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Hepatocellular carcinoma (HCC) is a major global health problem. Theragnostic is
a term that refers to the integration of diagnostic and therapeutic modalities into a
single system for personalized medicine. Theragnostic care in HCC involves the
use of imaging techniques to diagnose the cancer and assess its characteristics,
such as size, location, and extent of spread. Theragnostics involves the use of
molecular and genetic tests to identify specific biomarkers that can help guide
treatment decisions and, post-treatment, assess the dosimetry and localization
of the treatment, thus guiding future treatment. This can be done through either
positron emission tomography (PET) scanning or single photon emission
tomography (SPECT) using radiolabeled tracers that target specific molecules
expressed by HCC cells or radioembolization. This technique can help identify
the location and extent of the cancer, as well as provide information on the
tumor's metabolic activity and blood supply. In summary, theragnostics is an
emerging field that holds promise for improving the diagnosis and treatment of
HCC. By combining diagnostic and therapeutic modalities into a single system,
theragnostics can help guide personalized treatment decisions and improve
patient outcomes.
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1. Introduction

Hepatocellular carcinoma (HCC) is the most common liver cancer, representing up to
75%-85% of primary cancers in the liver, and the third leading cause of cancer death
worldwide (1, 2). HCC is a complex and heterogeneous disease with varying underlying
aetiologies, risk factors and clinical manifestations. This tumor type tends to have a high
propensity for growth due to its strong angiogenic activity and rich blood supply which
play a critical role in tumor growth and metastasis. The treatment options for liver cancer
have increased according to the Barcelona Clinic Liver Cancer (BCLC) algorithm
guidelines (Figure 1). However, because HCC usually occurs in the background of
underlying liver dysfunction and other comorbidities, it is often diagnosed late, and only
approximately 30% of patients are eligible for curative treatments (i.e., resection,
percutaneous ablation, etc.) at diagnosis (2-4). Prognosis can be generally poor despite a
large range of treatment options.
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Staging and treatment based on the BCLC system. PST-performance status; CP-Child Pugh CIS-Carcinoma in situ HCC-hepatocellular carcinoma. Image
adapted from Int J Mol Sci. (2019) 20:1465. doi: 10.3390/ijms20061465 licensed under Creative Commons Attribution 4.0 International.
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Treatment options range from therapies that offer complete
remission in early disease to supportive treatment in patients
presenting late. Liver transplantation, partial liver resection and
ablation offer a high rate of complete response dependent on
early detection and management (3, 5). The BCLC staging
algorithm can determine these treatment options (Figure 1)
according to liver function, patient performance status and
tumor burden. These may therefore include curative options
usually reserved for early-stage disease (BCLC stage 0 to stage
A). Liver resection is the therapy of choice in early disease;
however, only a minority of patients fulfil the criteria for
Those with
intermediate and advanced stage disease (BCLC Stage B and C)

resection surgery or liver transplantation.
may be candidates for systemic therapy for liver metastases,
transarterial chemoembolization (TACE), and radioembolization
[ie., selective internal radiation therapy (SIRT)] when surgery is
not an option. Systemic therapy involves a combination of
immunotherapy and anti-angiogenic therapies that may be
limited by their toxic effects on the patient. In contrast, patients
with end-stage disease (BCLC stage D) can only receive palliative
care (3, 6, 4).

The efficacy of existing therapies varies widely depending on
the patient’s individual characteristics and disease status.

HCC tumors are typically hypervascular and therapy aimed at
tumor vessel occlusion is hypothesized to induce hypoxia. This
may contribute to the angiogenesis of HCC through inducing
hypoxia, leading to the escape of HCC cells and thus subsequent
chemo-and radioresistance, which are complex in mechanism
(7, 8). Combination therapy of TACE or TAE with anti-
angiogenic therapy has been used as an alternative strategy but
has not provided complete success.

In recent years, theragnostics has emerged as a promising field
that integrates diagnosis, therapy, and monitoring of therapeutic
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response into a single integrated process to enable personalised
that
outcomes. The field of HCC theragnostics using imaging and

treatment strategies can potentially improve patient
therapeutic radiopharmaceuticals is rapidly evolving, with new
technologies and approaches being continually developed. Ideally,
theragnostics would involve chemically and biologically identical
with

diagnostic moiety and their therapeutic counterparts to have the

compounds adequate binding affinity allowing the

same biodistribution when attached to a targeting moiety.
Unfortunately, in some cases, the subtle differences in their
chemical structures can affect their biological properties. A pair
molecules which are not

of theragnostic chemically or

biologically  identical adequately predict the

biodistribution due to having similar enough biodistribution (9).

may  still

In HCC, the heterogeneity of tumors may pose a challenge in
radionuclide therapy applications, making it important to consider
factors such as the mechanism of localization of the theragnostic
moieties, the retention time of the therapeutic moiety in these
tumors, and also the time lapse between administrations noting
the aggressiveness and extent of these tumors (9, 10). Low tumor
uptake and rapid wash-out may result in rapid excretion making
the treatment ineffective.

This paper explores the available and potential theragnostic
approaches and the future of these patient-targeted treatment
modalities in HCC.

1.1. Transarterial radionuclide therapy
(TART)

HCCs are hypervascularised tumors mainly supplied by the
hepatic artery, while normal liver tissue sees 80% of its supply
coming from the portal vein (11, 12). This unique vascular
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anatomy allows for the administration of transarterial radionuclide
therapy via the hepatic arterial route, resulting in a high absorbed
dose delivered to the lesions and relatively low absorbed dose to the
normal parenchyma. The intra-arterial delivery of treatment
directly to the tumor is through methods such as transarterial
chemoembolization (TACE) and selective internal radiotherapy
(SIRT) or transarterial radioembolization (TARE). TARE is
administered as an option for palliation or for patients who need
tumor downstaging for additional interventional treatment (11).
Radioembolization is defined as the injection of micron-sized
embolic particles loaded with a radioisotope by the use of
percutaneous intra-arterial techniques (13). The use of intra-
arterial radioactive compounds has multiple advantages. These
include the ability to deliver high doses of radiation to small target
volumes, the relatively low toxicity profile, the possibility to
treat the whole liver, including microscopic disease, and the
feasibility of combination with other therapy modalities (13).
Radiopharmaceuticals used for TARE embolize the feeding artery
and disseminate radiation, which destroys tumor cells. Following
administration, the microspheres settle in the tumor and do not
affect the vasculature, nor do they cause vessel occlusion. Patients
can be discharged within a few hours of the procedure, be treated
as an outpatient resulting in potentially improved quality of life (14).
These radioisotopes also allow for imaging either using
bremsstrahlung or positron generation, as is the case with Ytrium-
90 (*°Y), or may emit gamma emission in addition to the
therapeutic beta emission, allowing for additive diagnostic
information which may guide the course of treatment (15).
Imaging prior to and after administration of TARE is necessary to
assess the arterial supply with their associated variations and the

radiopharmaceutical ~ distribution. ~ Depending  on  the
radiopharmaceutical ~administered, both positron  emission
tomography (PET) and single photon emission computed

tomography (SPECT) imaging are optional. Before treatment,
imaging helps to decide on the method of delivery, treatment dose
and the precautions to take in cases of tracer deviations to other
organs which may be unduly irradiated in the process. Imaging
after injecting the theragnostic radionuclide into the hepatic artery
helps to verify treatment delivery, the biodistribution of the
radiopharmaceutical, radiation dose to the tumor as well as the
dose exposed to the other organs of interest such as the lung, liver
and stomach, as well as for the prediction of the treatment
outcome (15). Further imaging can also be done to assess response,
monitor the patient for complications that may occur, and plan
additional therapies. Theragnostic applications in TART are thus
quite beneficial in the customization of treatment to ensure the
best outcome for the patient.

