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Abstract
Indocyanine green (ICG) kinetics (PDR/R15) used to quantitatively assess hepatic function in the perioperative period of major resective surgery and liver transplantation have been the object of an extensive, updated and critical review. New, non invasive bedside monitors (PDD technology) make this opportunity widely available in clinical practice. After having reviewed basic concepts of hepatic clearance, we analysed the most common indications ICG kinetic parameters have nowadays in clinical practice, focusing in particular on the diagnostic and prognostic role of PDR and R15 in the perioperative period of major liver surgery and liver transplantation. As recently pointed out, even if of extreme interest, ICG clearance parameters have still some limitations, to be considered when using these tests.
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Core tip: Non invasive monitors for indocyanine green (ICG) clearance (PDR and R15) are now available for a rapid assessment of liver function both in the ICU and in major liver surgery. After having reviewed the basic concepts of hepatic clearance, we have analysed the most common indications of ICG kinetic parameters in clinical practice, focusing on the diagnostic and prognostic role of PDR and R15 in the perioperative period of major resective liver surgery and liver transplantation. Since ICG parameters have still some limitations, we will underline the conditions (mainly hyperbilirubinemia and severe peripheral hypoperfusion) able to alter the reliability of these tests.
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INTRODUCTION 
ln modern critical care medicine, extensive and accurate liver function assessment has a relevant place while caring for high risk medical patients or candidates to major liver surgery: at the moment, static and dynamic tests are available[1-7]. Static tests, since long included in scores able to quantify acute (SOFA) and chronic (CHILD PUGH, MELD) hepatic dysfunction, assess separately the different functions of the liver and describe the size of the hepatic injury[1-4]. On the contrary, information on the functional aspects of the remnant liver after resective surgery or of the quality of the liver graft recovery after transplantation remain elusive. In other words, available to the clinicians is a “frozen” representation of the hepatocytes integrity and of the (residual) metabolic and synthetic capacities (Figure 1). 

STATIC ASSESSMENT OF LIVER FUNCTION 
A pivotal role in the amino acids metabolism is played by aspartate aminotransferase (AST) and alanine aminotransferase (ALT). AST, represented at various levels (mainly muscular and cardiac, but not only) are not liver specific and have shorter half life (12-22 h). On the contrary, ALT are liver - specific, have longer half life (30-40 h), are highly expressed in the hepatocytes and largely present in periportal areas. In case of centrilobular hypoxia, ALT show a moderate increase, while in case of acute hepatic injury (acute hepatitis) a significant increase in ALT serum concentration is almost always demonstrated: It is considered a consequence of necrosis or it should be secondary to the increased permeability after a cell membrane damage[2,3]. In case of ischemic injury, the AST and ALT peak may reflect the size of liver damage. As above mentioned, AST/ALT increase (longer for ALT, shorter for AST due to the different half life) does not provide information on the functional impairment of the liver nor, by force, of the (residual) hepatic functional reserve[2,3]. A rather non-specific marker of ischemic damage to the liver (but not only!) is lactate dehydrogenase (LDH, mainly fraction 5). Cholestatic alterations are usually described using gamma glutamyl transferase (GGT) and alkaline phosphatase (ALK).
Plasma Bilirubin concentration reflects phase II metabolism and is the indirect expression of uptake, conjugation and excretion functions of the liver. Early (and perhaps self limiting) phases of ischemic injuries have a moderate impact on the phase II processes, defined as “relatively robust”[7]. Among the causes of hyperbilirubinemia (generally speaking due to an increased production or a reduced clearance) relevant are hemolysis, damage of cellular components and reduced intrahepatic bile excretion. One of the main functions of the hepatocytes is protein synthesis. Among synthesized proteins are large part of acute phase proteins, albumin, transport proteins, all the coagulation factors apart from Factor VIII and Von Willebrand protein, Antithrombin, anticoagulant proteins (protein C, protein S and protein Z), Plasminogen, alpha 2 plasmin inhibitor, Complement, lipoproteins[2]. Among coagulation factors, F V and F VII, due to a very short half-life (four to six hours), are included in the Clichy criteria to quantify the synthetic damage of the liver in case of acute liver failure. According to Clichy criteria, in case of Acute Hepatic Failure (so called “fulminant hepatitis”), hepatic encephalopathy grade 3-4 and F V activity below 20% in patients < 30 years (< 30% in patients > 30 years) are the indications for urgent liver transplantation (OLT)[4]. 

DYNAMIC ASSESSMENT OF LIVER FUNCTION
 Since long, dynamic liver function tests[2,3] are considered and used to assess “over time” the liver capacity to metabolize or to eliminate drugs or compounds. Dynamic quantitative liver function tests, unlike conventional (static) tests, rely upon a “quasi” exclusive clearance or metabolization of substances performed by the liver. Being repetible in a short time span, dynamic tests are able to provide a fast and reliable liver functional evaluation, together with a general prognostic assessment (Figure 1). ICG clearance parameters will be described and discussed in this paper, while Caffeine test, Bromosulphtalein clearance, Aminoacid clearance, Galactose elimination capacity, Aminopyridine breath test and Monoethylglycinexylidide formation from lignocaine (MEGX test) are beyond the scope of this review (Figure 1). 

The hepatic clearance: Matching hepatic perfusion and liver function[5] 
According to the clearance principle[5], hepatic clearance (Cl) is the product of liver extraction capacity (Ex) and liver blood flow (Q): Cl  Q  Ex. In general, the dynamic assessment of liver function relies upon this equation: according to the hepatic extraction capacity, the various drugs and compounds are considered at “low” or “high” extraction. Clearance of highly extracted substances approaches hepatic blood flow and is considered an indicator of liver blood flow, extraction rate being limited in case of reduced liver blood flow. Opposite is the case of the clearance of substances at low extraction rate: The clearance of these compounds, not dependent from the hepatic blood flow, becomes a measure of metabolism or elimination processes. A key point of this principle is that the intrinsic hepatic clearance (Clint) becomes a measure of the capacity of the liver to remove substances when blood flow is not limited[5]. 

