with reported 
mortality rates of up to 80% [1]. Management of PHLF is largely 
supportive, while these patients seldom are candidates for salvage 
(cadaveric) liver transplantation as the tumor burden underlying 
these extensive resections usually by far exceeds accepted criteria 
for liver replacement. Resection in these patients therefore remains 
a challenge and requires special skills and experience on the part of 
the hepatobiliary surgeons and all specialties involved in the preop-
erative assessment.

Many efforts have been directed toward predicting liver func-
tional reserve preoperatively, taking into account the extent of re-
section considered necessary to remove all tumor and the quality of 
the liver parenchyma. We usually rely on computed tomography 
(CT) volumetric studies for the assessment of patients requiring 
major liver resection; however, while many of the patients referred 
for resection have undergone extensive chemotherapy with result-
ing steatotic or microvascular changes to their livers, the volume of 
the future remnant liver (FRL) may not correlate with the function 
of the FRL [2–4].

In this overview, we describe the current modalities available for 
the assessment of the FRL in patients scheduled for major hepatic 
resection. In patients with small-for-size FRL or insufficient FRL 
function, who are exposed to liver-augmenting techniques, we also 
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Summary
While imaging studies such as computed tomography or 
magnetic resonance imaging allow the volumetric as-
sessment of the liver segments, only indirect informa-
tion is provided concerning the quality of the liver paren-
chyma and its actual functional capacity. Assessment of 
liver function is therefore crucial in the preoperative 
workup of patients who require extensive liver resection 
and in whom portal vein embolization is considered. 
This review deals with the modalities currently available 
for the measurement of liver function. Passive liver func-
tion tests include biochemical parameters and clinical 
grading systems such as the Child-Pugh and MELD 
scores. Dynamic quantitative tests of liver function can 
be based on clearance capacity tests such as the indocy-
anine green (ICG) clearance test. Although widely used, 
discrepancies have been reported for the ICG clearance 
test in relation with clinical outcome. Nuclear imaging 
studies have the advantage of providing simultaneous 
morphologic (visual) and physiologic (quantitative func-
tional) information about the liver. In addition, regional 
(segmental) differentiation allows specific functional as-
sessment of the future remnant liver. Technetium-99m 
(99mTc)-galactosyl human serum albumin scintigraphy 
and 99mTc-mebrofenin hepatobiliary scintigraphy poten-
tially identify patients at risk for post-resectional liver 
failure who might benefit from liver-augmenting tech-
niques. As there is no one test that can measure all the 
components of liver function, liver functional reserve is 
estimated based on a combination of clinical parameters 
and quantitative liver function tests.

© 2017 S. Karger GmbH, Freiburg

Published online: November 30, 2017

Thomas M. van Gulik, MD
Department of Surgery (IA1-119)
Academic Medical Center
Meibergdreef 9, 1105 AZ Amsterdam, The Netherlands
t.m.vangulik @ amc.nl

© 2017 S. Karger GmbH, Freiburg

D
ow

nloaded from
 http://karger.com

/vis/article-pdf/33/6/442/3612758/000480385.pdf by guest on 18 April 2024



Current Modalities for the Assessment of FRL 
Function

Visc Med 2017;33:442–448 443

discuss the use of these functional tests to monitor the hypertrophy 
response of the FRL.

Passive Liver Function Tests

Biochemical Parameters
Passive liver function tests include biochemical parameters and 

clinical grading systems. The term ‘liver function tests’ to indicate a 
set of conventional plasma parameters is confusing because they 
do not represent the functional components of the liver except for 
clotting factors which are synthesized by the liver. The ami-
notransaminase enzymes, aspartate transferase (AST) and alanine 
transferase (ALT), are markers of liver damage and correlate with 
the extent of hepatocellular necrosis [5]. Although a persisting re-
lease of these enzymes will ultimately result in the loss of liver 
functional capacity, they are not parameters of function per se. Al-
bumin and clotting factors, however, are exclusively synthesized by 
the liver and their plasma concentrations are therefore used as in-
direct indicators of liver function. The plasma bilirubin concentra-
tion provides indirect information on the uptake, conjugation, and 
excretion function of the liver. However, plasma bilirubin levels are 
also influenced by extrahepatic factors such as increased produc-
tion of bilirubin or bile duct obstruction [6, 7].

