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Abstract
Evaluation of the hepatobiliary function is critical for the clinicians, not only for the diagnosis of a large 
variety of liver diseases but also in the follow-up and management of some patients, for instance, those 
with different degrees of cholestasis suffering from a drug-induced liver injury (DILI) or scheduled for liver 
resection. Currently, the determination of global liver function mainly relies on laboratory tests, clinical 
scores, and data from images obtained with ultrasonography, computed tomography (CT), or magnetic 
resonance. Nuclear medicine scanning, displaying either planar or three-dimensional spatial distribution 
of liver function, is enhanced when using hepatotropic tracers based on classical radioisotopes such as 
technetium-99m (99mTc) and with higher resolution using metabolized probes such as those based on 
monosaccharide derivatives labeled with 18F. Other cholephilic compounds, and hence selectively secreted 
into bile, have been proposed to visualize the correct function of the liver parenchyma and the associated 
secretory machinery. This review aims to summarize the state-of-the-art regarding the techniques and 
chemical probes available to monitor liver and gallbladder function, in some cases based on imaging 
techniques reflecting the dynamic of labeled cholephilic compounds.
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Introduction
Evaluation of the hepatobiliary function is often required in clinical practice, not only for the diagnosis of 
different liver diseases, such as cholestasis and drug-induced liver injury (DILI), but also for the assessment 
of oncological and intensive care patients, and especially for those scheduled for liver resection, since in this 
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group of patients, liver failure has remained a major cause of mortality after hepatectomy, which implies that 
a close follow-up is recommended.

The use of omics techniques has made it possible to screen the changes in circulating metabolites 
with the intention of using them to monitor liver function. Thus, although non-alcoholic fatty liver disease 
(NAFLD) is one of the most common liver disorders worldwide, and its early diagnosis is critical, there is a 
lack of reliable biomarkers for diagnosis, prognosis, and monitoring of disease progression and response to 
treatment. In this regard, some progress has been made in the characterization of metabolomic and lipidomic 
profiles to identify biomarkers associated with both NAFLD and non-alcoholic steatohepatitis (NASH), which, 
upon validation, could be used as biomarkers in noninvasive diagnostic tests in the clinical practice in the 
near future [1]. In more general terms, the determination of liver function is currently primarily based on 
laboratory tests that include the measurement of serum biomarkers, such as albumin, alkaline phosphatase 
(ALP), bilirubin, gamma-glutamyl transferase (GGT), prothrombin time (PT), and transaminases [alanine 
transaminase (ALT) and aspartate transaminase (AST)] [2].

However, despite their popularity, these biomarkers lack specificity because their serum levels are 
elevated in a broad panel of liver diseases. Therefore, to get an overall estimation of the degree of impairment 
in liver function, several clinical scores have been proposed. Two commonly used scores are Child-Pugh, 
which includes the presence of ascites, serum levels of albumin and total bilirubin, PT, and signs of hepatic 
encephalopathy [3], and the model for end-stage liver disease (MELD), commonly used to evaluate the liver 
function of patients in the waiting list for liver transplantation [4].

The tests mentioned above and clinical scores are minimally invasive, and they can be helpful together 
with other diagnostic approaches that generate data from images obtained with ultrasonography, computed 
tomography (CT), or magnetic resonance imaging (MRI) (Table 1).

Table 1. Image techniques commonly used to assess the liver structure and function

Liver pathology Image techniques Alternatives References
Biliary leak Cholescintigraphy NA [5]
Gallstones ERCP PTC [6, 7]
Cholecystitis Cholescintigraphy NA [8, 9]
Cholestasis Cholescintigraphy PET-CT [8, 10]
Hepatic fibrosis Ultrasound elastography MRI, MRE [11–16]
Liver cancer Ultrasonography CT/MRI [13, 17]
Liver metastasis MRI/CT NA [15, 18]
Liver steatosis Ultrasonography NA [12]
Obstructed/dilated ducts Cholescintigraphy NA [19, 20]

ERCP: endoscopic retrograde cholangiopancreatography; MRE: magnetic resonance elastography; NA: none available; 
PET: positron emission tomography; PTC: percutaneous transhepatic cholangiography

Some alternative tests used in liver function evaluation are classical, such as these performed using 
hepatotropic agents, i.e., efficiently accumulated by the liver or cholephilic compounds, i.e., substances 
in most part taken up by the liver and secreted into bile. A significant limitation in using these agents 
to estimate whole liver function is that most of them are not homogeneously distributed throughout the 
hepatobiliary system.

