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Objective: Targeted and immunotherapy offer new treatment options for patients with advanced hepatocellular carcinoma (HCC); 
however, the proportion of patients who benefit from these therapies remains limited. Moreover, these treatments can involve 
complications and add financial burdens to patients, underscoring the need to identify those who are likely to benefit. As an advanced 
molecular imaging technique, nuclear medicine has the potential to predict treatment efficacy in targeted and immunotherapy, though 
its predictive accuracy remains uncertain. This narrative review aims to summarize existing research on nuclear medicine applications 
in this area, providing clinicians with new perspectives.
Materials and Methods: We conducted a literature review across multiple medical databases, including PubMed, Embase, Cochrane 
Library, Web of Science, and Scopus. Relevant studies were identified, organized, and summarized to present findings in the field.
Results: The findings indicate that metrics such as maximum standardized uptake value (SUVmax) and metabolic tumor volume 
(MTV) correlate with the efficacy of targeted and immunotherapy. Additionally, emerging nuclear medicine techniques have shown 
promise in predicting PD-L1 expression.
Conclusion: Nuclear medicine holds potential for identifying patients who are likely to benefit from targeted and immunotherapy. 
However, further refinements are necessary to optimize its predictive capabilities.
Keywords: nuclear medicine, hepatocellular carcinoma, immunotherapy, targeted therapy, FDG PET/CT

Introduction
Cancer treatment has rapidly evolved with the introduction of immunotherapy and targeted therapy, especially for 
advanced-stage malignancies like hepatocellular carcinoma (HCC). Immunotherapy, particularly immune checkpoint 
inhibitors (ICIs), has gained prominence by enhancing the body’s natural immune response to recognize and destroy 
cancer cells. ICIs such as anti-programmed cell death protein 1 (PD-1) and anti-programmed death-ligand 1 (PD-L1) 
antibodies block inhibitory pathways in T-cells, thereby restoring antitumor immunity. Agents like nivolumab and 
pembrolizumab have shown efficacy in various cancers, including melanoma and non-small cell lung cancer,1–3 and 
are now being investigated for their benefits in HCC.4

Targeted therapies, on the other hand, aim to disrupt specific molecular pathways crucial for tumor growth and 
survival. In HCC, tyrosine kinase inhibitors (TKIs) such as sorafenib and lenvatinib, and anti-vascular endothelial growth 
factor (VEGF) agents like bevacizumab, have demonstrated effectiveness in inhibiting angiogenesis and cellular 
proliferation. Combining targeted therapies with ICIs has become an attractive strategy, as these agents can potentially 
enhance the tumor’s immunogenicity, thereby improving the response to immunotherapy combined target therapy.5

Journal of Hepatocellular Carcinoma 2025:12 2445–2457                                                 2445
© 2025 Tu et al. This work is published and licensed by Dove Medical Press Limited. The full terms of this license are available at https://www.dovepress.com/terms.php 
and incorporate the Creative Commons Attribution – Non Commercial (unported, v4.0) License (http://creativecommons.org/licenses/by-nc/4.0/). By accessing the work 

you hereby accept the Terms. Non-commercial uses of the work are permitted without any further permission from Dove Medical Press Limited, provided the work is properly attributed. For 
permission for commercial use of this work, please see paragraphs 4.2 and 5 of our Terms (https://www.dovepress.com/terms.php).

Journal of Hepatocellular Carcinoma                                                

Open Access Full Text Article

Received: 3 June 2025
Accepted: 22 October 2025
Published: 31 October 2025

Jo
ur

na
l o

f H
ep

at
oc

el
lu

la
r 

C
ar

ci
no

m
a 

do
w

nl
oa

de
d 

fr
om

 h
ttp

s:
//w

w
w

.d
ov

ep
re

ss
.c

om
/

F
or

 p
er

so
na

l u
se

 o
nl

y.

http://www.dovepress.com/permissions.php
https://www.dovepress.com/terms.php
http://creativecommons.org/licenses/by-nc/4.0/
https://www.dovepress.com/terms.php
https://www.dovepress.com


Challenges in Treatment Response Prediction
Despite the advancements in immunotherapy and targeted treatments, predicting treatment response remains a significant 
challenge.6 The efficacy of ICIs is often limited to a subset of patients, with many experiencing resistance or incomplete 
responses. Traditional biomarkers such as PD-L1 expression and tumor mutational burden (TMB) have been explored for 
predicting responses to ICIs. However, their utility is limited by tumor heterogeneity, dynamic expression changes over 
time, and variations in assay methods across clinical settings. For instance, PD-L1 expression in HCC may not 
consistently correlate with treatment outcomes due to variability in expression within the tumor microenvironment and 
across different lesions5.7 This inconsistency highlights the need for non-invasive, real-time monitoring tools that can 
provide a comprehensive view of tumor biology and therapeutic response, addressing biomarker heterogeneity through 
whole-body metabolic imaging.1,6 Advanced imaging modalities, particularly molecular imaging techniques, have 
emerged as promising candidates to fulfill this need.1

Role of Nuclear Medicine in Oncology
Nuclear medicine plays a pivotal role in modern oncology by providing unique insights into tumor biology through 
advanced imaging techniques such as positron emission tomography/computed tomography (PET/CT) and PET/magnetic 
resonance imaging (MRI). These modalities not only offer anatomical details but also evaluate metabolic and functional 
aspects of tumors using radiotracers like fluorodeoxyglucose (FDG). For instance, FDG-PET/CT is particularly effective 
in detecting changes in tumor metabolism, which can indicate early treatment responses before any morphological 
changes are visible on conventional imaging techniques. This is especially important in monitoring therapies such as 
chemotherapy or immunotherapy, where metabolic alterations often precede anatomical changes.1,8,9 Moreover, early 
changes in FDG uptake on PET/CT scans have been linked to better clinical outcomes and overall survival, especially in 
patients undergoing combined therapy. While traditional criteria like RECIST may not fully capture treatment effects, 
especially in cases of pseudoprogression or atypical response patterns seen with immune checkpoint inhibitors, PET- 
based criteria such as PERCIMT or iPERCIST have been developed to better assess metabolic responses and adapt 
therapeutic strategies accordingly.10,11

The concept of theranostics, which combines diagnostic imaging and targeted radiotherapy, has further expanded the 
utility of nuclear medicine.12 In theranostics, radiolabeled agents are used for both imaging and delivering therapeutic 
radiation to cancer cells. This approach allows for the visualization of target expression (eg, PD-L1) and the subsequent 
administration of radionuclide therapy, providing a personalized treatment strategy. Theranostics has shown promise in 
managing neuroendocrine tumors and prostate cancer,13 and its application is now being explored in HCC.14

By integrating molecular imaging with conventional therapies, nuclear medicine has the potential to improve patient 
selection for ICIs or targeted therapy and to monitor treatment efficacy more accurately. This dual diagnostic and 
therapeutic capability makes it a valuable tool in the era of precision oncology.