Hyaluronic acid (HA), a more recent biochemical parameter, is 
a glycosaminoglycan which is produced by connective tissue cells 
and synovial cells and is exclusively taken up from the blood and 
metabolized by the sinusoidal endothelial cells of the liver. HA 
concentration in the blood may therefore be considered a func-
tional test of the liver sinusoidal endothelial cells and as such of the 
whole liver. In a series of patients with primary and secondary liver 
tumors, we found a significant positive correlation between HA 
and almost every conventional liver parameter. A significant cor-
relation was demonstrated between plasma concentrations of HA 
and the indocyanine green (ICG) retention test in which ICG re-
tention of 15% corresponded with a HA level of 233 ng/ml (normal 
plasma HA values: 0–75 ng/ml) (unpublished results). A similar 
correlation between plasma HA and ICG retention rate at 15 min 
(ICG-R15) was reported by Nanashima et al. [8].

Clinical Grading Systems
Clinical grading systems combine several biochemical parame-

ters together with clinical symptoms of insufficient liver function. 
The Child-Pugh score is a widely used clinical scoring systems 
which includes total bilirubin plasma level, albumin plasma level, 
and prothrombin time (PT) together with the presence or absence 
of encephalopathy and ascites. The Child-Pugh scoring system is 
particularly useful in selecting patients with hepatocellular carci-
noma (HCC) and cirrhosis for resection or transplantation, as 
most class Child B and class Child C patients are candidates for 
transplantation, leaving class Child A patients for resection. In pa-
tients with liver metastases who usually have normal liver paren-
chyma and who are all classified as class Child A, the question then 
arises of how to identify those at risk of PHLF [9]. In these patients, 

the Child-Pugh score has been shown to be quite variable and may 
be unreliable for predicting the outcome of liver resections, espe-
cially in those with non-cirrhotic livers [10].

The MELD (Model for End-Stage Liver Disease) score was orig-
inally developed to predict short-term survival in patients under-
going transcutaneous intrahepatic portosystemic shunt procedures 
and has been adopted to stratify patients with end-stage liver dis-
ease awaiting transplantation. The MELD score includes serum 
bilirubin and creatinine levels and INR (International Normalized 
Ratio). MELD scores, however, did not predict morbidity or mor-
tality after elective liver resection [11].

Dynamic Quantitative Liver Function Tests

Biochemical liver function tests and clinical grading systems 
only provide indirect information about liver function. Therefore, 
especially in patients with non-cirrhotic livers, there is a need for 
objective tests to evaluate liver function in addition to clinical judg-
ment. To this end, several dynamic quantitative tests of liver func-
tion have been devised [12]. As the various functional tests are 
based on different metabolic pathways, it is difficult to compare the 
value of each test in the context of risk assessment for liver resec-
tion. Several of these tests are discussed below.

Indocyanine Green Clearance Test
The ICG clearance test was initially devised for the measure-

ment of blood flow, and later found clinical application in the as-
sessment of liver function. It is now the most widely used quanti-
tative liver function test. Although the test is routinely used in 
many Asian centers, its application has not been widely adopted 
in European centers. ICG is a tricarbocyanine dye that binds to 
albumin and is distributed uniformly in the blood within 2–3 min 
after intravenous injection. ICG is exclusively removed by the 
liver and excreted into the bile without intrahepatic conjugation 
[13]. Following administration, the blood level falls exponentially 
for about 20 min, by which time approximately 97% of the dye is 
excreted. ICG clearance is determined by serum sampling or 
pulse dye densitometry using an optical sensor placed on the fin-
ger [14, 15].