A more recently incorporated assay is the “liver maximum function capacity (LiMAx)” test [21]. 
In this assay, a real-time liver function evaluation is carried out by determining liver-specific CYP1A2-
mediated metabolism of 13C-methacetin to paracetamol and 13CO2, which is measured in the exhaled air 
within 20–30 min after the intravenous injection of the substrate (13C-methacetin). Even though LiMAx 
test is becoming commonly used, it cannot provide the regional distribution of dysfunctional hepatocytes 
in the liver. Localizing the areas with impaired liver function is clinically relevant, for instance, before 
liver resection [22]. To overcome this limitation, it is necessary to use different high-resolution images, 
either planar or three-dimensional, which permits more accurate regional information. In this respect, 
scintigraphy, MRI, or single-photon emission (SPE)-CT with, among others, technetium-99m (99mTc) 
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classical tracers and with gadolinium ethoxybenzyl (Gd-EOB) for an enhanced resolution are currently 
used in clinical practice.

This review aims to summarize the state-of-the-art regarding the techniques and chemical tools available 
to monitor liver and gallbladder function, in some cases based on imaging techniques reflecting the dynamic 
of hepatotropic and cholephilic labeled compounds.

Imaging techniques in the analysis of the hepatobiliary
Ultrasonography
Ultrasonography is the most sensitive and the least expensive procedure for providing structural information 
of the biliary system [11], which makes it the technique of choice for the screening of biliary tract abnormalities, 
evaluating right upper quadrant abdominal pain, screening for liver masses, differentiating intra- from 
extrahepatic causes of jaundice and the diagnosis of liver steatosis [12]. Ultrasonography can also be used to 
detect splenomegaly, which may suggest a diagnosis of portal hypertension.

Transabdominal ultrasonography is helpful in detecting focal liver lesions such as cysts over 1 cm in 
diameter because, in general, they are echo-free, but also tumors or abscesses that are usually echogenic. In 
patients at a high risk of hepatic fibrosis or liver cancer, i.e., hepatocellular carcinoma (HCC), early detection 
and stratification of primary and metastatic lesions could be done with ultrasonography. In general, this 
technique can be helpful in selecting the most effective treatments in some cases, such as chronic hepatitis B 
and C, hemochromatosis, and liver cirrhosis [13].

The assessment of hepatic fibrosis can be carried out by ultrasound elastography, a procedure where the 
vibration emitted by a transducer induces an elastic shear wave. The rate of the speed at which the wave is 
propagated through the liver is proportional to the stiffness of the tissue [11, 14].

Cholescintigraphy

This technique requires using radiotracers to assess the anatomy and function of the biliary system. This 
approach is sensitive and specific for detecting biliary leaks. Cholescintigraphy is usually carried out with 
99mTc-labeled iminodiacetic acid (IDA) derivative, which justifies its acronym of hepatobiliary IDA (HIDA) 
scan. The technique is also called hepatobiliary scintigraphy (HBS) [8, 9].

Cholescintigraphy is highly helpful for the diagnosis of acute cholecystitis [5]. When the gallbladder 
is not filled with the radionuclide imaging agents or there is a decreased clearance of the radiotracer, a 
functional obstruction of the cystic duct, acute cholecystitis cholestasis, and/or hepatocyte dysfunction can 
be diagnosed.

Furthermore, cholescintigraphy can supply valuable diagnostic information in patients with complications 
after laparoscopic, partial hepatic resection [19, 20, 23], or liver transplantation. Moreover, it is the only 
extracorporeal method to distinguish between chronically dilated ducts, obstructed dilated ducts, and 
chronically dilated but not obstructed ducts. Moreover, since the tumoral liver cells are hypofunctional 
compared to normal hepatocytes, cholescintigraphy can help in the diagnosis of more and less differentiated 
(benign and malignant, respectively) liver tumors. In patients with impaired liver function after a chemotherapy 
treatment, HIDA scan has been reported to be the best choice to assess the intrahepatic regional distribution 
of liver function [24].