1.1.1. Yttrium-90 (°°Y) microspheres

Yttrium-90 (°°Y) is a pure B emitter with energy of
0.937 MeV and penetration of 2.5 mm. It has a half-life of
64.2 h. These characteristics make it ideal for TARE. The lack
of y emission does not omit this radionuclide as a theragnostic
radionuclide because bremsstrahlung SPECT imaging allows
of the distribution of the
administration. It is also possible to assess the placement of

for assessment tracer after
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the °°Y labelled microspheres using PET imaging due to the
internal pair production generated during the decay of this
radionuclide. There are currently two commercially available
0Y-microspheres which are approved for administration, the
25-um glass microspheres (TheraSphere) and the 35-um resin
microspheres (SIR-Spheres) (16). Pre-administration imaging
prior to *°Y labeled microspheres is only available through the
(99mT C)
aggregated albumin (MAA), which is a surrogate of *°Y

administration of Technetium labeled  macro-
microspheres. This is a disadvantage only in cases where there
is discordance in the distribution of **™Tc¢ MAA and °°Y
(17). This
discordance is hypothesized to be due to the different size,
of MAA particles

microspheres, flow dynamics during delivery and possibly the

microspheres, as reported by Haste et al

shape, and number compared to
post-therapy activity.

Salem et al. reported long-term outcomes of 291 patients
treated with *°Y radioembolization in a longitudinal cohort study.
Response rate and time to progression (TTP) varied based on the
Child-Pugh score of the patients. Patients with Child-Pugh A
(indicating less severe liver disease) showed a survival of 17.2
months vs. the B group (indicating moderately severe disease) of
7.7 months; P =.002. Toxicities noted included fatigue in 57% of
patients, pain in 23%, nausea/vomiting in 20% and grade 3/4
bilirubin toxicity in 19% of the cohort. The 30-day mortality rate
was noted to be 3% (18). Yang et al. went on to prove that in
patients treated with radioembolization with *°Y microspheres,
the overall survival and response of the tumor was significantly
improved that treated  with

compared to of patients

chemoembolization (19).

1.1.2. Y -Lipiodol

Lipiodol is an iodinated and esterified lipid of poppy seed oil
that has been used as a contrast agent for detecting liver cancer.
It is the most effective and convenient carrier because of its
excellent targeting ability and capacity to be accurately monitored
by x-ray (20). It is an oily medium that is selectively retained in
the tumor when administered intra-arterially (21). Mechanisms
postulated for this retention include an embolization effect, the
presence of abnormal tumor vessels, abnormal tumor blood flow,
a lack of macrophages or a lack of lymphatics in the tumor and
rapid active uptake of Lipiodol by HCC cells through
phagocytosis into the liver cell (22, 23). Iodine-131 (**') labelled
lipiodol is commercially available for the treatment of liver
cancer. 'l emits both B and y rays. The B particles have a
maximum energy of 0.6 MeV and a maximum tissue range of
2.3 mm. "'Ilipiodol selectively accumulates in hepatocellular
carcinoma with prolonged retention compared to normal liver
parenchyma tissues and with minimal irradiation damage being
reported despite the normal more homogeneous accumulation
described (24-26). The long half-life of 8.04 days meant that on
imaging, '*'I-lipiodol could be noted in the liver tumors even
after seven days of administration. Unfortunately, reports of
prolonged accumulation have also been noted in the normal liver
and the lungs, indicating that toxicity to these structures was
likely (24).
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Lipiodol has been labeled with iodine-131 (**'1), rhenium-188
('*%Re), yttrium—90(90Y), holmium-166 (***Ho), and lutetium-177
(""Lu) (27).

Lintia-Gaultier et al. reported their 7 years’ experience with
P-Lipiodol. The efficacy of intra-arterial radioembolization
compared with patients not receiving this treatment showed 32
weeks median survival compared with 8 weeks for the untreated
group (P=0.007). This group did not report any radiotoxic
effects in the treated group, indicating that '*'I-Lipiodol is safe
and provides significant overall survival for patients with
advanced HCC (26). Ahmadzadehfar et al. also reported a longer
overall survival in patients with Child-Pugh A in those treated
with "*'I Lipiodol (28). Undesirable side effects reported with
B! Lipiodol include fever, moderate and temporary disturbances
of the biological liver test, pain on injection and rarely
leukopenia and serious diffuse infiltrative pneumopathies (22).
However, in comparison with chemoembolization, Bhattacharya
et al. reported only three serious side-effects vs. 29 on the
chemo-embolization arm (29).

1.1.3. Rhenium-188 (**8Re) /lipiodol complex for
transarterial liver cancer therapy

Another  well-studied
radionuclide therapy for

transarterial
Rhenium-188
('%Re).'**Re labelled lipiodol is a promising radiotherapy agent

radioisotope  for
liver cancer is
due to the maximum B emission energy of 2.1 MeV, which is
responsible for the destruction of tumor tissue. Its maximum
range in tumor tissue is up to 10.1 mm, which is larger than that
of "'l (24mm) and makes it very effective in tumor
destruction. Although the range is comparable with *°Y
(10.8 mm), unlike 0y, it has 155-keV y emissions, making
imaging for biodistribution studies and external dosimetry
possible. Its short physical half-life and the fact that most y
emissions are at 155 keV only, results in very low radiation
and hospital staff (30). The other
advantages of using '®*Re for radionuclide therapy include its

exposure to relatives
convenience, that it is inexpensive, and the onsite availability
from the tungsten-188 (*88W)/'88Re generator (31-36).

Various types of '®*Re-related preparations in clinical research
exist, using different chelators for labeling. The most widely studied
compound is '®*Re-labeled 4-hexadecyl-1,2,9.9-tetramethyl-4,7-
diaza-1,10-decanethiol/lipiodol (‘**Re-HDD lipiodol). Unfortunately,
the in vivo stability of this complex is not optimal (37).

1.1.3.1. "3 Re-HDD lipiodol

Most of the clinical trials and studies, including the International
Atomic Energy Agency (IAEA)-sponsored multicentre study,
have used these HDD Kkits in the preparation of '®*Re-Lipiodol
radio-conjugate.

Results of a few clinical studies involving multiple or single
centres, have already been published, highlighting the efficacy of
'88Re Lipiodol in the treatment of HCC. Most studies have used
the '*Re-HDD Lipiodol radio conjugate for the treatment.
However, Boschi et al. used bis-(diethyldithiocarbamato) nitrido
(N-DEDC), '®Re-N-DEDC Lipiodol complex. Lambert et al.
performed preliminary feasibility studies in Belgium and Asia
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and confirmed the radio-conjugate’s safety and tolerability in
patients suffering from HCC (38, 39).

The IAEA-supported multicentre and multinational trial is
probably the most important study conducted so far using '**Re
Lipiodol radio-conjugate, and it was unique in the sense that the
study was conducted using a single protocol utilising a standard
labeling procedure and dosimetry methodology in eight countries
across two continents (40).

Results of the phase I and preliminary results of the phase II
trials sponsored by the IAEA have shown TART with '®*Re-
HDD iodised oil to be safe and effective in patients with HCC,
which is similar to the initial experience by Sundram et al. (41,
42). In the Phase I clinical trial, 70 patients received at least one
188Re-HDD lipiodol treatment, and the results showed a median
survival of 9.5 months (42). The Phase II clinical trial results of
the study, published in 2007, showed that of the 185 patients
from 8 countries who received the **Re-iodine oil treatment, the
1-year and 2-year survival rates were 46% and 23%, respectively,
with an observed good tolerance (43). Kostas Delaunay et al.
conducted a Phase I study of '®®*Re-SSS lipiodol to treat HCC.
The results show that '®®Re-SSS lipiodol (perthiobenzoate and
dithiobenzoate moieties [M (PhCS;), (PhCS,)] nicknamed SSS,
standing for “Super-Six sulphur”) has a good biodistribution in
radioactive embolism. Of the radiolabeled lipiodols reported to
date, it is the most stable in the body (44).