The ICG clearance test was found to be the best discriminating 
preoperative test for evaluating hepatic functional reserve in pa-
tients with HCC [16]. However, there are some drawbacks that 
may lead to discrepancies in relation to histological findings and 
clinical outcome. Discrepancies have been reported between ICG-
R15 clearance rates and histological liver findings, and also clinical 
outcome [17]. Mortality has been noted in patients with normal 
ICG-R15, and survival in patients with poor outcome predicted on 
the basis of preoperative ICG-R15 [18]. One of the confounding 
factors in the measurement of ICG clearance is its flow depend-
ency. Variation in hepatic blood flow such as that caused by intra-
hepatic shunting will influence the ICG clearance rate, rendering 
the test less predictive. Another point is that the ICG clearance test 
reflects the global liver function but does not take into account re-
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gional variations that may occur within the liver, obscuring a pos-
sible functional disadvantage of the segments to be preserved.

Scintigraphic Liver Function Tests

Technetium-99m(99mTc)-labeled diethylenetriaminepentaacetic 
acid (DTPA) galactosyl human serum albumin (GSA) scintigraphy 
and hepatobiliary scintigraphy (HBS) with 99mTc-labeled iminodi-
acetic acid (IDA) derivatives are the most common representatives 
of this group [19]. Although both methods are based on different 
principles, both provide quantitative and visual information on 
total and regional hepatic function. 99mTc-GSA scintigraphy is 
elaborated on and 99mTc-mebrofenin HBS is discussed in this 
section.

99mTc-GSA Scintigraphy
The asialoglycoprotein receptor is specific for asialoglycopro-

teins which are formed after the removal of sialic acid from endog-
enous glycoproteins by sialidases. Asialoglycoproteins bind to 
asialoglycoprotein receptors on the hepatocyte sinusoidal surface 
and are subsequently taken up by receptor-mediated endocytosis 
and delivered to lysosomes for degradation. Chronic liver disease is 
associated with a decrease in the amount of asialoglycoprotein re-
ceptors and an accumulation of plasma asialoglycoproteins [20]. 
The 99mTc-labeled asialoglycoprotein analog, 99mTc-GSA, was clin-
ically introduced as a new scintigraphy agent for imaging of the 
human hepatic receptor [21, 22]. 99mTc-GSA is commercially avail-
able in an instant labelling kit in Japan.

The liver is the only uptake site for 99mTc-GSA which makes it 
an ideal agent for liver function assessment. Furthermore, the up-
take of 99mTc-GSA is not affected by high bilirubin serum levels, 
making 99mTc-GSA scintigraphy applicable even in cholestatic pa-
tients. Despite years of experience in South-East Asia, this radio-
pharmaceutical agent has not been released for clinical use in most 
European countries.

Hepatobiliary Scintigraphy Using IDA Derivatives
99mTc-IDA agents are lidocain analogs that are taken up by the 

hepatocytes and are directly excreted into the bile canaliculi with-
out undergoing any biotransformation. 99mTc-mebrofenin is the 
most hepatic-specific 99mTc-IDA derivative [23]. Hepatic uptake of 
IDA agents via organic anion-transporting polypeptides (OATPs) 
can be influenced by high serum bilirubin levels as the same trans-
porters are involved in the uptake of organic anions like bilirubin. 
Of all available IDA agents, 99mTc-mebrofenin shows the lowest 
displacement by bilirubin in the case of hyperbilirubinemia [24]. 
The uptake, excretion, and lack of hepatic biotransformation of the 
IDA agents are similar to ICG. These properties make IDA agents 
suitable for the imaging of the hepatobiliary system and for use in 
the diagnosis of different biliary diseases [25]. The high hepatic up-
take, low displacement by bilirubin, and, furthermore, low urinary 
excretion make mebrofenin the most suitable IDA agent for he-
patic function assessment. We have used HBS in our center since 

the year 2000 for risk assessment of patients due to undergo any 
resection comprising three or more Couinaud segments [26, 27].

