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From Steatosis to Carcinogenesis: 
Mechanistic Understanding  

in the Era of MASLD

유수종
(서울의대)

Su Jong Yu

Department of Internal Medicine and Liver Research Institute,  

Seoul National University College of Medicine

The global epidemiology of hepatocellular carcinoma (HCC) has shifted substantially 

over the past decade, with metabolic dysfunction–associated steatotic liver disease 

(MASLD) emerging as a dominant underlying etiology alongside the worldwide 

increase in obesity, type 2 diabetes, and metabolic syndrome, as well as the declining 

burden of virus-related liver disease.1,2 A recent multi-society Delphi consensus 

redefining fatty liver disease according to the presence of metabolic dysfunction 

has reframed MASLD as a systemic metabolic disorder rather than a diagnosis of 
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exclusion, placing metabolic injury, chronic inflammation, and immune dysregulation 

at the center of disease pathogenesis.1 Within this framework, MASLD is recognized 

as a heterogeneous disease spectrum ranging from isolated steatosis to metabolic 

dysfunction–associated steatohepatitis (MASH), progressive fibrosis, cirrhosis, 

and HCC. MASLD-associated HCC frequently arises in the absence of cirrhosis, 

indicating that fibrotic burden alone does not adequately explain cancer risk.² 

Clinical and epidemiological evidence further suggests that metabolic derangements, 

inflammatory activity, and host susceptibility independently contribute to malignant 

transformation, thereby challenging surveillance paradigms that rely predominantly 

on advanced fibrosis.2

At the cellular level, HCC development in MASLD arises from sustained hepatocyte 

stress driven by lipid overload and lipotoxicity rather than triglyceride accumulation 

per se.3 Excess delivery of free fatty acids from insulin-resistant adipose tissue, 

increased de novo lipogenesis, and impaired mitochondrial β-oxidation promote the 

accumulation of toxic lipid intermediates, including saturated fatty acids, ceramides, 

and diacylglycerols. These lipid species disrupt endoplasmic reticulum homeostasis, 

enhance oxidative stress, and impair mitochondrial function, leading to hepatocyte 

injury, cell death, and the release of damage-associated molecular patterns. 

Prolonged exposure to these insults promotes DNA damage, replication stress, and 

genomic instability, thereby creating a cellular environment permissive to HCC 

development.3

In the context of MASLD, sustained inflammatory signaling provides a mechanistic 

bridge between metabolic injury and HCC development.4 Unlike pathogen-driven 
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inflammation, metabolic inflammation arises from chronic nutrient excess and 

altered inter-organ communication. Hepatic macrophages undergo phenotypic 

reprogramming toward pro-inflammatory and pro-fibrogenic states, producing 

cytokines such as tumor necrosis factor–α, interleukin-6, and transforming growth 

factor–β. These mediators perpetuate hepatocyte injury, activate hepatic stellate 

cells, and promote extracellular matrix deposition. Additional inflammatory amplifiers 

include inflammasome activation, oxidative stress–derived antigens, and dysregulated 

gut–liver axis signaling. Together, these processes generate a self-reinforcing 

inflammatory milieu that facilitates progression from steatosis to steatohepatitis, 

advances fibrotic remodeling, and supports the development of a tumor-permissive 

hepatic microenvironment conducive to HCC.4

MASLD-associated HCC is accompanied by substantial remodeling of the hepatic 

immune microenvironment. Single-cell and spatial profiling studies indicate that, 

during the transition from MASH to HCC, the liver progressively evolves from 

a predominantly inflammatory state toward an immunologically constrained 

milieu characterized by dysfunctional effector lymphocytes and expansion of 

immunosuppressive programs.5 Experimental studies in steatohepatitis further 

suggest that CD8⁺ T cells may acquire metabolically impaired, exhaustion-like 

phenotypes that promote tissue injury while failing to sustain effective anti-tumor 

surveillance, providing a mechanistic rationale for concern that immune checkpoint 

