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a b s t r a c t

Hepatocellular carcinoma (HCC) is the most common primary malignant tumor of the liver, but early di-

agnosis and effective treatment are still difficult. With the development of radionuclide applications in

medicine, nuclear medicine is playing an increasingly important role in the diagnosis and treatment of

HCC. Radionuclide-based positron emission tomography-computed tomography and single-photon emis-

sion computed tomography-computed tomography molecular imaging are indispensable for assessing

progression, staging, differentiation, preoperative planning, postoperative prediction, and evaluation of

HCC in clinical applications. Moreover, radionuclide-based endoradiotherapy provides an objective thera-

peutic strategy for patients with unresectable advanced HCC. This review highlights the application and

development of radionuclides in the diagnosis and treatment of HCC. More efforts are warranted for the

development of advanced radionuclides to make significant contributions in the treatment of HCC.

© 2022 Published by Elsevier B.V. on behalf of Chinese Chemical Society and Institute of Materia

Medica, Chinese Academy of Medical Sciences.

1. Introduction

Hepatocellular carcinoma (HCC) is the most common primary

malignant tumor of the liver. It is often associated with cirrho-

sis, viral hepatitis (types B or C), and non-alcoholic fatty liver dis-

ease [1], and due to its high morbidity and mortality, it has a sig-

nificant impact on human health and social development. Unlike

many other tumor diseases, the diagnosis of HCC does not rely on

tissue biopsy, and it can be diagnosed with imaging [2]. Enhanced

computed tomography (CT) and magnetic resonance imaging (MRI)

are widely accepted imaging methods for the diagnosis of HCC, but

according to current diagnostic procedures, most patients are in

the middle or late stages when they are diagnosed, and the treat-

ment is often passive.

Although surgery and liver transplantation can cure HCC com-

pletely, they are only suitable for patients with early-stage HCC [3].

For patients with advanced HCC, chemotherapy, radiotherapy, and

interventional therapy are usually used, but the overall therapeutic

effect is not satisfactory [4]. With the continuous development of

radiopharmaceuticals and equipment, new opportunities have been

opened for the early diagnosis and treatment of cancer, including
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HCC. More and more studies have shown that nuclear medicine,

molecular imaging, and targeted therapy are playing increasingly

important roles in the diagnosis and treatment of HCC [5].

Over the past two decades, positron emission tomography (PET)

and single-photon emission computed tomography (SPECT) imag-

ing have been widely used in the diagnosis and evaluation of var-

ious cancers [6,7]. Especially since the advent of hybrid imaging

techniques, such as PET/CT and SPECT/CT, molecular imaging has

become more and more widely used for cancer diagnosis. With the

expected growth of these imaging approaches, it has been recog-

nized that new PET and SPECT probes are needed to address the

clinical challenges of early diagnosis and staging of various types

of cancer.

Radionuclide probes for HCC imaging are expanding and pro-

vide information on liver-metabolism function and the degree of

tumor differentiation from multi-dimension perspectives for imag-

ing monitoring of HCC [8]. 2-[18F]fluorodeoxyglucose (18F-FDG) is

usually used as a tumor tracer, but beyond this, there is increasing

evidence that radio-labeled choline tracers and other novel tracers

may play an increasing role in liver tumor imaging [9]. PET/CT and

SPECT/CT are now more active in the diagnosis of HCC and play an

important role in clinical staging, preoperative analysis, metastasis

diagnosis, and prognosis evaluation of HCC [6,7].

Surgical resection is usually the first choice in the treatment of

HCC, but the resection rate is only 8%−25%. Hepatic transarterial

chemoembolization (TACE) is the most commonly used method for
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Fig. 1. 18F-FDG PET image shows strong signal in normal liver (A). Fused PET/CT

image clearly shows that the highest uptake in areas of tumor (B). Reproduced with

permission [14]. Copyright 2015, Elsevier.

unresectable HCC [10]. Although this method has achieved remark-

able clinical results, it can induce adverse effects on the whole

body. Furthermore, about 30% of HCC patients are not sensitive to

anticancer drugs, which limits the benefits of TACE to a certain ex-

tent.

In recent years, some combination therapies have been devel-

oped, including radionuclide-based radiotherapy [11]. Internal ir-

radiation therapy with radionuclide can kill tumor cells in large

quantities with few side effects and obvious efficacy, thus provid-

ing a promising treatment mode for unresectable HCC. With the

continuous progress of therapeutic methods and vectors, internal

irradiation has become one of the effective methods in the treat-

ment of HCC [12]. At present, radionuclides used in the treatment

of HCC in various forms include 131I, 125I, and 90Y, among others.

The strategy of radionuclide-based radiotherapy mainly includes

transarterial radiation embolization (TARE), radioimmunotherapy

(RIT), and endoradiotherapy.

2. Radionuclides in the diagnosis of HCC

2.1. 18F

2.1.1. 18F-FDG
18F-FDG has a simple molecular structure, strong hydrophilicity,

and is easy to obtain, thus representing the most successful tracer

for PET. Currently, 18F-FDG is the most commonly used positron

tracer in clinical practice. The half-life of 18F is relatively short at

only 110min. Rapid labeling and separation of 18F imaging agent

are necessary. Therefore, small integrated chemical synthesis mod-

ules have become a key step in the rapid preparation of PET ra-

dioimaging drugs.

At present, there are many chemical synthesis modules that

can prepare 18F-FDG. Each brand and model of chemical synthesis

module follows the main process of 18F-FDG production, but they

differ slightly. There are two preparation principles for the chemi-

cal synthesis of 18F isotope fluorination markers: electrophilic flu-

orination and nucleophilic fluorination [13]. Compared with elec-

trophilic fluorination, the process chemistry of nucleophilic fluori-

nation is simpler, and fluoride is more stable and convenient for

separation and purification. Therefore, nucleophilic reaction with

K2.2.2 is currently the most commonly used method.

In most cases, the diagnosis of HCC is based on CT or MRI

findings, and biopsy is unnecessarily performed. These diagnostic

methods result in a lack of information on the biological charac-

teristics of the tumor. 18F-FDG is commonly used as a radioactive

tracer for tumor PET/CT imaging, and its uptake in HCC lesions has

a definite correlation with tumor size and differentiation degree

(Fig. 1) [14]. As for why 18F-FDG can be used in imaging HCC, glu-

cose transport protein (GLUT) plays a major role in the metabolism

of 18F-FDG in most malignant tumors. 18F-FDG enters the cell and

forms 18F-FDG-6 phosphoric acid under the action of phosphohex-

okinase, which cannot further participate in aerobic or anaerobic

metabolism. In general, 18F-FDG-6 phosphoric acid cannot enter

the cell membrane freely because of its negatively charge, which

allows PET/CT imaging to show enhanced uptake of 18F-FDG.

The higher uptake of radioactive tracer reflects the increased

activity of glucose metabolism in cancer cells and the growth of

malignant tissue, which is known as the Warburg effect. However,

high FDG comorbidities in HCC demonstrate biological aggressive-

ness and associate with poor prognosis after treatment. 18F-FDG

PET/CT imaging has obvious advantages in the staging, re-staging,

and pre-evaluation of HCC, but the positive detection rate of HCC

is only 50%. Particularly, for the diagnosis of HCC with low differ-

entiation, it is prone to false-negative results [15]. The role of FDG

in imaging HCC may be negatively affected by the low level of ex-

pression of glucose-6-phosphatase and the high level of expression

of glucose transporter-1 in HCC cells.

A large amount of glucos-6-phosphatase can dephosphorylate
18F-FDG-6 phosphatase to generate free 18F-FDG and release it

from cells, resulting in a relatively low level of 18F-FDG in tissues.

It is also associated with low GLUT-1 and GLUT-2 levels or high

p-glycoprotein expression. In addition, high uptake of 18F-FDG in

normal liver tissues is associated with high rates of gluconeoge-

nesis, which may reduce the tumor-to-normal ratio (TNR) of tu-

mors and the detection rate of HCC. Due to the reduced retention

of parietal cells in tumors, detection of HCC is further restricted by

the physiological limitations of the increased background of FDG

uptake, which can be seen in some normal liver parenchyma [16].

Although PET scanning is not recommended for the detection of

HCC due to FDG’s low sensitivity, PET/CT with FDG provides more

information about routine liver imaging [6]. PET/CT with 18F-FDG

may further improve the accuracy of diagnosis, staging, recurrence,

and evaluation of biological characteristics of hepatic malignant tu-

mors by diagnostic algorithms. Thus, they can benefit patients with

primary lesions or metastatic liver tumors [17].