Camera-based measurement of the relative hepatic uptake rate 
was developed by Ekman et al. [28]. After intravenous injection of 
freshly prepared 99mTc-mebrofenin, dynamic scintigraphy is per-
formed with a dual-head gamma camera. Also here, the uptake of 
99mTc-mebrofenin is calculated by determining regions of interest 
(ROIs) around the heart, the liver, and the total field of view. Based 
on the ROIs, three time-activity curves can be generated. Using 
these parameters, it is possible to calculate the hepatic mebrofenin 
uptake ratio. Subsequently, a 3-dimensional single-photon emis-
sion computed tomography(SPECT)-CT is acquired during the 
time in which the tracer is accumulated in the liver. This provides 
quantitative information on the segmental distribution of function. 
A low-dose CT provides additional anatomical information to cal-
culate the functional share of the FRL. As described by De Graaf et 
al. [29], the combination of dynamic HBS with SPECT-CT delivers 
visible and quantitative information regarding segmental liver 
function and therefore is an accurate measure of FRL function. The 
uptake ratio is divided by the body surface area and expressed as 
%/min/m2 in order to compensate for differences in individual 
metabolic requirements. Defining the FRL as ROI enables the esti-
mation of specifically the function of the FRL [19].

The use of 99mTc-mebrofenin HBS for the preoperative assess-
ment of liver function in patients undergoing liver surgery was first 
described by Erdogan et al. [30] and has since been adopted by sev-
eral hepatobiliary units worldwide [31, 32]. The hepatic uptake of 
mebrofenin can be calculated in the same way as for ICG. The me-
brofenin uptake rate (MUR) strongly correlated with the ICG 
clearance test. Preoperatively measured FRL function with 99mTc-
mebrofenin HBS proved to correlate with postoperative FRL func-
tion on postoperative day 1 [33]. Furthermore, in patients without 
parenchymal disease undergoing partial liver resection, preopera-
tive measurement of 99mTc-mebrofenin uptake by the FRL was 
more accurate in predicting postoperative liver insufficiency and 
liver insufficiency-related mortality than preoperative measure-
ment of FRL volume [34]. In surgical populations with and without 
compromised liver parenchyma, the MUR cut-off value was calcu-
lated at 2.7/min/m2, making HBS more valuable in predicting post-
operative liver failure compared to CT volumetry [26]. One single 
cut-off value for patients with compromised or non-compromised 
livers makes 99mTc-mebrofenin HBS an even more suitable liver 
function test in clinical practice, as the underlying liver disease is 
often unknown or poorly defined until resection has taken place. 
Liver biopsies are not routinely taken, as the distribution of com-
promised parenchyma in the liver is not homogeneous, leading to 
sampling errors, and because of the risk of biopsy-related compli-
cations [35]. This fact increases the value of 99mTc-mebrofenin 
HBS in daily practice. In cholestatic liver disease, however, such as 
in patients with perihilar cholangiocarcinoma, HBS readings may 
be affected depending on the completeness of the biliary drainage. 
Total or segmental MUR will be decreased parallel to and reflecting 
hyperbilirubinemia as a sign of secondary (obstructive) decreased 
liver function, which should be taken into consideration [36].
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New Modalities for Assessment of Liver Function

LiMAx Test (13C-Methacetin Breath Test)
There is a broad spectrum of 13C-breath tests available. The 

principle of the 13C-methacetin breath (LiMAx) test is based on the 
activity of the cytochrome P450 1A2 (CYP1A2) system, an enzyme 
system that is exclusively expressed in the liver [37]. The activity of 
this enzyme system proved to be reduced in patients with severe 
chronic liver disease regardless of cholestasis. CYP1A2 is distrib-
uted throughout the entire functional unit of the liver and is not 
affected by drugs or genetic variation. 13C-methacetin, the agent 
used to measure the activity of CYP1A2, is exclusively metabolized 
by the CYP1A2 system. 13C-methacetin is instantly metabolized to 
paracetamol and ultimately to 13CO2, after which 13CO2 is excreted 
through the lungs [38]. This causes alterations in the normal 
13CO2/12CO2 ratio in the breath that are analyzed by a modified, 
non-dispersive, isotope-selective, infrared, spectroscopy-based de-
vice. The expired air is collected using a specially designed face 
mask. In this manner, the 13C-methacetin breath test provides 
quantitative information on hepatic function.