HCC Pathobiology and Imaging Challenges
HCC exhibits variable FDG avidity due to glucose-6-phosphatase (G6Pase) activity: well-differentiated tumors are FDG- 
low, while poorly differentiated are FDG-avid, complicating prediction vs other cancers.15 Historical tracers like [11C]- 
acetate/choline address this, but immune-specific tracers (eg, granzyme B) offer superiority by targeting TME 
dynamics.16

Novelty and Scope of This Review
While prior reviews have summarized nuclear medicine in oncology (eg, Aide et al, 2019;1 Iravani and Hicks, 20209), 
this narrative review provides an updated, HCC-focused synthesis of post-2020 evidence on predictive biomarkers like 
MTV and novel tracers, integrated with AI and practical barriers, offering fresh perspectives for clinical translation not 
covered in earlier works (eg, Iravani et al, 2021;17 Aide et al, 202011). This narrative review focuses on the predictive/ 
prognostic value of nuclear medicine biomarkers for ICI ± anti-VEGF therapy in HCC, with primary endpoints including 
ORR, MPR/pCR, PFS, and OS, and secondary endpoints like PD-L1 expression and immune infiltration.

https://doi.org/10.2147/JHC.S544565                                                                                                                                                                                                                                                                                                                                                                                                                                                   Journal of Hepatocellular Carcinoma 2025:12 2446

Tu et al                                                                                                                                                                               

Powered by TCPDF (www.tcpdf.org)Powered by TCPDF (www.tcpdf.org)



Mechanisms of Immunotherapy and Targeted Therapy in HCC
Immune Checkpoint Inhibitors (ICIs)
ICIs target pathways like PD-1/PD-L1 and CTLA-4 to restore T-cell activity. Anti-PD-1/PD-L1 agents (eg, nivolumab, 
atezolizumab) block tumor immune evasion, while anti-CTLA-4 (eg, ipilimumab) enhances T-cell proliferation.1,5 In 
HCC, these show response rates of 15–20% as monotherapy, improving to 30–40% in combinations.18 Response 
heterogeneity remains a challenge, with ICIs yielding 15–20% ORR in HCC due to variable TME immunosuppression.18

Targeted Therapy Mechanisms
Targeted therapies focus on inhibiting specific molecular pathways that drive tumor growth and progression. In HCC, 
several signaling pathways are commonly dysregulated, including the VEGF, RAF/MEK/ERK, and PI3K/AKT/mTOR 
pathways. The agents sorafenib and lenvatinib have been approved as first-line treatments for advanced HCC due to their 
ability to target multiple kinases involved in tumor cell proliferation and angiogenesis.19

Sorafenib
As a multi-kinase inhibitor, sorafenib targets the RAF kinase in the MAPK/ERK signaling pathway, which is involved in 
cell division and survival, as well as VEGFR and PDGFR, which are key regulators of angiogenesis. By inhibiting these 
pathways, sorafenib reduces tumor growth and blood vessel formation, thereby limiting nutrient supply to the tumor.20

Lenvatinib
Lenvatinib also acts as a multi-kinase inhibitor but has a broader range of targets, including VEGFR, FGFR, PDGFR, 
and the RET receptor tyrosine kinases. It is particularly effective in reducing angiogenesis and tumor invasion by 
inhibiting both VEGF and FGF signaling pathways, which are essential for tumor vascularization. This inhibition not 
only restricts tumor growth but may also alter the tumor microenvironment, potentially making it more susceptible to 
immune attack.21,22

Combination Therapies
Combining immunotherapy with targeted therapies represents a promising approach to overcoming resistance mechan
isms and enhancing therapeutic efficacy.23 The rationale for combination strategies lies in the complementary mechan
isms of action: while ICIs restore immune function and enable T cells to recognize and attack cancer cells, targeted 
therapies directly inhibit tumor cell proliferation and disrupt the supportive tumor microenvironment.24

Rationale for Combination
Targeted agents, such as sorafenib or lenvatinib, can potentially increase the immunogenicity of the tumor by modulating 
the immune microenvironment. For instance, the inhibition of VEGF not only reduces angiogenesis but can also 
normalize the tumor vasculature, improving the infiltration of immune cells, such as cytotoxic T lymphocytes, into the 
tumor.25,26 Additionally, some targeted therapies may induce immunogenic cell death, which releases tumor antigens and 
promotes an adaptive immune response, further enhancing the effects of ICIs.

Clinical Examples
The combination of atezolizumab (an anti-PD-L1 antibody) and bevacizumab (an anti-VEGF agent) has shown improved 
survival outcomes in patients with advanced HCC compared to sorafenib alone, as demonstrated in the IMbrave150 
trial.27 This combination takes advantage of bevacizumab’s ability to modulate the tumor vasculature and enhance 
immune cell infiltration while atezolizumab reactivates T-cell function. Such strategies exemplify the synergistic 
potential of integrating immunotherapy and targeted therapy for better clinical outcomes.

Understanding the mechanisms underlying ICIs, targeted therapies, and their combination is crucial for developing 
effective treatment strategies for HCC. Continued research into optimizing these therapies and identifying predictive 
biomarkers will be essential for personalizing treatment and improving patient outcomes.

Journal of Hepatocellular Carcinoma 2025:12                                                                                    https://doi.org/10.2147/JHC.S544565                                                                                                                                                                                                                                                                                                                                                                                                   2447

Tu et al

Powered by TCPDF (www.tcpdf.org)Powered by TCPDF (www.tcpdf.org)



Molecular Imaging in Predicting Treatment Response
FDG PET/CT in Immunotherapy Evaluation
Fluorodeoxyglucose positron emission tomography/computed tomography (FDG PET/CT) is a widely used molecular 
imaging technique in oncology that assesses metabolic activity in tumors by measuring glucose uptake. Its role in 
immunotherapy evaluation lies in the ability to detect metabolic changes associated with immune responses, such as 
T-cell activation and tumor inflammation, which can manifest as increased FDG uptake.1,8,9 These metabolic changes 
often occur earlier than structural changes, making FDG PET/CT valuable for assessing early treatment responses to 
immune checkpoint inhibitors (ICIs). FDG changes serve as predictive indicators as they reflect underlying biological 
processes in the tumor microenvironment, particularly changes in cellular metabolism associated with an immune 
response. Increased glucose uptake seen on FDG PET/CT may indicate active immune cell infiltration, as immune 
cells like activated T-cells have higher metabolic demands and thus consume more glucose. By identifying these 
metabolic shifts early, FDG PET/CT can provide an early indication of treatment efficacy, helping to differentiate 
between responders and non-responders before conventional imaging shows anatomical changes. This early metabolic 
insight allows for timely adjustments to treatment plans, potentially improving outcomes by allowing more personalized 
therapeutic approaches.11,28,29

Recent studies have highlighted the utility of FDG PET/CT in predicting treatment responses in HCC patients 
undergoing combination therapy with Lenvatinib and PD-1 inhibitors. Metabolic parameters such as the maximum 
standardized uptake value (SUVmax) and the tumor-to-normal liver standardized uptake value ratio (TLR) were found to 
correlate with major pathological response (MPR). High baseline TLR values and significant reductions in TLR after 
treatment were associated with better treatment outcomes, including prolonged progression-free survival (PFS) and 
overall survival (OS). These findings suggest that FDG PET/CT can serve as a valuable biomarker for preoperative 
evaluation and prognosis prediction in HCC patients, especially when assessing the effectiveness of conversion 
therapy.9,30 The predictive power of FDG PET/CT in this context arises from its ability to capture metabolic alterations 
that reflect tumor aggressiveness and responsiveness to therapy. Higher baseline SUVmax and TLR values typically 
indicate more active tumor metabolism, which can correlate with greater tumor burden and aggressiveness. However, 
reductions in these values following treatment may signal an effective tumor response to the combination therapy, as 
metabolic activity decreases in responsive tumors. By monitoring these shifts, FDG PET/CT provides insight into the 
metabolic state of the tumor over time, helping to evaluate the effectiveness of therapy early in the treatment course. This 
enables clinicians to make data-informed adjustments to therapy, enhancing personalized treatment approaches for better 
patient outcomes30,31.32

Additionally, MTV has emerged as a significant predictor of overall survival in HCC patients receiving combination 
therapy. Higher MTV values (≥39.65 cm³) were associated with poorer prognosis, while a combination of MTV, ECOG 
performance status, Child-Pugh classification, and the presence of bone metastases allowed for better stratification of 
patients into different risk groups. These findings suggest that FDG PET/CT metabolic parameters, especially MTV, can 
serve as valuable biomarkers for evaluating prognosis and guiding treatment decisions in HCC patients undergoing 
immunotherapy and targeted therapy.31 The significance of MTV as a predictor lies in its ability to reflect the overall 
metabolic burden of the tumor, which correlates with tumor aggressiveness and the extent of disease. Higher MTV values 
indicate a larger volume of metabolically active tumor tissue, which can signal advanced disease and a greater likelihood 
of resistance to therapy. By incorporating MTV alongside clinical factors such as ECOG performance status, liver 
function (Child-Pugh classification), and bone metastasis presence, clinicians can achieve a more comprehensive risk 
assessment. This multimodal approach allows for precise prognostication and more personalized treatment planning, 
tailoring interventions according to the predicted disease trajectory and improving overall patient management31,33 (see 
Table 1 for a summary of HCC cohorts evaluating FDG metrics for ICI ± TKI).