CT

CT has been commonly performed for several years to assess the integrity of the hepatobiliary system. 
This imaging technique is one of the preferred methods because it supplies the clinician with excellent images 
of the liver and also valuable information on the state of intrahepatic blood vessels. CT is particularly useful 
for detecting biliary tract abnormalities and various liver disorders, including abscesses, fat accumulation in 
liver parenchyma, inflammation, and tumors [25–27]. During the procedure, part of the equipment consisting 
of an X-ray source and X-ray detector rotates around the patient, taking data from multiple angles, which are 
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converted by a computer into images that mimic 2-dimensional or 3-dimensional slices of the scanned region 
of the body [28].

Currently, there are different available variants of CT, i.e., SPE-CT, dual-energy CT (DECT), and metabolic 
imaging with PET-CT [29, 30]. Compared with single‐detector CT, multidetector CT (MDCT) is superior 
due to higher speed, thinner slices, and multiphasic scanning; these factors enhance spatial and temporal 
resolution, providing a more precise evaluation of liver tumor hemodynamics. Consequently, they result in 
enhanced diagnostic accuracy [31]. CT is used as a second‐line diagnostic imaging modality in clinical practice 
because it has some drawbacks, such as patient exposure to ionizing radiation, the need for anesthesia, and 
its limited availability. Accordingly, CT is usually performed to confirm the presence of primary HCC lesions 
and determine their size and stage [17], after this has been suggested by other commonly used diagnostic 
tests, such as serum alpha‐fetoprotein levels and ultrasonography.

MRI
MRI is a radiological diagnostic modality that uses radio waves and strong magnetic fields [32]. Diffusion-
weighted (DWI)-MRI resembles its image contrast from divergences in the movement of H2O molecules 
between tissues which correlates inversely with the cell membrane and tissue integrity. Thus, this movement 
is more restricted in tissues with high intact cell membranes and increased cell density (i.e., tumor masses). 
The advantages of DWI-MRI include the absence of ionizing radiation emission and that there is no need to 
use paramagnetic contrast, which implies that the study can be performed even in patients with impaired 
kidney function [32]. Dynamic contrast-enhanced (DCE)-MRI is potentially useful for characterizing the 
angiogenic activity of liver cancer and metastases, which makes it helpful in supervising antiangiogenic 
therapy response and in the diagnosis of advanced liver fibrosis and cirrhosis [15].

MRE, a phase contrast-based MRI modality, has become of clinical importance in the diagnosis, 
and staging of liver fibrosis, being a complementary approach to the analysis of liver stiffness evaluation 
by ultrasonography [16]. Although the latter has the added advantage of lower cost and accessibility, 
ultrasonography has lower accuracy and reliability than MRE [33].

Cholangiography
ERCP is a diagnostic and therapeutic technique for the detection of biliary strictures [34], tissue sampling, and 
effective removal of gallstones located in the extrahepatic biliary tree [6]. ERCP is widely available and has 
a relatively low complication rate but sometimes fails due to anatomic alterations or technical problems. In 
these cases, the alternative is either to perform endoscopic ultrasound-guided biliary drainage (EUS-BD) [35] 
or percutaneous transhepatic biliary drainage (PTBD) [36]. However, the latter is associated with a high rate 
of complications, accounting for higher mortality [35].

PTC is a minimally invasive approach used to evaluate the degree and treatment of obstructions of the 
biliary tract and nearby tissues. Using ultrasound or fluoroscopy, this technique generates an image after the 
injection of contrast dye into the bile duct [6, 7]. However, PTC could involve a few adverse events such as 
temporary biloma, hemobilia, and bile leakage [37–39] that usually resolve spontaneously and do not result 
in more severe conditions.