The LiMAx test is a non-invasive and easy to perform test, 
which makes it an attractive option in clinical practice [39]. The 
cut-off value of normal LiMAx readout is set at 311–575 μg/kg/h. 
While LiMAx assesses total liver functional capacity, the test can be 
used to measure FRL function by combining it with CT-volumetric 
analysis of FRL. The authors assume that the percentage of liver 
function attributed to the FRL equals the percentage of FRL vol-
ume; however, this method does not take into account regional dif-
ferences in liver function. On the other hand, preoperative FRL 
LiMAx values correlated with the LiMAx values measured on the 
first postoperative day. The LiMAx value on postoperative day  1 
has also been described as a predictor of PHLF and liver failure-re-
lated mortality. The same research group proposed a decision-tree 
based on the LiMAx results, which is supposed to help surgeons to 
decide between resection and alternative or additional therapies 
like PVE, neoadjuvant treatment, and palliative therapy [40]. The 
value of this algorithm and the proposed cut-off values await fur-
ther clinical assessment in a prospective setting.

The major limitation of the 13C-breath tests is the assumption 
that the contribution of the FRL to total liver function is equal to 
the proportion of FRL to total liver volume. Inhomogeneous distri-
bution of liver function throughout the liver has been demon-
strated using scintigraphic methods as well as with magnetic reso-
nance imaging (MRI) [41, 42]. Another difficulty in the application 
of the LiMAx test is that the test results are potentially affected by 
several factors such as hemodialysis, smoking, nutrition, and vis-
ceral hemodynamics [40]. Also, members of the CYP1A family are 
considerably downregulated in HCC, rendering the test less uni-
versal in its use for the entire population of patients requiring liver 
resection [43].

Assessment of Liver Function Using Magnetic Resonance Imaging
MRI with gadolinium ethoxybenzyl (Gd-EOB)-DTPA is well 

established as a liver imaging technique. MRI provides accurate 

anatomical information and has recently also been introduced as a 
potential technique for the preoperative assessment of liver func-
tion [44–46]. Contrast-enhanced (CE) MRI with Gd-based con-
trast agents allows a more accurate depiction of benign or malign 
liver lesions than CT [47].

The concept of using CE-MRI with Gd-EOB-DTPA in the eval-
uation of liver function was first introduced in 1993 [48]. Subse-
quently, several studies were published showing a correlation be-
tween MRI with Gd-EOB-DTPA and liver function in animal 
models [49–51]. Recently, data on the assessment of liver function 
using MRI with Gd-EOB-DTPA in humans were published, all of 
them confirming the possibility of liver function assessment using 
MRI [52–54].

Functional imaging with Gd-EOB-DTPA-enhanced MRI has 
also been used for the assessment of total and regional liver func-
tion [55]. Given that MRI now allows the segmental assessment of 
steatosis and can be used to assess fibrosis, this would make it a 
potential ‘1-stop-shop’ modality for both liver anatomy and func-
tion [56, 57]. However, the use of MRI with Gd-EOB-DTPA for 
the assessment of liver function is still under investigation. Techni-
cal difficulties have to be resolved concerning the molar amount of 
tracer needed for visualization on MRI, as well as issues regarding 
the absolute quantification of function.

Assessment of Increase in FRL Function after PVE

Postoperative regeneration of the remnant liver is usually evalu-
ated by CT volumetry. Failure of the non-embolized liver segments 
to hypertrophy is considered a significant sign of a deficient func-
tional reserve of the liver, increasing the risk of liver failure associ-
ated with liver resection. As postresectional regeneration depends 
on the same mechanisms, insufficient volume increase of the FRL 
after PVE is a strong predictor of postoperative liver failure [58, 59].

A decreased ICG clearance rate has been used as a guide when 
considering preoperative PVE in patients requiring major liver re-
section in order to augment FRL function. Conceivably, as ICG 
clearance measures global liver function, an increase in function of 
the non-embolized lobe is accompanied by decreased function of 
the embolized atrophied lobe, resulting in no net effect on total 
liver function. The ICG clearance test is therefore not able to spe-
cifically measure the increase in FRL function after PVE.