inhibition could be less effective in MASH-driven disease.6 Clinical evidence, 

however, does not uniformly support a markedly reduced benefit of immune 

checkpoint inhibitors (ICIs) in MASLD-associated HCC. Post-hoc analyses of pivotal 
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immunotherapy trials and subsequent real-world studies indicate that outcomes 

with contemporary ICI-based regimens, including atezolizumab plus bevacizumab, 

are not consistently inferior in metabolic or non-viral etiologies compared with 

other causes of HCC.7,8 Several factors may account for this apparent discrepancy, 

including heterogeneity within the MASLD–HCC population, imprecision of etiologic 

classification in clinical datasets, and the capacity of combination strategies 

incorporating anti-angiogenic agents to modulate the immunosuppressive tumor 

microenvironment. Collectively, these observations suggest that while immune 

dysfunction contributes to HCC development in MASLD, the clinical efficacy of ICIs 

may be more closely determined by specific immune-metabolic phenotypes and 

disease context than by etiology alone.5-8

Recent mechanistic studies have further refined this paradigm by identifying 

hepatocyte senescence as a critical, yet reversible, checkpoint in MASLD progression 

toward HCC.9 Metabolic stress and DNA damage initially induce a p53-dependent 

senescence program that constrains hepatocyte proliferation and suppresses tumor 

initiation. Subsequent activation of oncogenic metabolic and pro-survival signaling 

pathways can dismantle this barrier. Loss of key metabolic regulators permits 

senescence reversal, enabling previously damaged hepatocytes or progenitor-like 

cells to re-enter the cell cycle, propagate accumulated mutations, and ultimately 

give rise to HCC. Through its close association with metabolic reprogramming and 

renewed proliferative capacity, senescence escape appears to mark a critical step in 

the progression from MASH to HCC.9

Fibrotic remodeling further consolidates the carcinogenic niche. Beyond serving as 
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a marker of cumulative injury, fibrosis actively reshapes the mechanical, vascular, and 

immunological landscape of the liver. Increased tissue stiffness, hypoxia, and altered 

mechano-transduction influence hepatocyte behavior and immune cell localization, 

promoting the survival and expansion of transformed clones. These changes reinforce 

the permissive microenvironment established by chronic inflammation and immune 

dysfunction, thereby facilitating HCC initiation and progression.3

Inter-individual variability in MASLD progression and HCC risk is strongly influenced 

by genetic susceptibility. Variants affecting hepatic lipid handling, mitochondrial 

function, and inflammatory signaling—in particular PNPLA3 and TM6SF2—modulate 

the severity of steatosis, the rate of fibrosis progression, and the likelihood of 

malignant transformation. Combined genetic risk appears additive, with specific 

variant constellations conferring substantial increases in the probability of cirrhosis 

and HCC, whereas loss-of-function variants in select metabolic genes such as 

HSD17B13 confer protection against disease progression.10-12 These observations 

support the integration of genetic risk with metabolic and inflammatory phenotyping 

to refine surveillance and prevention strategies.

Taken together, current evidence indicates that HCC development in the era 

of MASLD arises from the combined effects of lipotoxic hepatocyte injury, chronic 

metabolic inflammation, immune microenvironment reprogramming, reversible 

senescence escape, and fibrotic remodeling. The conceptual shift introduced 

by the recent Delphi consensus has sharpened mechanistic focus on metabolic 

dysfunction as a primary driver of disease progression and HCC risk. Future advances 

in prevention and therapy will depend on integrated approaches combining genetic 
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susceptibility, noninvasive assessment of fibrosis, metabolic profiling, and immune 

characterization to enable precision surveillance and etiology-informed intervention 

strategies.
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Updates of Non-Invasive Tests in  
Liver Disease

김승업
(연세의대)

Seung Up Kim

Department of Internal Medicine, 

Yonsei University College of Medicine

Non-invasive tests (NITs) have become an essential component of the diagnostic 

and prognostic strategy for chronic liver disease (CLD), offering accurate fibrosis 

assessment, longitudinal disease monitoring, and risk stratification without the 

limitations of liver biopsy. During the past several years—particularly with the 

publication of updated guidelines from EASL, AASLD, and KASL—there has been 

remarkable evolution in both conventional and emerging NIT modalities. This lecture 

summarizes the most important conceptual and practical updates that have reshaped 
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clinical pathways in 2024–2025.