Transarterial radionuclide therapy (TART) with '®*Re-lipiodol
appears to be a safe, effective, economical and promising
therapeutic option in patients with inoperable large and/or
multifocal hepatocellular carcinoma (41, 42).

1.1.4. Lutetium-177 labelled radiopharmaceuticals
for transarterial liver cancer therapy

Lutetium-177 (*”’Lu) is a well-known and effective theragnostic
radionuclide. It has a half-life of 6.7 d, which is found to be highly
suitable as a therapeutic radionuclide, and releases medium-energy
photons of 113 and 208 keV respectively, which are used for
diagnostic imaging (45, 46). "”Lu radiopharmaceuticals are not
yet approved in their role of TARE in HCC, however, a few
radiopharmaceuticals have been created in this scope.

Chan et al. successfully developed chitosan microspheres
radiolabeled to the theragnostic pair, Indium-111 and '""Lu to
form '""'In/'”’Lu-DTPA-CMS with radiochemical yields greater
than 90% and high radiochemical purities (>98%). Chitosan is
derived from the deacetylation of chitin and is known to have a
high biocompatibility with low cytotoxicity. These microspheres
have a diameter of 36.5+5.3 micrometres which are ideal for
TARE. They noted good retention in HCC with only 1%
radioactivity being distributed to normal organs. They were also
able to demonstrate a significant reduction in the size of the
HCC lesions of the rats 10 days after injection of '”’Lu-DTPA-
CMS while the lesions in the control group got larger. This
makes '''In/'”’Lu-DTPA-CMS a potentially superior theragnostic
pair for the TART of HCC, and with the imaging characteristics
of '7’Lu, this gives the added advantage of performing dosimetry
and tracking the distribution after administration.
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Another experimental '”’Lu-labeled radiopharmaceutical for
TART is the polydopamine (PDA)-coated '’’Lu-radiolabeled
(*’Lu-MS@PDA). '"Lu-MS@PDA is
developed by Wu et al. who demonstrated prolonged retention in
the HCC radiostability ~of the
radiopharmaceutical. microspheres

silica  microspheres

lesions and excellent
These good
biocompatibility, had a large specific surface area, good ion

showed

absorption capacity, and are good drug carriers making them
ideal for this type of intervention (46).

2. Potential theragnostic radionuclide
therapies for hepatocellular carcinoma

In recent developments, several imaging biomarkers have
shown a clear advantage in detecting hepatocellular cancer. In
particular, the theragnostic potential of radiolabeled prostate-
specific membrane antigen (PSMA) and fibroblast activation
protein inhibitors (FAPI) in various malignancies is encouraging
as the potential for translation to theragnostics in HCC seems
like a great possibility.

Radiolabeled PSMA and FAPI, mainly with Gallium-68 (**Ga),
have demonstrated a clear advantage in imaging of HCC compared
to the more commonly used 18F-FDG. In some cases, they, have
even shown higher sensitivity and accuracy than conventional
imaging with CT and/or MRI, especially for metastatic disease
(47).
application, seeing if they can be labeled successfully to the

Investigating these ligands for potential theragnostic

therapeutic radionuclides, is worth exploring. To do this, the
kinetics of these radiopharmaceuticals would need to be evaluated.

2.1. Ga-68 PSMA

PSMA is a glutamate carboxypeptidase II transmembrane
glycoprotein that is a zinc mettaloenzyme. It catalyses the
hydrolysis of N-acetylaspartylglutamate to glutamate and N-
acetylaspartate (48). Its overexpression in prostate cancer has
been studied extensively and has been validated for theragnostic
use in metastatic castrate-resistant prostate cancer.

The overexpression of PSMA is not only confined to the
prostate, but accumulation in non-prostatic solid tumors such as
glial, gastrointestinal, urothelial, hepatocellular, pancreatobiliary,
lung, breast, thyroid, and renal neoplasms amongst other tissues
has also been reported. The high accumulation of PSMA in non-
found to be
overexpression on neovasculature formation in the tumor (49-51).

prostatic malignancies is associated ~ with

Morphological imaging plays an important role in contrast-
enhanced computed tomography (CT) and magnetic resonance
imaging (MRI) based on the Liver Imaging and Reporting Data
System (LI-RADS) criteria. Still, little insight is provided about
the biology of HCC, and the biology of the tumor is important,
especially in theragnostics (48).

A biopsy is another form of assisting with the diagnosis, but it
also presents several limitations, namely intratumor heterogeneity,
sampling errors and difficulty distinguishing between early-stage

Frontiers in Nuclear Medicine

10.3389/fnume.2023.1210982

HCC and dysplastic nodules (52). Molecular imaging is an
imaging modality that is being explored and may provide
additive information that may lead to a theragnostic era for
HCC. Preclinical studies report PSMA overexpression in the
of HCC,
accumulation in this malignancy (53, 54). This kinetics opens the

vascular  endothelium resulting in  increased
stage for assessing the avidity of this agent and its possibility of
application in therapy.

The most commonly used radiotracer for PET imaging in
malignancies is fluorine-18fluorodeoxyglucose (‘*F-FDG), and it
has demonstrated suboptimal liver imaging kinetics and '*F-FDG
avidity is mostly visualised in a fraction of high-grade tumors.
Even with the addition of radiolabeled choline with '*F or
carbon-11(*'C), in early HCC there was no demonstratable
benefit as it has a low diagnostic accuracy (<40%) (55, 56).
Recent studies comparing “*Ga PSMA with either "*F-FDG have
demonstrated the superiority of “*Ga PSMA in intrahepatic as
well metastatic detection of HCC (48, 57, 58).

PSMA uptake in the hepatic lesions is evaluated qualitatively
and semi-quantitatively on a whole-body survey using positron
emission tomography/ computed tomography (PET/CT) scan.
The benefit of pursuing PSMA imaging will be to assess
eligibility for PSMA-targeted therapy (6, 48, 58, 59). Clinical
validation of PSMA-directed radioligand therapy (RLT) with
Lutetium-177 (*”’Lu) -PSMA is ongoing, and the safety and
efficacy of this therapy has been established in prostate cancer
treatment. In patients with HCC, limited scientific data is
currently available.

Hirmas et al. administered one cycle each of '”’Lu PSMA-11 in
two patients, respectively. The radiation dose in the liver lesions
was found to be low, and thus the treatment was deemed
ineffective (6). We administered ""Lu PSMA therapy in a
patient who had no remaining treatment options and could only
benefit from palliation. There was
accumulation of '7Lu PSMA

congruent to the ®®Ga PSMA biodistribution noted prior

evident and intense

in the lesions, which was
(Figure 2). The retention in the lesions was still noted up to
48 h of imaging post treatment infusion on the post therapy
"7Lu PSMA imaging (Figure 3). This indicates a need for
proper evaluation of the kinetics of this radioligand in HCC.
Low uptake and rapid wash-out from the tumor possibly related
to rapid excretion and low binding affinity of low-molecular-
weight ligands are hypothesized as potential issues affecting the
efficacy of RLT in HCC.