FDG-based PET imaging allows for the simultaneous assessment

of perfusion status and metabolic activity. One retrospective study

collected 5-min dynamic PET/CT and conventional PET/CT scans

of 17 patients with pathologically diagnosed HCC using a dual-

input dual-compartment uptake model. The results showed that

perfusion and early uptake of PET/CT increased the positivity rate

of HCC, and additional functional information could be provided

to improve the diagnostic level [18]. Simultaneous PET/MRI sys-

tems and 18F-FDG were used to evaluate the relationship between

metabolism and water diffusion rate of liver tumors, as well as to

reveal the metabolic and diffusion characteristics of different types

of liver tumors. The results showed that the maximum standard

uptake value (SUVmax) was negatively correlated with apparent

diffusion coefficient (ADC), and each group of tumors had differ-

ent metabolic and water-diffusion characteristics [19].

A retrospective study shown that 18F-FDG-based PET/CT has

some value in the diagnosis of intrahepatic tumors before and after

treatment. When recurrent or extrahepatic metastasis occurs, nor-

mal multistage CT can be recognized. The size improvement shown

by anatomical imaging may be insensitive to early stage, while

metabolic imaging may detect tumor recurrence. FDG is highly

sensitive to the detection of HCC extrahepatic metastasis and re-

current tumors. In a systematic review and meta-analysis, Lin et

al. found that PET/CT with 18F-FDG was helpful in ruling out ex-

trahepatic metastasis of HCC and could also be used to rule out

recurrent HCC [20].

The accurate characterization of liver damage by 18F-FDG has

limited value, but it has been shown to have an important impact

on the prognosis of HCC patients. Cho et al. evaluated 18F-FDG as

an independent prognostic factor in 104 patients with newly di-

agnosed HCC [21]. They found that a high ratio of SUVmax to the

mediastinal mean SUV was significantly associated with the tumor

load index, AFP value, aminotransferase level, tumor size, and the
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Barcelona Clinic Liver Cancer (BCLC) stage. A meta-analysis of 22

studies showed that both a high tumor SUVmax ratio and a high

tumor SUVmax value for normal liver are associated with poor

prognosis in HCC patients [22]. Regarding prognosis after treat-

ment, a multi-center retrospective study showed that tumor up-

take of FDG was an independent prognostic factor for overall sur-

vival (OS) [23]. In addition, 18F-FDG-based PET before treatment

has certain value for risk assessment and prognosis prediction of

surgical resection of HCC, HCC transplantation, and radioactive em-

bolization [24].

The prognostic value of FDG uptake in HCC has been shown

to be associated with specific gene expression. It has been proven

that there is a strong correlation between the incorporation degree

of FDG and pathological grade. Most interestingly, tumors with

high glycolysis activity show stronger biological attack characteris-

tics, and their gene expression is closely related to cell survival, in-

tercellular adhesion, and cell diffusion [25]. The addition of FDG to

the confirmation of HCC can be reasonably considered as a radio-

graphic biomarker of bio-invasiveness. Studies on their relationship

with the expression of programmed death ligand 1 (PD-L1) and an-

giogenesis in large cohort studies have shown that high SUVmax

in 18F-FDG PET/CT is associated with poorer clinical outcomes and

PD-L1 expression in HCC patients [26].

2.1.2. 18F-Fluorocholine

Choline is a precursor of phospholipid synthesis and is involved

in the biosynthesis of phosphatidylcholine and cell membranes. As

a precursor of phospholipids, choline is an essential component of

cell membrane synthesis. Tumor cells proliferate rapidly, which in-

creases the activity of cell membrane biosynthesis, choline kinase

activity, and choline intake. After entering a tumor cell and being

phosphorylated, choline cannot cross the cell membrane. Instead,

it remains in the cell, maintaining a "chemical stasis". This is the

rationale for cholinergic imaging of tumors. In clinical application,

choline-based PET/CT can greatly make up for the deficiency of
18F-FDG-based PET/CT in some tumor applications and improve the

accuracy of tumor diagnosis.

In addition, choline-based PET/CT can distinguish HCC from fo-

cal nodular hyperplasia, and choline intake is significantly higher

in HCC than in nodular hyperplasia. It has been proposed that the

use of dual-imaging agents (2-[18F]fluorocholine (18F-FCH) and 18F-

FDG) in PET/CT can be more effective in diagnosing HCC, with di-

agnostic efficiency increasing from 63% to 89% [27]. A series of

comparative studies indicate that although the physiological up-

take of choline in the liver is high, the activity choline kinase in re-

lation to choline metabolism in HCC tissues is significantly higher

than that in surrounding normal tissues, and HCC nodules can still

be detected visually [28–30].

The tumor recurrence rate of HCC patients is more than 50%

within 5 years after surgery. Using reduced 18F-FCH metabolism

as a criterion for judging malignancies improves the detection rate

for HCC and has similar value to 18F-FDG in predicting early recur-

rence after resection of single-focal HCC [31]. Systematic reviews

and meta-analyses suggest that radio-labeled choline PET/CT is a

valuable tool for the detection of moderately differentiated HCC

compared to FDG PET/CT [6]. Thus, choline PET/CT has high di-

agnostic value for medium to well-differentiated HCC, while FDG

PET/CT has high diagnostic value for poorly differentiated hepato-

cellular carcinoma and liver metastasis.

2.1.3. Novel 18F-labeled imaging agent

To fully use the advantages of 18F in imaging and improve

the diagnostic efficiency of HCC, researchers have developed and

explored many novel 18F-labeled probes. Horsager et al. studied

PET with the liver-specific galactose tracer 2-[18F]fluoro-2-deoxy-

d-galactose (18F-FDGal) [32]. It was found that whole-body im-

ages acquired after 18F-FDGal injection do not offer an advan-

tage over traditional whole-body PET/CT images for detection of

HCC. Recently, Li et al. prepared a novel 18F-labeled imaging agent,

[18F]AIF-NOTA-G-TMTP1, by a NOTA-AIF chelation method for PET

for the diagnosis of highly metastatic HCC [33]. It is well known

that TMTP1 has a high affinity for a range of highly metastatic tu-

mor cells. NOTA is coupled to TMTP1 by a glycine residue, which

provides a spacer function to maintain its own activity and im-

prove its excretory dynamics. The results showed that [18F]AIF-

NOTA-G-TMTP1 can specifically target HCC with high metastasis,

displaying the low background activity. Thus, it has potential for

use as an imaging agent to detect tumor lesions in the liver region.

2.2. 64Cu

The prospect of using 64Cu in the simple Cu2+ ion form as a

PET probe is not only a cost-effective proposition, but also seems

promising to broaden the palette of molecular imaging probes for

the foreseeable future. The use of the 64Cu2+ ion as a PET probe

is based on the fact that Cu is an essential element that plays

an important role in cell proliferation and angiogenesis. In recent

years, evidence has been constantly emerging from animal mod-

els of 64Cu2+ uptake in HCC, colorectal cancer, prostate cancer,

lung cancer, and other types of tumors [34]. Copper metabolism

in human HCC was assessed using PET with copper(II)-64 chloride

(64CuCl2) as a tracer. The expression of human copper transporter

1 (hCTR1) in HCC cells and tissues was detected by real-time re-

verse transcription polymerase chain reaction and immunohisto-

chemistry. The results showed that 64CuCl2 PET imaging can locate

human HCC tumors that were transplanted in mice, which pro-

vides the possibility of locating and quantitatively evaluating cop-

per metabolism in metastatic HCC tumors in humans [35].

A series of novel probes based on 64Cu were also explored for

HCC. Li et al. developed a PET tracer to monitor CD38 expression

in HCC using the anti-CD38 monoclonal antibody (daratumumab).

In this study, daratumumab was radiolabeled with 64Cu to ob-

tain 64Cu-Nota-daratumumab. CD38 is expressed on the surface

of many immune cells and is closely related to the anti-tumor

immunity and immune tolerance of tumor cells. Cell studies and

PET imaging have demonstrated the CD38 imaging capability and

specificity of [64Cu]Cu-NOTA-daratumumab in HCC mouse models.

[64Cu]Cu-NOTA-daratumumab is an effective PET tracer that can be

used to noninvasively evaluate CD38 expression and sensitively de-

tect CD38-positive tumor lesions in HCC [36].