First, serum-based algorithms remain the backbone of initial fibrosis screening, 

especially in metabolic dysfunction–associated steatotic liver disease (MASLD). The 

use of FIB-4 with age-adjusted thresholds has been standardized across societies, and 

a two-step strategy combining FIB-4 and vibration-controlled transient elastography 

(VCTE) is now strongly endorsed for primary care and endocrine clinics. Novel 

biomarkers—including ADAPT, NIS4, ELF-low-cutoff strategies, and FAST (FibroScan-

AST)—are increasingly recognized for intermediate-risk resolution, although cost and 

availability still limit their widespread adoption. Recent data suggest that integrating 

traditional biomarkers with metabolic parameters or machine-learning–derived 

dynamic trajectories can markedly improve prognostic accuracy, especially for long-

term liver-related events.

Second, imaging-based elastography has advanced both technically and 

clinically. VCTE remains the most validated tool globally, with refined cutoffs for 

MASLD (CAP ≥ 250 dB/m for steatosis; LSM > 8–10 kPa for advanced fibrosis) 

supported by large cohorts including VCTE-Prognosis and V-LINK. New SLD-specific 

composite algorithms—Agile 3+ and Agile 4—now provide improved specificity for 

advanced fibrosis and cirrhosis, outperforming LSM alone. Ultrasound 2D-shear 

wave elastography (2D-SWE) has matured into an equally reliable alternative, with 

standardized quality metrics and meta-analytic validation across etiologies. Magnetic 

resonance elastography (MRE) remains the most accurate fibrosis tool, with emerging 
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applications in portal hypertension, hepatic congestion, multi-organ metabolic 

phenotyping, and AI-enhanced risk prediction.

Third, portal hypertension assessment is undergoing a major paradigm shift. Non-

invasive surrogates of clinically significant portal hypertension (CSPH), particularly 

LSM–platelet models (Baveno VII criteria and expanded Baveno), now guide variceal 

screening and beta-blocker initiation. Recent 2025 data highlight the prognostic 

superiority of spleen stiffness measurement (SSM) via SWE and MRE-derived portal 

hypertension markers, paving the way for more personalized surveillance.

Finally, NITs are increasingly incorporated into treatment decision pathways. 

Semaglutide, tirzepatide, and next-generation incretins demonstrate significant 

reductions in steatosis and stiffness, emphasizing the need for dynamic rather 

than static fibrosis assessment. Serial NIT-based trajectories—rather than single 

thresholds—are emerging as validated endpoints in MASLD drug trials and real-world 

management, enabling earlier intervention and precise risk stratification.

In summary, the landscape of NITs in CLD is rapidly evolving toward a multi-

modal, dynamic, and algorithm-driven approach. Integrating serum biomarkers, 

elastography, portal pressure surrogates, and AI-augmented prediction tools will be 

central to optimizing patient care across the entire spectrum of chronic liver disease.
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Young Eun Chon

Department of Internal Medicine,  

CHA Bundang Medical Center, CHA University

Using National Health Insurance Service (NHIS) data from 2008 to 2018, we 

investigated changes in the epidemiology of hepatocellular carcinoma (HCC) in South 

Korea, focusing on incidence rates, underlying etiologies, and treatment patterns. 

Several notable trends emerged.

First, although the overall incidence of HCC gradually declined during the study 

period, the incidence among elderly patients aged 80 years or older increased 

significantly, with an age-standardized incidence rate rising by 0.96% per year. 

