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Abstract 

Background Hepatocellular carcinoma (HCC) is a common type of liver cancer, with a high mortality rate. Hepato-
cellular carcinoma is a type of liver cancer that can be effectively managed through early detection and accurate diag-
nosis, followed by a personalized treatment plan that may include surgical resection, liver transplantation, minimally-
invasive techniques, immunotherapy, or targeted therapy depending on the stage and severity of the cancer.

Main body of the abstract This paper discusses recent advances in the early detection, management, and preven-
tion of HCC. The use of newer imaging techniques, such as Magnetic resonance imaging (MRI) and contrast-enhanced 
ultrasound, along with image segmentation technology and deep learning models, have greatly enhanced the accu-
racy of HCC detection and diagnosis. Minimally-invasive techniques, such as thermal ablation and radiofrequency 
ablation, have allowed for more precise and targeted destruction of tumors, while Nanoparticles, immunotherapy 
and targeted therapy have shown promise in the management of advanced stage HCC. The use of Artificial intel-
ligence (AI) and machine learning has revolutionized HCC research, aiding in the identification of high-risk patients 
and predicting outcomes. Lifestyle modifications, such as weight management, alcohol avoidance, and hepatitis B 
vaccinations, can play a critical role in preventing HCC development.

Short conclusion Recent advances in early detection, management, and prevention of HCC have shown promise 
in improving patient outcomes. The use of newer imaging techniques, minimally-invasive techniques, immunother-
apy, targeted therapy, and AI and machine learning have greatly enhanced HCC research and management, while life-
style modifications can play a critical role in prevention. However, further research is required to fully understand 
the potential benefits of nanoparticles, traditional Chinese medicine and herbal medicines in HCC treatment.

Highlights 

• Early detection and diagnosis: The advent of newer imaging techniques, such as MRI, contrast-enhanced ultra-
sound, and image segmentation technology, has allowed for earlier and more accurate detection of HCC, with higher 
sensitivity and specificity than previous techniques. Advances in radiomics and deep learning models have greatly 
enhanced the accuracy of HCC diagnosis.
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• AI and machine learning: The use of AI and machine learning has revolutionized HCC research, with greater accuracy 
and an ability to analyze large volumes of data. AI-based predictive models have been shown to be helpful in identify-
ing high-risk patients and predicting outcomes.

• Management: While surgical resection and liver transplantation remain effective treatments for early-stage HCC, 
advances in minimally-invasive techniques, such as thermal ablation and radiofrequency ablation, have allowed 
for more precise and targeted destruction of tumors. Additionally, nanoparticles, immunotherapy and targeted 
therapy have shown significant promise in the management of advanced stage HCC.

• Prevention: Lifestyle modifications, such as weight management and alcohol avoidance, along with hepatitis B vac-
cinations, can play a critical role in preventing HCC development.

• Traditional Chinese medicine and herbal medicines in HCC treatment require further investigation.
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Graphical Abstract

Background
Hepatocellular carcinoma (HCC) is the most com-
mon primary liver cancer and a major cause of cancer-
related deaths worldwide. Liver fibrosis arises from 
chronic inflammatory damage and results in excessive 
accumulation of extracellular matrix proteins, leading 

to architectural distortion and impaired liver function. 
Advanced fibrosis progresses to cirrhosis and liver fail-
ure, major causes of morbidity and mortality for which 
liver transplantation is the only definitive treatment 
currently [1]. Early detection of HCC is essential for 
better patient outcomes. Screening high-risk groups 
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such as those with chronic hepatitis B or C virus infec-
tion is recommended. Recent research has investigated 
the use of non-invasive biomarkers such as alpha-
fetoprotein (AFP), des-gamma-carboxy prothrombin 
(DCP), and glypican-3 (GPC3), combined with  imag-
ing techniques  such as ultrasound and  magnetic reso-
nance imaging  (MRI) for early HCC detection [2]. A 
combination of these biomarkers with MRI has been 
shown to improve  diagnosis sensitivity  and specificity. 
Additionally,  deep machine learning  has been used to 
predict  tumor recurrence  on baseline MRI in patients 
with early-stage HCC [3]. Accurate diagnosis of HCC 
is critical for determining the appropriate treatment 
strategy. Contrast-enhanced ultrasound (CEUS) is a 
promising  imaging technique  for  HCC diagnosis, pro-
viding real-time imaging of the liver vasculature and 
has been found to be more sensitive and specific than 
conventional ultrasound for HCC detection [4]. Arti-
ficial intelligence (AI) algorithms for HCC diagno-
sis have also gained attention. An  AI algorithm  based 
on  radiomics features  has been shown to improve the 
accuracy of HCC diagnosis compared to traditional 
imaging methods [5]. The von Willebrand factor ( vWF) 
levels have been found to be useful not only in predict-
ing the risk of HCC in patients with cirrhosis but also 
in predicting the likelihood of complications follow-
ing HCC resection and response to systemic therapies. 
The formation of portal microthrombi induced by vWF 
has been suggested to play a role in the development 
of acute liver failure progression and non-cirrhotic por-
tal hypertension. The potential of drugs such as non-
selective beta-blockers, statins, anticoagulants, and 
non-absorbable antibiotics to modulate vWF levels [6]. 
Recent advances in these areas have improved HCC 
management. For example, radiomics models based on 
multi-sequence MRI have shown promise in predict-
ing PD-1/PD-L1 expression in HCC, which could help 
guide  immunotherapy treatment decisions. Addition-
ally, artificial intelligence (AI) has the potential to play a 
significant role in the detection and implementation of 
biomarkers for HCC [7].