2.3. 89Zr

89Zr is a positron radionuclide that the half-life is 78.4 h and

it has a relatively low positron energy (395.5 keV). 89Zr is rela-

tively safe to be operated and has low production cost for PET

imaging. Therefore, it has a certain application potential in molec-

ular imaging diagnosis. The membrane protein glypican-3 (GPC3)

is overexpressed in 50% of HCC patients and is associated with

early HCC, so it can be served as a potential molecular target for

early HCC detection. For example, 89Zr-coupled monoclonal an-

tibody against GPC3 ([89Zr]Zr-αGPC3) was used for PET imaging

of intrahepatic tumors. The results indicated that [89Zr]Zr-αGPC3

exhibited antigen-specific and antigen-dependent tumor binding,

confirming the feasibility of imaging diagnosis for HCC and qual-

itative detection of GPC3 expression by 89Zr-αGPC3 in small ani-

mals [37]. Similarly, 89Zr-coupled F(ab’)2 fragment to target GPC3

([89Zr]Zr-αGPC3-F(ab’)2) was also used to validate the feasibility as

a diagnostic immune-PET imaging probe. However, the sensitivity

and specificity of [89Zr]Zr-αGPC3-F(ab’)2 probes need to be further

optimized during clinical translation [38]. In addition, anti-GPC3

monoclonal antibody (clone 1G12) conjugated with 89Zr can be
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used for specific and high contrast imaging for GPC3 positive HCC,

which may contribute to early detection of HCC and timely inter-

vention [39]. In a follow-up study, the team humanized mouse an-

tibodies using complementary determination region (CDR) grafting

to produce a cloned H3K3 antibody that retains the same binding

affinity and specificity as human GPC3 for diagnostic imaging in

patients with HCC [40]. In another study, GPC3-targeted antibody

αGPC3 was conjugated to 89Zr and 90Y, respectively, to evaluate

the therapeutic response in a mouse HCC model. As expected, the

GPC3-targeted 89Zr and 90Y therapeutic platform could effectively

evaluate the response to RIT in a GPC3-expressing HCC xenograft

model [41].

Overexpression of CD146 is associated with aggressiveness, re-

currence rates, and poor overall survival in patients with HCC. Cai’s

team developed a CD146 targeting probe for high-contrast, non-

invasive PET and near-infrared fluorescence (NIRF) imaging of HCC.

The anti-CD146 monoclonal antibody YY146 was used as the tar-

get molecule, coupled with NIRF dye ZW800–1 and DF. This al-

lows DF-YY146-ZW800 to be labeled with 89Zr for PET and NIRF

imaging without affecting antibody binding properties. The results

showed that [89Zr]Zr-DF-YY146-ZW800 possessed good properties

as PET/NIRF imaging agent, including high affinity and specificity

for CD146-expressing HCC in vivo with great potential for early de-

tection, prognosis and image-guided surgical resection of liver ma-

lignancies [42].

2.4. 124I, 68Ga and 11C

124I has a long half-life (4.15 d) and excellent nuclear charac-

teristics (β+: 25.6%, electron capture (EC): 74.4%). Compared to

other conventional positron radionuclides, 124I can provide higher-

quality PET/CT images for disease diagnosis. Carrasquillo et al. ex-

plored the application value of [124I]I-codrituzumab in PET imaging

of HCC. Codrituzumab (also known as GC33) is an antibody against

glypican 3. This study shows that quantitative imaging using 124I-

antibodies is technically feasible and that they can be used suc-

cessfully to image a number of HCC patients [43].
68Ga is a PET radionuclide that can be obtained from a long-

life 68Ge/68Ga generator without reliance on accelerators. T1/2 of
68Ga is shorter (68.3min), and it could be used as an imaging

probe to effectively reduce the radiation dose for patients. One

study has compared the performance of 68GA-labeled fibroblast ac-

tivating protein inhibitor (FAPI) PET and 18F-FDG PET in liver tu-

mor imaging. Compared with 18F-FDG, [68Ga]Ga-FAPI PET/CT was

reported to have greater potential in the detection of primary liver

malignant tumors [44]. It is believed that 68Ga-PSMA PET/CT may

also play a role in the diagnostic imaging of HCC. PSMA is known

for its relation to prostate cancer and is overexpressed in prostate

epithelial cells, but it has been shown to be highly expressed in the

tumor blood vessels and membrane of HCC [45]. A small prospec-

tive study found that [68Ga]Ga-PSMA PET/CT was superior to FDG

PET/CT in HCC patients [46].

[C1–
11C]acetate (11C-ACT) is a lipid tracer. Acetate is a precur-

sor of fatty acids for conversion to acetyl-CoA, and overexpression

of fatty acid synthase in tumor cells may increase acetate accu-

mulation of acetate as a marker of tumor activity. Many studies

have confirmed that [C1–
11C]choline PET/CT has a higher detec-

tion rate than FDG PET/CT. Choline PET/CT has a higher detection

rate for moderately highly differentiated HCC and a lower detec-

tion rate for poorly differentiated HCC [47]. It has been suggested

that [C1–
11C]-methionine may be a useful choice for detecting ex-

trahepatic lesions and could provide additional information on sus-

pected cases if they metastasized far away. The application value of
11C-ACT in HCC has been confirmed, but due to the short half-life

of 11C, it can only be produced in PET/CT centers equipped with cy-

clotrons and the number of cases that can be examined at a time

is limited in clinical practice.

2.5. 99mTc

Among medical radionuclides, 99mTc is the best single photon

radionuclide (t1/2 =6.01h, Eγ =140keV). It can be readily obtained

from a 99Mo-99mTc generator, and 99mTc-radiopharmaceuticals can

be easily prepared by labeling precursors of their cartridge (KIT).

In addition, technetium has various valence states ranging from −1

to +7, and its rich coordination chemical properties provide broad

prospects for application in the design and synthesis of technetium

radioactive drugs with different biological distribution characteris-

tics.
90Y microsphere radioembolization (RE) is a promising catheter

treatment option for patients with unresectable primary and

metastatic liver tumors. Its theoretical basis comes from the dou-

ble blood supply of liver tissue through the hepatic artery and

portal vein. Angiographic evaluation is typically performed prior

to treatment in combination with [99mTc]Tc-macroaggregated albu-

min (99mTc-MAA) scans to map the blood vessels supplying the tu-

mor and to avoid accidental deposition of microspheres in organs

other than the liver.

SPECT/CT can be directly associated with anatomical and

functional information in patients with unresectable liver dis-

ease. Pre-treatment SPECT/CT is an important component of the

treatment plan, including catheter location and dose discovery.

Bremsstrahlung (BS) scan after treatment should follow RE to ver-

ify the distribution of the given tracer. BS SPECT/CT imaging allows

better localization and determination of intrahepatic and possibly

extrahepatic spherical distribution, as well as some degree of post-

treatment dosimetry (Fig. 2) [7]. In the pre-treatment evaluation of
90Y-radiation embolization, 99mTc-MAA SPECT/CT has been found

to reflect the biological distribution of liver particles more accu-

rately than hepatic angiography with soluble contrast agent. Thus,

it should be a key criterion in the selection of patients with 90Y-

radiation embolization. 99mTc-MAA SPECT/CT provides more infor-

mation than planar scintillation imaging to guide radiotherapy and

prognostic evaluation [48].

SPECT/CT has a significant influence on the location of the

catheter tip and hepatic tumor load during drug administration.

In current clinical practice, the 99mTc-MAA distribution does not

accurately predict the final 90Y activity distribution. Awareness of

the importance of catheter positioning and adherence to specific

recommendations may lead to the optimization of individualized

treatment plans based on preprocessing imaging [49]. One study

compared 99mTc-MAA SPECT uptake before treatment with 90Y-

bremsstrahlung SPECT uptake after treatment. The results revealed

that 99mTc-MAA SPECT has certain prognostic value for radiation

embolism with 90Y-labeled resin microspheres [50].

However, it was found no correlation between the imaging time

of 99mTc-MAA and the uptake of extrahepatic radiotracer, and the

value of evaluating in vivo distribution was questioned [51]. Haste

et al. confirmed that 99mTc-MAA is a poor quantitative predictor

of hepatocellular carcinoma as a substitute for activity distribu-

tion of 90Y [52]. For proper planning of the embolization activity

of 90Y in the liver, toxicity and efficacy should be balanced. Re-

cently, Lam et al. developed a dual-tracer SPECT fusion imaging

protocol that combines radiometric distribution data with physi-

ological liver mapping. This technique provides a physiology-based

imaging tool with significant prognostic power that may lead to

improved personalized activity planning [53].

Various 99mTc-labeled probes have also emerged in the imaging

diagnosis of liver cancer. The liver uptake value (LUV) can be calcu-

lated reliably using SPECT/CT fusion images obtained with 99mTc-

labeled galactose-human serum albumin ([99mTc]Tc-GSA), and the
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Fig. 2. (A) Patient with HCC in whom RE of a single HCC in the left liver lobe (MRI scan, red arrow) was planned with the 99mTc-MAA SPECT/CT. (B) The first test angiogram

shows diffuse tracer accumulation in the left liver lobe and no specific uptake in the tumor area. (C) The second test angiogram after placing the catheter tip more distally

shows accentuated accumulation in the tumor area without any relevant uptake in the noninvolved liver. Reproduced with permission [7]. Copyright 2014, Springer.