INDOCYANINE GREEN CLEARANCE FOR A DYNAMIC ASSESSMENT OF LIVER FUNCTION 
Worldwide, indocyanine green (ICG) clearance is the most common and easy - to - use test for the perioperative dynamic assessment of liver function in case of major liver surgery (resective surgery and liver transplantation) and in the ICU[2,6-8]. ICG is an inert, water-soluble, fluorescent tricarbocyanine, with a protein binding close to 95% (mainly, alpha1- and beta-lipoproteins and albumin). In healthy individuals, ICG shows a high hepatic extraction rate, usually above 70%. Toxicity is very low, and very rare are the adverse effects, reported in 1/40000 cases. The presence of Iodine in the ICG molecule constitutes a contraindication to its use in case of thyrotoxicosis and iodine allergy (a reaction due to non–immunological hystamine release)[6-8]. Since the early sixties, ICG elimination kinetics were used to measure blood volume and cardiac output, while in recent years an increased interest exists in using ICG clearance parameters for a dynamic assessment of liver function both in medical and surgical settings[6,9-11]. The “standard” determination of ICG Clearance (ICGCl) relies upon a rather complex ex vivo photometric analysis of multiple arterial blood samples obtained in a short time frame (15 min) after the intravenous administration: in spite of being so far the gold standard, it is now used for research purposes only. New bedside, easy to use transcutaneous - non-invasive pulse dye densitometry (PDD) devices able to measure ICG concentrations are on the rise for the use in clinical practice[1,6,7]. Among them are LiMon, (Pulsion Medical System, Germany) and DDG 2001 (Nihon Kohden, Japan): ICG elimination is expressed as ICG Plasma Disappearance Rate (ICGPDR) or Retention Rate at fifteen minutes (ICGR15), assessing relative ICG concentration changes (Figure 2). 
In hemodynamically stable or unstable ICU patients, in liver transplanted patients and in subjects involved in major liver surgery, good correlation exists between ICG elimination measurements performed with the standard “invasive” method and the PDD technology. In healthy subjects, the intravenous injection of ICG at the dosage of 0.5 mg/kg body weight (BW) generates a plasmatic concentration of 100 mg/mL: In recent experiences, reliable results are also reported with 0.25 mg/kg BW[3]. The K value (rate constant) of the ICG indicator-dilution curve is calculated by both devices applying monoexponential transformation of the ICG concentration and backward dynamic extrapolation of the curve of the elimination phase[6]. With appropriate calculations, functional parameters of extreme interest for the dynamic assessment of liver function are thus available 
After intravenous injection, ICG, almost completely bound to proteins, is distributed in the blood within 2 to 3 min: Volume of distribution is very close to plasma volume and half-life is very short (3 to 5 min[1,3,6], longer in case of hepatic dysfunction). Extraction from the blood occurs almost exclusively by the liver, with selective uptake across the sinusoidal plasma membrane by 1 B3 and Na-taurocholate co-transporting polypeptides. IGC is excreted unchanged and almost completely (97%) into the bile in a non-conjugated form, following a two-compartmental model (excretion from the peripheral and not from the central compartment). The absence of metabolism and of enterohepatic recirculation supports the correlation between ICG elimination kinetics and liver function. Sinusoidal uptake (relevant in humans) and canalicular excretion are the two main processes involved in ICG hepatic clearance. The ATP-dependent–export pump multidrug resistance associated protein 2 (MDR-P2) and the multi-drug resistance P-glycoprotein (MDR3) are the specific carriers involved in this process, expression of the liver energy status and of the excretory function[1,3,6,7].
Two peaks and one slope (the latter representing the elimination phase, usually lasting 10-20 min) are easy recognizable in the dye disappearance curve[5]. Of the two peaks, the first is used for the cardiac output determination, while the second is associated with the recirculation phase (elimination peak). Smaller peaks may follow the first two and are used for the estimation of circulating blood volume[6]. According to Imamura et al[5], in the ICG plasma disappearance curve (Figure 3) the initial sharp fall in concentration, (distribution phase, due to the rapid hepatic uptake of ICG from the plasma) is followed by a less steep fall (elimination phase, due to the passage from the liver into the bile). Twenty to 30 min are usually needed for the transition from the distribution to the elimination phase: K value (/min) is derived from the first fifteen minutes component of the disappearance curve.
In case of liver dysfunction/disease, a consistent prolongation of IGC half -life is usually recorded, as ICG hepatic clearance depends from both carriers capacity and liver blood flow. In individuals suffering for acute liver injury or steatohepatitis, release of cytokines (mainly tumor necrosis factor alpha and interleukine 6) by the reticulonendothelial cells (mainly Kuppfer cells) is able to downregulate the expression of organic anion transporting polypeptide isoforms and sodium-taurocholate co-transporting polypeptide, reducing the hepatic uptake capacity. In contrast, ICG transport capacity is competitively inhibited in case of hyperbilirubinemia[6-8,10-13], due to the same carrier system (ATP - export pump - MDRP2) shared by ICG and bilirubin: In case of hyperbilirubinemia (serum bilirubin > 3 mg/mL), “ falsely” reduced ICG clearance values may be recorded due to the carrier competition (vide infra)[6,12,13]. This could be the case of OLT candidates with preoperative hyperbilirubinemia, in which functional recovery of the newly grafted liver is assessed early after transplant: in this specific context, “falsely” poor results may be found, making the ICG test useless and possibly misleading (vide infra)[6,7]. Less common, but indeed not infrequent in the critically ill, is the case of high flow states: false reassuring findings (better than expected) due to “normal or near normal” results might be recorded, masking an altered liver excretory function[7]. In the cirrhotic population, measurements of liver blood flow using ICGCl are not to be considered completely reliable[14]: The hepatic extraction rate in this context is extremely reduced (close to 20%-30%) and ICGCl becomes a measure of the uptake clearance (Cint, as demonstrated by Imamura et al[5])[14]. Interestingly enough, bile elimination constant was not altered, as reported by Kawasaki et al[15]. Using the galactose clearance test to measure liver blood flow, the same AAs were able to demonstrate that in liver cirrhosis a reduced ICGCl, (reported as ICGR15) was dependent from a reduction of both hepatic extraction and hepatic blood flow. Sinusoidal capillarization and intrahepatic shunts, largely represented in cirrhotic patients, are proposed as a possible explanation[6,15,16]. In normal conditions, the diffusion of drugs and substances (including proteins) is free between the sinusoids and the hepatocytes: In presence of sinusoid capillarization due to a barrier–limiting factor, it is impaired. ICG, which is highly protein - bound, is particularly prone to this phenomenon. Then, in cirrhotic patients ICGK and ICGR15 (vide infra) might reflect not only the degree of sinusoidal capillarization and intrahepatic shunts but, at least in part, also the reduction of hepatic blood flow[15]. The logarithmic transformation of the distribution phase of the dye dilution curve is the key passage for the quantitative assessment of ICG removal by the liver cells 
ICG clearance parameters most commonly reported in the literature are[6,7]: (1) Plasma Disappearance Rate - ICGPDR; (2) Retention rate at 15 min - ICGR15; (3) Disappearance rate constant (or elimination rate constant ) (K Constant ) - ICGK; and (4) ICGCl - ICG Clearance.
ICGPDR and ICGR15 are the two kinetic parameters most frequently used in clinical practice for the dynamic assessment of liver function[6-8,17] (Table 1, from Vos et al[6], 2014). 