Correlation with PD-L1 Expression and Immune Infiltration
Higher FDG uptake metrics—such as standardized uptake value maximum (SUVmax) and metabolic tumor volume 
(MTV)—correlate with PD-L1 expression and tumor-infiltrating lymphocytes, enabling non-invasive patient stratification 
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for ICIs (eg, high TLR predicts MPR and guides conversion therapy decisions)30 t ADDIN EN.CITE a, and hepatocel
lular carcinoma (HCC), where higher SUVmax is linked to immune cell infiltration (eg, CD8+ T cells, M2 macrophages) 
and aggressive features like poor differentiation or portal vein thrombosis.1,34,35 Recent studies have indicated that 
pretreatment metabolic parameters measured by 18F-FDG PET/CT, such as the tumor-to-normal liver standardized 
uptake value ratio (TLR), are valuable in predicting treatment response in HCC patients undergoing combination therapy 
with PD-1 inhibitors and lenvatinib. Higher TLR values have been associated with a better pathological treatment 
response, suggesting that metabolic imaging can help identify patients more likely to benefit from combined therapies. 
This correlation between higher SUV metrics and favorable responses may be attributed to increased immune cell 
activity within the tumor microenvironment, serving as a predictive biomarker for immunotherapy outcomes in HCC and 
other cancers, such as colorectal liver metastases (CRLM).9,35,36

Further research has introduced innovative approaches to understanding the role of PD-L1 in immunotherapy. One 
study utilized lysosome-targeting chimeras (LYTACs) for targeted protein degradation to selectively degrade PD-L1 on 
tumor cells while leaving host immune cells unaffected. PET imaging with a PD-L1-specific tracer (89Zr-αPD-L1/Fab) 
demonstrated that the degradation of tumor cell PD-L1 did not significantly impact the efficacy of anti-PD-1 therapy, 
whereas the presence of PD-L1 on host cells played a crucial role in the treatment response. This finding highlights the 
differential impact of PD-L1 expression on various cell types within the tumor microenvironment, suggesting that host 
PD-L1 is a more relevant target for predicting and enhancing the efficacy of immunotherapy. The combination of targeted 
protein degradation and PET imaging provides a novel strategy to non-invasively assess PD-L1 expression and its 
functional role in immunotherapy. These insights could improve patient selection and optimize immunotherapy 
approaches in HCC and other cancers.37

Novel PET Radiotracers for Immunotherapy Prediction
While FDG PET/CT is useful for assessing metabolic activity, it is not specific for immune-related changes, as FDG 
uptake can also reflect non-immune processes, such as increased glycolysis in aggressive tumors. To overcome this 
limitation, novel PET radiotracers have been developed to target specific immune markers, providing more precise 
information about the tumor microenvironment.9,28

Radiotracers Targeting PD-L1 and CD8+ T Cells
New PET tracers, such as [89Zr]Zr-DFO-anti-PD-L1 and [64Cu]Cu-DOTA-CD8, are designed to bind to PD-L1 or 
CD8+ T cells, respectively. 89Zr with chelating agent added can specifically bind to PD-L1 at the tumor site, and the 
nuclear signal value is 4–6 times that of the surrounding tissue.38 These tracers can provide insights into the distribution 
and density of immune checkpoints or effector T cells within the tumor. Imaging with these tracers enables the non- 
invasive assessment of immune cell activity and checkpoint expression, potentially predicting response to ICIs. For 
example, [89Zr]Zr-DFO-anti-PD-L1 has shown promise in assessing the expression of PD-L1 in real-time, allowing for 
dynamic evaluation of changes in the immune landscape during therapy.39,40

Recent studies demonstrated that [89Zr]Zr-DFO-anti-PD-L1 can quantitatively assess PD-L1 expression levels 
in vivo, offering precise, non-invasive evaluation of immune checkpoint expression. In xenograft and syngeneic tumor 
models, this tracer successfully distinguished varying PD-L1 expression levels among tumors and detected therapy- 
induced changes, such as PD-L1 upregulation after radiotherapy. This capability allows for real-time monitoring of PD- 
L1 dynamics, potentially predicting responses to PD-L1-targeted therapies and guiding personalized treatment 
decisions.41

Table 1 HCC Cohorts Evaluating FDG Metrics for ICI ± TKI

Study Metric/Cutoff Outcome HR/AUC Validation

Wang et al, 202322 TLR >2.5 (baseline); ΔTLR >30% MPR, PFS/OS HR 2.8; AUC 0.82 Internal
Wang et al, 202323 MTV ≥39.65 cm³ OS HR 3.1; AUC 0.75 None

Wang et al, 202225 TLR >3.0 Pathological response AUC 0.78 External

Journal of Hepatocellular Carcinoma 2025:12                                                                                    https://doi.org/10.2147/JHC.S544565                                                                                                                                                                                                                                                                                                                                                                                                   2449

Tu et al

Powered by TCPDF (www.tcpdf.org)Powered by TCPDF (www.tcpdf.org)



Similarly, [99mTc]-NM-01, a SPECT-based radiotracer, has been developed to target PD-L1 with high specificity. 
Preclinical studies demonstrated that [99mTc]-NM-01 effectively binds to PD-L1 and can non-invasively image PD-L1- 
positive tumors with high tumor-to-background contrast. This tracer provides an additional option for assessing PD-L1 
expression without interfering with therapeutic antibodies, making it suitable for monitoring changes during 
immunotherapy42 (see Table 2 for emerging immune tracers).

Radiotracers Targeting Granzyme B for Monitoring Immune Activation
Recent studies have introduced novel radiotracers that target granzyme B, a serine protease released by activated immune 
cells such as cytotoxic T lymphocytes and natural killer (NK) cells. One promising example is [18F]AlF-mNOTA-GZP, 
a PET tracer designed to bind to granzyme B, allowing for the assessment of immune cell activity directly within the 
tumor microenvironment. In preclinical models of hepatocellular carcinoma (HCC), this tracer demonstrated its ability to 
differentiate between tumors that responded to immune checkpoint inhibitors and those that did not. The increased uptake 
of [18F]AlF-mNOTA-GZP in responsive tumors was correlated with higher levels of granzyme B-positive NK cells, 
suggesting that this tracer could serve as a valuable biomarker for predicting the effectiveness of immunotherapy in HCC. 
Such radiotracers provide a more specific assessment of immune-related processes compared to FDG, potentially 
enhancing the precision of treatment response evaluation.16

Limitations of FDG PET/CT
One significant limitation of FDG PET/CT in immunotherapy monitoring is the occurrence of pseudoprogression and 
hyperprogression.11,28 Pseudoprogression refers to an apparent increase in tumor size or metabolic activity due to 
immune cell infiltration, which can mimic disease progression on imaging but is later followed by tumor regression. 
Hyperprogression, on the other hand, is characterized by an accelerated tumor growth rate after initiating immunotherapy. 
These phenomena can complicate the interpretation of PET/CT scans, highlighting the need for specific radiotracers that 
can distinguish between true progression and immune-related changes.8,11,28