Since ERCP and PTC permitted biopsy and cytology sampling, both techniques are sensitive and accurate 
for diagnosing malignant biliary strictures. However, the latter is a better option for masses located in the 
hilum [6]. Nevertheless, ERCP provides higher accuracy and sensitivity than PTC for strictures located in the 
lower segment of the common bile duct. EUS-BD and PTC are equally effective, but EUS-BD seems safer in 
patients with malignant biliary strictures who have undergone a failed procedure of ERCP [40].

Intraoperative cholangiography (IOC) is sometimes performed during a cholecystectomy [41]. This 
is carried out by placing a catheter into the cystic duct, which is followed by a dye injection and draining 
the bile from the gallbladder into the common bile duct. The technique permits to taking of X-rays images 
for diagnostic purposes. This method provides a view of the biliary system anatomy, which helps identify 
choledocholithiasis and may significantly impact the details of a surgical approach as well as the postoperative 
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management of the patient [42]. However, according to a recent meta-analysis [43], IOC offers a poorer 
visualization of the cystic and common hepatic ducts compared to fluorescence cholangiography. Accordingly, 
the latter can be considered a better choice to visualize the extrahepatic biliary tree and improve patient 
outcomes during cholecystectomy.

Tracer compounds for hepatobiliary function evaluation
Several probes are used in image techniques because they are accumulated in the liver due to the fact that 
they are hepatotropic, i.e., efficiently taken up by the liver, or their hepatocyte-specific metabolism favors 
enhanced concentrations of these compounds or their derivatives in the liver. In the case of probes used for 
the detection of liver cancer and its metastasis, their accumulation is not liver-specific but associated with 
characteristics of cancer tissue metabolism. Another group of probes is constituted by cholephilic compounds, 
i.e., they are selectively taken up by hepatocytes and actively secreted into bile.

Probes based on 99mTc
This γ‐emitting radionuclide is used in planar scintigraphy and PET-CT due to its ideal nuclear properties for 
optimal imaging using γ-cameras. Depending on the target, a broad spectrum of different ligands has been 
bonded to 99mTc (e.g., propylene amine oxime ligands, mixed and bidentate ligands, and carboranes). Moreover, 
new derivatives have been obtained linking 99mTc to proteins, macromolecules, and nanoparticles [44].

To quantitatively assess liver function, many 99mTc compounds have been developed (Figure 1). Among 
them, the most commonly used are 99mTc-IDA and 99mTc-mebrofenin (Figure 1A), as well as 99mTc-labeled 
galactosyl human serum albumin (99mTc-GSA) (Figure 1B) [44, 45] and 99mTc-mebrofenin human serum 
albumin (99mTc-MHSA) [46]. Dynamic 99mTc-GSA and 99mTc-MHSA scintigraphy combined with SPE-CT permits 
the acquisition of 3 dimensions useful in the analysis of liver function. This imaging approach gives qualitative 
and quantitative information on hepatic drug uptake and biliary excretion. It has been reported that only 
hepatocytes are able to take up 99mTc-GSA and are not affected by biliary tract obstruction, permitting its 
direct use in the exploration of the hepatobiliary secretory pathway in patients with cholangiocarcinoma 
(CCA) and HCC [45]. However, only 99mTc-IDA (Figure 1A) using SPE-CT is currently the imaging-based 
hepatocellular function test used to diagnose various hepatobiliary pathologies, including primary biliary 
cirrhosis, acute hepatitis, and jaundice, among others [47]. For these purposes, many IDA derivatives have 
been synthesized [48].

Figure 1. Radiotracers and fluorescent probes commonly used in clinic and in preclinical assays of liver and gallbladder function. 
11C-CSar: N-methyl-11C-cholylsarcosine; 11C-MET: 11C-methionine; 18F-FDG: 2-[18F]fluoro-2-deoxy-D-glucose; 18F-FDGal: 2-[18F]
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fluoro-2-deoxy-D-galactose; CGamF: cholyl-glycylamido-fluorescein; CLF: cholyl-L-lysyl-fluorescein; Gd-BOPTA: gadobenate 
dimeglumine; Gd-EOB-DTPA: gadolinium ethoxybenzyl diethylenetriamine pentaacetic acid; HSA: human serum albumin; ICG: 
indocyanine green; NBD: nitrobenzoxadiazole