In a preclinical study by Lu et al, the radioligand '”’Lu-Evans
blue (EB)-PSMA-617 was compared to '”’Lu-PSMA-617. There
was evidence of higher accumulation, longer retention time with
slower clearance from the tumor when using '”’Lu-EB-PSMA-
617 compared to '""Lu-PSMA-617 which exhibited a short
residence time in the tumor (10). This group also assessed
survival comparing both radioligands with a control group
treated with saline. Both radioligands demonstrated improved
survival compared to the control group. The tumor size was
suppressed in both treatment groups when compared to the
control group and no healthy organ toxicity was observed with
either intervention (10).
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FIGURE 2

18-year-old female with a 2-year history of HCC. The patient had a hepatectomy and subsequent recurrence, which was not responding to conventional
therapy. (A) Ga-68 PSMA scan demonstrating uptake in the liver and lung lesions. (B) Lu-177 PSMA post-therapy image, demonstrating congruent uptake
in these lesions.

The more advanced the stage of disease, the poorer the  fibroblast activation protein-o (FAPa), which is overexpressed on
prognosis for the patient. The first line of therapy is usually a  CAF (cancer-associated fibroblasts). CAF are present in the
combination of immunotherapy and anti-angiogenic therapy, but  stroma of approximately 90% of malignant epithelial neoplasia
the toxicity effects of the treatment limit most patients. (60, 61). FAPa can be targeted with radiolabeled (RL) FAPIs

With the limited treatment options available for this patient  (fibroblast activation protein inhibitors). Several FAPI ligands
population, the availability of RLT offers a safe and selective = have been described in the literature: AIF-FAPI-74 is solely for
delivery of the targeted therapy, reduced toxicity as treatment diagnostic use and has been labeled with ®*Ga and '*F; the
doses are individualized, and improved outcomes for the patients  remaining FAPI molecules incorporate either a DOTA or
are expected. DOTAGA chelate and are labeled with °®*Ga. These chelating

agents allow tagging with therapeutic radioisotopes such as '""Lu,
2%y and ?**Ac, which broadens the clinical repertoire of RL FAPI

2.2. Radiolabeled FAPI in liver tumors from diagnostic to theragnostic (62).
E.FDG is currently the most widely used radiotracer for

Molecular-based imaging and therapeutic strategies include  molecular imaging in oncology. However, the diagnostic accuracy
targeting the tumor microenvironment. Among the targets is  of FDG studies is hampered by its wide normal biodistribution,

19 hours post administration 48 hours post administration

FIGURE 3

Tracer retention in the liver lesions is seen at 19 h and 48 h following ’’Lu PSMA administration in patient shown in Figure 2. (A) (anterior) and (B)
(posterior) are taken 19 hours post Lu-177 PSMA administration. Images (C) (anterior) and (D) (posterior) are taken at 48 h post Lu-177 PSMA
administration.
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which reflects glucose utilization in normal organs, including the
liver (the
Consequently, normal liver parenchyma demonstrates a mild to

major producer of nondietary glucose) (63).
moderately intense, uniformly mottled appearance, and it may be
difficult to distinguish increased focal pathological uptake from
normal background physiological activity. This may lead to lower
diagnostic accuracy, particularly for low-grade and smaller liver
lesions (64). Furthermore, the quality of FDG studies is also
dependant on adequate preparation: patients are required to fast
and follow a low-carbohydrate diet (to ensure euglycaemia at the
time of FDG injection) to prevent competitive inhibition of FDG
uptake and altered biodistribution, both of which may further
complicate diagnostic interpretation (65).

The growing interest in radiolabeled FAPI as a general
oncological molecular probe is mainly due to its more favourable
FAPI
metabolism with resultant significant reduction of background

biodistribution. uptake is independent of glucose
activity in the brain, and nasopharyngeal
gastrointestinal tract and liver (60). PET FAPI thus allows for

high image quality with significantly better tumor-to-background

0ro- mucosa,

ratios (TBR) and improved contrast resolution compared to FDG
PET (66). Furthermore, patient preparation is less stringent, and
8Ga-FAPI can be used without specific dietary preparation (67).

In a highly cited pioneering paper, the Heidelberg group
reported 68Ga-FAPI uptake in 28 different cancers, including
small-volume liver metastases (68). In a retrospective study
Wang et al. compared *®Ga-FAPI-04 and '*F-FDG PET/CT in
detecting hepatocellular carcinoma (HCC) in 29 patients (69).
They found that “®Ga-FAPI-04 PET/CT was significantly more
sensitive than '*F-FDG PET/CT in detecting intrahepatic HCC
lesions (85.7% vs. 57.1%, P =0.002). Sensitivity was preserved for
smaller (<2 cm in diameter; 68.8% vs. 18.8%, P=0.008) and
well- or moderately differentiated (83.3% vs. 33.3%, P=0.031)
tumors. This study did not find a statistically significant
difference in SUVmax between the two tracers, but TBR was
significantly higher in the **Ga-FAPI-04 group compared with
the 'F-FDG group (11.90+8.35 vs. 3.14+1.59, P<0.001).
Furthermore, a significant correlation was observed between
tumor size and SUVmax & TBR in °®Ga-FAPI-04 positive
lesions (P < 0.05). Similarly, Shi and colleagues (70) prospectively
evaluated primary intrahepatic tumors with **Ga-FAPI-04 and
“E.FDG. In 17/20 patients [14 with HCC and 3 with
intrahepatic cholangiocarcinoma (ICC)], they found that the
diagnostic sensitivity of **Ga-FAPI (sensitivity: 100%, specificity:
100%) was significantly higher than that of '*F-FDG avid
(sensitivity: 58.8%, specificity: 100%). Furthermore, not only were
SUVmax and TBR values comparatively higher on the **Ga-
FAPI PET/CT, but a larger number of extrahepatic metastases
were detected with FAPI as well. Benign liver lesions were
diagnosed in 3/20, and all had negligible uptake in both studies.
Guo et al. published a retrospective, single-centre review of 34
patients with known or suspected primary liver tumors. They
compared the diagnostic performance of PET/CT with 68Ga-
FAPI and 18F-FDG as contrast-enhanced CT (CECT) and MRI
(71). In the cohort, 20/34 had HCC, 12/34 were diagnosed with
ICC and the remaining 2/34 patients presented with benign
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hepatic nodules. The sensitivity of **Ga-FAPI (96%) was similar
to that of MRI (98.1%) and was once more significantly higher
than that of "*F-FDG (65%). Although less sensitive than CECT
(100%) for intrahepatic lesions, **Ga-FAPI whole body PET/CT
demonstrated added value by detecting malignant lesions in
extrahepatic sites with high sensitivity. In an interesting paper on
evaluating tracer kinetics following dynamic PET/CT imaging
with “®Ga-FAPI, the authors reported statistically significant
differences in several kinetic parameters to distinguish between
HCC, non-HCC lesions, and healthy liver tissue.!> In a more
recent publication, Zhang et al. prospectively studied the utility
of 'F-FAPI in 37 patients with non-FDG avid focal liver lesions
(FLL). The sensitivity, specificity, and accuracy of '®F-FAPI were
96.0%, 58.3%, and 83.8%, respectively. On semiquantitative
they report that the SUVmax and TBR were
significantly higher in malignant vs. benign FLLs.

analysis,

In evaluating intrahepatic lesions with FAPI PET, false
positives have been described in chronic hepatitis, cirrhosis,
active liver fibrosis, focal nodular hyperplasia, hepatic adenomas,
inflammation and post-surgical fibrosis/wound healing. False
negatives are likely in lesions smaller than the spatial resolution
of the PET camera and tumors with low CAF expression.
with  FAPI
radionuclide therapy represents a novel therapeutic strategy. As

Targeting the tumor microenvironment
mentioned, chelators allow labeling various FAPI ligands with
therapeutic radioisotopes. Comparative studies have identified
FAPI-04 and FAPI-46 as the most suitable, currently available
compounds for theragnostics due to high stability in human
serum, high specific binding affinity to FAP and higher cellular
retention. FAPI-46 has the added advantage of more prolonged
retention/slower washout (72).