Fig. 3. (A) In vivo CT images of the RGD−Au PENPs or non-targeted Au PENPs in an

orthotopic hepatic carcinoma model via intravenous administration at different time

points post-injection (red circle refers to the hepatic carcinoma region, white circle

refers to normal liver region). (B) In vivo SPECT/CT images of the RGD-[99mTc]Tc-

Au PENPs or [99mTc]Tc-Au PENPs in HCC (noted as green circle) after intravenous

administration at different time points post-injection Reproduced with permission

[57]. Copyright 2018, American Chemical Society.

result can be used to assess liver function [54,55]. A recent study

showed that [99mTc]Tc-GSA SPECT image-guided reverse planning

(IGIP) has a dose advantage over conventional planning in pre-

serving liver function. Kai et al. reported the first clinical use of

[99mTc]Tc-GSA SPECT IGIP in stereotactic body radiotherapy (SBRT)

for HCC. As expected, they achieved a complete response us-

ing the target volume assessment. 99mTc-GSA SPECT-IGIP SBRT re-

irradiation can successfully and safely save recurrent HCC [56].

The specificity and stability of probes are very important in the

diagnosis of HCC. Zhou et al. reported on 99mTc-labeled arginine-

glycine-aspartic acid (RGD)-polyvinyl imine (PEI) conjugates with

entrapped gold nanoparticles (RGD-[99mTc]Tc-Au PENPs) as a dual-

mode SPECT/CT imaging probe for HCC (Fig. 3). The results showed

that the designed RGD-[99mTc]Tc-Au PENPs had good colloid stabil-

ity, radio-stability, and biocompatibility in the experimental con-

centration range. Furthermore, they could be specifically absorbed

by hepatocellular carcinoma cells overexpressing αvβ3 integrin in

vitro. In vivo SPECT/CT imaging results showed the aggregated par-

ticles in situ in HCC and enhanced CT and SPECT in tumor tissue

[57].

2.6. 131I

With a half-life of 8.02 d, 131I emits a small amount of γ
rays during β decay, making it suitable for precise medical imag-

ing. Hao et al. reported that [131I]I-anti-AT1R monoclonal antibody

(mAb) could be an effective imaging reporter for the detection of

HCC. Angiotensin type II 1 receptor (AT1R) has been reported to

be elevated in a variety of tumors and to be involved in tumor

progression. Whole-body autoradiography, the biological distribu-

tion, and pharmacokinetics of [131I]I-anti-AT1R were studied by in-

jecting HCC mice via the tail vein [58]. In another study, [131I]I-

anti-TLR5 mAb was used as a novel radiotracer for imaging hep-

atoma in H22 tumor mice. Toll-like receptor 5 (TLR5) is overex-

pressed in several cancers and metastases and is an attractive tar-

get for molecular imaging of primary tumors. The results showed

that [131I]I-anti-TLR5 mAb can be used to detect lesions expressing

TLR5 tumors with highly targeted selectivity. Thus, it may provide

a promising drug for the diagnosis of HCC and encourages further

research [59].

2.7. Induction and summary

The application value of radionuclides introduced above is dif-

ferent according to their own characteristics and applicable probes,

and they all have their own advantages and disadvantages. In order

to conveniently realize the application of each radionuclide in the

imaging diagnosis of HCC, the main application value and charac-

teristics are listed in Table 1.

3. Radionuclides in therapies for HCC

Radionuclides have been clinically applied in the treatment of

HCC for over 20 years, and the most widely used are 131I and 90Y,

which emit β rays with low linear energy transfer (LET) [60]. 131I

is easy to prepare, cheap, and applicable in gamma ray imaging.

It also has a physical half-life of 8 d and a simple protein chem-

ical labeling method, so it is widely used. Compared with exter-

nal irradiation with X-rays, internal irradiation based on radionu-

clides has an advantage of doing less damage to normal liver tis-

sue. The treatment of liver cancer by internal irradiation mainly

includes embolization radiotherapy by interventional means, intra-

tumoral puncture particle implantation, and antibody-targeted ra-

dioimmunotherapy.

Radioimmunotherapy involves the use of antibodies labeled

with radionuclides to target a tumor area, stay within it, and elimi-

nate the tumor through the effects of both antibodies and radionu-

clide irradiation. The main function of antibodies is to infiltrate

the tumor tissue and be taken up by it to achieve selective aggre-

gation of radionuclides in the tumor. In recent years, a variety of

small molecular antibody structures with lower molecular weight

than full-antibody IgG have been used for RIT. They can easily pen-

etrate into tumor tissues and bind to tumor antigens. Therefore,

a higher radioactivity ratio (T/NT) of tumor to non-tumor tissues

can be obtained [61]. However, they have low antigenicity and can

be quickly cleared by normal tissues. At present, only F(ab’)2 frag-

ments and Fab’ single fragments have shown good tumor targeting

and clinical efficacy [62].

Hepatic tumors are mainly supplied by the hepatic artery, while

normal liver is mainly supplied by the portal vein. Therefore, intra-

arterial treatments, including TACE and TARE, are considered pal-

liative care. With the development of nuclear and radiochemical

techniques, TARE has become an alternative option for patients

with HCC, especially in cases where other therapies have failed or
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Table 1

Major radionuclides used for imaging diagnosis of HCC.

Radionuclide Half-life Imaging probe Application Comment/Properties

18F a 109.77 min 18F-FDG Definite differentiation degree [14];

assess perfusion status and metabolic

activity [18]; evaluate the relationship

between metabolism and water

diffusion rate [19]; detect HCC

extrahepatic metastasis and recurrent

tumors [20]; prognostic prediction

[21–24]

Low cost and convenient imaging;

false-negative for HCC with low

differentiation; high background of

FDG uptake

[18F]fluorocholine Diagnose and distinguish HCC from

focal nodular hyperplasia [27–30];

detect moderately differentiated HCC

[6]; predict early recurrence [31]

High accuracy of tumor diagnosis and

high diagnostic value for medium to

well-differentiated HCC

[18F]FAlf-NOTA-G-

TMTP1

Diagnose highly metastatic HCC [33] Specifically target HCC with high

metastasis and display the low

background activity
64Cu a 12.701 h [64Cu]CuCl2 Locate and quantitatively evaluate

copper metabolism in metastatic HCC

[35]

Simple and easy to obtain, but high

systemic distribution

[64Cu]Cu-Nota-

daratumumab

Evaluate CD38 expression and

sensitively detect CD38-positive tumor

lesions [36]

Lack of clinical studies

89Zr a 78.41 h [89Zr]Zr-αGPC3 Imaging diagnosis for HCC and

qualitative detection of GPC3

expression [37]; evaluate the response

to RIT [41]

Relatively safe to be operated and has

low production cost; antigen-specific

and antigen-dependent tumor binding

[89Zr]Zr-αGPC3-

F(ab’)2

Localization of intrahepatic tumors

[44]

Sensitivity and specificity need to be

further optimized

[89Zr]Zr-DFO-1G12 Early detection of HCC [39] Specific and high contrast imaging for

GPC3 positive HCC

[89Zr]Zr-DF-H3K3 Diagnostic imaging [40] Humanized mouse antibodies retains

the same binding affinity and

specificity as human GPC3

[89Zr]Zr-DF-YY146-

ZW800

Early detection, prognosis and

image-guided surgical resection of

liver malignancies [42]

High affinity and specificity for

CD146-expressing HCC; multimodal

imaging performance
124I a 4.1760 d [124I]I-GC33 Quantitative imaging [43] Provide higher-quality PET/CT images
68Ga a 67.71 min [68Ga]Ga-FAPI Detect primary liver malignant tumors

[38]

Effectively reduce the radiation dose

[68Ga]Ga- diagnostic imaging [46] May superior to 18F-FDG
11C a 20.364 min [C1–

11C]ACT Evaluate tumor activity Higher detection rate than FDG PET/CT

Higher detection rate for

moderately highly

differentiated HCC

[C1–
11C]choline Diagnostic imaging [47]

[C1–
11C]methionine

Detecting extrahepatic lesions

99mTc b 6.0067 h [99mTc]Tc-MAA Map the blood vessels and guide

radiotherapy [48,53]; verify the

distribution of 90Y [52]; evaluate

post-treatment dosimetry [7]

Easily prepared; convenience and

direct information feedback; less

accidental deposition

[99mTc]-GSA Assess liver function [54,55] Successfully and safely save recurrent

HCC

RGD-[99mTc]Tc-Au

PENPs

Diagnostic imaging [57] Specifically absorbed by HCC cells

overexpressing αvβ3 integrin
131I b 8.0252 d [131I]I-anti-AT1R

mAb

Diagnostic imaging [58] Detect lesions AT1R-expressing

tumors selectivity

[131I]I-anti-TLR5

mAb

Diagnostic imaging [59] Detect lesions expressing TLR5 tumors

with highly targeted selectivity

a Imaging type: PET.
b Imaging type: SPECT.

those requiring down-staging therapy. In practice, some radionu-

clides have the appropriate physicochemical properties to serve as

radioactive embolization agents [63].