Probes based on gadolinium
As mentioned above, MRI is a powerful medical diagnostic tool whose efficiency is greatly improved by using 
contrast agents (CAs). The most used CA is gadolinium (Gd), a lanthanide ion with seven unpaired electrons. 
Its popularity is due to its efficiency in enhancing proton relaxation because of its high magnetic moment 
and paramagnetic properties. Moreover, Gd can coordinate water efficiently. However, Gd is toxic due to 
its calcium-antagonistic activity. To prevent its toxicity, Gd is chelated with specific interacting structures, 
such as linear multifunctional or macrocycle compounds [49]. For instance, Gd-EOB-DTPA or disodium 
gadoxetate (Figure 1D) is commonly used as a liver-specific CA for MRI imaging because healthy hepatocytes 
can take it up efficiently. The compound is secreted into bile 10–20 min after injection. Several studies have 
demonstrated that MRI using Gd-EOB-DTPA provides diagnostic accuracy for liver lesions and HCC [50, 51]. 
However, it is essential to take into account that genetic polymorphisms affecting liver transporters for organic 
anions [organic anion transporting polypeptides (OATPs)] (Figure 2), as well as some drug interactions, can 
decrease Gd-EOB-DTPA uptake by hepatocytes. This impairs the visualization of focal liver lesions and may 
lead to a misinterpretation of liver images, limiting, therefore, the diagnostic value of this tracer [52].

Figure 2. Main transporters involved in hepatocyte uptake and secretion into bile of probes used to evaluate hepatobiliary function. 
BCRP: breast cancer resistance protein; BSEP: bile salt export pump; MDR1: multidrug resistance protein 1; MRP2: multidrug 
resistance-associated protein 2; NTCP: Na+-taurocholate co-transporting polypeptide

Besides, Gd-BOPTA (Figure 1D) also enhances the accuracy of liver MRI and hence is used to acquire 
quantitative and visual information on liver morphology to evaluate hepatic fibrosis and hepatitis [53]. 
Gd-BOPTA specificity as a liver-tracer is due to the ability of OATP1B1 (gene SLCO1B1) and OATP1B3 (gene 
SLCO1B3) (Figure 2) to transport this compound and hence favor its uptake by hepatocytes. The tracer is 
subsequently secreted into bile 40–120 min after administration [54].

Probes based on carbohydrate metabolism
Exacerbated glucose metabolism in neoplastic tissue has been used to develop probes to label tumor lesions 
in the liver. Thus, 18F-FDG PET-CT (Figure 1E) has been used in clinical practice to detect liver metastases with 
high accuracy [18]. This probe has also been useful in staging the tumors and monitoring therapy response 
in several liver cancers, such as HCC, CCA, and gallbladder cancer [55, 56]. In addition, 18F-FDG is also helpful 
in combination with MRI in the follow-up of neoplastic liver lesions [57–62] and detects recurrency in a wide 
variety of malignancies [63, 64].

Besides, PET-CT with the liver-specific galactose tracer 18F-FDGal permits quantifying hepatic metabolic 
function [65, 66]. During tumor development, some changes in cancer cell metabolism occur, which can be 
detected before morphological changes can be observed with CT or MRI. Consequently, PET-CT with 18F-FDGal 
has been extensively used for diagnosing and staging a wide variety of cancers. Nevertheless, although 
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18F-FDGal is the most used PET probe for diagnosing liver diseases, the sensitivity of 18F-FDG detection by 
PET-CT in HCC is low [67, 68]. Despite this limitation, 18F-FDGal plus PET-CT may contribute to the diagnosis 
of HCC and has potential clinical usefulness for detecting extra and intrahepatic HCC nodules [69–71]. Indeed, 
18F-FDGal has proven helpful to detect extrahepatic metastases in patients diagnosed with HCC. The use of 
PET/CT with 18F-FDGal gives better results than a standard clinical examination with contrast-enhanced CT 
and/or MRI. One population in which the use of 18F-FDGal is of particular interest is in patients considered 
suitable for locoregional treatment because PET/CT with 18F-FDGal can permit the personalized adaption 
of the initially planned treatment of these patients [71]. Besides liver cancer applications, 18F-FDGal plus 
PET-CT has been used as a tracer for measuring regional metabolic function noninvasively in patients 
with cirrhosis [72, 73].