IGC PDR - plasma disappearance rate: Percentage change over time of the reduction of ICG blood concentration starting from a concentration of 100% (> 18% per minute). PDR is automatically calculated according to the time course of the ICG blood concentration using monoexponential transformation of the original ICG concentration curve and backward extrapolation to time point zero. In the critically ill, PDR is an accepted surrogate for clearance, due to the good correlation with ICGCl (r2 = 0.77)[2].

 PDR (% per minute) = ln 2/t ½ × 100 or C ICG (t) = C 0 × e-kxt

ICG R15 - retention ratio after 15 min: The ratio between ICG concentration 15 min after injection and initial concentration (normal 0%-10%) 
 R15 (%) = C ICG15/C ICG T0 × 100 
An initial ICG plasma concentration of 100 mg/mL is usually achieved after the intravenous administration of 0.5 mg/kg BW (considering an average plasma volume of 50 mL/kg). ICGR15 is calculated transforming the ICG concentration curve to a ”point zero” (100%) and then describing the decay (at minute fifteen ) as a percentage change per time (% per min) in a logarithmic graph. ICGR15 has been widely used as an alternative to ICGK, being pharmacologically equivalent[5]: It could be considered a surrogate of liver blood flow

ICG plasma clearance (500-700 mL/min per square): Volume of plasma entirely cleared off of ICG per unit time; plasma clearance is dependent on liver function, hepatic blood flow, bile flow (Table 1).
ICGPDR and ICGR15 might be considered the two faces of the same phenomenon. ICGPDR quantifies ICG disappearance from the plasma over time (% per minute); ICGR15 is the amount of the circulating ICG fifteen minutes after the administration (%). However, at variance of ICGR15, ICGPDR should be associated with ICG uptake by the hepatocytes mass, bile excretion, blood flow - dependent liver metabolism and the energy status[17]. Unfortunately, across the various studies the two parameters are used in a different and possibly confounding manner. ICGR15 is almost always considered for the dynamic assessment of hepatic functional reserve in case of liver resection for hepatocellular carcinoma on cirrhosis (HCC)[5,8]; ICGPDR and ICG R15 to assess liver graft function after liver transplantation[18]; ICGPDR in the critical care setting[2,17]. 
ICGPDR and ICGR15 are determined using either the high performance liquid chromatography with ultraviolet and fluorescence detection (cumbersome and time consuming methodology) or, as almost always reported nowadays, the modern, non-invasive PDD method (pulse dye densitometry method and spectrophotometry)[6-8]. A first “invasive” tool was available in the early nineties with the COLD System (Pulsion Medical System, Germany): ICGPDR was measured using an arterial fiberoptic catheter inserted in the femoral artery and connected to the COLD system. The system provided a complete and advanced volumetric hemodynamic profile and the ICGPDR[19]. A non invasive, optical transcutaneous pulse spectrophotometric sensor (PDD technology) is instead used by LiMON, (Pulsion Medical System, Germany) and DDG 2001, (Nihon Kohden, Japan) analysers[20-23]. The system measures ICG concentration determining the relative changes in light absorbtion by the arterial ICG at two different wave lengths, 805 nm (frequency of the ICG peak absorbtion) and 905 nm (frequency with no ICG absorption): No interference comes from oxidized or reduced hemoglobin and from bilirubin (peak absorption at 470 nm)[6,7]. PDD has been validated both in stable and unstable hemodynamic settings[18-21]. Purcell et al[22] validated the PDD algorithm comparing ICGR15 values obtained from direct measurement of blood samples and from LiMON. Stable hemodynamic conditions are imperative for reliable data on liver function[6,8]. Systemic or local conditions able to reduce hepatic blood flow (low cardiac output inducing hepatosplanchnic hypoperfusion or hepatic artery thrombosis and abdominal hypertension, respectively) have significant impact on IGC elimination, which is reduced in the above mentioned settings. On the contrary, splanchnic hyperperfusion, increasing ICG extraction, might produce (falsely) high ICGPDR readings. In case of liver dysfunction, true pathological IGCPDR or ICGR15 values are present because of a decreased transport from the systemic circulation to the liver (reduced blood flow) and/or a decreased uptake by the hepatocytes from the sinusoids. In the liver transplant setting, for example, conditions able to negatively impact on liver blood flow and/or extraction capacities are hepatic artery thrombosis (HAT), primary graft non function (PGNF), severe early graft dysfunction, severe rejection[9,10]. 
Altered IGCPDR and ICGR15 might also be reported in case of elevated serum bilirubin levels: In the active transport process into the hepatocytes, competition between bilirubin and ICG for the same carrier “alters” ICG kinetic results. This specific condition could be quite common in the early postoperative period of liver transplantation in patients with pretransplant hyperbilirubinemia: Pathological results should be attributed to ICG/Bilirubin competition for the same carrier (Na Taurocolate-co-transporting peptide) and not necessarily to a graft dysfunction. Since pathological ICGR15 or IGCPDR values might be recorded with serum bilirubin > 3 mg/dL[6,7], extreme caution has to be used when interpreting IGC clearance results in hyperbilirubinemic patients. According to the available studies, a bilirubin level > 3 mg/dL should be considered the cut-off value. In a series of 76 liver transplanted patients, a higher bilirubin level (6 mg/dL) was found by our group to be the cut-off value able to interfere with ICG kinetics (published in abstract)[24].
IGCPDR and ICGR15 are now used: (1) preoperatively, to assess the liver functional reserve before hepatic resection, particularly in cirrhotic patients[6,23]; (2) in the liver transplant setting, either in sequential assessments during the various phases of liver transplantation (rare) or (most often) to dynamically assess the recovery of the graft early after transplantation; and (3) following hepatic resection for a functional evaluation of the remnant liver both in cirrhotic and non cirrhotic patients and after partial hepatectomy (particularly the right hepatectomy) in case of living related liver donation. As above underlined, caution must be used while interpreting the results in case of hyperbilirubinemia[6,24]. Last but not least, ICG clearance parameters might be altered in case of repeated administrations if intervals between the sequential IGC injections are too short (less than 30 min): Residual ICG may change the baseline drift[6]. 
In contemporary clinical liver medicine, a temptative list of indications of ICG kinetic parameters could be the following[2,6-8]: (1) Functional definition of the hepatic reserve in cirrhotic and non cirrhotic patients undergoing resective surgery; (2) Morbidity/mortality prediction in the same seting; (3) Functional assessment in cadaveric donors of liver function, particularly in case of if extended criteria donors, and in case of living donation (beyond the scope of the review); (4) Non invasive assessment of portal hypertension (PH) and esophageal varices[25]; and (5) Early functional assessment of the newly grafted liver. 