PET/MRI and Multimodal Imaging
Combining PET with magnetic resonance imaging (MRI) provides an advanced multimodal imaging approach that 
integrates the functional information from PET with the high-resolution anatomical and soft tissue contrast from MRI. 
This combination is particularly advantageous in characterizing complex tumors like HCC, which exhibit significant 
heterogeneity.43

Advantages of PET/MRI in HCC
PET/MRI can offer superior lesion characterization by providing both metabolic information and detailed anatomical 
images, which can improve the accuracy of staging and detection of liver lesions. For example, the addition of diffusion- 
weighted imaging (DWI) from MRI can help assess tumor cellularity and distinguish viable tumor tissue from necrosis. 
In HCC, PET/MRI has been used to identify molecular subtypes of the disease and predict features such as microvascular 
invasion, which is critical for prognosis and treatment planning.44

Table 2 Emerging Immune Tracers

Tracer Target Modality Timing Population Endpoint HCC-Specific Evidence Limitations

89Zr-DFO-REGN350429 PD-L1 PET Preclinical Tumors/normal 
tissues

PD-L1 
expression

Sensitive detection in HCC 
models

Limited clinical 
data

89Zr-Atezolizumab31 PD-L1 PET Preclinical/ 
clinical

Renal cell carcinoma 
(tumorgrafts)

PD-L1 in vivo Potential for HCC; 
correlates with response

Heterogeneity in 
uptake

Site-labeled PD-L1 Ab32 PD-L1 PET Preclinical Xenograft/syngeneic 
models

Quantitative 
PD-L1

HCC applicability inferred; 
high specificity

Animal models 
only

Granzyme B PET34 Granzyme B PET Preclinical HCC ICI response 
stratification

Stratifies responders in 
HCC

Early stage; 
limited validation
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Recent studies have further demonstrated the utility of integrating PET and MRI with additional quantitative imaging 
biomarkers. For instance, parameters such as apparent diffusion coefficient (ADC), Ktrans (a parameter reflecting 
vascular permeability), and lactate-to-choline ratio (Lac/Cho) can provide valuable information about tumor character
istics. These parameters have shown to correlate with changes in the tumor microenvironment induced by treatments, 
such as vascular endothelial growth factor (VEGF) inhibitors and immune checkpoint inhibitors (ICIs)45 (see Table 3 for 
PET/MRI parameters associated with response to ICI/anti-VEGF).

Integration of Functional and Anatomical Data
By combining metabolic activity, anatomical structure, and potentially molecular information (eg, radiomics), PET/MRI 
allows for a more comprehensive evaluation of the tumor’s biological behavior. This multimodal approach can improve 
treatment decision-making by providing insights into the tumor’s response to therapies, including both ICIs and targeted 
treatments.44 Molecular imaging techniques such as F ADDIN EN.CITE g the response to cancer immunotherapy and 
targeted treatments. These techniques not only facilitate early response assessment but also help overcome challenges 
associated with traditional biomarkers, paving the way for more personalized treatment strategies.

Radiomics and Artificial Intelligence in Nuclear Medicine
Radiomics in PET Imaging
Radiomics refers to the extraction and analysis of a large number of quantitative features from medical imaging, which can 
reveal patterns not discernible to the naked eye. In PET imaging, radiomics involves analyzing features such as texture, 
shape, and intensity distributions within the tumor region to provide insights into tumor biology and behavior.46,47

Quantitative Feature Extraction and Clinical Applications
Texture analysis from PET images can quantify tumor heterogeneity by evaluating variations in voxel intensities. This 
approach has been shown to predict important clinical outcomes, such as microvascular invasion (MVI) in hepatocellular 
carcinoma (HCC), which is associated with higher recurrence rates and poorer prognosis. Additionally, radiomic features 
can be used to predict overall survival, disease-free survival, and response to therapies.46,47 For example, radiomic 
signatures derived from FDG PET/CT have been correlated with treatment outcomes in patients undergoing immu
notherapy, providing a potential tool for early response assessment.47,48

Advances in Predictive Modeling for Immunotherapy and Targeted Therapies
Recent studies have demonstrated the utility of radiomics in developing predictive models for response to immune 
checkpoint inhibitors (ICIs) or targeted therapies such as anti-VEGF agents. Radiomics-based models can integrate 
various imaging features to generate a risk score or treatment response likelihood, aiding in patient stratification. For 
instance, texture features that reflect intratumoral metabolic activity can indicate the degree of immune cell infiltration, 
which is an important predictor of response to ICIs. In HCC, radiomics has also been applied to predict the suitability of 
transarterial chemoembolization (TACE) and assess tumor characteristics such as necrosis and angiogenesis, which are 
relevant for targeted treatments.46,49

Artificial Intelligence (AI) and Machine Learning (ML) Models
Artificial intelligence (AI), particularly machine learning (ML), has emerged as a powerful tool in nuclear medicine for 
analyzing complex imaging data. The integration of AI in imaging workflows allows for the development of predictive 
models that can analyze large datasets and uncover patterns related to treatment response, disease progression, and 
survival (as shown in Figure 1).50,51

Table 3 PET/MRI Parameters Associated with Response to ICI/Anti-VEGF

Parameter Association Outcome Evidence Limitations

ADC (DWI) Higher ADC post-treatment Response (vascular normalization) Correlates with CK19 status in HCC36 Small cohorts

Ktrans (perfusion) Decreased Ktrans Anti-VEGF efficacy Multimodal changes after VEGF/ICI37 Preclinical focus
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AI in Predicting Response to Combination Therapies
Machine learning algorithms can analyze multidimensional imaging data to identify features that correlate with treatment 
outcomes, making it possible to predict responses to combination therapies such as ICIs with anti-VEGF agents. In HCC, 
combining radiomics features with clinical data has shown promise in predicting responses to immunotherapy plus anti- 
angiogenic treatments, as these combination strategies target both the immune system and the tumor vasculature. AI-driven 
models can automatically identify relevant features from imaging data that are associated with therapeutic outcomes, thus aiding 
in personalized treatment planning. Although research combining machine learning and nuclear medicine radiomics in HCC 
immunotherapy or targeted therapy remains limited, recent studies have explored machine learning with nuclear radiomics to 
predict the tumor immune microenvironment in lung cancer, demonstrating the potential of this approach for immune profiling 
and personalized therapy decisions.47,50

Integrating Imaging Data with Clinical and Molecular Features
The integration of AI and radiomics allows for a comprehensive approach to precision medicine by combining imaging 
features with molecular and clinical data. For instance, ML models can incorporate radiomic signatures from PET images 
with genomic data (eg, gene expression profiles or mutational status) to improve the accuracy of predicting treatment 
responses.46,49 These integrated models have the potential to optimize patient selection for immunotherapy or targeted 
therapy and to guide adaptive treatment strategies based on real-time imaging assessments.50,51

Challenges and Barriers in Radiomics and AI
Despite their promise, radiomics and AI in nuclear medicine face practical and economic barriers, including data 
standardization issues, overfitting in ML models, high computational requirements, limited accessibility in low- 
resource settings, and the need for large, diverse datasets for validation.52,53 Solutions may involve international 
collaborations for data sharing, development of standardized protocols (eg, IBSI guidelines), and cost-effective cloud- 
based AI tools to enhance clinical translation.51,52

Radiomics and AI are transforming the field of nuclear medicine by enabling the development of advanced predictive 
models that integrate diverse data sources. These approaches hold great potential for improving personalized cancer 
treatment by providing non-invasive biomarkers for treatment response and prognostic evaluation.