HCC management depends on the stage of the dis-
ease and the patient’s liver function. Early-stage HCC 
can be treated with surgical resection, liver transplanta-
tion, or local ablative therapies, such as radiofrequency 
ablation (RFA) or microwave ablation (MWA). Systemic 
therapies, including  targeted therapy, immunotherapy, 
and chemotherapy, are recommended in advanced 
HCC. Pembrolizumab and lenvatinib have been found 
to improve  overall survival  in patients with  advanced 
HCC  compared to chemotherapy [8].  Immunother-
apy  in combination with local ablative therapies has 
also shown promising results. Recent evidence suggests 

that a combination of radiotherapy, chemotherapy, 
anti-angiogenic agents, and immune checkpoint inhibi-
tors  (ICI) can effectively address the unmet medical 
needs of patients with HCC. Furthermore, immuno-
therapies such as  adoptive cellular therapy,  cancer 
vaccines, and cytokines have shown promising results 
in enhancing the  immune system’s ability to eliminate 
tumor cells. This approach has the potential to greatly 
improve patient outcomes in the treatment of HCC [9]. 
Primary prevention  of HCC can be achieved through 
vaccination against  hepatitis B virus  (HBV) and early 
treatment of  chronic HBV  or hepatitis C virus (HCV) 
infection. Secondary prevention involves surveillance 
for HCC in high-risk populations, such as patients 
with cirrhosis. Chemoprevention agents such as aspi-
rin, metformin, and statins have been studied for their 
potential in reducing the risk of HCC development. In 
addition, a  preoperative prediction model  for macro-
trabecular-massive HCC based on contrast-enhanced 
CT and clinical characteristics has been developed and 
could aid in treatment decision-making [10].

Our review provides a timely, comprehensive, and 
rigorous synthesis of the latest impactful data spanning 
HCC detection, diagnosis, treatment, and prevention. 
We focus specifically on human studies with direct 
patient relevance to inform management decisions. 
This sets us apart from prior reports dominated by pre-
clinical findings lacking immediate bedside applicabil-
ity. By bridging the gap between bench and bedside, our 
objectives are to guide clinician practice, shape future 
research by identifying unmet needs, and ultimately, 
improve patient outcomes through data-driven care 
and health policies. The exponential growth in HCC 
research warrants updated practice guidance to ensure 
widespread adoption of beneficial technologies. Our 
review distills actionable insights from high-quality 
data to provide stakeholders across the HCC landscape 
with current, authoritative, and practical recommenda-
tions to advance the standard-of-care.

Early detection of hepatocellular carcinoma
Early detection of hepatocellular carcinoma (HCC) 
is crucial for improving patient outcomes. However, 
there is currently no consensus on the optimal screen-
ing method for HCC. Some studies have suggested that 
ultrasound (US) is the most cost-effective and widely 
used screening tool for early detection of HCC in high-
risk populations, such as patients with cirrhosis [11]. 
However, US has limitations in terms of accuracy and 
sensitivity. Therefore, novel biomarkers and  imaging 
techniques  are being explored to improve  early detec-
tion and diagnosis of HCC.
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Screening modalities and novel biomarkers
Several biomarkers, including alpha-fetoprotein (AFP), 
des-gamma-carboxy prothrombin (DCP), and glypi-
can-3 (GPC3), have been investigated for their potential 
as diagnostic and  prognostic markers  for HCC. Recent 
studies have explored the use of novel biomarkers, such 
as microRNAs and long non-coding RNAs, for more 
accurate and early detection of HCC [12]. The devel-
opment of targeted medicine and bioengineering has 
significantly advanced personalized treatment for hepa-
tocellular carcinoma. By utilizing biomarkers, genetic 
testing, nanotechnology, and drug delivery systems, cli-
nicians can tailor treatment plans to individual patients, 
resulting in improved outcomes. However, there are still 
several challenges that need to be addressed in this field, 
such as the need for more accurate diagnostic tools and 
the development of new targeted therapies for HCC [13].

Screening modalities
Several screening modalities have been investigated 
for HCC, including ultrasound,  computed tomogra-
phy (CT), magnetic resonance imaging (MRI), and serum 
biomarkers  such as alpha-fetoprotein (AFP) and des-
gamma-carboxy prothrombin (DCP). The  American 
Association for  the Study of Liver Diseases (AASLD) 
recommends ultrasound with or without  AFP  every 
6  months for HCC screening in high-risk populations. 
A study showed that the combination of ultrasound and 
AFP with a  machine learning algorithm  could improve 
the sensitivity and specificity of  HCC detection [14]. 
Gadolinium-based contrast agents (GBCAs) and chi-
tosan-based nanoparticles can improve the sensitiv-
ity and specificity of hepatobiliary magnetic resonance 
imaging (MRI) [15]. CEUS LI-RADS and DEB-TACE 
loaded with raltitrexed are effective for the diagnosis and 
treatment of HCC [16].

Novel Biomarkers for HCC Screening
Several novel biomarkers for HCC screening have been 
identified, which may improve the early detection of 
HCC. The plasma glypican-3 (GPC3) could be used as 
a diagnostic biomarker for early-stage HCC [17]. Serum 
hepatocyte growth factor (HGF)  has various levels in 
liver diseases, but it has exhibited a negative correlation 
with albumin concentration and prothrombin time in cir-
rhotic patients [18]. In addition, studies showed that cir-
culating tumor DNA (ctDNA) analysis could detect HCC 
with a sensitivity of 77.0% and a specificity of 98.0% [19]. 
Radiomics models based on multisequence MRI and 
deep machine learning can predict PD-1/PD-L1 expres-
sion and tumor recurrence on baseline MRI in patients 
with early-stage HCC [20]. AI algorithms and machine 

learning models can aid in the diagnosis of HCC and 
enhance the quality of simulation, navigation, and out-
come prediction for hepatectomy [21].

Screening interval
The  optimal screening interval  for HCC is a matter 
of debate. The  AASLD  recommends screening every 
6 months in high-risk populations. However, some stud-
ies have suggested that longer screening intervals may be 
appropriate for patients with compensated cirrhosis and 
low HCC risk [22]. Studies showed that screening every 
12 months was non-inferior to screening every 6 months 
in terms of overall survival in patients with compensated 
cirrhosis and low HCC risk [23]. Screening intervals for 
HCC depend on the patient’s risk factors and disease 
stage [24].

Limitations of biomarkers for hepatocellular 
carcinoma (HCC)
Several challenges remain in the use of novel serum 
biomarkers for  HCC, including the need for validation 
in  larger patient cohorts, the lack of  standardized cut-
off values, and the potential for false-positive and false-
negative results. One major limitation of  novel serum 
biomarkers  for HCC is the lack of  standardized valida-
tion studies [25]. Although many studies have identified 
promising biomarkers, there is often a lack of validation 
in larger cohorts or clinical trials, which limits their clini-
cal utility. Further validation studies are necessary to con-
firm the clinical utility of these biomarkers and translate 
these findings into effective strategies for HCC diagnosis, 
treatment, and management.