THE ROLE OF IGC CLEARANCE KINETICS IN THE PREOPERATIVE ASSESSMENT OF LIVER RESECTION IN CIRRHOTIC PATIENTS 
Nowadays, in the clinical management of HCC in cirrhotic and non cirrhotic patients relevant is the role played by the appropriate indication of surgery. Liver resection is considered for cirrhotic patients with compensated hepatic function, as assessed by scores, static or dynamic liver function tests, imaging[26]. In 2003, Imamura et al[27] were able to report zero mortality in a series of 1056 hepatectomies: however, mortality rates ranging from 2% to 5% (and higher) are still reported by others[23,26,27]. Posthepatectomy liver dysfunction or failure remains an extremely feared complication, still reported in up to 30% of the cases: in spite of major innovations in surgical and anesthesiological techniques and in the postoperative care, mortality remains high[27-30]. Postoperative liver dysfunction is more frequent in cirrhotic patients who underwent hepatic resection: according to the literature, major risk factors are inadequate preoperative assessment of liver functional reserve, too “aggressive” resection, perioperative hemorrhagic complications and transfusion needs, postoperative infective complications[30-35]. 
Usually (but not exclusively), indications and extension of resective surgery are tailored according to: (1) presence or absence of ascites and hepatic encephalopathy in the preoperative period; (2) results of conventional static liver function tests (AST/ALT, serum Bilirubin level); (3) imaging (MRI/CT volumetric imaging to predict the remnant hepatic volume); and (4) CTP and MELD scoring systems[23,33-35]. 
Scores systems widely used in liver medicine for a comprehensive assessment of liver function are CPT and MELD. The CTP score, proposed in 1964 by Child and Turcotte[36], and later modified by Pugh (CTP), was created to predict the morbidity/mortality risk of cirrhotic patients with severe PH admitted to shunt surgery[36,37]. 
Using serum bilirubin, albumin and prothrombin time (PT), (common biochemical parameters, easy to determine in everyday clinical practice) and clinical findings (presence/absence of ascites and encephalopathy), the AAs defined three classes (A, B, C) able to identify the severity of the chronic liver disease. Within the three classes, Pugh et al[23] later introduced a score for different values ​​of the biochemical and clinical parameters to identify within the same class (A, B, C) subgroups of patients (A 5-6; B 7- 9; C 10-15) at increasing severity. The CTP score, still quite reliable in predicting mortality after general surgery (roughly, CTP A, 10%; CTP B, up to 30%; CTP C, as high as or above 50%)[6], has some important limitations: insufficient information on regional assessment of liver function (CTP is by definition a sort of broad classification of the severity of liver disease) and the absence of information on the volume of liver parenchima safely resectable are indeed relevant in the surgical setting[6,7]. 
In spite of these reported limitations, in the Wester surgical school CPT and the degree of PH (often qualitatively defined), together with imaging are often used to assess liver function in the preoperative period. Liver resective surgery should be considered for patients in Class A and, limiting the extent of the resection to reduce the risk of postoperative hepatic dysfunction, in well selected Class B patients[5,27,30]. Controversial is the use of MELD score or its derivates (NaMELD and iMELD) in the surgical context. MELD score, based on bilirubin, creatinine and Prothrombin time (PT) as INR, was originally introduced to predict the outcome of patients candidates to transjugular intrahepatic portosystemic shunt (TIPS) procedure. Nowadays, MELD is mainly considered to define the severity of chronic liver disease and its prognosis, to prioritize the liver transplant procedure, to predict survival in liver transplant candidates[38-40]. However, reliability of MELD to predict mortality after liver resection is still a matter of debate: major concerns arise from the narrow range (9-14) in which the score is used. In patients with MELD score > 10, Cucchetti et al[41] found a high rate of postoperative liver dysfunction. Hepatic resection is contraindicated in CTP class C patients or in patients whose MELD score is above 14. Instead, in well selected class B patients or in subjects whose MELD score ranges from 9 to 14, the surgical option might be considered: Each single case mandates a thorough preoperative evaluation, including the type of liver resection and its feasibility[42,43]. 
On the contrary, ICG clearance parameters (mainly ICGR15) are since the eighties championed by the Eastern surgical schools[5,32-34]: In particular dynamic tests were strongly supported to assess in advance the maximum extent of the resection of the hepatic parenchima associated with a good functioning remnant liver. In the evidence- based guidelines for the treatment of hepatocellular carcinoma released in Japan in 2009, the use of ICGR15 was recommended (level of evidence B) for the preoperative assessment of liver function[43]. Very recently, ICGR15 was incorporated in a modified functional evaluation score (Liver Damage Grading System, LDGS) derived from the CTP classification (Table 2). The Japanese Liver Cancer Study Group of Japan proposed the LDGS, instead of the CTP score, as a more accurate and appropriate tool for the functional assessment of the hepatic reserve[8,23].