Figure 1 General workflow of nuclear medicine radiomics. Data is extracted from imaging, followed by data processing and construction of a predictive model. Green 
arrows indicate the sequential flow of steps (eg, from data extraction to processing); cross symbols denote potential decision points or exclusions during model validation.
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Theranostics in Nuclear Medicine
Theranostics combines diagnostic imaging and radionuclide therapy in one approach, allowing personalized treatment by 
using radionuclides that provide both therapeutic and diagnostic functions. For instance, ^177Lu is widely used for its 
dual ability to target tumors with beta radiation for therapy and gamma rays for imaging. In HCC, theranostic agents 
targeting specific markers, like glypican-3, enable imaging to assess tumor uptake and subsequently deliver precise, 
localized treatment. This approach offers a promising complement to traditional therapies, especially in advanced cancer 
stages, by integrating treatment and monitoring in a single modality.12,54,55 Copper-64 has been widely adopted for 
theranostic applications due to its dual properties: they emit beta particles for therapeutic purposes and gamma rays for 
diagnostic imaging.14

Future Directions and Challenges
Need for Standardized Imaging Criteria
The increasing use of molecular imaging in immunotherapy and targeted therapy has highlighted the need for standar
dized imaging criteria to assess treatment response effectively. Unlike traditional response criteria (eg, RECIST) that 
primarily focus on tumor size, new approaches must account for changes in tumor metabolism and immune activity, 
which are critical in the context of immunotherapy.28,56

Consensus on Imaging Biomarkers and Response Criteria
There is a growing recognition of the need for unified response criteria tailored for immunotherapy, such as PERCIMT 
(PET Response Criteria for Immunotherapy) and iPERCIST (Immune PET Response Criteria in Solid Tumors).29 These 
criteria incorporate metabolic changes in the tumor, such as variations in FDG uptake, which reflect immune activity 
rather than simple tumor shrinkage. The adoption of these criteria could improve the accuracy of treatment monitoring by 
distinguishing between true progression and phenomena such as pseudoprogression, where increased FDG uptake is due 
to immune cell infiltration rather than tumor growth. Establishing a consensus on which biomarkers and criteria should be 
used across different clinical settings would enhance the reliability and reproducibility of imaging results in clinical trials 
and routine practice.11,56,57

Integrating Multimodal Data for Predictive Modeling
The future of cancer treatment lies in precision medicine, which integrates various data types to make more informed 
treatment decisions. Multimodal data, which include imaging features, genomic profiles, and clinical information, can 
offer a comprehensive understanding of tumor biology and treatment response.

Importance of Combining Imaging, Genomics, and Clinical Data
Integrating data from multiple modalities allows for the development of more accurate predictive models. For instance, 
radiomic features extracted from PET/CT images can be combined with genomic data, such as tumor mutational burden 
or gene expression profiles, to predict response to immune checkpoint inhibitors (ICIs) or targeted therapies. These 
comprehensive models can identify patients who are more likely to benefit from specific treatments, allowing for 
personalized therapy selection. Additionally, incorporating clinical data, such as patient demographics and laboratory 
test results, can further refine these predictive models, increasing their utility in real-world settings.37,47

Comparative Positioning
Nuclear medicine biomarkers, such as SUVmax and MTV from FDG PET/CT, offer incremental value over traditional 
predictors like serum AFP (which has limited sensitivity and specificity) or circulating tumor DNA (ctDNA, which 
requires invasive sampling and may not capture spatial heterogeneity). By providing whole-body, real-time functional 
insights into tumor metabolism and immune activity, nuclear imaging addresses limitations of these alternatives, enabling 
better patient stratification and monitoring.56,58 Realistic clinical pathways include baseline PET/CT for initial risk 
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assessment, followed by interim scans to detect early response or resistance, guiding therapy adjustments (eg, switching 
from TKI to ICI combinations).30,31,57

Novel PET Imaging Approaches
Recent advancements in PET imaging for cancer immunotherapy include novel strategies aimed at improving the 
specificity and effectiveness of monitoring immune responses. Three main approaches are being explored: direct ex 
vivo labeling, indirect in vivo labeling via PET reporter genes, and direct in vivo labeling of endogenous immune 
cell pathways.59 Direct ex vivo labeling involves tagging immune cells with radioactive probes before reinfusion, 
though it is limited by probe dilution. Indirect in vivo labeling with PET reporter genes enables long-term 
monitoring of genetically modified immune cells but presents challenges with potential toxicity and engineering 
complexity. Finally, direct in vivo labeling targets specific metabolic pathways of immune cells, such as using 
tracers like 18F-FAC, which can better distinguish immune activity from tumor metabolism compared to traditional 
18F-FDG. These methods offer new avenues for enhancing the precision of immunotherapy monitoring and guiding 
treatment adjustments.8,56

Prospective Clinical Trials
While retrospective studies have demonstrated the potential of imaging biomarkers and radiomics in predicting treatment 
outcomes, large-scale, prospective clinical trials are needed to validate these findings and establish their clinical 
utility56.57

Need for Validation Through Prospective Trials
Prospective trials are essential for confirming the predictive value of imaging biomarkers and radiomics-based models 
across diverse patient populations and treatment settings. These trials can provide robust evidence on the role of 
advanced imaging techniques, such as FDG PET/CT, PET/MRI, and novel radiotracers, in guiding therapeutic decisions 
and monitoring treatment response. Furthermore, prospective studies can help standardize imaging protocols and 
optimize the use of AI-based algorithms in clinical practice, thereby improving the generalizability of predictive models. 
The results of such trials would also inform guidelines on how to integrate molecular imaging into standard cancer 
care.37,57

Practical and Economic Barriers
Translating nuclear medicine advancements into routine HCC care faces significant practical and economic barriers, 
including high costs of PET/CT scans ($2000-5000 USD per scan), limited accessibility in low- and middle-income 
countries (where HCC prevalence is high but cyclotron facilities are scarce), infrastructure requirements (eg, radiotracer 
production and specialized equipment), variable reimbursement policies, and the need for clinician training in interpret
ing complex imaging data53.52,56 Additional challenges include regulatory hurdles for novel tracers and standardization 
across centers. Potential solutions encompass cost-sharing models, development of portable SPECT alternatives, inter
national training programs (eg, IAEA initiatives), and collaborative research networks to reduce disparities and facilitate 
global adoption.52,56,57

Conclusion
Nuclear medicine has emerged as a pivotal field in oncology, providing invaluable tools for predicting and guiding cancer 
treatment, particularly in the realm of immunotherapy and targeted therapy. Advanced molecular imaging techniques 
such as FDG PET/CT, PET/MRI, and novel theranostic approaches offer unique insights into tumor biology that extend 
beyond traditional anatomical imaging. These techniques allow for the evaluation of metabolic changes, immune activity, 
and molecular characteristics of tumors, enabling the early assessment of treatment response and identification of 
potential therapeutic targets. The use of radiomics and artificial intelligence further enhances the capability of molecular 
imaging by extracting and analyzing quantitative imaging features that can predict clinical outcomes.
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The integration of molecular imaging with radiomics and theranostics represents a significant advancement in 
personalized medicine, particularly for HCC and other aggressive cancers. This personalized approach not only optimizes 
therapy selection and dosing but also minimizes unnecessary toxicity and enhances patient outcomes. Moving forward, 
the clinical adoption of these advanced techniques will require further standardization of imaging criteria and validation 
through large-scale prospective trials. Addressing these challenges will be crucial for translating the potential of 
molecular imaging and theranostics into routine clinical practice, ultimately improving the precision and effectiveness 
of cancer treatments.

Funding
Supported by Fujian Provincial Natural Science Foundation (NO.2025J01275, NO. 2023J011191 and NO.2023J011480).

Disclosure
The authors declare that there is no conflict of interest regarding the publication of this paper.