Another limitation of novel serum biomarkers for HCC 
is their sensitivity and specificity [26]. While many bio-
markers show promise in  early detection  and  prognosis 
prediction  of HCC, they often lack specificity and may 
also be elevated in other conditions, leading to false posi-
tives. Improving the sensitivity and specificity of these 
novel biomarkers is critical to ensure  accurate diagno-
sis and prognosis prediction. Moreover, the heterogene-
ity of HCC poses a challenge to the use of novel serum 
biomarkers [27]. Effective biomarkers need to accurately 
reflect the diverse etiologies and molecular subtypes of 
HCC to ensure  accurate patient stratification  and treat-
ment selection. The identification of effective biomarkers 
for personalized treatment of HCC is crucial to improve 
patient outcomes. Lastly, the cost-effectiveness of novel 
serum biomarkers for HCC is a significant concern [28]. 
Developing cost-effective and accessible approaches for 
HCC diagnosis and management is essential for improv-
ing outcomes, especially in low-resource settings. Inno-
vative approaches that are both effective and affordable 
are needed to address this challenge [29].
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Imaging techniques
Advanced imaging techniques, such as magnetic reso-
nance imaging (MRI) and  computed tomography  (CT), 
have been used for the early detection and diagnosis of 
HCC. Multisequence MRI and three-dimensional multi-
frequency magnetic resonance elastography have shown 
promise in improving preoperative assessment and pre-
dicting PD-1/PD-L1 expression in HCC [3, 4]. Contrast-
enhanced CT has also been used to develop preoperative 
prediction models for macrotrabecular-massive HCC [8]. 
Moreover, deep machine learning models based on base-
line MRI have been shown to accurately predict  tumor 
recurrence in patients with early-stage HCC [3].

Contrast‑Enhanced Ultrasound (CEUS) of Hepatocellular 
Carcinoma
Contrast-enhanced ultrasound (CEUS) is a non-inva-
sive imaging modality that has shown promise in  HCC 
detection, characterization, and surveillance. CEUS uses 
a  microbubble contrast agent  to enhance the vascular 
structures of the liver and is particularly useful in patients 
with liver cirrhosis, where other imaging modalities may 
not be reliable.

CEUS for HCC Characterization Recent studies have 
demonstrated the utility of CEUS in the characterization 
of HCC. CEUS has been shown to have high sensitivity 
and specificity in the detection of small  HCC nodules, 
particularly in patients with cirrhosis [30]. In addition, 
CEUS can provide real-time visualization of the tumor 
vascularization pattern, which can aid in the differentia-
tion of HCC from other liver lesions [31]. CEUS has also 
been shown to be useful in the assessment of  treatment 
response after locoregional therapy for HCC [32].

CEUS for HCC surveillance CEUS has emerged as a 
promising tool for HCC surveillance in high-risk patients, 
particularly those with cirrhosis. Studies have shown that 
CEUS has high sensitivity and specificity in the detection 
of HCC nodules < 2  cm in size [33]. In addition, CEUS 
has been shown to be more sensitive than  computed 
tomography (CT) or magnetic resonance imaging (MRI) 
in detecting small HCC nodules, particularly during early 
stages [34]. CEUS may also be useful in monitoring the 
progression of liver cirrhosis in high-risk patients, as 
it can detect early changes in liver perfusion that may 
indicate the development of HCC [35]. Recent advances 
in artificial intelligence (AI) and machine learning  (ML) 
have shown promise in improving the accuracy and effi-
ciency of CEUS in HCC detection and surveillance [36]. 
AI and  ML algorithms  can be used to analyze  CEUS 
images  and identify subtle changes in liver perfusion 
that may indicate the presence of HCC [37]. In addition, 

these technologies can be used to predict the risk of HCC 
recurrence  after treatment and to develop  personalized 
treatment plans  for patients with HCC [38]. However, 
most current AI models are developed using retrospec-
tive training data from a single center, limiting their gen-
eralizability. To improve AI diagnosis accuracy in HCC, 
the use of big data and next-generation sequencing tech-
nology is recommended [39].

Multiparametric Magnetic Resonance Imaging (mpMRI)
Multiparametric Magnetic Resonance Imaging (mpMRI) 
has gained significant attention in the diagnosis and 
management of hepatocellular carcinoma (HCC), the 
most prevalent type of liver cancer [40]. Recent studies 
have focused on developing liver-specific contrast agents 
to enhance the accuracy of  HCC detection  and charac-
terization. For instance, a liver-targeting MRI contrast 
agent based on galactose functionalized o-carboxymethyl 
chitosan has been proposed [41].

Additionally, the use of gadolinium-based contrast 
agents (GBCAs) in liver imaging has raised environmen-
tal and health concerns, leading to the exploration of their 
uniqueness and potential remediation strategies [42].

In terms of imaging modalities, Gadoxetate-enhanced 
MRI has been found to be more sensitive and accurate 
than CT in detecting small  HCC lesions  and predict-
ing  pathological tumor grade  [43]. Contrast-enhanced 
ultrasound (CEUS) LI-RADS has also been evaluated 
for  HCC diagnosis  in individuals without LI-RADS-
defined  HCC risk factors, showing high sensitivity and 
specificity in detecting HCC lesions [44].

Overall, mpMRI and liver-specific contrast agents can 
improve the accuracy of HCC diagnosis and manage-
ment. Chitosan-based nanoparticles and other HCC 
therapeutic agents also show potential for future research 
and development.  GBCAs  have environmental and 
health concerns, leading to exploration of their unique-
ness and potential remediation strategies. Gadoxetate-
enhanced MRI and CEUS LI-RADS have demonstrated 
high sensitivity and accuracy in HCC detection [45]. 
DEB-TACE and self-expandable metallic stent combined 
with 125I brachytherapy are additional options for HCC 
treatment [46].

Liquid biopsy
Liquid biopsy, which involves the analysis of circulat-
ing tumor cells, cell-free DNA, and exosomes, is being 
explored as a non-invasive method for early detec-
tion and diagnosis of HCC. Recent studies have shown 
promising results in the use of  liquid biopsy  for identi-
fying biomarkers and monitoring  treatment response  in 
HCC patients [12]. Liquid biopsy  has emerged as a 
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promising  diagnostic tool  for  HCC, offering several 
advantages over traditional tissue biopsy, including non-
invasiveness, low risk of complications, and the ability to 
monitor disease progression and treatment response over 
time.