In cirrhotic patients, liver resections should be performed with ICGR15 < 15%: According to authoritative reports, appropriate candidates for right hepatectomies were patients with ICGR15 > 10%, whereas left hepatectomies were considered also in surgical candidates with slightly longer ICGR15 (range 10% to 19%)[43-45]. In other series, major liver resections were successfully performed with longer ICGR15 (range 15% to 20%), if the volume of the residual liver was deemed “sufficient”[44]. The role of ICGR15 in major liver resection became relevant and evident after the publication of the Makuuchi group’s experience: analyzing the results obtained between 1994 and 2002, the AAs were able to report zero mortality in 1056 hepatectomies[5]. Three were the variables were particularly highlighted in the preoperative assessment: (1) ascites (presence or absence); (2) bilirubinemia; and (3) ICGR15[5,27]. 
According to the original decisional tree proposed by Imamura et al[5], key points are: (1) contraindication to hepatic resection in presence of uncontrolled ascites or serum bilirubin > 1.9 mg/dL; (2) minor resections possible with serum bilirubin ranging between 1 and 1.9 mg/dL the lower the bilirubin level, the larger the resection; (3) according to ICGR15 intervals different types of hepatic resection possible in case of serum bilirubin < 1.1 mg/dL and no ascites (Figure 4).
Nowadays, preoperative selective portal vein embolization (PVE) is a challenging option in very well selected subjects candidates to liver resection: an example could be a patient with ICGR15 15%-20%whose remnant liver volume after the planned resection is considered “not sufficient”. The aim of portal vein embolization is to induce hyperplasia of the hepatic lobules perfused by the contralateral portal vein to increase the volume of the “future remnant” liver[6,7,46]. ICGR15 after embolization correlates with both the volumetric changes and the modification of the liver functional reserve: It should allow a sort of functional prediction of the remnant liver before resective surgery[46]. In the original algorithm proposed by Poon and Fan, hepatic hyperplasia and preservation of “total” liver blood flow were the mainstays of this surgical strategy[33]. Definitive implementation of the procedure is still ongoing, even if available results seem promising. 
In recent studies, postoperative morbidity (mainly represented by post-hepatectomy liver failure, PHLF) is reliably predicted by R15 or PDR[44-47]. Still under debate is instead the ability of ICG kinetics to correctly predict mortality: the small number of negative events (death) might represent a possible cause[44,45]. Using intraoperative ICGPDR in a small series of patients, a value of < 9 per minute min predicted postresective liver failure with high sensitivity (88%) and specificity (82%)[44]. In another experience, liver failure occurring on postoperative day (POD) 2-5 was predicted by ICGPDR < 7% per minute on POD 1[45]. Prospectively studying postoperative complications in 100 cirrhotic patients admitted to different liver resections, our group was able to document a significant increase in postresective morbidity associated with ICGR15 > 40%: Interestingly enough, mortality was not influenced by IGC R15 (published in abstract)[47].
The most recent intraoperative application of IGC kinetics (ICGPDR/ICGR15) in major liver surgery was proposed by Thomas et al[48]: Scope of the study was the definition of reliability of an intraoperative simulation of post-resection liver function. In 20 patients undergoing liver resection, ICG kinetics (LiMON, Pulsion Medical System, Germany) was assessed before and after selective arterial and portal venous inflow trial clamping (TC) of the resected liver segments: The aim was to prevent/avoid PHLF. Similar data were recorded under TC (a significant ICGPDR decrease from 16.5% to 10.5% per minute) and after resection (median ICGPDR after resection 10.5% per minute). Thomas et al[48] proposed ICG kinetics as able to reliably simulate post-resection liver function during TC: In their opinion, it might become a useful tool to prevent/avoid PHLF and to reduce hospital length of stay. 
In a recent paper, combining the changes of total Bilirubin and INR on POD 1, 3, 5 and 7, Du et al[49] proposed a definition of Postoperative Liver Failure (PLF). An Hepatic Damage score (HDs) was build up and used after liver resection to define the degree of the liver metabolic functional impairment (0 = mild; 1 = reversible hepatic “dysfunction”; 2 = fatal hepatic failure). Interestingly enough, in the most compromised patients (HDs = 2) a linear relationship was found between ICGR15 and the number of the resected segments, possibly identifying preoperative criteria for the most appropriate and safest selection of hepatic resection to reduce PLF[49]. 
Preoperative pathological ICGR15 may be wrongly associated with liver dysfunction in case of biliary obstruction. If this is the case, caution should be exerted in interpreting the test results: while the programmed surgical strategy should not be withhold, further and multimodal investigations are to be considered to adapt/optimize the surgical program[6]. In case of hyperbilirubinemia, the South Korean and Japanese surgical schools suggest, as very recently reported by Ge et al[17], Tc - Galactosyl Serum Albumin Scintigraphy (Tc GSAS) for a more precise functional assessment of the liver. According to the most updated literature, GSA seems to be the ideal agent to predict the volume of hepatocyte mass and its function, due, at least in part, to track the distribution of asialoglycoprotein receptors[17]. 