Radioactive particle implantation methods, such as 125I-seed

implantation (ISI), are another type of treatment for HCC. Parti-

cle implantation techniques include inter-tissue implantation, por-

tal vein implantation, inferior vena cava implantation, and biliary

duct implantation. These are used to treat intrahepatic lesions, por-

tal vein cancer thrombus, inferior vena cava cancer thrombus, and

intrabile duct cancer or cancer thrombus, respectively. Compared

with ordinary external irradiation, radioactive particle implantation

has advantages of higher local doses to the tumor and less sys-

temic radiation damage.

Relative biological effectiveness (RBE) and lower toxicity may be

more advantageous than β particles in tumor therapy, α particles

can be used for systemic targeted radiotherapy for primary and

metastatic tumors, especially for hematological tumors and small

tumor ranges widely distributed throughout the body [64]. In com-

bination with the metabolic pathway, half-life and availability of

α radionuclides in vivo, the main radionuclides studied in clini-

cal and preclinical studies are 225Ac, 227Th, 213Bi, 211At, 212Pb and
223Ra [65]. In recent years, targeted alpha-particle therapy (TAT)
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has attracted more attention in clinic with the rapid development

of small molecule ligands, peptides, antibodies and nanomaterials

targeting ligands and vectors.

3.1. 90Y

90Y emits only β rays with a range of nearly 12mm and higher

energy (2.28 MeV), making it more suitable for radiotherapy for

larger tumors. It also has fewer restrictions in regard to environ-

mental radiation safety, but it has a strong affinity with bone, so

bone marrow can be damaged by high doses of radiation. In ad-

dition, because γ photons are not emitted, in vitro scintillation

imaging cannot be used to detect the distribution of 90Y in vivo.

Therefore, angiography and 99mTc-MAA scanning are required be-

fore treatment to calculate the percentage of gastrointestinal and

pulmonary shunt in injection activity to avoid toxic reactions. Gen-

erally, shunt over 13% is not suitable for treatment [66].
90Y-RE is a treatment where 90Y spheres are delivered via the

arteries to the liver. The principle of 90Y-RE involves the selective

delivery of a high amount of radiation to the liver tumor and a

low dose to the surrounding normal parenchyma. 90Y-RE can be

thought of as a combination of embolization and radiation therapy,

so standard radiological follow-up models may not be sufficient to

assess the tumor response to therapy accurately.
90Y-microspheres come in two types: resin and glass. Since

glass microspheres have higher activity per particle, they can de-

liver a specific radiation dose with fewer particles, likely reduc-

ing the embolization effect. Therefore, glass microspheres may be

more suitable for early stasis or regurgitation in the context of HCC

with portal vein invasion and radiation segmentectomy. Due to the

low activity per particle of resin microspheres, more particles are

required to provide a specific radiation dose. Therefore, resin mi-

crospheres may be more suitable for tumors that are larger or have

high arterial flow.

Precise treatment plans can lead to more effective and safer

treatment by delivering a higher radiation dose to the tumor while

minimizing exposure to the surrounding liver parenchyma. The

treatment plan relies largely on the estimated radiation dose to

the tissue. Quantitative imaging (90Y SPECT/CT or 90Y PET/CT) after

microsphere treatment can be used to calculate the macroscopic

absorbed dose distributions in vivo [67]. Taebi et al. used compu-

tational fluid dynamics (CFD) simulations in a three-dimensional

hepatic artery tree model to illustrate the uneven distribution

of microspheres between segments of the liver [68]. The re-

sults demonstrated the importance of developing patient-specific

dosimetry methods for effective radioembolization.

However, this treatment always results in a degree of irradia-

tion to the normal liver parenchyma, inducing a different radio-

logical appearance. Unlike other interventional treatments, it can

take months for a tumor response to become apparent when using

TARE. In addition, during follow-up, there are many imaging find-

ings related to the surgery itself, which make image interpretation

and efficacy evaluation difficult [69]. The use of nuclear medicine

imaging can provide valuable information for predicting the tumor

response to TARE. PET/CT has recently proven to be a viable al-

ternative to post-infusion imaging, providing high-quality images

of 90Y-loaded microspheres after selective internal radiation ther-

apy (SIRT). Patient-specific dosimetry is also possible as long as

accurate absolute PET calibration is performed and the collection

time is long enough. The threshold dose of objective response to

HCC was prospectively assessed using paired PET with 90Y to quan-

tify the dose of radiation to hepatic tumors after embolization. The

dose of embolization was calculated from PET images, and the im-

age segmentation was performed by volume analysis of the dose

deposition in tumors [70]. Although Monte Carlo calculations ap-

pear to be superior to all dose estimation algorithms, the data

from D’Arienzo et al. provide a strong argument in favor of the use

of local deposition algorithms in routine 90Y dosimetry based on

PET/CT imaging because of its simplicity of implementation [71].

There is increasing information about the dose-response and

dose-toxicity associations in the liver of TARE, but few studies

have investigated dose-toxicity associations in extrahepatic tissues.

A patient-specific dosimetry method based on the Monte Carlo

technique has been described for the study of lung injury after

TARE [72]. It was found that radiation-induced focal lung injury

occurred at a significantly higher absorbed dose than the cumu-

lative lung dose given in a single dose or during TARE. Another

study has shown that the lung fractional rate (LSF) may be signifi-

cantly overestimated when using planar imaging and can be more

accurately calculated using SPECT/CT imaging and appropriate seg-

mentation tools [73]. Minimizing errors in obtaining LSF could lead

to more effective SIRT treatment plans for HCC with 90Y micro-

spheres selective internal radiotherapy, while ensuring that the

lung dose does not exceed the standard acceptable threshold for

safety.

The feasibility of 90Y-RE in the treatment of HCC has been

demonstrated [74]. 90Y microspheres are also used in the treat-

ment of liver metastasis of cancer, liver metastasis of rectal can-

cer, and liver metastasis of patients with neuroendocrine tumors

[75]. In addition, the safety and efficacy of 90Y glass microspheres

have been evaluated in the treatment of unresectable localized

metastatic liver disease [76]. Anatomical variations may poten-

tially increase the risk of non-target vessel embolization during
90Y radioembolization due to the close proximity of the hep-

atic and intestinal vessel branches. The safety of 90Y-RE with

resin microspheres in patients with different anatomical struc-

tures of the hepatic artery also needs to be considered. Zimmer-

mann et al. reported that 90Y-RE is safe in an abnormal hep-

atic artery at a safe distance of least 1.9 cm from the tip of

the microcatheter [77]. For the non-invasive imaging diagnosis,

rapid-airway-stimulation blood oxygen level-dependent MRI was

used to evaluate the changes of tumor hypoxia after 90Y-RE in a

VX2 rabbit model [78]. According to other studies, 90Y-RE com-

bined with drug eluting beads preloaded with irinotecan (DEBIRI)

show good anti-tumor activity in the treatment of a VX2 rabbit

model [79].

3.2. 166Ho

The European Union has recently approved [166Ho]Ho-

poly(lactic acid) (PLLA) microspheres for clinical use in patients

with HCC. The isotope 166Ho is attractive because it emits high-

energy radiation that can be used for therapeutic effects without

gamma camera saturation and gamma rays that can be used for

SPECT/CT imaging. In addition, due to the paramagnetic and high

density properties, 166Ho can be observed by MRI and CT. Cur-

rently, some 166HO-labeled compounds are used in patients, such

as 166Ho-labeled microspheres for radioembolization of HCC [80].

The 166Ho microspheres can be used as both a reconnaissance

dose (250 MBq) and a therapeutic dose. The general toxicity and

safety of accidental extrahepatic deposition of 166Ho-scout dose

(166Ho-SD) were studied by Arthur et al., and the safety of 250

MBq 166Ho-SD was demonstrated in clinical use [81]. Notably, MRI

can directly observe holmium deposition after administration and

may be adapted to treatment if necessary. Roosen et al. explored
166Ho microspheres for SIRT under being visualized and quantified

by MRI, making it possible to conduct MRI guidance during SIRT

[82].