Circulating tumor cells (CTCs)
CTCs are tumor cells that are shed into the bloodstream 
by primary or  metastatic tumors. Recent studies have 
evaluated the use of CTCs as liquid biopsy biomarkers for 
HCC diagnosis and monitoring. A study showed that the 
detection of CTCs in blood samples had a high  diag-
nostic accuracy  for HCC, with a sensitivity of 77.8% 
and a specificity of 96.9% [47]. In addition, CTCs can be 
used to monitor  treatment response  and detect  disease 
recurrence, providing valuable information for  patient 
management.

Circulating Tumor DNA (ctDNA)
Circulating tumor DNA (ctDNA) is DNA that is released 
into the bloodstream by tumor cells and can be detected 
in the serum or plasma of patients with cancer. Recent 
studies have evaluated the use of ctDNA for diagnostic 
and prognostic  liquid biopsy biomarker for HCC. The 
ctDNA levels were significantly higher in patients with 
HCC than in healthy controls and that high ctDNA lev-
els were associated with poor prognosis in patients with 
HCC [48].

Extracellular vesicles (EVs)
EVs are small membrane-bound vesicles that are released 
by cells, including tumor cells, into the bloodstream. 
Recent studies have evaluated the use of  EVs  as liquid 
biopsy biomarkers for HCC diagnosis and monitoring. 
The detection of EVs in blood samples had a high diag-
nostic accuracy for HCC, with a sensitivity of 92.3% 
and a specificity of 94.7% [49]. In addition, EVs can be 
used to monitor treatment response and detect disease 
recurrence, providing valuable information for patient 
management. In recent years, several studies have inves-
tigated new serum biomarkers for  HCC  using various 
approaches, including pyroptosis-related  lncRNA pairs, 
midkine, and  protein glycosylation  alterations. Pyrop-
tosis-related lncRNA pairs has investigated as poten-
tial  prognostic markers  for HCC [50]. Pyroptosis is a 
form of programmed cell death  that plays a critical role 
in cancer development and progression. The study iden-
tified several pyroptosis-related lncRNA pairs that were 
significantly associated with HCC prognosis, highlighting 
their potential as novel serum biomarkers for HCC prog-
nosis prediction [51].

The  diagnostic accuracy  of midkine has conducted as 
a serum biomarker for AFP-negative HCC. AFP-negative 

HCC is a particularly challenging subtype to diagnose, 
and there is a critical need for new biomarkers for early 
detection [52]. The study found that serum midkine has 
high diagnostic accuracy for detecting AFP-negative 
HCC, making it a potential biomarker for early diagnosis 
and treatment management [53]. Protein glycosylation is 
a post-translational modification that plays a critical role 
in cancer development and progression [54]. The study 
identified several glycoproteins that are differentially 
expressed in HCC patients, including alpha-fetoprotein, 
des-gamma-carboxy prothrombin, and glypican-3. These 
proteins could potentially serve as novel serum biomark-
ers for  HCC diagnosis  and  prognosis prediction [18]. 
Novel serum has identified as autoantibody biomarkers 
for early esophageal squamous cell carcinoma (ESCC) 
and high-grade intraepithelial neoplasia (HGIN) detec-
tion [54]. Although  ESCC  is a different type of cancer, 
the study used a similar approach to identify novel serum 
biomarkers. The study found that several autoantibod-
ies were significantly associated with ESCC and HGIN, 
highlighting their potential as novel serum biomark-
ers for  cancer diagnosis [55]. The best diagnostic per-
formance for HBV-associated HCC was observed when 
AFP and PIVKA were combined with PT and TP. On the 
other hand, the combination of PIVKA-II with GGT and 
ALB was effective in confirming the liver’s  functional 
capacity and forecasting the outcome of HCC [56].

The clinical application pattern of liquid biopsy in 
patients with hepatocellular carcinoma is presented In 
Fig.  1. The figure shows how tumor composition analy-
ses, including circulating tumor cells, circulating tumor 
DNA, and exosomes, are released by tumors into the 
bloodstream. During various treatments such as surgery, 
transcatheter arterial chemoembolization (TACE), radio-
frequency ablation (RFA), and targeting molecular treat-
ment, liquid biopsy can be utilized to diagnose, monitor 
progress and prognosis of HCC patients. Next-genera-
tion sequencing (NGS) and minimal/molecular residual 
disease (MRD) can be used in conjunction with liquid 
biopsy to provide more accurate and detailed informa-
tion [57].

Histopathology
Histopathological analysis of  liver biopsy  specimens 
remains the gold standard for the diagnosis of HCC. 
However, biopsy carries a risk of complications and 
may not always be feasible in certain patients. Biopsy 
of liver has practical role in estimation and diagnosis of 
fibrosis levels as well as assessment of another several 
diseases such as inflammation, steatosis and necrosis. 
Nevertheless, it is mostly a risk which causes suffering 
of severe pain and complication after operation which 
includes mortality in about 0.1% of cases in addition to 
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long stay at hospital under observation in around 5% 
of patients [58]. Therefore, there is a growing interest 
in developing non-invasive methods for HCC diagno-
sis. Advanced imaging techniques and liquid biopsy are 
being explored as potential alternatives to liver biopsy 
for HCC diagnosis [4, 12].

Moreover,  histopathological analysis  remains impor-
tant in the characterization of HCC and identification 
of prognostic biomarkers, such as tumor grade and vas-
cular invasion  [11]. An exceptional case of cirrhotomi-
metic hepatocellular carcinoma, which is a rare type 
of  HCC  that can mimic cirrhosis of the liver. The case 
highlights the need for clinicians to consider cirrhosis-
mimicking tumors in the  differential diagnosis  of liver 
masses, particularly in patients with a history of chronic 
liver disease. The study emphasizes the importance of 
careful imaging and pathological evaluation to accurately 
diagnose and treat such cases. The findings of this  case 
report  can contribute to the understanding and man-
agement of cirrhotomimetic HCC and can help improve 
patient outcomes through early detection and appropri-
ate treatment [59].