Amino acids have also been used as CAs in PET-CT. This is the case of 11C-MET (Figure 1E), which has 
been helpful in diagnosing focal lesions in the central nervous system [72, 73], in the assessment of disease 
activity in multiple myeloma patients [74], and in the determination of hepatic and extrahepatic tumor size 
in patients with HCC [75]. Moreover, 11C-MET has also been used as a valuable probe in pediatric patients for 
evaluating malignant diseases in non-tumor-involved organs [76]. Some preliminary studies [77] indicate 
that PET-CT using 11C-MET is more sensitive for assessing myeloma than 18F-FDG. However, there is no clear 
evidence regarding its advantage over 18F-FDG in solid tumors [72]. Nevertheless, its sensitivity for HCC 
seems lower than that of 11C-acetate PET, which also gives information on tumor cell differentiation [56].

The combination of PET with [N-methyl-11C]-choline (11C-choline) has been explored as a tool in the 
detection of well-differentiated HCC, which was based on the differential relationship between uptake and 
metabolism in cancer and healthy liver tissue. Studies in animal models of HCC using woodchucks revealed that 
this tumor exhibits increased uptake of 11C-choline, whereas this is only moderate in surrounding liver tissues. 
In HCC, there is an initial enhancement in 11C-choline uptake due to active transport and phosphorylation; 
however, over time, increased radioactivity accumulation is due to the increased incorporation of 11C-choline 
into the synthesis of phosphatidylcholine. In contrast, in surrounding liver tissues, there is an extensive 
oxidation of 11C-choline through the phosphatidylethanolamine methylation pathway, which contributes 
significantly to the observed accumulation of radioactivity in this tissue [78].

Although the use of radiolabeled probes is not exempt from risks, this is clinically acceptable. Indeed, 
even used at therapeutical doses, the toxicity induced by 18F-FDG, for instance, is limited to acute and 
reversible mild gastrointestinal and hematological side effects [79].

ICG test
ICG is a hydrophilic tricarbocyanine dye (Figure 1C), which after intravenous injection, rapidly binds to 
plasma proteins and is secreted by the liver in bile, due to hepatobiliary transporters, such as OATPs [80] 
and MDR1 (gene ABCB1) (Figure 2) [81]. ICG becomes fluorescent when excited by a flash of light in the 
near-infrared (NIR) spectrum, which can be detected extracorporeally. NIR fluorescence imaging has the 
advantage over other fluorescent approaches of better tissue penetration. After illumination by a NIR 
ray, this probe enables real-time intraoperative visualization of superficial lymphatic nodes and vessels 
transcutaneously. Therefore, NIR fluorescence imaging using ICG has been reported to provide excellent 
diagnostic accuracy when the aim is to detect sentinel lymph nodes in cancer or visualize microvascular 
circulation in various ischemic diseases.

The sensitivity using ICG fluorescence is higher than that of radioisotope-based methods [82]. Moreover, 
the ICG test has been used to assess liver function before surgical tumor removal [83] to identify patients 
at risk of postoperative liver dysfunction [84, 85]. This can effectively reduce operative time and increases 
the success of complete tumor resection [86], and decrease postoperative complications [87–89]. ICG 
is used for routine real-time imaging during clinical exploration, and hepatic resection in HCC allows the 
identification of superficial tumors and liver resection margins [90]. ICG could also be helpful in identifying 
metastatic liver tumors [82]. The use of ICG has been explored in other liver tests, such as fluorescent 
cholangiography (ICG-FC) [43, 91].
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Radiolabeled bile acids to test hepatobiliary secretion
Bile acids are molecules with marked hepatotropism due to the selective and efficient plasma membrane 
transporters expressed in cells of the enterohepatic circuit. More precisely, in hepatocytes, this function 
is carried out by NTCP (gene SLC10A1) and OATPs (Figure 2). This characteristic makes them excellent 
molecules to be used as drug shuttles directed to target tissues, improving their bioavailability and 
metabolic stability [92]. Besides, biliary elimination of these drugs is also facilitated by ATP-dependent active 
transporters, mainly BSEP (gene ABCB11) and MRP2 (gene ABCC2) (Figure 2) expressed in the canalicular 
membrane of hepatocytes, preventing the long-term accumulation of bile acids and their derivatives that 
could cause noxious side effects in healthy cells.