Current data on theragnostic applications of FAPI are based on
single institution proof-of-concept studies in patients with a variety
of end-stage cancers and, to date, no FAPI based treatment has
been carried out in intrahepatic lesions specifically (62, 73).

Since the first clinical applications were described in 2019, there
has been growing interest in both the diagnostic and theragnostic
applications of RL FAPL While early data is encouraging, more
robust clinical evaluation and validation are still required.

3. Conclusion

Theragnostics in HCC offers a personalized management style
which is needed in HCC treatment given the rate of recurrence
and the common late presentation of patients which leads to a
limitation in the treatment options. The treatments available are
shown to be safe and effective and promise a solution in
inoperable disease. Further investigations of the newer and
potential systemic radionuclide therapy could thus benefit this
population in the future. Alpha emitting and Auger electron
radionuclide therapies, with their high linear energy transfer, could
also be considered in transarterial radiotherapy to circumvent the
prospect of radio resistance and chemoresistance induced through
hypoxia of these tumors from conventional treatment methods.

frontiersin.org


https://doi.org/10.3389/fnume.2023.1210982
https://www.frontiersin.org/journals/nuclear-medicine
https://www.frontiersin.org/

Nyakale et al.

Author contributions

Supervision and guidance. All authors contributed to the article
and approved the submitted version.

Conflict of interest

The authors declare that the research was conducted in the
absence of any commercial or financial relationships that could
be construed as a potential conflict of interest.

References

1. Bray F, Ferlay J, Soerjomataram I, Siegel RL, Torre LA, Jemal A. Global cancer
statistics 2018: GLOBOCAN estimates of incidence and mortality worldwide for 36
cancers in 185 countries. CA Cancer ] Clin. (2018) 68(6):394-424. doi: 10.3322/
caac.21492

2. McGlynn KA, Petrick JL, El-Serag HB. Epidemiology of hepatocellular carcinoma.
Hepatology (Baltimore, Md). (2021) 73(S1):4-13. doi: 10.1002/hep.31288

3. Bruix J, Reig M, Sherman M. Evidence-based diagnosis, staging, and treatment of
patients with hepatocellular carcinoma. Gastroenterology. (2016) 150(4):835-53.
doi: 10.1053/j.gastro.2015.12.041

4. Liepe K, Brogsitter C, Leonhard J, Wunderlich G, Hliscs R, Pinkert J, et al.
Feasibility of high activity rhenium-188-microsphere in hepatic radioembolization.
Jpn ] Clin Oncol. (2007) 37(12):942-50. doi: 10.1093/jjco/hym137

5. Lu R-C, She B, Gao W-T, Ji Y-H, Xu D-D, Wang Q-S, et al. Positron-emission
tomography for hepatocellular carcinoma: current status and future prospects.
World ] Gastroenterol. (2019) 25(32):4682. doi: 10.3748/wjg.v25.i32.4682

6. Hirmas N, Leyh C, Sraieb M, Barbato F, Schaarschmidt B, Umutlu L, et al. Ga-68-
PSMA-11 PET/CT improves tumor detection and impacts management in patients
with hepatocellular carcinoma (HCC). Nuklearmedizin. (2021) 60(02):V55. doi: 10.
1055/s-0041-1726762

7. Wu XZ, Xie GR, Chen D. Hypoxia and hepatocellular carcinoma: the therapeutic
target for hepatocellular carcinoma. J Gastroenterol Hepatol. (2007) 22(8):1178-82.
doi: 10.1111/j.1440-1746.2007.04997 x

8. Guo J, Li L, Guo B, Liu D, Shi J, Wu C, et al. Mechanisms of resistance to
chemotherapy and radiotherapy in hepatocellular carcinoma. Transl Cancer Res.
(2018) 7(3):765-81. doi: 10.21037/tcr.2018.05.20

9. Ballinger JR. Theranostic radiopharmaceuticals: established agents in current use.
Br J Radiol. (2018) 91(1091):20170969. doi: 10.1259/bjr.20170969

10. Lu Q, Long Y, Gai Y, Liu Q, Jiang D, Lan X. [177lu] Lu-PSMA-617 theranostic
probe for hepatocellular carcinoma imaging and therapy. Eur ] Nucl Med Mol
Imaging. (2023) 50:2342-52. doi: 10.1007/s00259-023-06155-x

11. Zhu AX, Duda DG, Sahani DV, Jain RK. HCC And angiogenesis: possible targets
and future directions. Nat Rev Clin Oncol. (2011) 8:292. doi: 10.1038/nrclinonc.2011.30

12. Lepareur N, Garin E. Transarterial radionuclide therapy with 188 re-labelled
lipiodol. Int ] Nuclear Med Res. (2017):79-91. doi: 10.15379/2408-9788.2017.07

13. Giammarile F, Bodei L, Chiesa C, Flux G, Forrer F, Kraeber-Bodere F, et al.
EANM Procedure guideline for the treatment of liver cancer and liver metastases
with intra-arterial radioactive compounds. Eur | Nucl Med Mol Imaging. (2011)
38:1393-406. doi: 10.1007/s00259-011-1812-2

14. Habib A, Desai K, Hickey R, Thornburg B, Lewandowski R, Salem R.
Locoregional therapy of hepatocellular carcinoma. Clin Liver Dis. (2015) 19
(2):401-20. doi: 10.1016/j.c1d.2015.01.008

15. Li R, Li D, Jia G, Li X, Sun G, Zuo C. Diagnostic performance of theranostic
radionuclides used in transarterial radioembolization for liver cancer. Front Oncol.
(2021) 10:551622. doi: 10.3389/fonc.2020.551622

16. Raoul J, Guyader D, Bretagne ], Heautot ], Duvauferrier R, Bourguet P, et al.
Prospective randomized trial of chemoembolization versus intra-arterial injection of
1311-labeled-iodized oil in the treatment of hepatocellular carcinoma. Hepatology
(Baltimore, Md). (1997) 26(5):1156-61. doi: 10.1002/hep.510260511

17. Haste P, Tann M, Persohn S, LaRoche T, Aaron V, Mauxion T, et al. Correlation
of technetium-99 m macroaggregated albumin and yttrium-90 glass microsphere
biodistribution in hepatocellular carcinoma: a retrospective review of pretreatment
single photon emission CT and posttreatment positron emission tomography/CT.
] Vasc Interv Radiol. (2017) 28(5):722-30. el. doi: 10.1016/j.jvir.2016.12.1221

Frontiers in Nuclear Medicine

10.3389/fnume.2023.1210982

The author MS declared that he was an editorial board
member of Frontiers at the time of submission. This had no
impact on the peer review process and the final decision.

Publisher’s note

All claims expressed in this article are solely those of the authors
and do not necessarily represent those of their affiliated organizations,
or those of the publisher, the editors and the reviewers. Any product
that may be evaluated in this article, or claim that may be made by its
manufacturer, is not guaranteed or endorsed by the publisher.

18. Salem R, Lewandowski RJ, Mulcahy MF, Riaz A, Ryu RK, Ibrahim S, et al.
Radioembolization for hepatocellular carcinoma using yttrium-90 microspheres: a
comprehensive report of long-term outcomes. Gastroenterology. (2010) 138
(1):52-64. doi: 10.1053/j.gastro.2009.09.006

19. Yang Y, Si T. Yttrium-90 transarterial radioembolization versus conventional
transarterial chemoembolization for patients with hepatocellular carcinoma: a
systematic review and meta-analysis. Cancer Biol Med. (2018) 15(3):299. doi: 10.
20892/j.issn.2095-3941.2017.0177

20. Seelam SR, Banka VK, Lee Y-S, Jeong JM. 188 Re labeled liver therapeutic drugs
for hepatic carcinoma (HCC). J Radiopharm Mol Probes. (2019) 5(1):26-35. doi: 10.
22643/JRMP.2019.5.1.26

21. Chou F, Fang K, Chung C, Lui W, Chi C, Liu R, et al. Lipiodol uptake and
retention by human hepatoma cells. Nucl Med Biol. (1995) 22(3):379-86. doi: 10.
1016/0969-8051(94)00112-W

22. Lambert B, Van de Wiele C. Treatment of hepatocellular carcinoma by means of
radiopharmaceuticals. Eur ] Nucl Med Mol Imaging. (2005) 32:980-9. doi: 10.1007/
500259-005-1859-z

23. Padhy AK. Rhenium-188 lipiodol for the treatment of hepatocellular carcinoma
(HCC). In: Baum RP, editors. Therapeutic nuclear medicine. Berlin, Heidelberg:
Springer Berlin Heidelberg (2014). p. 393-404.