References
1. Aide N, Hicks RJ, Le Tourneau C, et al. FDG PET/CT for assessing tumour response to immunotherapy: report on the EANM symposium on 

immune modulation and recent review of the literature. Eur J Nucl Med Mol Imaging. 2019;46(1):238–250. doi:10.1007/s00259-018-4171-4
2. Su K, Guo L, He K, et al. PD-L1 expression on circulating tumor cells can be a predictive biomarker to PD-1 inhibitors combined with radiotherapy 

and antiangiogenic therapy in advanced hepatocellular carcinoma. Front Oncol. 2022;12(6):873830–873839. doi:10.3389/fonc.2022.873830
3. Marei HE, Hasan A, Pozzoli G, et al. Cancer immunotherapy with immune checkpoint inhibitors (ICIs): potential, mechanisms of resistance, and 

strategies for reinvigorating T cell responsiveness when resistance is acquired. Cancer Cell Int. 2023;23(1):64–83. doi:10.1186/s12935-023-02902-0
4. Menzies AM, Lastoria S. PET imaging for cancer immunotherapy: the Immuno-PET. Ann Oncol. 2022;33(1):13–14. doi:10.1016/j. 

annonc.2021.11.003
5. Broos K, Lecocq Q, Raes G, et al. Noninvasive imaging of the PD-1:PD-L1 immune checkpoint: embracing nuclear medicine for the benefit of 

personalized immunotherapy. Theranostics. 2018;8(13):3559–3570. doi:10.7150/thno.24762
6. Zhang N, Yang X, Piao M, et al. Biomarkers and prognostic factors of PD-1/PD-L1 inhibitor-based therapy in patients with advanced hepatocellular 

carcinoma. Biomark Res. 2024;12(1):26. doi:10.1186/s40364-023-00535-z
7. Annunziata S, Giordano A. Nuclear medicine and immunotherapy: many questions but not many answers yet. Clin Transl Imaging. 2019;7(1):3–5. 

doi:10.1007/s40336-018-00312-1
8. Tumeh PC, Radu CG, Ribas A. PET imaging of cancer immunotherapy. J Nucl Med. 2008;49(6):865–868. doi:10.2967/jnumed.108.051342
9. Wang G, Zhang W, Chen J, et al. Pretreatment metabolic parameters measured by (18)F-FDG PET to predict the pathological treatment response of 

HCC patients treated with PD-1 inhibitors and lenvatinib as a conversion therapy in BCLC Stage C. Front Oncol. 2022;12:884372. doi:10.3389/ 
fonc.2022.884372

10. Gilardi L, Grana CM, Paganelli G. Evaluation of response to immunotherapy: new challenges and opportunities for PET imaging. Eur J Nucl Med 
Mol Imaging. 2014;41(11):2090–2092. doi:10.1007/s00259-014-2848-x

11. Aide N, De Pontdeville M, Lopci E. Evaluating response to immunotherapy with (18)F-FDG PET/CT: where do we stand?. Eur J Nucl Med Mol 
Imaging. 2020;47(5):1019–1021. doi:10.1007/s00259-020-04702-4

12. Tan HY, Yeong CH, Wong YH, et al. Neutron-activated theranostic radionuclides for nuclear medicine. Nucl Med Biol. 2020;90-91(6):55–68. 
doi:10.1016/j.nucmedbio.2020.09.005

13. Hofling AA, Fotenos AF, Niu G, et al. Prostate cancer theranostics: concurrent approvals by the food and drug administration of the first diagnostic 
imaging drug indicated to select patients for a paired radioligand therapeutic drug. J Nucl Med. 2022;63(11):1642–1643. doi:10.2967/ 
jnumed.122.264299

14. Morgan KA, Rudd SE, Noor A, et al. Theranostic nuclear medicine with Gallium-68, Lutetium-177, Copper-64/67, Actinium-225, and Lead-212/ 
203 Radionuclides. Chem Rev. 2023;123(20):12004–12035. doi:10.1021/acs.chemrev.3c00456

15. Lee H, Choi JY, Joung JG, et al. Metabolism-associated gene signatures for FDG avidity on PET/CT and prognostic validation in hepatocellular 
carcinoma. Front Oncol. 2022;12:845900. doi:10.3389/fonc.2022.845900

16. Goggi JL, Ramasamy B, Tan YX, et al. Granzyme B PET imaging stratifies immune checkpoint inhibitor response in hepatocellular carcinoma. Mol 
Imaging. 2021;2021:9305277–9305284. doi:10.1155/2021/9305277

17. Brosch-Lenz J, Delker A, Volter F, et al. Toward single-time-point image-based dosimetry of (177)Lu-PSMA-617 therapy. J Nucl Med. 2023;64 
(5):767–774. doi:10.2967/jnumed.122.264594

18. Cheng AL, Qin S, Ikeda M, et al. Updated efficacy and safety data from IMbrave150: atezolizumab plus bevacizumab vs. sorafenib for unresectable 
hepatocellular carcinoma. J Hepatol. 2022;76(4):862–873. doi:10.1016/j.jhep.2021.11.030

19. Maslowska K, Halik PK, Tymecka D, et al. The role of VEGF receptors as molecular target in nuclear medicine for cancer diagnosis and 
combination therapy. Cancers. 2021;13(5). doi:10.3390/cancers13051072

20. He J, Wu F, Li J, et al. Tumor suppressor CLCA1 inhibits angiogenesis via TGFB1/SMAD/VEGF cascade and sensitizes hepatocellular carcinoma 
cells to sorafenib. Dig Liver Dis. 2024;56(1):176–186. doi:10.1016/j.dld.2023.05.010

21. Yang J, Guo Z, Song M, et al. Lenvatinib improves anti-PD-1 therapeutic efficacy by promoting vascular normalization via the NRP-1-PDGFRbeta 
complex in hepatocellular carcinoma. Front Immunol. 2023;14(12):1212577–1212594. doi:10.3389/fimmu.2023.1212577

22. Bajbouj K, Qaisar R, Alshura MA, et al. Synergistic anti-angiogenic effect of combined VEGFR kinase inhibitors, lenvatinib, and regorafenib: 
a therapeutic potential for breast cancer. Int J Mol Sci. 2022;23(8):4408–4422. doi:10.3390/ijms23084408

Journal of Hepatocellular Carcinoma 2025:12                                                                                    https://doi.org/10.2147/JHC.S544565                                                                                                                                                                                                                                                                                                                                                                                                   2455

Tu et al

Powered by TCPDF (www.tcpdf.org)Powered by TCPDF (www.tcpdf.org)

https://doi.org/10.1007/s00259-018-4171-4
https://doi.org/10.3389/fonc.2022.873830
https://doi.org/10.1186/s12935-023-02902-0
https://doi.org/10.1016/j.annonc.2021.11.003
https://doi.org/10.1016/j.annonc.2021.11.003
https://doi.org/10.7150/thno.24762
https://doi.org/10.1186/s40364-023-00535-z
https://doi.org/10.1007/s40336-018-00312-1
https://doi.org/10.2967/jnumed.108.051342
https://doi.org/10.3389/fonc.2022.884372
https://doi.org/10.3389/fonc.2022.884372
https://doi.org/10.1007/s00259-014-2848-x
https://doi.org/10.1007/s00259-020-04702-4
https://doi.org/10.1016/j.nucmedbio.2020.09.005
https://doi.org/10.2967/jnumed.122.264299
https://doi.org/10.2967/jnumed.122.264299
https://doi.org/10.1021/acs.chemrev.3c00456
https://doi.org/10.3389/fonc.2022.845900
https://doi.org/10.1155/2021/9305277
https://doi.org/10.2967/jnumed.122.264594
https://doi.org/10.1016/j.jhep.2021.11.030
https://doi.org/10.3390/cancers13051072
https://doi.org/10.1016/j.dld.2023.05.010
https://doi.org/10.3389/fimmu.2023.1212577
https://doi.org/10.3390/ijms23084408


23. Zhu S, Zhang T, Zheng L, et al. Combination strategies to maximize the benefits of cancer immunotherapy. J Hematol Oncol. 2021;14(1):156–170. 
doi:10.1186/s13045-021-01164-5