In vivo dose monitoring, similar to 90Y embolization, the dose

estimation and distribution can also be performed with 99mTc be-

fore and after embolization of 166Ho. As an alternative to 99mTc-

MAA, 166Ho microspheres with reconnaissance dose can be used
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before embolization of 166Ho for predicting intrahepatic distribu-

tion. The application of the same particles in the pretreatment and

the treatment program can improve the predictive value of the

pretreatment distribution analysis. Smits et al. analyzed the consis-

tency between 166Ho-scout and 166Ho-therapeutic dose, and com-

pared the consistency between 99mTC-MAA and 166Ho-therapeutic

dose [83]. It was found that 166Ho-scout has a higher predic-

tive value for intrahepatic distribution of 166Ho microspheres than
99mTC-MAA. The accuracy of 99mTc-MAA based lung absorbed dose

estimation was compared with 166Ho microsphere imaging based

on pre-diagnosis and the actual lung absorbed dose after emboliza-

tion of 166Ho by Elschot et al. [84]. It was demonstrated that 99mTc-

MAA imaging obviously overestimates the absorbed lung dose in

clinical application and pre-diagnosed 166Ho microsphere SPECT/CT

imaging can accurately predict the lung absorbed dose after em-

bolization [85]. However, compared to 99mTc-MAA, accidental ex-

trahepatic deposition of this β-emitting scout dose can cause radi-

ation damage. In response to this concern, Prince et al. quantified

the extent of radiation damage of 166Ho microspheres. Retrospec-

tive studies have shown that extrahepatic deposition of 166Ho at

a scout dose is theoretically safe in most patients and its safety

was being evaluated in clinical trials [86]. For therapeutic radioem-

bolism, highly active 166Ho microspheres are used, which is ide-

ally for dosimetry with direct subsequent SPECT imaging. Stella et

al. evaluated gamma camera performance and SPECT image quality

with high 166Ho activity and proved the feasibility of this strategy

[87]. Additionally, in order to accurately predict the biological dis-

tribution of 166Ho microspheres with 99mTc, Rooij et al. proposed

a dual-isotope SPECT protocol based on 166Ho microspheres and
99mTc stannous phytate, and showed that this novel 166Ho/99mTc

dual isotope protocol for automated dosimetry can accurately com-

pensate for downward scattering, allowing the addition of 99mTc

without compromising 166Ho SPECT image quality [88].

In a phase 1 dose escalation study, safe and efficacy of 166Ho

microspheres were certified for radioembolization of liver metas-

tases that were not suitable for surgical resection [89]. Results

showed that 166Ho microsphere radioembolization induced tumor

response without significant toxicity in salvage patients. Bastiaan-

net et al. then investigated the relationship between absorbed dose

and response and their association with overall survival of 166Ho

radioembolization in patients with liver metastasis [90]. The re-

sults confirmed that tumor response is closely rely on absorbed

dose of 166Ho and was simultaneously associated with a higher

overall survival.

Other types of microspheres based on 166Ho are also being

explored. A novel microdevice that polylactic acid (PLLA) micro-

spheres loaded with [166Ho]Ho-acetyl acetone ([166Ho]Ho-PLLA-

MS) was prepared via the solvent evaporation technique [91]. In

this study, the synthetic microspheres possessed characteristics

with uniform size and surface morphology, complex stability, ra-

diochemical purity and resistibility to neutron irradiation, provid-

ing good evidence for their potential application in radioemboliza-

tion. Furthermore, in order to reduce the treatment cost of TARE,

Subramanian et al. prepared 166HO labeled BiorexTM 70 micro-

sphere that had pleasing yield, splendid stability, and good re-

tention, indicating that the application of these indigenous radio-

labeled microspheres in the treatment of HCC has potential and

deserves further study [92].

3.3. 131I

131I is one of the radionuclides that are widely used in clin-

ical RIT and has a physical half-life of 192h, a maximum β-ray

energy of 0.61 MeV, an average energy of 0.18 MeV, a maximum

range of 2.30mm, and an average range of 0.39mm in soft tissue.

To achieve intrahepatic radiotherapy of 131I, it is necessary to have

appropriate vectors for directional aggregation and retention in the

liver, as well as to achieve an ideal match between the half-life of
131I and the maximum local concentration of the vector in the tu-

mor [93]. Importantly, it is required that the carrier itself does not

cause a severe allergic reaction, and its binding with 131I should be

stable, have little shedding in the body, and have a high binding

rate.

At present, mainly two kinds of vectors are commonly used

[94]. One is biological agents (mainly monoclonal antibodies of hy-

bridoma), which have opened up a new field for specific passive

immunotherapy, but ideal clinical effect equivalent to that of im-

munomodulators has not been achieved. The second type is em-

bolic materials, such as [131I]lipiodol (131I-LUF) and [177Lu]Lu-LUF

(177Lu-LUF), which have suitable particle size for embolization of

middle and small arteries of HCC. In addition, lipiodol has the ad-

vantage of selectively accumulating in HCC tissues, which enables
131I-labeled lipiodol emulsions to be absorbed by tumor tissues to

the maximum extent, and there is very little impact on tissues and

organs other than the liver. Therefore, patients have good tumor

reactivity and tolerance. Transarterial injection of 131I-LUF emul-

sion is suitable for multiple HCC foci or local treatments such as

radiofrequency ablation, as well as for the treatment of subclinical

HCC. The feasibility of 131I-LUF TARE therapy has been proven by

experiments and clinical practice. Moreover, an advantage of this

method is that the vasculature of the liver can be preserved with-

out affecting or limiting the selection indications for liver trans-

plantation.

Schwarz et al. treated 38 patients with 131I-LUF at a dose of

2220 MBq for 4 months post-operatively, and the results showed

that it can improve the disease-free survival rate of HCC patients

[95]. A systematic review and meta-analysis by Ruelan et al. also

showed that adjuvant 131I-LUF extends disease-free survival. It was

found that liver function was preserved in most patients, and mi-

crovascular invasion was generally low [96]. Although the trend

towards adjuvant therapy is worth highlighting, this treatment

does not significantly improve overall survival. The prolongation of

disease-free survival after 131I-LUF adjuvant therapy provides a ba-

sis for further research on adjuvant intra-arterial therapy to im-

prove the overall survival of HCC patients. Efforts should be made

to establish guidelines on the timing and radiation dose of 131I-

LUF administration in order to normalize the potential use of this

unique and evidence-based adjuvant therapy for HCC.

New embolization agents labeled with 131I have also been

widely explored in liver cancer embolization. Chi et al. pre-

pared 131I-gelatin microspheres (131I-GMSS) with the chloramine

T method and studied their effects on human hepatoma cells

(HepG2) in nude mice (Balb/C), as well as their biological distri-

bution after intratumoral injection. The results showed that 131I-

GMSS inhibited the growth of HepG2 and remained in tumors for

a long time after injection [97].

In other work, a highly tumor-specific 131I-TARE agent with

long retention was developed by simply introducing tyrosine into

polyvinyl alcohol (PVA) drug-eluting microspheres (Tyr-PVA-DEBs)

(Fig. 4). Micro-SPECT/CT showed that 131I-labeled microbeads accu-

mulated for 31 d after intra-arterial injection of N1S1 HCC in rats.

In addition, 131I-labeled microbeads were loaded with doxorubicin

hydrochloride (DOX) via a carboxyl group on the polymer tyrosine.

The results showed that the 131I-labeled embolization agent has a

high tumor retention rate and a synergistic therapeutic effect on

the treatment of liver cancer by low-dose trans-arterial chemora-

diotherapy embolization (TARCE), indicating potential for clinical

application [98]. However, the non-biodegradability and rapid de-

position of microsphere materials lead to unsatisfactory distribu-

tion and preclude multiple drug administration.

Pang et al. prepared biodegradable chitosan collagen complex

microspheres (CCMs) with an ideal sedimentation rate. The results
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Fig. 4. Highly tumor-specific and long-acting 131I-DOX microbeads for enhanced treatment of HCC with low-dose radio-chemoembolization. (A) Schematic diagram of treat-

ment strategy. (B) Schematic illustration of 131I-DOX-loaded drug-eluting microbeads (ID-DEBs). (C) TAE of ID-DEBs was detected with SPECT/CT. (D) Photographs of the

resected tumors, (E) micrographs of H&E staining and Ki-67 immunofluorescence of each group at 14 d following the treatment. Reproduced with permission [98]. Copyright

2021, American Chemical Society.

showed that CCMs had the best radiolabeling efficiency, stability,

and a good radioembolization effect in a mouse model of HCC.

Thus, CCMs could have potential in interventional cancer therapy

[99]. 131I is an ideal radionuclide for RIT because of its convenient

availability, easy labeling, appropriate half-life, moderate energy,

short range of radiation release, and good marker stability. When
131I decays, the β rays released by 131I not only can kill tumor cells

directly within range, but also expand the killing range of tumor

cells through "cross interaction" between 131I atoms that emit β
rays.