ICG R15 IN PH: A ROLE AS A NON INVASIVE MARKER? 
As above discussed, total liver blood ﬂow and hepatic functional reserve are reflected by ICGR15, often used as a prognostic marker in decompensated cirrhotic patients and in candidates to resective liver surgery[50]. In cirrhotic patients admitted to resective surgery, preexisting PH and postoperative parenchymal dysfunction are among the most common causes of PHLF. Recently, Lisotti et al[25] in a cohort of CHILD A cirrhotic patients with well-preserved liver function evaluated the accuracy of ICGR15 in reflecting the alteration of hepatic blood ﬂow and, indirectly, the presence and grade of PH and esophageal varices (EV). As comparators, the AAs used hepatic vein pressure gradient (HVPG) and upper gastrointestinal endoscopy, actually the gold standards in this setting. Interestingly enough, Lisotti et al[25] documented a good performance of ICGR15 for the diagnosis of both PH and EV. In patients with compensated cirrhosis, ICGR15 < 6.7% and < 6.9% ruled out clinically significant PH and severe PH respectively, while ICGR15 < 10% was able to exclude the presence of EV. The AAs concluded for a role of ICGR15 in identifying patients with advanced liver disease for whom the endoscopic study is warranted. 

ICG KINETICS IN LIVER TRANSPLANT SURGERY
An increased demand of grafts due to the expanded liver transplant (OLT) indications has to face organ shortage, perhaps the most relevant restraint when dealing with solid organ transplant surgery. To expand the donors pool, extended criteria donors and/or suboptimal (“marginal”) grafts are ever and ever harvested to match the increasing transplant demand. Early after OLT, the results of conventional “static” liver function tests may raise doubts or uncertainties when used to assess the functional recovery of the liver grafts[6]. Recently, few, small single center studies reported on ICGPDR to assist and (more objectively support) the decision to harvest livers from suboptimal donors. ICG clearance kinetics, mainly expressed as ICGPDR or K constant of elimination, have been used in cadaveric donors before organ harvesting for a quantitative assessment of liver function[6]. Unfortunately, the value of ICGPDR to assist graft suitability assessment before harvesting deserves further studies, as values < 15% per minute during donor observation were consistently associated with a poor outcome of the graft[6]. 
IGC kinetics have since long a place in the liver transplant setting. ICG kinetics were recently incorporated in the MELD score for a fine tuning of survival prediction in transplant candidates: As a matter of fact, in candidates whose MELD score ranged from 10 to 30, the ICG-MELD score further improved the prediction performance[50]. ICG kinetics into the MELD score add an estimation of liver blood ﬂow, making the new score more accurate than the “simple” MELD and Na MELD in predicting survival in moderate to severe cirrhosis. The role played by hyperbilirubinemia, if present, has of course to be considered. Much more extensively studied is the use of ICG kinetics to predict early perioperative complications and graft and patient survival after OLT. Among the most feared complications in the early postoperative period are Hepatic Artery Thrombosis (HAT) and PGNF, conditions which warrant early diagnosis and a timely and appropriate treatment: urgent retransplantation is mandatory in case of PGNF and very often is the only solution to avoid fatalities in cases of HAT. In the mid nineties, a number of relevant studies[51-53], strongly supported the use of ICG clearance parameters for an early assessment of graft function and to predict patient and graft survival. Jalan et al[51], using ICG clearance, correctly predicted both the immediate functional recovery of the new liver and the good graft function three months after OLT when ICGcl on POD 1 was > 200 mL/min. More recently, “low” ICGPDR values (5% to 12% per minute) early after OLT were associated with graft malfunction/failure. In the liver transplant setting, the definition of a reproducible and reliable “low” cut-off value is, even if eagerly awaited, still ill -defined: ideally, this value should not be affected by conditions able to create falsely pathological results. Unfortunately, no consensus exists in the literature on this critical point, so far. Faybik et al[54], studying IGC PDR using COLD System (Pulsion, Germany) and LiMon (Pulsion, Germany) in a series of patients who underwent OLT found ICGPDR < 10% per minute as a predictor of postoperative complications. Hori et al[55], using ICG K (Nihon Kohden DDG 2001, Japan) in a cohort of thirty patients admitted to living donor liver transplant, assessed graft function daily for the first 14 postoperative days, and then on POD 21 and 28. The early outcome was defined “unfavourable” in case of increased morbidity or mortality. According to this definition, the AAs retrospectively allocated the transplanted patients to two groups, A (favourable outcome, 24 subjects) and B (unfavourable outcome, 6 subjects). ICGK < 0.180 on POD 1 correctly predicted the poor outcome of the six patients of group B. 