24. Yang Y, Fan Y, Yu Y, et al. Evolving treatment landscape in thymic epithelial tumors: from mechanism to therapy. Biochim Biophys Acta Rev 
Cancer. 2024;1879(5):189145–189157. doi:10.1016/j.bbcan.2024.189145

25. Geindreau M, Ghiringhelli F, Bruchard M. Vascular endothelial growth factor, a key modulator of the anti-tumor immune response. Int J Mol Sci. 
2021;22(9):25–41. doi:10.3390/ijms22094871

26. Li Y, Amaladas N, O’Mahony M, et al. Treatment with a VEGFR-2 antibody results in intra-tumor immune modulation and enhances anti-tumor 
efficacy of PD-L1 blockade in syngeneic murine tumor models. PLoS One. 2022;17(7):e0268244–e0268260. doi:10.1371/journal.pone.0268244

27. Tada T, Kumada T, Hiraoka A, et al. Outcomes of patients with hepatocellular carcinoma treated with atezolizumab plus bevacizumab in real-world 
clinical practice who met or did not meet the inclusion criteria for the Phase 3 IMbrave150 trial. Aliment Pharmacol Ther. 2024;60(2):233–245. 
doi:10.1111/apt.18037

28. Decazes P, Bohn P. Immunotherapy by immune checkpoint inhibitors and nuclear medicine imaging: current and future applications. Cancers. 
2020;12(2). doi:10.3390/cancers12020371

29. Leger MA, Routy B, Juneau D. FDG PET/CT for evaluation of immunotherapy response in lung cancer patients. Semin Nucl Med. 2022;52 
(6):707–719. doi:10.1053/j.semnuclmed.2022.04.010

30. Wang G, Zhang W, Luan X, et al. The role of (18)F-FDG PET in predicting the pathological response and prognosis to unresectable HCC patients 
treated with lenvatinib and PD-1 inhibitors as a conversion therapy. Front Immunol. 2023;14:1151967–1151982. doi:10.3389/fimmu.2023.1151967

31. Yang X, Wang X, Wang J, et al. Metabolic tumor volume measured by (18)F-FDG PET/CT is associated with the survival of unresectable 
hepatocellular carcinoma treated with PD-1/PD-L1 inhibitors plus molecular targeted agents. J Hepatocell Carcinoma. 2023;10(6):587–598. 
doi:10.2147/JHC.S401647

32. Luo S, Xu M, Shen R, et al. Noninvasive diagnosis and classification of kidney transplantation rejection by (18)F-FAPI-04 PET/CT. Eur J Nucl 
Med Mol Imaging. 2025;52(12):4685–4695. doi:10.1007/s00259-025-07307-x

33. Grut H, Line PD, Syversveen T, et al. Metabolic tumor volume from (18)F-FDG PET/CT in combination with radiologic measurements to predict 
long-term survival following transplantation for colorectal liver metastases. Cancers. 2023;16(1). doi:10.3390/cancers16010019

34. Evangelista L, Cuppari L, Menis J, et al. 18F-FDG PET/CT in non-small-cell lung cancer patients: a potential predictive biomarker of response to 
immunotherapy. Nucl Med Commun. 2019;40(8):802–807. doi:10.1097/MNM.0000000000001025

35. Zhou X, Hu Y, Sun H, et al. Relationship between SUVmax on 18F-FDG PET and PD-L1 expression in hepatocellular carcinoma. Eur J Nucl Med 
Mol Imaging. 2023;50(10):3107–3115. doi:10.1007/s00259-023-06251-y

36. Qiao Y, Li X, Hu Y, et al. Relationship between SUVmax on 18F-FDG PET and PD-L1 expression in liver metastasis lesions after colon radical 
operation. BMC Cancer. 2023;23(1):535–550. doi:10.1186/s12885-023-11014-x

37. Du J, Han S, Zhou H, et al. Targeted protein degradation combined with PET imaging reveals the role of host PD-L1 in determining anti-PD-1 
therapy efficacy. Eur J Nucl Med Mol Imaging. 2024;51(12):3559–3571. doi:10.1007/s00259-024-06804-9

38. Kelly MP, Makonnen S, Hickey C, et al. Preclinical PET imaging with the novel human antibody (89)Zr-DFO-REGN3504 sensitively detects 
PD-L1 expression in tumors and normal tissues. J Immunother Cancer. 2021;9(1):65–75. doi:10.1136/jitc-2020-002025

39. Iravani A, Hicks RJ. Imaging the cancer immune environment and its response to pharmacologic intervention, Part 1: the role of (18)F-FDG PET/ 
CT. J Nucl Med. 2020;61(7):943–950. doi:10.2967/jnumed.119.234278

40. Mulgaonkar A, Elias R, Woolford L, et al. ImmunoPET imaging with 89Zr-labeled atezolizumab enables in vivo evaluation of PD-L1 in tumorgraft 
models of renal cell carcinoma. Clin Cancer Res. 2022;28(22):4907–4916. doi:10.1158/1078-0432.CCR-22-1547

41. Christensen C, Kristensen LK, Alfsen MZ, et al. Quantitative PET imaging of PD-L1 expression in xenograft and syngeneic tumour models using a 
site-specifically labelled PD-L1 antibody. Eur J Nucl Med Mol Imaging. 2020;47(5):1302–1313. doi:10.1007/s00259-019-04646-4

42. Wong NC, Cai Y, Meszaros LK, et al. Preclinical development and characterisation of (99m)Tc-NM-01 for SPECT/CT imaging of human PD-L1. 
Am J Nucl Med Mol Imaging. 2021;11(3):154–166.

43. Bogdanovic B, Solari EL, Villagran Asiares A, et al. PET/MR technology: advancement and challenges. Semin Nucl Med. 2022;52(3):340–355. 
doi:10.1053/j.semnuclmed.2021.11.014

44. Lv J, Yin H, Yu H, et al. The added value of (18)F-FDG PET/MRI multimodal imaging in hepatocellular carcinoma for identifying cytokeratin 19 
status. Abdom Radiol. 2023;48(7):2331–2339. doi:10.1007/s00261-023-03911-3

45. Ren Y, Pan F, Kan X, et al. Multimodal imaging response after the singular or combination treatments of vascular endothelial growth factor 
inhibitor and immune checkpoint inhibitor. Mol Pharm. 2022;19(10):3664–3672. doi:10.1021/acs.molpharmaceut.2c00474

46. Meng Y, Sun J, Qv N, et al. Application of molecular imaging technology in tumor immunotherapy. Cell Immunol. 2020;348:104039. doi:10.1016/ 
j.cellimm.2020.104039

47. Vithayathil M, Koku D, Campani C, et al. Machine learning based radiomic models outperform clinical biomarkers in predicting outcomes after 
immunotherapy for hepatocellular carcinoma. J Hepatol. 2025. doi:10.1016/j.jhep.2025.04.017

48. Levi-Strauss T, Tortorici B, Lopez O, et al. Radiomics, a promising new discipline: example of hepatocellular carcinoma. Diagnostics. 2023;13(7). 
doi:10.3390/diagnostics13071303

49. Deng K, Chen T, Leng Z, et al. Radiomics as a tool for prognostic prediction in transarterial chemoembolization for hepatocellular carcinoma: 
a systematic review and meta-analysis. Radiol Med. 2024;129(8):1099–1117. doi:10.1007/s11547-024-01840-9

50. Tong H, Sun J, Fang J, et al. A machine learning model based on PET/CT radiomics and clinical characteristics predicts tumor immune profiles in 
non-small cell lung cancer: a retrospective multicohort study. Front Immunol. 2022;13(6):859323–859333. doi:10.3389/fimmu.2022.859323