HAbl8G/CD147 antigen expressed on cell surfaces is a highly

glycosylated transmembrane protein composed of 269 amino acids

and is one of the antigens associated with HCC, which plays

an important role in-situ invasion and distant metastasis of HCC.

[131I]I-metuximab (131I-mab) is a newly developed drug that tar-

gets CD147 and has been proven to be effective in clinical RIT for

primary HCC [100]. In an earlier study, a combination of 131I and

CD147 monoclonal antibody was used to treat HCC in a rabbit VX2

animal model [101]. The findings suggested that [131I]I-CD147-mab

is a promising drug for the treatment of HCC, reducing the expres-

sion of matrix metalloproteinase 2 (MMP2) and CD31 or inducing

tumor necrosis by inhibiting metastasis and growth. Afterwards,
131I-mab and CD147-mab could significantly inhibit the growth of

transplanted tumor, and 131I-mab was more effective than CD147-

mab [102]. The results of this study elucidated the mechanism of

anti-proliferation and anti-metastasis effects of 131I-mab and pro-

vided a theoretical basis for the clinical application of 131I-mab.

About 90% of the blood supply of HCC comes from the hepatic

artery, so direct injection of antibodies through this artery can

maximize the binding rate of antibodies and antigens [103]. There-

fore, 131I-mab is often used in clinical combination with TACE.

Based on the targeting effect of tumor-specific antibodies, 131I-mab

exhibits a double killing effect of monoclonal antibodies and radi-

ation to deliver a precise "cross strike" to target cells and avoid

damage to other organs in the body [104]. Based on this concept,
131I-mab was administered by hepatic artery infusion in clinical tri-

als, which helped to improve HCC control in some patients [105].

Studies have confirmed that HAb18G/CD147 antigen is closely

related to tumor recurrence and can be used as an independent

risk factor for predicting recurrence after HCC resection or liver

transplantation [106]. Bian et al. [107] reported that patients with

CD147-positive HCC who received 131I-mab were also shown to

have a better response. In addition, Xu et al. [108] conducted a

prospective study to evaluate the effect of 131I-mab in prevent-

ing postoperative recurrence of HCC in patients after liver trans-

plantation. The results showed that the one-year recurrence rate of

patients treated with 131I-mab was 26.7%, which was significantly

lower than that of the placebo group at 57.1%.

A meta-analysis showed that TACE combined with 131I-mab in-

fusion in the treatment of unresectable HCC improved local effi-

cacy and OS [109]. Similarly, 131I-mab combined with TACE was

found to prolong the survival time of HCC patients compared with

TACE alone, and the combination therapy was safe and effective

[110]. To further confirm the therapeutic benefits of 131I-mab, some

scholars believe that follow-up studies should ideally be conducted

on a global scale and include a larger proportion of non-HBV-

infected HCC patients [111].

With the development of nanotechnology, nano-drugs have

greatly improved the treatment and diagnosis of liver cancer [112].

Taking the advantages of nanomedicine, 131I-labeled nanoparticles

provide a new therapeutic strategy for the diagnosis and treatment

of HCC. Liver cancer stem cells (LCSCs) are thought to be associ-

ated with occurrence, development, metastasis, and recurrence of

HCC. Thus, a novel strategy for targeting LCSCs was designed and

studied using ferroplatinum nanoparticles (Fept-NPs) as a carrier

and CD133 antigen as a target, which were combined with the

HSV-TK suicide gene, 131I radionuclide irradiation, and magnetic

fluid hyperthermia (MFH) [113]. With PEI-FePt-NPs as a vector,

LCSCs were transfected with pHRE-Egr1-HSV-TK and had a good

transfection effect. 131I-anti-CD133McAb was successfully prepared

with 100% radiochemical purity and labeling rate of 36%, showing

good radio-stability. PEI-FePt-NP-mediated gene therapy combined

with magnetic fluid hyperthermia (pHRE-Egr1-HSV-TK/[131I]I-anti-

CD133McAb/MFH) can effectively inhibit LCSC proliferation and in-
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duce cell apoptosis. This study provides a theoretically sound and

feasible method for the treatment of LCSC, but has been limited to

in vitro experiments.

Lin et al. studied the in vitro and in vivo targeting effect of

[131I]I-anti-AFPMcAb-GCV-BSA-NPs on AFP-positive HCC. Compared

with 131I alone, [131I]I-anti-AFPMcAb-GCV-BSA-NPs are more easily

absorbed and retained by HCC tissues and have a higher T/NT ra-

tio. [131I]I-anti-AFPMcAb-GCV-BSA-NPs have good drug loading, a

high encapsulation rate, and high selective affinity for AFP pos-

itive tumors, so they are expected to be effective in gene ther-

apy for HCC radiotherapy [114]. Similarly, Ji et al. designed and

prepared a combination of radiotherapy and chemotherapy for

albumin nanospheres, [131I]I-anti-AFPMcAb-DOX-BSA-NPs. The re-

sults showed that [131I]I-anti-AFPMcAb-DOX-BSA-NPs could signif-

icantly inhibit the growth of hepatocellular carcinoma [115]. Thus,

nanomedicine based on 131I-radiotherapy could provide new ideas

for efficient therapeutic strategies for HCC.

3.4. 125I

125I is a radionuclide with a long half-life (t1/2 =59.7 d). It re-

leases low-energy γ rays (27 keV, characteristic X-ray) without β
radiation, so it is widely used in the clinical diagnosis of nuclear

medicine, biomedical research, and brachytherapy for tumors. Es-

pecially in recent years, the clinical application of 125I radioactive

seeds has been developed rapidly, its efficacy has been affirmed,

and it is recognized as a safe and effective for treatment low com-

plication rates. Brachytherapy with 125I is currently one of the ef-

fective and safe treatment options for HCC complicated by portal

vein tumor thrombosis (PVTT) [116,117].

A meta-analysis suggested that 125I-irradiated stents are more

effective in the treatment of HCC with portal vein tumor thrombo-

sis. Portal vein stenting combined with intravascular brachyther-

apy may be an alternative therapy for PVTT HCC [118]. Lin et

al. evaluated the efficacy and toxicity of 125I brachytherapy after

transcatheter arterial chemoembolization in 77 patients with HCC

complicated by PVTT [119]. The study showed that 125I brachyther-

apy had a good therapeutic effect on these patients. Other studies

also found that ISI combined with TACE significantly prolongs the

median survival time of PVTT patients with liver cancer, improving

the survival rate at 6, 12 and 18 months [120]. All evidence reveals

that ISI combined with TACE is a safe and effective treatment for

liver cancer tumor thrombosis [121].
125I-seeds are low-energy radionuclides that provide long-term

local control and improve survival in patients with HCC. Stud-

ies have shown that TACE combined with 125I implantation is su-

perior to TACE alone in the treatment of HCC [122]. By com-

paring the efficacy of TACE combined with 125I seed implanta-

tion (TACE-125I) and TACE combined with radiofrequency abla-

tion (RFA) in the treatment of early and intermediate HCC, re-

searchers believe that TACE combined with ISI may be an ef-

fective and safe alternative therapy for early and middle-stage

HCC patients who cannot receive radiofold ablation or surgical

treatment [123].
125I brachytherapy can achieve a high local control rate in

solid cancer. At the same time, the efficacy and safety of RFA

in patients with local recurrence or residual HCC can prolong

the progression-free survival of patients [102]. The efficacy of ISI

was also demonstrated in the treatment of locally residual tu-

mors in subphrenic HCC after TACE [124]. Tumor recurrence is a

major problem after radical resection of HCC. Studies show that
125I assisted brachytherapy significantly prolongs TTR and increases

the OS rate after radical HCC resection [125]. 125I combined with

TACE also has good efficacy in the treatment of unresectable HCC

complicated by obstructive jaundice [126]. Another CT-guided 125I

brachytherapy is safe and effective for bilateral lung recurrence af-

ter HCC resection or ablation [127].

In an investigation of seed-implantation methods, 1.5-T MRI-

guided radiofrequency ablation combined with ISI was found to

be an effective technique to treat HCC near great vessels [128]. In

a single-center retrospective analysis, ISI guided by CT was evalu-

ated as highly effective and safe in the treatment of challenging

site lesions following TACE for HCC or CCC [129]. Even without

the guidance of any imaging equipment, radioactive particles can

be safely and effectively implanted into the tumor. Some schol-

ars have discussed the anti-tumor mechanism of 125I on HCC. They

examined the effects of 125I irradiation on glycolysis in HCCLM3

and SMMC-7721 cells. It was found that 125I irradiation upregu-

lates the inhibitory effect of miR-338 on phosphofructokinase of

liver (PFKL) and down-regulates the Warburg effect of HCC. Thus,

this approach could provide a new potential strategy for clinical

treatment of HCC [130].