Scintigraphic techniques are gaining applicability in patients 
undergoing PVE. Multiple studies evaluated the increase in FRL 
function after PVE using 99mTc-GSA scintigraphy [60–62]. The in-
crease in 99mTc-GSA uptake in the FRL was found to be more ex-
tensive than the increase in FRL volume. Using 99mTc-mebrofenin 
HBS, it was likewise concluded that the increase in FRL function 
exceeded the increase in FRL volume [29, 63]. These findings sug-
gest that the time interval between PVE and liver resection may be 
shorter than determined on the basis of volumetric parameters. 
Another possible application of HBS in this group of patients is the 
selection of candidates for PVE or ALPPS. A recent report showed 
that FRL function assessed with HBS can be used as a predictor of 
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insufficient functional hypertrophy after PVE, especially in non-
chemotherapy patients. These patients are potential candidates for 
upfront ALPPS [64].

The LiMAx test has recently been explored in patients undergo-
ing PVE [65]. In this study, LiMAx was used to visualize the 
changes in FRL function in the time between PVE and major liver 
resection, showing an increase in FRL function after PVE. Further-
more, the authors found that FRL function post-resection was 
lower than the preoperatively calculated function, which they ex-
plain by loss of function due to intraoperative injury. The authors 
recommend that an overestimation margin of the FRL is needed 
preoperatively in order to compensate for this loss, which renders 
the test less accurate in this particular setting.

Assessment of Increase in FRL Function after  
Stage 1 in ALPPS

In ALPPS, the timing of stage 2, i.e. resection of the deportalized 
liver lobe, is a much debated issue. The usual imaging modality to 
assess hypertrophy of the FRL after stage 1 is CT volumetry. As 
volumetric studies do not consistently correlate with liver function, 
interstage CT volumetry may be unreliable as a predictor of FRL 
function in the setting of ALPPS. This notion is corroborated by 
reports that liver failure after ALPPS stage 2 occurred with an inci-
dence of 30% [66]. Assessment of FRL function therefore seems of 
great importance for the timing of stage 2. A possible explanation 
for the discrepancy between volume and function after stage 1 is 
that hepatocytes after cell division need time to mature before full 
function can be exerted and that 7–14 days is simply too short a 
period for function to develop [67].

As discussed above, the ICG clearance test depends on overall 
liver blood flow and is therefore less applicable during ALPPS be-
cause of the division of the portal vein and redistribution of portal 
and hepatic arterial flow. Furthermore, the ICG clearance test is a 
global liver function test and does not provide information on spe-
cifically segmental function, i.e. the FRL.

Scintigraphic liver function tests such as HBS using 99mTc-la-
beled IDA derivatives have the potential to provide quantitative 
and visual information on total and regional hepatic function. Se-
quential measurement of FRL function using HBS therefore seems 
an advantage in ALPPS. By monitoring inter-stage liver function 
using HBS, the second stage, i.e. resection of the deportalized lobe, 
can be safely undertaken [68]. Recently, the use of HBS for the tim-
ing of stage 2 in ALPPS was compared with CT volumetry in 60 
patients completing ALPPS in 6 European centers. The results 
showed that volumetry overestimated the liver function [69].

Discussion

The function of the liver is complex, representing a spectrum of 
functional processes that can grossly be divided into four catego-
ries: uptake, synthesis, biotransformation, and excretion [6]. There 

is no one functional test that represents the multiple components 
of liver function, and along the same lines, there is no single test 
that can accurately predict operative risk in patients considered for 
major liver resection. We still rely mostly on the combination of 
clinical parameters and volumetric studies to estimate liver func-
tional reserve and to decide whether we can perform a safe resec-
tion. Several techniques are now available for the assessment of 
liver function of which passive liver tests and dynamic quantitative 
liver function tests have been employed most frequently. It is time 
for a change in paradigm, moving from volumetrics to functiono-
metrics in the assessment of surgical risk in patients requiring 
major liver resection.