Levesque et al[56,57] using LiMON (Pulsion Medica System, Germany) from POD 1 to POD 5 defined an ICGPDR value able to predict early postoperative complications. In a first study[56], in a series of 70 consecutive procedures, the transplanted patients were divided in two groups according to the early outcome: In the group of patients who did well, had immediate good graft function, favourable postoperative course and positive outcome, ICGPDR was 24.4% ± 6.8% per minute. Instead, the patients who had postoperative complications were retrospectively subdivided into two subgroups: The first group was composed by subjects who experienced PGNF, HAT, and hemorrhagic or septic shock (early complications); the second included patients who had rejection (late complications). While ICGPDR was low (8.8% ± 4.5% per minute) during the first 5 d in the first subgroup, in the second the ICGPDR, initially normal, decreased significantly within 3 to 5 d (ICGPDR 10.3% ± 2.5% per minute). Levesque et al[56] proposed ICGPDR < 12.85% per minute as a marker of very early postoperative complications (mainly severe hepatocellular dysfunction, such as PGNF). In a second paper, the same AAs retrospectively reviewing ICGPDR in patients who had HAT in the early postOLT period found a significantly lower ICGPDR when HAT was documented (range 0.4 to 9.5, mean 5.8% ± 4.3% vs non HAT, range 15.3% to 32.9%, median 23.8% ± 7.4% per minute): ICGPDR increased significantly after the revascularization (mean 15.6% ± 3.5% per minute). The AAs concluded defining IGCPDR as an interesting diagnostic tool in the early posttransplant period to manage patients suspected for acute HAT[57]. The major concern that could be raised on this specific item is the absence of a clear cutoff value in the presence of HAT (see the wide range of ICGPDR in the HAT patients). As a matter of fact, this item is quite controversial in the literature. ICG kinetic parameters were used by Olmedilla et al[58] at the end of OLT or on POD 1 to assess early graft function. In patients who suffered early severe hepatic dysfunction and had an increased mortality rate, ICGPDR was < 10.8% per minute. Instead, a favorable outcome was recorded in transplanted patients who had ICGPDR > 10.8% per minute: In the same study the AAs were also able to document a very high (99%) negative predictive value. In the most recent study coming from the same group, ICGPDR and INR were used to build a risk score to predict short term outcome after OLT. Cut off values were ≥ 2.2 for INR (1 point) and < 10% per minute for PDR (2 points). The AAs defined four categories (points 0 to 3) in which the risk of early death or retransplantation was described by the score, the higher the score, the higher the risk of adverse outcome (point 0, 4.4%; point 1, 6.5%; points 2, 12%; points 3, 50%). A similar trend was reported also for ICU length of stay and duration of mechanical ventilation. In a validation cohort of 70 patients the score had a good diagnostic performance with sensitivity 60%; specificity 95.5%; positive predictive value (PPV), 66.7%; negative predictive value (NPV) 94.1%. The AAs concluded for a simple and useful tool to be considered for the selection of diagnostic and therapeutic strategies in the early postoperative period[59]. Different result were proposed by Escorsell et al[60]. In their experience, ICGPDR was not a predictor of liver dysfunction and short term outcome. Using a cut off of 8.8% per minute the AAs subdivided the transplanted patients in two groups (A < 8.8% per minute; B > 8.8% per minute). Interestingly enough, outcome of patients in group A was similar to outcome of patients in group B: Since transplanted patients in group A showed significantly higher bilirubin levels, a false “low” reading of the ICGPDR might have occurred. The most probable explanation should be a non proper categorization of a graft as “malfunctioning” because of hyperbilirubinemia and not because of a real dysfunction. Confirmation of this interpretation comes from the reported outcome. Very similar were the results we proposed (in abstract) studying a cohort of 76 consecutive liver transplants[24]: ICGPDR < 10% per minute was not associated with a poor outcome of the patient and of the graft in the early postoperative period. Interestingly enough, serum bilirubin > 6 mg/dL was always present when ICGPDR was < 8% per minute[24]. We speculated that in this specific condition (hyperbilirubinemia), ICGPDR should be considered, as above underlined, unreliable[6,7,12,13]. This point is unfortunately not completely addressed, in our opinion, by Leveques et al[61] in the most recent review on this item. The last two studies are, in our opinion, a further strong argument to support the relevant alteration introduced by hyperbilirubinemia, not infrequently observed early after OLT, on ICG kinetics. In both studies, ICGPDR falsely predicted an early hepatic dysfunction, not confirmed by the early and medium term outcome of both patients and grafts. Instead, Escorsell et al[60] showed a strong correlation between lactate clearance and the functional recovery of the newly grafted livers, further stressing the high PPV of this test: A further confirmation of very similar results we obtained in an earlier study[62]. Last but not least, ICG kinetics might be altered by other factors or conditions quite common in the early post transplant period: Among them, the impact of different values of total proteins and hematocrit[63].
 