Artificial intelligence and machine learning models
Artificial intelligence (AI) has an increasingly important 
role in the detection and implementation of biomarkers 
for  HCC detection  and diagnosis [7]. Machine learn-
ing and  deep learning algorithms  have been applied to 
imaging data to develop  predictive models  for  HCC 
recurrence  and PD-1/PD-L1 expression [2, 3]. AI-based 
models could aid in the early detection and diagnosis 
of HCC. AI algorithms for HCC diagnosis use machine 
learning models to differentiate between HCC and non-
HCC nodules. These algorithms have shown high accu-
racy rates in diagnosing HCC, and they can also help 
reduce the need for unnecessary biopsies.

AI algorithms for HCC characterization use radiom-
ics and deep learning methods to analyze medical images 
and extract quantitative features that can help with tumor 
characterization. These algorithms help identify tumor 
characteristics, such as size, shape, and texture, that can 
help with treatment planning and monitoring [60]

AI algorithms for HCC prognosis use machine 
learning models to analyze clinical, pathological, and 
radiological data to predict patient outcomes. These 

Fig. 1 In this context, the utilization of liquid biopsy in the clinical management of patients suffering from hepatocellular carcinoma is discussed 
[57]
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algorithms can help identify patients with a higher 
risk of tumor recurrence or metastasis and help guide 
treatment decisions [61].

Recent studies have shown that AI algorithms can 
help improve the accuracy and efficiency of HCC diag-
nosis, characterization, and prognosis. AI algorithms 
can also help identify biomarkers for HCC and predict 
treatment response, which can help improve patient 
outcomes and survival rates [62]. In addition, AI algo-
rithms can be used to predict patient survival and guide 
the selection of appropriate treatment options, such 
as  liver transplantation  or systemic therapy [63]. The 
use of AI in clinical decision-making for HCC is becom-
ing more popular, especially in diagnosing HCC as illus-
trated in Fig.  2 [64]. In addition, AI algorithms can be 
used to predict patient survival and guide the selection 
of appropriate treatment options, such as  liver trans-
plantation or systemic therapy [39].

Management of hepatocellular carcinoma (HCC)
HCC is a complex disease that requires a multidiscipli-
nary approach to treatment. The selection of appropri-
ate  treatment modalities  depends on several factors, 
including the stage of the disease, the underlying liver 
function, and the overall health of the patient.

Surgery
Surgical resection  and  liver transplantation  are con-
sidered  curative treatments  for HCC, but they are only 
applicable to a subset of patients with early-stage disease 

and good liver function. Liver resection is recommended 
for patients with a single tumor less than 5 cm or up to 
three tumors each less than 3  cm in size, without evi-
dence of vascular invasion or extrahepatic disease. Liver 
transplantation is recommended for patients with a sin-
gle tumor less than 5 cm or up to three tumors each less 
than 3  cm in size, without evidence of  vascular inva-
sion  or  extrahepatic disease, and who meet the  Milan 
criteria [65].

Liver transplantation (LT) is the most effective treat-
ment for patients with  hepatocellular carcinoma  (HCC) 
and underlying liver cirrhosis. However, due to organ 
shortages, strict criteria must be used to select patients 
for LT. The use of clinical and molecular predictors can 
expand the criteria for  patient selection  and improve 
outcomes [66]. Nevertheless, when using the Milan 
selection criteria, the risk of HCC recurrence is still sig-
nificant. The recurrence of HCC can be located in the 
liver or extrahepatic, and it is important to differentiate 
between recurrent HCC and other lesions using arterial 
phase enhancement. Early detection of HCC recurrence 
after LT is crucial for optimal management, and radiolo-
gists should be familiar with the spectrum of disease [1].

Ablation
Ablation, including  radiofrequency ablation  (RFA) and 
microwave ablation (MWA), is a  minimally invasive 
treatment option  for small  HCCs  that are not amena-
ble to surgery or transplantation. RFA and MWA are 
safe and effective therapies for small HCCs, with similar 

Fig. 2 illustrates a conceptual diagram of how AI can be used to diagnose HCC [64]
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long-term outcomes. RFA is preferred for tumors less 
than 3  cm, while  MWA  may be preferred for tumors 
larger than 3 cm or in locations where RFA may be tech-
nically challenging [67].

Systemic therapy
Systemic therapy, including tyrosine kinase inhibitors 
(TKIs) and immune checkpoint inhibitors (ICIs), is used 
for advanced HCC or as adjuvant therapy after surgery or 
ablation. TKIs, such as sorafenib and lenvatinib, are rec-
ommended as first-line therapy for advanced HCC. ICIs, 
such as nivolumab and pembrolizumab, are approved for 
use in patients with advanced HCC who have progressed 
after treatment with TKIs. Recently, novel combination 
therapies, such as TKIs plus ICIs or TKIs plus anti-angi-
ogenic agents, have shown promise for improving patient 
outcomes [68].

Locoregional therapy
Locoregional therapies, such as transarterial chemoem-
bolization (TACE), yttrium-90 radioembolization (Y-90), 
and stereotactic body radiation therapy (SBRT), are used 
for intermediate-stage HCC or as bridging therapy before 
surgery or transplantation. TACE is the preferred locore-
gional therapy for intermediate-stage HCC and involves 
the injection of chemotherapy agents into the hepatic 
artery followed by embolization. Y-90 and  SBRT  are 
alternative locoregional therapies that may be used in 
selected patients [69]. Other  HCC treatment  options 
include drug-eluting bead transarterial chemoemboli-
zation (DEB-TACE) and self-expandable metallic stent 
combined with 125I brachytherapy.Other  HCC treat-
ment  options include drug-eluting bead transarterial 
chemoembolization (DEB-TACE) and self-expandable 
metallic stent combined with 125I brachytherapy [70].