24. Becker S, Laffont S, Vitry F, Rolland Y, Lecloirec J, Boucher E, et al. Dosimetric
evaluation and therapeutic response to internal radiation therapy of hepatocarcinomas
using iodine-131-labelled lipiodol. Nucl Med Commun. (2008) 29(9):815-25. doi: 10.
1097/MNM.0b013e32830439c6

25. Raoul JL, Guyader D, Bretagne JF, Duvauferrier R, Bourguet P, Bekhechi D, et al.
Randomized controlled trial for hepatocellular carcinoma with portal vein thrombosis:
intra-arterial iodine-131-iodized oil versus medical support. J Nucl Med. (1994) 35
(11):1782-7. PMID: 752590.

26. Lintia-Gaultier A, Perret C, Ansquer C, Eugene T, Kraeber-Bodere F, Frampas E.
Intra-arterial injection of 131I-labeled Lipiodol for advanced hepatocellular
carcinoma: a 7 years’ experience. Nucl Med Commun. (2013) 34(7):674-81. doi: 10.
1097/MNM.0b013e32836141a0

27. Lepareur N, Ardisson V, Noiret N, Garin E. 188Re-SSS/Lipiodol: development of
a potential treatment for HCC from bench to bedside. Int ] Mol Imaging. (2012)
2012:278306. doi: 10.1155/2012/278306

28. Ahmadzadehfar H, Habibi E, Ezziddin S, Wilhelm K, Fimmers R, Spengler U,
et al. Survival after 131I-labeled lipiodol therapy for hepatocellular carcinoma. A
single-center study based on a long-term follow-up. Nuklearmedizin (2014) 53
(02):46-53. doi: 10.3413/Nukmed-0610-13-07

29. Bhattacharya S, Novell R, Dusheiko GM, Hilson AJ, Dick R, Hobbs KE.
Epirubicin-lipiodol chemotherapy versus 131liodine-lipiodol radiotherapy in the
treatment of unresectable hepatocellular carcinoma. Cancer. (1995) 76
(11):2202-10. doi: 10.1002/1097-0142(19951201)76:11<2202::AID-CNCR282076
1105>3.0.CO;2-8

30. Kumar A, Srivastava DN, Chau TTM, Long HD, Bal C, Chandra P, et al.
Inoperable hepatocellular carcinoma: transarterial 188Re HDD-labeled iodized oil
for treatment—prospective multicenter clinical trial. Radiology. (2007) 243
(2):509-19. doi: 10.1148/radiol.2432051246

31. Lambert B, de Klerk JM. Clinical applications of 188Re-labelled
radiopharmaceuticals for radionuclide therapy. Nucl Med Commun. (2006) 27
(3):223-9. doi: 10.1097/00006231-200603000-00004

32. Knapp F Jr, Turner J, Jeong J-M, Padhy A. Issues associated with the use of the
Tungsten-188/Rhenium188 generator and concentrator system and preparation of Re-
188 HDD: a report. World ] Nucl Med. (2004) 3(2):137-43.

frontiersin.org


https://doi.org/10.3322/caac.21492
https://doi.org/10.3322/caac.21492
https://doi.org/10.1002/hep.31288
https://doi.org/10.1053/j.gastro.2015.12.041
https://doi.org/10.1093/jjco/hym137
https://doi.org/10.3748/wjg.v25.i32.4682
https://doi.org/10.1055/s-0041-1726762
https://doi.org/10.1055/s-0041-1726762
https://doi.org/10.1111/j.1440-1746.2007.04997.x
https://doi.org/10.21037/tcr.2018.05.20
https://doi.org/10.1259/bjr.20170969
https://doi.org/10.1007/s00259-023-06155-x
https://doi.org/10.1038/nrclinonc.2011.30
https://doi.org/10.15379/2408-9788.2017.07
https://doi.org/10.1007/s00259-011-1812-2
https://doi.org/10.1016/j.cld.2015.01.008
https://doi.org/10.3389/fonc.2020.551622
https://doi.org/10.1002/hep.510260511
https://doi.org/10.1016/j.jvir.2016.12.1221
https://doi.org/10.1053/j.gastro.2009.09.006
https://doi.org/10.20892/j.issn.2095-3941.2017.0177
https://doi.org/10.20892/j.issn.2095-3941.2017.0177
https://doi.org/10.22643/JRMP.2019.5.1.26
https://doi.org/10.22643/JRMP.2019.5.1.26
https://doi.org/10.1016/0969-8051(94)00112-W
https://doi.org/10.1016/0969-8051(94)00112-W
https://doi.org/10.1007/s00259-005-1859-z
https://doi.org/10.1007/s00259-005-1859-z
https://doi.org/10.1097/MNM.0b013e32830439c6
https://doi.org/10.1097/MNM.0b013e32830439c6
https://doi.org/10.1097/MNM.0b013e32836141a0
https://doi.org/10.1097/MNM.0b013e32836141a0
https://doi.org/10.1155/2012/278306
https://doi.org/10.3413/Nukmed-0610-13-07
https://doi.org/10.1002/1097-0142(19951201)76:11%3C2202::AID-CNCR2820761105%3E3.0.CO;2-8
https://doi.org/10.1002/1097-0142(19951201)76:11%3C2202::AID-CNCR2820761105%3E3.0.CO;2-8
https://doi.org/10.1148/radiol.2432051246
https://doi.org/10.1097/00006231-200603000-00004
https://doi.org/10.3389/fnume.2023.1210982
https://www.frontiersin.org/journals/nuclear-medicine
https://www.frontiersin.org/

Nyakale et al.

33. Jeong JM, Chung J-K. Therapy with 188Re-labeled radiopharmaceuticals: an
overview of promising results from initial clinical trials. Cancer Biother
Radiopharm. (2003) 18(5):707-17. doi: 10.1089/108497803770418256

34. Knapp F Jr. Rhenium-188-A generator-derived radioisotope for cancer therapy.
Cancer Biother Radiopharm. (1998) 13(5):337-49. doi: 10.1089/cbr.1998.13.337

35. Knapp F Jr, Lisic E, Mirzadeh S. A new clinical prototype W-188/Re-188
generator to provide high levels of carrier-free Rhenium-188  for
radioimmunotherapy. Eur ] Nucl Med. (1991) 18:538.

36. Knapp FAA Jr, Beets A, Guhlke S, Zamora P, Bender H, Palmedo H, et al.
Availability of rhenium-188 from the alumina-based tungsten-188/rhenium-188
generator for preparation of rhenium-188-labeled radiopharmaceuticals for cancer
treatment. Anticancer Res. (1997) 17(3B):1783-95.