Due to their peculiar structure, bile acids are very versatile building blocks for obtaining semisynthetic 
compounds. In nature, there are many bile acid molecular species characterized by different functional groups 
in their steroid ring and the side chain. This implies that pharmacological agents can be attached at different 
positions of the molecule resulting in a broad range of derivatives. Besides, different types of chemical bonds, 
spacer lengths, stereochemistry, and polarity can also be used to couple drugs, further increasing the diversity 
of possible derivatives.

Radiolabeled bile acid tracers have been used in clinical practice to evaluate intrahepatic cholestasis liver 
disease [10]. Thus, the usefulness of 11C-CSar (Figure 1F) in combination with PET-CT to assess hepatobiliary 
function is based on the fact that 11C-CSar detection permits determine that its hepatic clearance rate is > 
3-fold faster in healthy individuals than in patients with cholestasis. Moreover, this tracer has been used to 
study the dynamic of bile acid secretion in healthy volunteers at the postprandial state [93]. Other bile acids 
derivatives conjugated with N-[11C]methyl-taurine have been developed but they are yet to be approved for 
human administration [94].

18F-labeled bile acid tracers have also been synthesized and used in combination with PET-CT. The 
fluorinated compound 18F-lithocholic acid triazole derivative (LCATD) has been demonstrated to be taken 
up and secreted by the liver in in vivo models. Tracking the probe through the biliary tree is possible from 
1–2 min post-injection. After 20 min, the signal is clearly visible in the intestinal region, while almost no 
radioactivity was already detectable in the liver [95].

Other PET-CT probes based on radioactive bile acids such as cholic, deoxycholic, and chenodeoxycholic 
acid have been synthesized. These have been obtained by attaching a bifunctional chelate to their side chain 
(N-NE3TA), which is capable of binding 64Cu, an isotope widely used in radiopharmaceutical preparations. 
However, to date, only their in vitro stability in human plasma has been determined. Thus, further studies are 
needed to elucidate their actual usefulness as tracer molecules to be used in combination with PET-CT [96].

Some radioactive derivatives of bile acids have also been synthesized for the study of specific questions 
related to bile acid homeostasis. [14C]tauro-lithocholic acid-3-sulfate was synthesized to elucidate substrate 
specificity of BCRP pump (gene symbol ABCG2) present in hepatocytes (Figure 2) and placenta cells. When 
expressed in frog (Xenopus laevis) oocytes, BCRP was able to transport bile acids, which has helped to 
understand the role of this pump in the placental barrier as an element of fetal protection in cases of maternal 
hypercholanemia, such as that occurring during intrahepatic cholestasis of pregnancy [97]. Besides, 
[14C]tauro-allo-cholic acid has been helpful in studying the physiological characteristics of “flat” bile acids 
that reappear during liver regeneration and carcinogenesis [98].

Probes based on fluorescent bile acid derivatives
Side-chain modification of bile acids by binding fluorescent compounds permits to carry out functional 
in vitro and in vivo tests to evaluate the function of members of the OATP family of transporters (mainly, 
OATP1B1 and OATP1B3) and the canalicular efflux transporters BSEP and MRP2, involved in the dynamics of 
cholephilic compounds [99].

In this sense, CGamF (Figure 1G) is used for studies on bile-acid transport in liver cells [100] and for 
in vitro drug interaction studies [97, 101, 102]. This fluorescent derivative, together with analogs obtained 
by conjugating different bile acids, such as chenodeoxycholyl-glycylamido-fluorescein (CDCGamF) and 
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ursodeoxycholyl-glycylamido-fluorescein (UDCGamF), have been used in rat hepatocytes to elucidate the 
cytosol-nucleus traffic of conjugated bile acids [102]. These studies permitted to visualize the colocalization 
of bile acids and farnesoid X receptor (FXR) in intranuclear regions identified as nucleoli based on their lower 
DNA density and enhanced abundance of nucleolin [102].