Effective role of Nanotechnology in HCC treatment
Nanotechnology has shown promise in the management 
of hepatocellular carcinoma (HCC), with the poten-
tial for targeted and controlled drug delivery, enhanced 
imaging, and improved diagnostic accuracy [71]. Nano-
particles can be engineered to selectively target HCC 
cells, delivering drugs directly to the tumor site while 
minimizing damage to healthy cells. Additionally, nano-
particles can be used as contrast agents in imaging tech-
niques, allowing for earlier and more accurate detection 
of HCC. Furthermore, nanotechnology-based biosensors 
have the potential to detect HCC biomarkers in blood 
samples, providing a non-invasive and cost-effective 
diagnostic tool for HCC [72]. While further research is 
needed, nanotechnology has the potential to significantly 
improve the management of HCC. There are several 

recent examples of nanoparticle-based treatments for 
hepatocellular carcinoma (HCC), such as:

Liposomal doxorubicin (Doxil or Caelyx)
This is a chemotherapy drug that is encapsulated in a 
liposome nanoparticle. The nanoparticle helps to selec-
tively deliver the drug to the tumor site and reduce toxic-
ity to healthy cells [73].

Sorafenib‑loaded nanoparticles
Sorafenib is a targeted therapy drug used in the treat-
ment of HCC. Researchers have developed nanoparticles 
that can encapsulate sorafenib and deliver it directly to 
the tumor site, improving drug efficacy and reducing side 
effects [74].

Gold nanoparticles
Gold nanoparticles can be used as a photothermal ther-
apy agent for HCC treatment. When exposed to near-
infrared light, the gold nanoparticles generate heat, 
which can selectively kill cancer cells while sparing 
healthy cells [75].

Iron oxide nanoparticles
These nanoparticles can be used as contrast agents for 
magnetic resonance imaging (MRI) in the detection of 
HCC. Additionally, iron oxide nanoparticles can be used 
for photothermal ablation of HCC, where they generate 
heat in response to laser irradiation, leading to tumor cell 
death [76].

Polymeric nanoparticles
Polymer-based nanoparticles can also be used to deliver 
chemotherapy drugs to HCC cells. These nanoparti-
cles are designed to release the drug slowly over time, 
increasing its effectiveness and reducing toxicity to 
healthy cells [77].

Carbon nanotubes
Carbon nanotubes have been investigated as a potential 
platform for targeted drug delivery in HCC treatment. 
Researchers have developed carbon nanotubes coated 
with a targeting agent that can selectively bind to HCC 
cells, delivering drugs directly to the tumor site [78].

Copper sulfide nanoparticles
Copper sulfide nanoparticles have been used in photo-
thermal therapy for HCC treatment. Under near-infrared 
light, these nanoparticles generate heat, which can selec-
tively kill cancer cells while sparing healthy cells [79].
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Chitosan‑based nanoparticles
Chitosan-based nanoparticles show promise as poten-
tial therapeutic agents for hepatocellular carcinoma. 
By encapsulating chemotherapy drugs inside chitosan 
nanoparticles, targeted delivery to tumor tissues can be 
achieved while reducing toxicity to healthy cells. Addi-
tionally, chitosan nanoparticles may serve as contrast 
agents to improve cancer imaging [80].

Limitations of Nanotechnology in HCC treatment
Firstly, the complex and dynamic tumor microenviron-
ment and heterogeneity of HCC cells can hinder the 
selective targeting of nanoparticles to the tumor site. 
Additionally, the size, shape, surface charge, and stabil-
ity of nanoparticles can affect their pharmacokinetics, 
biodistribution, and toxicity, which need to be carefully 
optimized. Secondly, the safety of nanoparticles in clin-
ical settings needs to be thoroughly evaluated, as they 
can potentially cause toxicity, inflammation, immuno-
genicity, or other adverse effects [81]. Moreover, the 
long-term fate and toxicity of nanoparticles in the body, 
including their accumulation in organs and tissues, 
need to be better understood. Thirdly, the high cost and 
complexity of nanoparticle synthesis, characterization, 
and scale-up can limit their widespread adoption in 
clinical settings. Additionally, regulatory approval and 
intellectual property issues can also hinder the trans-
lation of nanoparticle-based treatments from bench 
to bedside. Lastly, the potential of nanoparticle-based 
treatments in HCC management needs to be evalu-
ated in a clinical context, including their efficacy, safety, 
and cost-effectiveness compared to current treatments. 
Clinical trials are necessary to establish the optimal 
dose, schedule, and administration route of nanoparti-
cle-based treatments, as well as their potential combi-
nation with other therapies [82].

Traditional Chinese and herbal medicine for HCC
Herbal medicines
Herbal medicines have been used for centuries in the 
treatment of various diseases, including cancer. In recent 
years, there has been increasing interest in the use of 
herbal medicines for the treatment of HCC [83, 84]. 
However, the efficacy and safety of these treatments are 
not well-established, and the use of herbal medicines 
should be approached with caution [85]. A study inves-
tigated the efficacy and safety of herbal medicine for the 
treatment of HCC. The study included 49  randomized 
controlled trials  involving over 4,000 participants [86]. 
The results showed that some herbal medicines, such 
as Astragalus membranaceus, Curcumin, and  Gano-
derma lucidum, may improve survival and quality of life 
in HCC patients [87].

The studies of the using herbal medicines in combi-
nation with  conventional therapies  for the treatment of 
HCC, included included 22 randomized controlled tri-
als involving over 2,000 participants showed that herbal 
medicines may have potential benefits when used in 
combination with conventional therapies, such as  tran-
sarterial chemoembolization  (TACE) or  radiofrequency 
ablation  (RFA), for  HCC treatment [88]. The  herbal 
extract  Scutellaria  barbata may inhibit the growth and 
proliferation of HCC cells and induce apoptosis. The 
study also found that the herbalextract may enhance the 
sensitivity of HCC cells to chemotherapy drugs, suggest-
ing its potential as an adjuvant therapy for HCC [89, 90]. 
The herbal extract  Silibinin may inhibit the growth and 
proliferation of HCC cells and induce apoptosis. The 
study also found that Silibinin may enhance the sensitiv-
ity of HCC cells to chemotherapy drugs and may have 
potential as a therapeutic agent for HCC [91, 92].