37.LiuR, Li H, Qiu Y, Liu H, Cheng Z. Recent advances in hepatocellular carcinoma
treatment with radionuclides. Pharmaceuticals. (2022) 15(11):1339. doi: 10.3390/
ph15111339

38. Boschi A, Uccelli L, Duatti A, Colamussi P, Cittanti C, Filice A, et al. A kit
formulation for the preparation of 188Re-lipiodol: preclinical studies and
preliminary therapeutic evaluation in patients with unresectable hepatocellular
carcinoma. Nucl Med Commun. (2004) 25(7):691-9. doi: 10.1097/01.mnm.
0000130241.22068.45

39. Lambert B, Bacher K, De Keukeleire K, Smeets P, Colle I, Jeong JM, et al. 188Re-
HDD/lipiodol For treatment of hepatocellular carcinoma: a feasibility study in patients
with advanced cirrhosis. ] Nucl Med. (2005) 46(8):1326-32. PMID: 16085590.

40. Padhy AK, Dondi M. A report on the implementation aspects of the
International Atomic Energy Agency’s first doctoral coordinated research project,
“Management of liver cancer using radionuclide methods with special emphasis on
trans-arterial radio-conjugate therapy and internal dosimetry”. Semin Nucl Med.
(2008) 38(2):S5-12. doi: 10.1053/j.semnuclmed.2007.10.002

41. Sundram F, Chau TCM, Onkhuudai P, Bernal P, Padhy AK. Preliminary results
of transarterial rhenium-188 HDD lipiodol in the treatment of inoperable primary
hepatocellular carcinoma. Eur J Nucl Med Mol Imaging. (2004) 31:250-7. doi: 10.
1007/500259-003-1363-2

42. Sundram F, Jeong J, Zanzonico P, Divgi C, Bernal P, Chau T, et al. Trans-arterial
Rhenium-188 Lipiodol in the treatment of inoperable hepatocellular carcinoma-an
TAEA sponsored multi-centre phase 1 study. World ] Nucl Med. (2002) 1:5-11.

43. Bernal P, Raoul J-L, Vidmar G, Sereegotov E, Sundram FX, Kumar A, et al.
Intra-arterial rhenium-188 lipiodol in the treatment of inoperable hepatocellular
carcinoma: results of an IAEA-sponsored multination study. Int J Radiat. Oncol.
Biol Phys. (2007) 69(5):1448-55. doi: 10.1016/j.ijrobp.2007.05.009

44. Delaunay K, Edeline J, Rolland Y, Lepareur N, Laffont S, Palard X, et al.
Preliminary results of the phase 1 Lip-Re I clinical trial: biodistribution and
dosimetry assessments in hepatocellular carcinoma patients treated with 188 Re-SSS
Lipiodol radioembolization. Eur ] Nucl Med Mol Imaging. (2019) 46:1506-17.
doi: 10.1007/s00259-019-04277-9

45. Chan H-W, Lo Y-H, Chang D-Y, Li J-J, Chang W-Y, Chen C-H, et al.
Radiometal-labeled chitosan microspheres as transarterial radioembolization agents
against hepatocellular carcinoma. Gels. (2022) 8(3):180. doi: 10.3390/gels8030180

46. Wu M, Zhang L, Shi K, Zhao D, Yong W, Yin L, et al. Polydopamine-coated
radiolabeled microspheres for combinatorial radioembolization and photothermal
cancer therapy. ACS Appl Mater Interfaces. (2023) 15(10):12669-77. doi: 10.1021/
acsami.2c19829

47. Nyakale N, Filippi L, Aldous C, Sathekge M. Update on PET
radiopharmaceuticals for imaging hepatocellular carcinoma. Cancers (Basel). (2023)
15(7):1975. doi: 10.3390/cancers15071975

48. Thompson SM, Suman G, Torbenson MS, Chen ZME, Jondal DE, Patra A, et al.
PSMA as a theranostic target in hepatocellular carcinoma: immunohistochemistry and
68Ga-PSMA-11 PET using cyclotron-produced 68Ga. Hepatol Commun. (2022) 6
(5):1172-85. doi: 10.1002/hep4.1861

49. Haffner MC, Kronberger IE, Ross JS, Sheehan CE, Zitt M, Mithlmann G, et al.
Prostate-specific membrane antigen expression in the neovasculature of gastric and
colorectal cancers. Hum Pathol. (2009) 40(12):1754-61. doi: 10.1016/j.humpath.
2009.06.003

50. Mhawech-Fauceglia P, Zhang S, Terracciano L, Sauter G, Chadhuri A,
Herrmann F, et al. Prostate-specific membrane antigen (PSMA) protein expression
in normal and neoplastic tissues and its sensitivity and specificity in prostate
adenocarcinoma: an immunohistochemical study using mutiple tumour tissue
microarray technique. Histopathology. (2007) 50(4):472-83. doi: 10.1111/j.1365-
2559.2007.02635.x

51. Kinoshita Y, Kuratsukuri K, Landas S, Imaida K, Rovito PM, Wang CY, et al.
Expression of prostate-specific membrane antigen in normal and malignant human
tissues. World J Surg. (2006) 30:628-36. doi: 10.1007/s00268-005-0544-5

52. Ronot M, Clift AK, Vilgrain V, Frilling A. Functional imaging in liver tumours.
] Hepatol. (2016) 65(5):1017-30. doi: 10.1016/j.jhep.2016.06.024

Frontiers in Nuclear Medicine

10.3389/fnume.2023.1210982

53. Denmeade SR, Mhaka AM, Rosen DM, Brennen WN, Dalrymple S, Dach I, et al.
Engineering a prostate-specific membrane antigen-activated tumor endothelial cell
prodrug for cancer therapy. Sci Transl Med. (2012) 4(140):140ra86. doi: 10.1126/
scitranslmed.3003886

54. Lu Q, Long Y, Fan K, Shen Z, Gai Y, Liu Q, et al. PET imaging of hepatocellular
carcinoma by targeting tumor-associated endothelium using [68Ga]Ga-PSMA-617.
Eur ] Nucl Med Mol Imaging. (2022) 49(12):4000-13. doi: 10.1007/s00259-022-
05884-9

55. Bertagna F, Bertoli M, Bosio G, Biasiotto G, Sadeghi R, Giubbini R, et al.
Diagnostic role of radiolabelled choline PET or PET/CT in hepatocellular
carcinoma: a systematic review and meta-analysis. Hepatol Int. (2014) 8(4):493-500.
doi: 10.1007/s12072-014-9566-0

56. Ghidaglia J, Golse N, Pascale A, Sebagh M, Besson FL. 18F-FDG/18F-choline
dual-tracer PET behavior and tumor differentiation in HepatoCellular carcinoma. A
systematic review. Front Med (Lausanne). (2022) 9:924824. doi: 10.3389/fmed.2022.
924824

57. Giindogan C, Ergiil N, Gakir MS, Kilickesmez O, Giirsu RU, Aksoy T, et al.
68Ga-PSMA PET/CT versus 18F-FDG PET/CT for imaging of hepatocellular
carcinoma. Mol Imaging Radionucl Ther. (2021) 30(2):79. doi: 10.4274/mirt.galenos.
2021.92053

58. Kesler M, Levine C, Hershkovitz D, Mishani E, Menachem Y, Lerman H, et al.
68Ga-labeled prostate-specific membrane antigen is a novel PET/CT tracer for
imaging of hepatocellular carcinoma: a prospective pilot study. J Nucl Med. (2019)
60(2):185-91. doi: 10.2967/jnumed.118.214833

59. Taneja S, Taneja R, Kashyap V, Jha A, Jena A. 68Ga-PSMA uptake in
hepatocellular carcinoma. Clin Nucl Med. (2017) 42(1):e69-70. doi: 10.1097/RLU.
0000000000001355

60. Mori Y, Dendl K, Cardinale ], Kratochwil C, Giesel FL, Haberkorn U. FAPI PET:
fibroblast activation protein inhibitor use in oncologic and nononcologic disease.
Radiology. (2023) 306(2):220749. doi: 10.1148/radiol.220749