Moreover, CGamF uptake analysis by immunofluorescence coupled with confocal microscopy has been 
used as a proof-of-concept for the evaluation of the vectorial ability of bile acid conjugates in drug-targeting 
by directing antitumor agents towards cancer cells expressing bile acid transporters. For instance, NTCP and 
OATP1B1/3 in cancer cells derived from hepatocytes in HCC [103] and apical sodium-dependent bile acid 
transporter (ASBT, gene SLC10A2) in cancer cells derived from cholangiocytes in CCA [104].

CLF (Figure 1G) is a fluorescent bile acid derivative analog to CGamF that was synthesized as an alternative 
probe for determining in vivo liver function [105–108] and quantification of the inhibition by drugs of its 
biliary efflux, which is interesting because similar alteration can occur in patients with DILI [109]. Besides, 
CLF has been a valuable tool to be used in combination with intravital imaging performed through confocal 
microscopy in anesthetized mice to study the mechanisms involved in the generation of bile flow [110].

A dansyl-ethylene diamine precursor was linked to the sulfonyl group of taurine. The resulting dansyl-
taurine was conjugated to the carboxyl group of free bile acids to obtain five fluorescent cholanoyl derivatives 
with different hydrophilicity. These fluorescent dansylated bile acid derivatives provide a useful tool for 
studying the role of amphipathic properties of bile acids in their handling by hepatocytes [111]. Besides, they 
have been used to investigate the binding behavior of bile acids to proteins and also to study in detail the 
aggregation properties of bile acids on which many of their physiological functions are based [112].

Derivatives such as chenodesoxycholic pacific blue (CDCenPB), obtained by linking bile acids, in this 
case chenodesoxycholic acid (CDCA), to the fluorochrome pacific blue (PB), a hydroxycoumarin bearing two 
fluoro substituents, which emits in the UV-visible range of the spectrum, have also been synthesized. Using in 
vitro models, CDCenPB has been shown to be a suitable substrate for both basolateral transporters OATP1B3 
and OATP2B1 (Figure 2), as well as the canalicular membrane export pumps BSEP and MRP2. Accordingly, 
CDCenPB may be a helpful tool for studying the in vivo dynamics of bile acids [99].

Lipids labeled with NBD are commonly fluorescent tracers helpful in assessing membrane composition 
and dynamics [113]. NBD has also been used to obtain fluorescent bile acids derivatives. Thus, cholic acid 
has been conjugated with 4-nitrobenzo-2-oxa-1,3-diazole fluorescent at positions 3α, 3β, 7α, and 7β to 
obtain different diastereomeric compounds. These derivatives have been used for in vitro study of bile acid 
uptake [114]. Using flow cytometry, it is possible to measure the increase of green fluorescence accumulation 
over time in cells incubated with fluorescent NBD-cholic acid derivatives (Figure 1G) [114]. In addition, the 
uptake of NBD-bile acids derivatives through bile acid transporters is inhibited by chlorpromazine sodium, 
valproate, and cyclosporin A. Interestingly, these compounds can induce cholestatic. These results support 
the usefulness of NBD-bile acids derivatives as potential markers for cholestatic liver diseases.

Conclusions and perspectives
Over the last decades, many complementary techniques to study liver structure and function have been 
developed, both at the organ level but also at the tissular and cellular levels. Their advantages and drawbacks 
have been briefly commented on in this review article. Among them, only a few have reached routine clinical 
practice. Nevertheless, despite their usefulness, none is very specific. Moreover, many of them are invasive, 
expensive, and not exempt from secondary effects. The critical reading of the available information in this 
field leads to two important conclusions. On the one hand, the appropriate selection of the approach to be 
used should be carefully made to get the maximum information with minimal risk for the patient and cost 
for the healthcare system. On the other hand, the significant limitations of the available tools highlight the 
need to develop novel approaches to evaluate hepatobiliary function, such as molecules with enhanced 
hepatotropism and/or biliary secretion and a better safety profile.
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