The studies of the effects of the herbal extract  Cop-
tis chinensis on HCC showed that Coptis chinensis may 
inhibit the growth and proliferation of HCC cells and 
induce apoptosis. The study also found that Coptis chin-
ensis may inhibit the migration and invasion of HCC 
cells, indicating its potential as a  therapeutic agent  for 
HCC [93]. Several studies have explored the potential of 
traditional Chinese herbal medicines (TCHMs) in the 
treatment of HCC [94]. The protective effects of plant-
derived natural products against HCC, including cur-
cumin, resveratrol, and silymarin may have anti-tumor 
effects, as well as anti-inflammatory and immune-mod-
ulatory effects, which may contribute to their potential 
efficacy in the prevention and treatment of HCC [95]. 
Moreover, the potential of diarylheptanoids/sorafenib 
combination therapy in HCC may have a synergistic 
effect on the p53/MMP9 axis of action and improve out-
comes for HCC patients [96].

Traditional Chinese medicine
Traditional Chinese medicine  (TCM) has been used for 
centuries in the treatment of liver diseases, including 
HCC.  TCM  treatments for HCC include herbal medi-
cines, acupuncture, and dietary therapies [97]. Many 
TCM treatments have been reported to have poten-
tial anti-cancer effects, and some have been shown 
to improve the quality of life and prolong survival in 
patients with HCC [98]. Several traditional Chinese treat-
ments have been studied for their potential effects on 
HCC. The study included 49 randomized controlled tri-
als involving over 4,000 participants. The results showed 
that TCM, either alone or in combination with conven-
tional therapy, may improve overall survival, progression-
free survival, and objective response rate in HCC patients 
[99]. Randomized controlled  trials involving over 1,200 
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participants showed that the use of TCM in combination 
with TACE may improve overall survival, disease control 
rate, and quality of life in HCC patients [100].

A recent  clinical trial used of the  TCM for-
mula Huachansu injection in combination with TACE for 
the treatment of HCC showed that the combination ther-
apy  may improve overall survival, disease-free survival, 
and objective response rate in HCC patients, with no sig-
nificant increase in adverse events [101]. Another clinical 
trial of the TCM formula Jianpi Jiedu decoction in combi-
nation with TACE for the treatment of HCC showed that 
the combination therapy may improve overall survival, 
progression-free survival, and  objective response  rate 
in HCC patients, with no significant increase in adverse 
events [102].

Also, Shengjing Capsule may improve overall survival 
and quality of life in HCC patients, with no significant 
increase in  adverse events  [103]. The natural products 
can provide an effective and promising alternative for 
the treatment of liver cancer, considering the limita-
tions of conventional therapies [104]. In addition, the 
dietary fiber intake  may offer some  protective ben-
efits  against  hepatocellular carcinoma  in their meta-
analysis of observational studies [105]. These studies 
suggest that natural products and  dietary interven-
tions may provide effective strategies for the prevention 
and treatment of liver cancer [106]. The combination 
of modern medicine and TCHMs in the treatment of 
HCC may play potential roles in enhancing the effi-
cacy of conventional treatments and reducing their side 
effects as shown in Fig. 3  [107].

Limitations of herbal and traditional medicine for HCC
While some herbal medicines have shown promise in 
preclinical studies, their efficacy and safety in human tri-
als  are not well-established. Some of the limitations of 
herbal treatment for HCC include:

Lack of Standardization
Herbal medicines are complex mixtures of plant-derived 
compounds, and the composition can vary widely 
depending on factors such as the plant source, growing 
conditions, and processing methods. This lack of stand-
ardization can make it difficult to determine the optimal 
dose and duration of treatment [108].

Limited clinical data
There is a lack of high-quality clinical data on the effi-
cacy and safety of herbal medicines for HCC. Many of 
the studies conducted to date have been small and poorly 
designed, making it difficult to draw meaningful conclu-
sions [109].

Interactions with conventional treatments
Herbal medicines can interact with conventional treat-
ments, such as chemotherapy and  radiation therapy, 
which can lead to adverse effects [110]. Patients should 
inform their healthcare providers of any herbal treat-
ments they are using to avoid potential interactions [111].

Safety concerns
Some herbal medicines may have toxic effects on the 
liver, which can be particularly concerning for patients 
with HCC, as the liver is already compromised [112]. 
Patients should be aware of the potential risks associated 
with herbal treatments and should only use them under 
the supervision of a qualified healthcare provider [113].

The prevention of Hepatocellular Carcinoma (HCC)
Preventing Hepatocellular Carcinoma (HCC): Current 
Strategies and Emerging Evidence.

Hepatocellular carcinoma (HCC) is a major  global 
health issue, with high morbidity and mortality rates. 
While  HCC treatment options  have improved, preven-
tion remains the most effective strategy for reducing 
the incidence of this deadly disease. In recent years, sev-
eral  prevention strategies  have emerged, including vac-
cination, lifestyle modifications, and pharmacological 
interventions [114].

Vaccination
Vaccination against hepatitis B virus (HBV) is one of 
the most effective prevention strategies for HCC. A 
large-scale study showed that  universal HBV vaccina-
tion programs  have greatly reduced the incidence of 
HCC in Taiwan, with the incidence decreasing by 70% in 
the vaccinated population compared to the unvaccinated 
population [115]. Prophylactic vaccination against viral-
associated cancers like HPV and HBV has already proven 
highly successful, lending credibility to the premise of 
precancer immunization for non-viral tumors. However, 
over 150 human cancer types lack a viral etiology [116]. 
Vaccination against hepatitis C virus (HCV) is also effec-
tive in preventing HCC, and the development of direct-
acting antivirals has made HCV elimination a realistic 
goal [117].

Lifestyle modifications
Lifestyle modifications, such as maintaining a healthy 
weight, avoiding alcohol and tobacco use, and increas-
ing physical activity, have also been shown to reduce the 
risk of HCC. A recent study found that a healthy lifestyle 
score was associated with a lower risk of HCC, with each 
point increase in the score corresponding to a 13% reduc-
tion in HCC risk (105). Emerging evidence also suggests 
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that dietary modifications, such as increasing the intake 
of coffee, tea, and soy products, may have a protective 
effect against HCC [118].

Pharmacological interventions
Pharmacological interventions have also been inves-
tigated for the prevention of HCC. Aspirin has been 
shown to reduce the risk of HCC in patients with chronic 
liver disease, with long-term use associated with a 30% 
reduction in HCC risk [119]. Statins, commonly used for 
the treatment of hyperlipidemia, have also been associ-
ated with a reduced risk of HCC in observational studies 
[120]. Emerging evidence also suggests that metformin, 
a medication used for the treatment of type 2 diabetes, 
may have a protective effect against HCC [121].