61. Fitzgerald AA, Weiner LM. The role of fibroblast activation protein in health and
malignancy. Cancer Metastasis Rev. (2020) 39(3):783-803. doi: 10.1007/s10555-020-
09909-3

62. Zhao L, Chen J, Pang Y, Fu K, Shang Q, Wu H, et al. Fibroblast activation
protein-based theranostics in cancer research: a state-of-the-art review. Theranostics.
(2022) 12(4):1557. doi: 10.7150/thno.69475

63. Raddatz D, Ramadori G. Carbohydrate metabolism and the liver: actual aspects
from physiology and disease. Zeitschrift fiir Gastroenterologie. (2007) 45(01):51-62.
doi: 10.1055/5-2006-927394

64. Ozaki K, Harada K, Terayama N, Kosaka N, Kimura H, Gabata T. FDG-PET/CT
imaging findings of hepatic tumors and tumor-like lesions based on molecular
background. Jpn ] Radiol. (2020) 38:697-718. doi: 10.1007/s11604-020-00961-1

65. Boellaard R, Delgado-Bolton R, Oyen W], Giammarile F, Tatsch K, Eschner W,
et al. FDG PET/CT: eANM procedure guidelines for tumour imaging: version 2.0. Eur
J Nucl Med Mol Imaging. (2015) 42:328-54. doi: 10.1007/s00259-014-2961-x

66. Giesel FL, Kratochwil C, Schlittenhardt J, Dendl K, Eiber M, Staudinger F, et al.
Head-to-head intra-individual comparison of biodistribution and tumor uptake of
68Ga-FAPI and 18F-FDG PET/CT in cancer patients. Eur ] Nucl Med Mol Imaging.
(2021) 48(13):4377-85. doi: 10.1007/500259-021-05307-1

67. Giesel FL, Kratochwil C, Lindner T, Marschalek MM, Loktev A, Lehnert W, et al.
68Ga-FAPI PET/CT: biodistribution and preliminary dosimetry estimate of 2 DOTA-
containing FAP-targeting agents in patients with various cancers. ] Nucl Med. (2019)
60(3):386-92. doi: 10.2967/jnumed.118.215913

68. Kratochwil C, Flechsig P, Lindner T, Abderrahim L, Altmann A, Mier W, et al.
68Ga-FAPI PET/CT: tracer uptake in 28 different kinds of cancer. ] Nucl Med. (2019)
60(6):801-5. doi: 10.2967/jnumed.119.227967

69. Wang H, Zhu W, Ren S, Kong Y, Huang Q, Zhao J, et al. 68Ga-FAPI-04 versus
18F-FDG PET/CT in the detection of hepatocellular carcinoma. Front Oncol. (2021)
11:693640. doi: 10.3389/fonc.2021.693640

70. Shi X, Xing H, Yang X, Li F, Yao S, Congwei J, et al. Comparison of PET imaging
of activated fibroblasts and 18 F-FDG for diagnosis of primary hepatic tumours: a
prospective pilot study. Eur ] Nucl Med Mol Imaging. (2021) 48:1593-603. doi: 10.
1007/s00259-020-05070-9

71. Geist BK, Xing H, Wang J, Shi X, Zhao H, Hacker M, et al. A methodological
investigation of healthy tissue, hepatocellular carcinoma, and other lesions with
dynamic 68Ga-FAPI-04 PET/CT imaging. EJINMMI Phys. (2021) 8:1-10. doi: 10.
1186/s40658-021-00353-y

72. Loktev A, Lindner T, Burger E-M, Altmann A, Giesel F, Kratochwil C, et al.
Development of fibroblast activation protein-targeted radiotracers with improved
tumor retention. J Nucl Med. (2019) 60(10):1421-9. doi: 10.2967/jnumed.118.224469

73. van den Hoven AF, Keijsers RGM, Lam M, Glaudemans A, Verburg FA, Vogel
WV, et al. Current research topics in FAPI theranostics: a bibliometric analysis. Eur
J Nucl Med Mol Imaging. (2023) 50(4):1014-27. doi: 10.1007/500259-022-06052-9

frontiersin.org


https://doi.org/10.1089/108497803770418256
https://doi.org/10.1089/cbr.1998.13.337
https://doi.org/10.3390/ph15111339
https://doi.org/10.3390/ph15111339
https://doi.org/10.1097/01.mnm.0000130241.22068.45
https://doi.org/10.1097/01.mnm.0000130241.22068.45
https://doi.org/10.1053/j.semnuclmed.2007.10.002
https://doi.org/10.1007/s00259-003-1363-2
https://doi.org/10.1007/s00259-003-1363-2
https://doi.org/10.1016/j.ijrobp.2007.05.009
https://doi.org/10.1007/s00259-019-04277-9
https://doi.org/10.3390/gels8030180
https://doi.org/10.1021/acsami.2c19829
https://doi.org/10.1021/acsami.2c19829
https://doi.org/10.3390/cancers15071975
https://doi.org/10.1002/hep4.1861
https://doi.org/10.1016/j.humpath.2009.06.003
https://doi.org/10.1016/j.humpath.2009.06.003
https://doi.org/10.1111/j.1365-2559.2007.02635.x
https://doi.org/10.1111/j.1365-2559.2007.02635.x
https://doi.org/10.1007/s00268-005-0544-5
https://doi.org/10.1016/j.jhep.2016.06.024
https://doi.org/10.1126/scitranslmed.3003886
https://doi.org/10.1126/scitranslmed.3003886
https://doi.org/10.1007/s00259-022-05884-9
https://doi.org/10.1007/s00259-022-05884-9
https://doi.org/10.1007/s12072-014-9566-0
https://doi.org/10.3389/fmed.2022.924824
https://doi.org/10.3389/fmed.2022.924824
https://doi.org/10.4274/mirt.galenos.2021.92053
https://doi.org/10.4274/mirt.galenos.2021.92053
https://doi.org/10.2967/jnumed.118.214833
https://doi.org/10.1097/RLU.0000000000001355
https://doi.org/10.1097/RLU.0000000000001355
https://doi.org/10.1148/radiol.220749
https://doi.org/10.1007/s10555-020-09909-3
https://doi.org/10.1007/s10555-020-09909-3
https://doi.org/10.7150/thno.69475
https://doi.org/10.1055/s-2006-927394
https://doi.org/10.1007/s11604-020-00961-1
https://doi.org/10.1007/s00259-014-2961-x
https://doi.org/10.1007/s00259-021-05307-1
https://doi.org/10.2967/jnumed.118.215913
https://doi.org/10.2967/jnumed.119.227967
https://doi.org/10.3389/fonc.2021.693640
https://doi.org/10.1007/s00259-020-05070-9
https://doi.org/10.1007/s00259-020-05070-9
https://doi.org/10.1186/s40658-021-00353-y
https://doi.org/10.1186/s40658-021-00353-y
https://doi.org/10.2967/jnumed.118.224469
https://doi.org/10.1007/s00259-022-06052-9
https://doi.org/10.3389/fnume.2023.1210982
https://www.frontiersin.org/journals/nuclear-medicine
https://www.frontiersin.org/

	Emerging theragnostic radionuclide applications for hepatocellular carcinoma
	Introduction
	Transarterial radionuclide therapy (TART)
	Yttrium-90 (90Y) microspheres
	131I-Lipiodol
	Rhenium-188 (188Re) /lipiodol complex for transarterial liver cancer therapy


	188Re-HDD lipiodol
	Outline placeholder
	Lutetium-177 labelled radiopharmaceuticals for transarterial liver cancer therapy


	Potential theragnostic radionuclide therapies for hepatocellular carcinoma
	Ga-68 PSMA
	Radiolabeled FAPI in liver tumors

	Conclusion
	Author contributions
	Conflict of interest
	Publisher's note
	References