Several clinical and quantitative liver function tests have been 
described in the literature. The Child-Pugh classification, based on 
clinical symptoms of insufficient liver function (ascites/encepha-
lopathy), and laboratory analysis of parameters of liver function 
(albumin, bilirubin, and PT) can be used to identify high-risk pa-
tients, i.e., class Child B and class Child C. The challenge is, how-
ever, to select among class Child A patients those who are good-
risk and those who are poor-risk patients [9]. In these patients, reli-
able quantitative liver function tests are crucial.

Specific liver function tests such as the ICG clearance rate can 
complement the clinical Child-Pugh classification. The ICG clear-
ance rate has been reported not to unequivocally correlate with 
morbidity and mortality after partial liver resection. The reported 
studies, however, vary with respect to the extent of the liver resec-
tions performed and the type of patients included (i.e. patients with 
HCC and cirrhosis vs. patients with normal liver parenchyma). 
Another drawback of the ICG clearance test is that only global liver 
function is measured whereas one would be particularly interested 
in the functional capacity of the part of the liver to be preserved 
during liver resection. If plasma ICG clearance is multiplied by the 
proportion of FRL volume, the plasma ICG clearance of specifi-
cally the FRL can be calculated. This has been shown to be predic-
tive of PHLF with a cut-off value of 0.05 [70]. This is, however, 
only applicable in patients with homogenous liver function, mak-
ing it less feasible in cases of PVE or chronic liver disease.

Nuclear imaging studies have been introduced for the quantita-
tive testing of liver function. Potential advantages of these tech-
niques are the possibility to provide simultaneous morphologic 
(visual) and physiologic (functional) information of the liver, espe-
cially when SPECT-CT cameras are used. Functional capacity may 
vary within the liver, and with nuclear imaging studies regional dif-
ferences in hepatic function are detected. SPECT allows measure-
ment of function of specifically the FRL. In addition, when using 
radiopharmaceutical agents that are excreted into the bile, two dy-
namic phases can be examined, i.e. hepatic uptake of the agent and 
secretion into the biliary system. Using 99mTc-mebrofenin scintig-
raphy, definition of a single cut-off value (i.e., 2.7/min/m2) allows 
the use of a ‘1-size-fits-all’ test to assess non-cholestatic patients ir-
respective of the quality of liver parenchyma.

Both 99mTc-GSA and 99mTc-mebrofenin scintigraphy have the 
potential to preoperatively select patients with a high risk of devel-
oping postoperative liver insufficiency who might therefore benefit 
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from PVE. After PVE, hypertrophy of the non-embolized liver seg-
ments is commonly monitored by CT volumetry, showing only the 
morphologic increase in the FRL. However, little is known about 
the increase in FRL function after PVE with only few available 
methods to measure FRL function. Although the ICG clearance 
test is able to measure liver function, this test only quantifies over-
all liver function and is therefore less suitable for the assessment of 
post-PVE increase in FRL function. Nuclear imaging studies, how-
ever, provide information on augmented function of the FRL. A 
discrepancy between volumetric hypertrophy and functional in-
crease has been described in several studies, indicating that func-
tional gain of the FRL is more rapid and of greater magnitude than 
the volumetric increase. Since after PVE the functional advantage 
of the remnant liver exceeds the volume increase of the residual 
liver, the recommended waiting time following PVE may be 
shorter than suggested by volumetric studies [63]. The reverse has 

been observed in patients undergoing ALPPS in whom in the short 
time after stage 1 volume exceeds function [69].

There is no one test that can accurately predict the surgical risk 
in patients considered for major liver resection. Clearly, scoring 
methods need to be developed in which clinical parameters, CT 
volumetric criteria, and the results of dynamic quantitative liver 
function tests guide our decision-making in patients requiring 
major liver resection. Objective functional criteria are necessary to 
define patients at increased risk and select those who might benefit 
from preoperative liver-augmenting techniques.
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