51. Bunnag N, Wongwijitsook J, Vachatimanont S. Synchronous pulmonary malignancy detected during PSMA Ligand PET/CT for initial staging of 
prostate cancer: a case report. Nucl Med Mol Imaging. 2023;57(6):287–290. doi:10.1007/s13139-023-00798-2

52. Lewis DH, Toney LK, Baron JC. Nuclear medicine in cerebrovascular disease. Semin Nucl Med. 2012;42(6):387–405. doi:10.1053/j. 
semnuclmed.2012.06.002

53. Al-Ibraheem A, Brink A, Lee ST, et al. Implementation of radiotheranostics: challenges, barriers, and IAEA-driven strategies for sustainable access. 
Semin Nucl Med. 2025. doi:10.1053/j.semnuclmed.2025.07.005

54. Nyakale NE, Aldous C, Gutta AA, et al. Emerging theragnostic radionuclide applications for hepatocellular carcinoma. Front Nucl Med. 
2023;3:1210982. doi:10.3389/fnume.2023.1210982

https://doi.org/10.2147/JHC.S544565                                                                                                                                                                                                                                                                                                                                                                                                                                                   Journal of Hepatocellular Carcinoma 2025:12 2456

Tu et al                                                                                                                                                                               

Powered by TCPDF (www.tcpdf.org)Powered by TCPDF (www.tcpdf.org)

https://doi.org/10.1186/s13045-021-01164-5
https://doi.org/10.1016/j.bbcan.2024.189145
https://doi.org/10.3390/ijms22094871
https://doi.org/10.1371/journal.pone.0268244
https://doi.org/10.1111/apt.18037
https://doi.org/10.3390/cancers12020371
https://doi.org/10.1053/j.semnuclmed.2022.04.010
https://doi.org/10.3389/fimmu.2023.1151967
https://doi.org/10.2147/JHC.S401647
https://doi.org/10.1007/s00259-025-07307-x
https://doi.org/10.3390/cancers16010019
https://doi.org/10.1097/MNM.0000000000001025
https://doi.org/10.1007/s00259-023-06251-y
https://doi.org/10.1186/s12885-023-11014-x
https://doi.org/10.1007/s00259-024-06804-9
https://doi.org/10.1136/jitc-2020-002025
https://doi.org/10.2967/jnumed.119.234278
https://doi.org/10.1158/1078-0432.CCR-22-1547
https://doi.org/10.1007/s00259-019-04646-4
https://doi.org/10.1053/j.semnuclmed.2021.11.014
https://doi.org/10.1007/s00261-023-03911-3
https://doi.org/10.1021/acs.molpharmaceut.2c00474
https://doi.org/10.1016/j.cellimm.2020.104039
https://doi.org/10.1016/j.cellimm.2020.104039
https://doi.org/10.1016/j.jhep.2025.04.017
https://doi.org/10.3390/diagnostics13071303
https://doi.org/10.1007/s11547-024-01840-9
https://doi.org/10.3389/fimmu.2022.859323
https://doi.org/10.1007/s13139-023-00798-2
https://doi.org/10.1053/j.semnuclmed.2012.06.002
https://doi.org/10.1053/j.semnuclmed.2012.06.002
https://doi.org/10.1053/j.semnuclmed.2025.07.005
https://doi.org/10.3389/fnume.2023.1210982


55. Chavda VP, Balar PC, Patel SB. Interventional nanotheranostics in hepatocellular carcinoma. Nanotheranostics. 2023;7(2):128–141. doi:10.7150/ 
ntno.80120

56. Desert R, Gianonne F, Saviano A, et al. Improving immunotherapy for the treatment of hepatocellular carcinoma: learning from patients and 
preclinical models. Gut Liver. 2025;2(1). doi:10.1038/s44355-025-00018-y

57. Shannon AH, Manne A, Diaz Pardo DA, et al. Combined radiotherapy and immune checkpoint inhibition for the treatment of advanced 
hepatocellular carcinoma. Front Oncol. 2023;13:1193762. doi:10.3389/fonc.2023.1193762

58. Farris F, Matafora V, Bachi A. The emerging role of beta-secretases in cancer. J Exp Clin Cancer Res. 2021;40(1):147. doi:10.1186/s13046-021- 
01953-3

59. Frega S, Dal Maso A, Pasello G, et al. Novel nuclear medicine imaging applications in immuno-oncology. Cancers. 2020;12(5). doi:10.3390/ 
cancers12051303

Journal of Hepatocellular Carcinoma                                                                                          

Publish your work in this journal 
The Journal of Hepatocellular Carcinoma is an international, peer-reviewed, open access journal that offers a platform for the dissemination and 
study of clinical, translational and basic research findings in this rapidly developing field. Development in areas including, but not limited to, 
epidemiology, vaccination, hepatitis therapy, pathology and molecular tumor classification and prognostication are all considered for publication. 
The manuscript management system is completely online and includes a very quick and fair peer-review system, which is all easy to use. Visit 
http://www.dovepress.com/testimonials.php to read real quotes from published authors.  

Submit your manuscript here: https://www.dovepress.com/journal-of-hepatocellular-carcinoma-journal

Journal of Hepatocellular Carcinoma 2025:12                                                                                          2457

Tu et al

Powered by TCPDF (www.tcpdf.org)Powered by TCPDF (www.tcpdf.org)

https://doi.org/10.7150/ntno.80120
https://doi.org/10.7150/ntno.80120
https://doi.org/10.1038/s44355-025-00018-y
https://doi.org/10.3389/fonc.2023.1193762
https://doi.org/10.1186/s13046-021-01953-3
https://doi.org/10.1186/s13046-021-01953-3
https://doi.org/10.3390/cancers12051303
https://doi.org/10.3390/cancers12051303
https://www.dovepress.com
http://www.dovepress.com/testimonials.php
https://www.facebook.com/DoveMedicalPress/
https://twitter.com/dovepress
https://www.linkedin.com/company/dove-medical-press
https://www.youtube.com/user/dovepress

	Introduction
	Challenges in Treatment Response Prediction
	Role of Nuclear Medicine in Oncology
	HCC Pathobiology and Imaging Challenges
	Novelty and Scope of This Review

	Mechanisms of Immunotherapy and Targeted Therapy in HCC
	Immune Checkpoint Inhibitors (ICIs)
	Targeted Therapy Mechanisms
	Sorafenib
	Lenvatinib

	Combination Therapies
	Rationale for Combination
	Clinical Examples

	Molecular Imaging in Predicting Treatment Response
	FDG PET/CT in Immunotherapy Evaluation
	Correlation with PD-L1 Expression and Immune Infiltration
	Novel PET Radiotracers for Immunotherapy Prediction
	Radiotracers Targeting PD-L1 and CD8+ TCells
	Radiotracers Targeting Granzyme Bfor Monitoring Immune Activation
	Limitations of FDG PET/CT
	PET/MRI and Multimodal Imaging
	Advantages of PET/MRI in HCC
	Integration of Functional and Anatomical Data

	Radiomics and Artificial Intelligence in Nuclear Medicine
	Radiomics in PET Imaging
	Quantitative Feature Extraction and Clinical Applications
	Advances in Predictive Modeling for Immunotherapy and Targeted Therapies
	Artificial Intelligence (AI) and Machine Learning (ML) Models

	AI in Predicting Response to Combination Therapies
	Integrating Imaging Data with Clinical and Molecular Features
	Challenges and Barriers in Radiomics and AI

	Theranostics in Nuclear Medicine
	Future Directions and Challenges
	Need for Standardized Imaging Criteria
	Consensus on Imaging Biomarkers and Response Criteria
	Integrating Multimodal Data for Predictive Modeling
	Importance of Combining Imaging, Genomics, and Clinical Data
	Comparative Positioning
	Novel PET Imaging Approaches
	Prospective Clinical Trials
	Need for Validation Through Prospective Trials
	Practical and Economic Barriers

	Conclusion
	Funding
	Disclosure