ISI and cytokine-induced killer cell therapy have been shown to

be effective in the treatment of HCC. It is found that mice treated

with a combination of radiation and immunotherapy had a sig-

nificant reduction in tumor growth [131]. It is believed that ISI

can up-regulate the expression of major histocompatibility com-

plex I (MHC I) chain-associated gene A in HCC cells and en-

hance cytokine-induced killer cell-mediated apoptosis by activat-

ing caspase-3. In addition, cytokine-induced killer cells provide im-

mune substrates that induce a strong immune response after ISI

therapy. Therefore, ISI combined with cytokine-induced killer cell

therapy can significantly inhibit the growth of human HCC cells

in vivo, as well as improve the survival time of animals. This oc-

curs through mutual promotion of anti-tumor immunity, which is

a promising method for HCC treatment.

3.5. 177Lu, 153Sm, and 188Re

177Lu decays to stable hafnium (Hf 177) with a half-life of 6.65

d, emitting the most energetic beta radiation at 0.498 MeV and

photon gamma radiation at 0.208 MeV and 0.113 MeV. The poten-

tial application value of [177Lu]Lu-diethyltriamine pentaacetic acid-

deoxyglucose (177Lu-DTPA-DG) as a radiotherapy agent for liver tu-

mor has been discussed [132]. Biodistribution, imaging, and ra-

diotherapy of 177Lu-DTPA-DG were studied using an SMMC-7721

model. The results showed that after 177Lu-DTPA-DG radiotherapy,

tumor growth was reduced, and overall survival was longer than

that of the control group. Therefore, 177Lu-DTPA-DG has the poten-

tial to be used as a hepatic radiopharmaceutical and is worthy of

further study.
153Sm has therapeutic advantages because of the emitting of

therapeutic and diagnostic gamma radiation, in contrast to the

simple β emitter 90Y. Wong et al. developed neutron-activated

[153Sm]Sm carbonate (153SmC)-labeled microspheres as an alter-

native to 90Y-labeled hepatic radioembolism [133]. In the case of
153SmC-labeled microspheres, the retention efficiencies of 153SmC

in distilled water and brine were 99% and 97%, which are higher

than those of 153Sm-labeled microspheres (∼95% and ∼85%, re-

spectively). The characterization data showed that 153SmC-labeled

microspheres have good prospects for application in the treatment

of hepatic radioembolism. However, this study lacked further stud-

ies on the safety and efficacy of application in vivo.
188Re is an ideal therapeutic radionuclide with a half-life of

16.7 h. It can emit γ rays with maximum energy of 795KeV, and

the energy is moderate. The irradiation range within the tissue is

short, which induces little damage to the tissue around the tumor.

It also emits β rays simultaneously, which can be used for imag-

ing. The main advantages are that the radionuclides do not need

reactor production and can be easily obtained by a generator. Com-

pared with other radionuclides, the cost is also lower, and inconve-
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nience caused by transportation and storage can be avoided, which

can help to reduce the treatment cost for liver cancer patients, fa-

cilitating the development of radionuclides for cancer treatment.

Because [188Re]Re-LUF releases small ray energy with short

half-life, the patient only needs to be hospitalized for 48h af-

ter treatment without special protection after discharge, which

leads to good compliance from patients. Good safety and tolera-

bility with less adverse reactions with doses of up to 7400 MBq of

[188Re]Re-LUF intracoradiotherapy were appeared in one study ex-

amined 16 cases who could not be cured by surgery [134]. 188Re-

labeled microsphere (188Re-MS) is another form of 188Re for ther-

apying HCC. Vega et al. developed a uniform-size and biodegrad-

able 188Re-MSs utilizing polylactic acid as a new and easy-to-

image TARE reagent [135]. Microspheres were labeled with 188Re

and injected through an intrahepatic arterial catheter. Results indi-

cated that 188Re-MSs have potential as a new generation of TARE

reagents. Future work should be done to investigate the therapeu-

tic potential of 188Re-MSs in large, long-term, preclinical studies

and to evaluate the clinical outcomes of using 188Re-MSs in differ-

ent sizes.

3.6. 227Th and 225Ac

TAT is an emerging cancer targeted therapy strategy that uti-

lizes specifically targeted delivery of alpha particles emitting ra-

dionuclides, such as 227Th and 225Ac, which can effectively kill can-

cer cells and limit bystander cytotoxicity in the tumor areas. Park’s

team reported the development of a 227Th-labeled GPC3-targeted

antibody conjugate ([227Th]Th-octapa-αGPC3) for HCC treatment in

an orthotopic mouse model, demonstrating highly specific target-

ing of GPC3 and significant tumor subduction in HepG2 tumor-

bearing mice without acute off-target toxicity or animal death was

observed [136]. In another study, Bell et al. synthesized [225Ac]Ac-

Macropa-GC33 using GC33, a full-length humanized monoclonal

IgG1 specific to GPC, an 18-member heterocyclic crown ether.

While, significant toxicity was observed, modest survival advan-

tage was embodied, and a significant and rapid decrease in white

blood cells was showed in hematological analysis in all radiation-

coupled groups. Their study highlighted a significant disadvantage

of TAT with directly labeled biomolecules with longer circulation

times. The dose fractionation, pretargeting, and the use of smaller

targeted ligands maybe reasonable strategies to mitigate the toxic-

ity of TAT [137].

3.7. Induction and summary

Different radionuclides have different application stages and

treatment methods in the treatment of HCC, and their main ap-

plication characteristics are summarized in Table 2.

4. Discussion and outlook

HCC is a kind of cancer with complex and diverse etiology. For

imaging diagnosis in this context, different methods are needed

to obtain image information at different stages. Nuclear medicine

can play an irreplaceable role in the early diagnosis, metabolism,

blood supply, and metastasis of liver cancer; preoperative surgi-

cal planning and dose estimation; postoperative metastasis; recur-

rence; prognosis prediction; and other aspects. It could also pro-

vide important information for clinical diagnosis of liver cancer.

Clinical studies have shown that the sensitivity of

[11C]choline/[18F]F-choline to detect HCC is higher than that of
18F-FDG, especially for well-differentiated HCC. However, choline

imaging agents can also be ingested by poorly differentiated HCC

lesions, so it is impossible to evaluate the degree of differentiation

solely based on the uptake of imaging agents. The combination of T
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[11C]choline/[18F]F-choline can significantly improve the diagnostic

value of HCC detection. In recent years, [68Ga]Ga-PSMA-11 PET/CT

has also been found to play an important role in the imaging

diagnosis of HCC. Therefore, a larger series of studies is needed to

better determine the clinical impact of the two-tracer PET model

on HCC patients while taking dosiological considerations into

account.

Although many PET or SPECT imaging probes are used in the

diagnosis of HCC, there are still shortcomings in the early diagno-

sis, preoperative planning, and efficacy evaluation of liver cancer.

To fully exploit the advantages of nuclear medicine and solve the

major problems in HCC diagnosis, the need for specific probes with

appropriate radionuclides will always be a research direction worth

exploring. In order to improve the application of nuclear medicine

in early diagnosis, cancer staging, preoperative planning, and prog-

nosis evaluation of HCC, the research and development of imaging

probes with more practical value will be of great significance for

the diagnosis and monitoring of HCC by comprehensively consider-

ing rationality, science, and economy. Of course, limitations on the

application of nuclear medicine in HCC also include the research,

development, and application of imaging equipment. Furthermore,

portable, multifunctional, integrated imaging equipment may be a

future direction to explore.

HCC is considered to be radio-resistant [138], but the clinical

value of radionuclide-based radiotherapy for HCC cannot be ig-

nored. The effect of a single therapy on the treatment of HCC is

often limited. In the fight against this kind of malignant tumor, it is

often necessary to adopt a combination of two or more therapeu-

tic measures according to the physical condition of the patient, tu-

mor differentiation, blood supply, and immune environment of the

tumor. For example, the combination of internal radiotherapy and

chemotherapy drugs may improve the sensitivity of tumor cells to

chemotherapy drugs or irradiation, as well as reduce the irradi-

ation burden for patients. When combined with immunotherapy,

radiotherapy can regulate the immune environment of the tumor

and improve the effect of immunotherapy.

With the development of production technology and labeling

methods, the application of radionuclides in the medical field will

have more and more advantages. For the application of radionu-

clides in HCC, it is most important to solve the stability and tar-

geting issues of radionuclides in vivo, to reduce the unnecessary

irradiation of radionuclides to normal tissues, and to improve the

accuracy of tumor diagnosis and the effectiveness of treatment. It

is believed that the development of radionuclides will make signif-

icant contributions to the treatment of HCC.
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