Further confirmations for a cautious interpretation of low ICGPDR values while assessing liver function both after liver resection and OLT come from a series of recent studies performed with the Maximal Enzymatic Liver Function (LiMax test), a test which relies upon 13C methacetin metabolism[64-67]. In patients who underwent liver resective surgery, Lock et al[64] compared ICGPDR and Limax to identify patients at risk for postoperative liver failure: Limax showed a better predictive power, once again emphasizing how relevant could be the potential interference of various parameters on the ICG clearance variables. 
In a cohort of liver transplant candidates suffering for chronic liver disease, patients who experienced six months liver-related death (primary end point of the study) had, when compared to survivors, significantly lower median Limax values. On the contrary, ICGPDR findings were similar in survivors and non survivors. In the same study LiMAx showed a slightly higher NPV (if compared to ICGPDR and MELD) when six months risk of death was considered[65]. 
Acute liver failure (ALF) is one of the most challenging conditions in liver medicine. Preliminary results on the use of ICG kinetic parameters were recently reported in small series of patients[7,61,65]: However hyperbilirubinemia, always present in patients with hyperacute, acute (“fulminant”) or subacute hepatic failure, should impact on ICG elimination kinetics, making problematic at best their interpretation. Lock et al[66] recently tested the use of LiMAx in ALF. Remarcably, LiMAx values, contrary to MELD, were significantly lower in patients who had unfavourable outcome. If confirmed, the AAs concluded for an interesting relevant role of LiMax in ALF in predicting the individual prognosis, possibly supporting in the decision for urgent liver transplant[67].

CONCLUSION
In recent years reliable and easy-to-use non-invasive bedside analysers using the PDD technology, (LiMon and Nihon Kohden) have boosted the use of ICG kinetic parameters in hepatic surgery and, in general, while caring for the critically ill. Since long, the Eastern surgical schools have supported an extensive application of this technology, particularly when major surgical options are considered in patients affected by hepatocellular carcinoma on liver cirrhosis. The most relevant results, worth to be considered also by the Western surgical community, deal with liver cancer resectability and the potentials for preventing or avoiding postresective hepatic dysfunction/failure. In liver resective surgery, while firm results are available when dealing with morbidity, concern still exists in predicting mortality. In spite of the initial enthusiasms and some very recent results, the use of post OLT ICG kinetics to predict morbidity and mortality are to be considered, at least in our opinion, still under scrutiny. Notwithstanding the results proposed by the most recent publication[59], mixed results or “false pathological findings” (false positives) are present in the literature: to be specifically addressed in the liver transplant setting is the presence of hyperbilirubinemia. In this context, according to ICGPDR, newly grafted liver might be falsely classified as severely dysfunctioning or at consistent risk of unfavourable outcome, when opposite is the real final outcome. In spite of the most recent evidence[59], no consensus exists on the cut off value of PDR/R15 below which a reliable assessment of early graft dysfunction is confidently available. In liver transplanted patients, the negative predictive value of ICG kinetics is indeed relevant: good graft and patients outcome are almost always associated with “normal” IGC clearance parameters. Into our opinion, in this setting “low” or pathological​ values are still in a gray zone and caution in interpreting results is needed. As appropriately pointed out by Levesque et al[61] when defining severity of complex and evolving diseases, a multistep dynamic approach (instead of single time point static result) should become the rule. Ending up their review, Vos et al[6] proposed a wise and prudent comment on the routine use of IGC kinetics in clinical practice, pushing for further large, prospective, randomized trials: A challenge worth to be considered, particularly in the field of liver transplantation, if gray has to turn to green.
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Figure 1 Liver function assessment: Static and dynamic tests (modified from Sakka[3], 2007). AST: Aspartate aminotransferase; ALT: Alanine aminotransferase; ICG: Indocyanine green.
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Figure 2 Indocyanine green dilution curve. A: First peak; B: Second peak (re-circulation phase); C: Elimination phase (Modified from Vos et al[9], 2014). ICG: Indocyanine green; CICG: ICG blood concentration.
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Figure 3 Schematic representation of indocyanine green kinetics (modified from Imamura et al[5], 2005). 
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Figure 4 Makuuchi decisional algorithm to select liver resective procedures in cirrhotic patients according to liver functional reserve (from Imamura et al[5], 2005). ICG: Indocyanine green.



Table 1 Quantitative indocyanine green kinetics variables (modified from Vos et al[6], 2014) 

	Variable
	Denomination
	Unit
	Formula for calculation
	Normal value

	ICGPDR
	ICG plasma disappearance rate
	% per minute
	Backward extrapolation of k, 
curve fitted as: CICG (t) = C0 × e–k×t
	> 18%- 24% per minute 

	ICGR15
	ICG retention ratio 
after 15 min 
	%
	(CICG (15)/CICG (0)) × 100
	< 10%

	ICGt/2
	ICG half life
	min
	(In2 × VD) CIICG
	3-5 

	ClICG
	ICG Clearance 
	mL/min per kilogram
	K × VD
	6-12



e = Euler’s number (approximately 2.718); k = fractional ICG concentration change per minute; VD = ICG volume of distribution; t = time; CICG (t) = ICG concentration at time point t (min); ClICG = ICG clearance (mL/min per kilogram). ICG: Indocyanine green.


Table 2 Liver damage grading system (Mizuguchi et al[8], 2014, modified) 

	Parameters
	Liver damage Grade A
	Liver damage Grade B
	Liver damage Grade C

	Albumin (g/L)
	> 3.5
	3.5-3
	< 3

	Bilirubin (mg/dL)
	< 2
	2-3
	< 3

	PT (%)
	> 80
	50-80
	< 50

	Ascites
	None
	Small or controlled
	Tense

	IGCR 15 %
	< 15
	15-40
	> 40


PT = Prothrombin activity; ICG R15 = indocyanine green Retention ratio at 15 min. 
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