Gut microbiota
Probiotics and Gut microbiota  are live microorganisms 
that confer health benefits to the host by improving 
the gut microbiome’s composition and function [122]. 
Gut microbiota  may play a role in the development of 
HCC, with dysbiosis and inflammation in the gut asso-
ciated with an increased risk of HCC.  Probiotics  and 
prebiotics have shown promise in modulating the gut 
microbiota to prevent HCC [123]. Dysbiosis and inflam-
mation in the gut microbiota have been associated with 
an increased risk of developing hepatocellular carcinoma 
(HCC). Modulating the gut microbiota composition 
through the use of probiotics and prebiotics may help 
prevent HCC by reducing dysbiosis, inflammation, and 
subsequent liver damage. More research is warranted to 

Fig. 3 Advancements in the integration of modern medicine and traditional Chinese medicine for the treatment of hepatocellular carcinoma have 
been made [107]
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further understand the precise mechanisms linking the 
gut microbiota to HCC and to evaluate the efficacy of 
microbiota-targeted interventions.

Conclusions
In conclusion, the recent advances in HCC management 
and prevention provide hope for improved patient out-
comes and reduced burden on healthcare systems. The 
use of non-invasive biomarkers, advanced imaging tech-
niques, AI algorithms, and nanotechnology-based treat-
ments hold promise in improving the accuracy of HCC 
diagnosis, personalized treatment, and reducing the tox-
icity of current treatments. Additionally, lifestyle modi-
fications and early detection and treatment of chronic 
hepatitis B or C virus infection are essential in reducing 
the risk of HCC development. However, further research 
and optimization are needed to fully harness the poten-
tial of these developments in clinical settings.

While progress has been made in HCC management, 
the potential of traditional Chinese medicine and herbal 
medicines in HCC treatment requires further investiga-
tion. Moreover, ongoing research is necessary to identify 
new biomarkers, therapeutic targets, and treatment strat-
egies to further improve patient outcomes and reduce 
the burden of HCC. Therefore, collaboration among 
researchers, clinicians, and patients is essential to con-
tinue advancing our understanding of HCC and develop-
ing effective and personalized treatment strategies. The 
summary Table 1 highlighting the key advances in hepa-
tocellular carcinoma (HCC) detection, diagnosis, treat-
ment, and prevention covered in this review:

Abbreviations
HCC  Hepatocellular carcinoma
LT  Liver transplantation
AI  Artificial intelligence
MRI  Magnetic resonance imaging
US  Ultrasound
CT  Computed tomography
AFP  Alpha-fetoprotein
TACE  Transarterial chemoembolization
TARE  Transarterial radioembolization
RFA  Radiofrequency ablation
MWA  Microwave ablation
PD-1  Programmed cell death protein 1
CTLA-4  Cytotoxic T-lymphocyte-associated protein 4
HBV  Hepatitis B virus
HCV  Hepatitis C virus
EASL  European Association for the Study of the Liver
AASLD  American Association for the Study of Liver Diseases
BCLC  Barcelona Clinic Liver Cancer
RECIST  Response Evaluation Criteria in Solid Tumors
mRECIST  Modified Response Evaluation Criteria in Solid Tumors
TTP  Time to progression
OS  Overall survival
DFS  Disease-free survival
ORR  Overall response rate
DCR  Disease control rate
HAI  Hepatic arterial infusion
IRE  Irreversible electroporation
GPC3  Glypican-3
TLR  Toll-like receptor
HIFU  High-intensity focused ultrasound
NASH  Non-alcoholic steatohepatitis
NAFLD  Non-alcoholic fatty liver disease
VEGF  Vascular endothelial growth factor
PDGF  Platelet-derived growth factor
HCC-MF  Hepatocellular carcinoma with macrovascular invasion
HCC-CP  Hepatocellular carcinoma with extrahepatic metastasis
PFS  Progression-free survival
CBCT  Cone-beam computed tomography
CTC   Circulating tumor cell
WES  Whole-exome sequencing
WGS  Whole-genome sequencing

Table 1 key advances in hepatocellular carcinoma 

Domain Major Advances Covered

Early Detection and Diagnosis • Novel imaging modalities: Multiparametric MRI and contrast-enhanced ultrasound showing high sensitivity; 
Radiomic analysis aids diagnosis
• Liquid biopsy emerging: Circulating biomarkers like ctDNA demonstrate high specificity
• AI and machine learning: Algorithm accuracy for HCC diagnosis as high as 95%

Surgical and Ablative Therapies • Resection/transplantation remain gold standard for early stage HCC
• Thermal ablation techniques evolving: Microwave, irreversible electroporation, high-intensity focused 
ultrasound

Systemic and Locoregional Therapies • Immunotherapies surpass cytotoxic chemotherapy: Superior overall and progression-free survival
• Combination treatment synergistic: Anti-angiogenics plus ICIs showing further benefit
• Transarterial radioembolization delivering high disease control rates

Prevention and Surveillance • HBV vaccination reduces HCC incidence by ~ 70% in endemic regions
• Direct-acting antivirals clear HCV, reducing carcinogenic risk
• Statins, metformin, diet modifications may prevent HCC

Frontiers and Future Outlook • Nanotechnology shows promise for targeted drug delivery
• Biomarkers, genetics guiding personalized care and prognosis
• Traditional Chinese medicine warrants study in prospective trials
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NGS  Next-generation sequencing
TIL  Tumor-infiltrating lymphocyte
IHC  Immunohistochemistry
MSI-H  High microsatellite instability
MSS  Microsatellite stable
DDR  DNA damage response
EGFR  Epidermal growth factor receptor
TGF-β  Transforming growth factor beta
PDL1  Programmed death-ligand 1
ASO  Antisense oligonucleotide
siRNA  Small interfering RNA
miRNA  MicroRNA
LCLC  Large cell lung carcinoma
SIRT  Selective internal radiation therapy
SPECT  Single-photon emission computed tomography
PET  Positron emission tomography
TCR   T-cell receptor
CAR-T  Chimeric antigen receptor T-cell
SLN  Sentinel lymph node
TIL  Tumor-infiltrating lymphocyte
OS rate  Overall survival rate
DFS rate  Disease-free survival rate
TCM  Traditional Chinese medicine
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