Changing Epidemiology of HCC in South 
Korea and Its Implication

전영은  
(차의과학대)
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Second, HCC related to hepatitis B and hepatitis C viruses decreased, whereas 

HCC attributable to alcohol consumption and metabolic dysfunction–associated 

steatotic liver disease increased. In parallel, the prevalence of metabolic and 

systemic comorbidities among patients with HCC—including type 2 diabetes mellitus, 

chronic kidney disease, hypertension, cardiovascular disease, and cerebrovascular 

disease—also increased over time. Regarding primary treatment modalities, the 

use of transarterial therapy decreased, while the proportions of surgical resection, 

local ablation, and systemic therapy increased. Overall, understanding these 

evolving epidemiologic trends in HCC is crucial for anticipating future changes in 

disease burden, diagnosis, and treatment strategies, and for developing effective 

interventions for vulnerable populations at increased risk.
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Prognostic Imaging Findings of HCC

윤자경
(연세의대)

서론

간세포암(Hepatocellular carcinoma)은 생물학적으로 매우 이질적인(heterogeneous) 

암종으로, 동일한 병기 내에서도 환자마다 각기 다른 예후를 보이기에 치료 전 예후 예측을 통

한 최적의 치료 방법을 결정하는 것이 중요해졌다.1-3 Barcelona Clinic Liver Cancer (BCLC) 

staging system을 포함한 많은 가이드라인에서는 주로 종양의 크기 및 개수에 중점을 두어 병기 

설정 및 치료 방법을 제시하고 있다.4,5 하지만 이 외에도 조직학적 등급(grade)나 분화도, 미세혈

관침습(microvascular invasion), 아형, 면역반응성 등의 조직병리학적 요인이나 유전적 및 분자

적 특성이 조기 재발 및 생존율에 결정적인 영향을 미친다.1,3 조직검사는 침습적이라는 단점과 표

본오차(sampling error)라는 한계가 있는 반면, MRI는 종양 전체의 생물학적 특성을 비침습적으

로 평가할 수 있는 유용한 도구이다.6 따라서 이러한 조직병리학적 예후 인자를 비침습적으로 예

측하여 최적의 치료 방법을 선택하고, 환자가 좋은 예후를 기대할 수 있도록 하는 영상의학적인 소

견을 정립하는 것은 임상적으로 중요한 의미를 가진다. 
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간세포암의 예후와 관련된 주요 MRI 소견

간세포암의 불량한 예후를 예측하는 가장 중요한 지표인 미세혈관침습과 관련된 영상 소견으

로는 매끄럽지 않은 종양 경계(non-smooth tumor margin), 테두리 동맥기 과조영증강(rim 

arterial phase hyperenhancement [APHE]), 주변부 동맥기 과조영증강(peritumoral APHE), 

주변부 간담도기 저신호강도(peritumoral hepatobiliary phase [HBP] hypointensity), 간

담도기 저신호강도(HBP hypointensity), 확산제한(diffusion restriction), 괴사(necrosis) 등

이 보고된 바 있다.7,8 매끄럽지 않은 종양 경계는 공격적인 종양의 증식을 시사하며, 테두리 동

맥기 과조영증강을 보이는 간세포암의 경우 종양 내부의 괴사 및 VETC(vessels encapsulating 

tumor clusters)와 밀접한 연관이 있다.7,9,10 주변부 동맥기 과조영증강 및 주변부 간담도기 저

신호강도는 각각 간세포암의 주변 조직 침윤으로 인한 관류 변화 및 이로 인한 주변 간실질의 

간세포 기능의 변화를 반영하며, 이는 고주파소작술(radiofrequency ablation, RFA)이나 수

술 후 조기 재발을 예측하는 강력한 인자이다.7,11-13 간담도기 저신호강도는 나쁜 분화도(poor 

differentiation)을 시사하며, 미세혈관침습 및 치료 후 높은 재발률 등 불량한 예후와 밀접한 관

련이 있다.13-16 또한, 확산강조영상(diffusion weighted image, DWI)에서의 확산제한은 높은 

세포 충실도와 낮은 분화도를 의미하며, 종양 내 괴사와 마찬가지로 높은 혈관침범율 및 수술 후 

조기 전이의 위험성을 시사한다.11,17-20 

반대로 환자의 긍정적인 예후를 시사하는 영상 소견들도 존재한다. 문맥기나 지연기에서 종양

을 매끄럽게 둘러싸는 저신호 띠 (hypointense halo)나 매끄러운 간담도기 저신호 띠 (smooth 

HBP hypointense rim)는 종양 피막(capsule)을 시사하는 소견이다.21,22 이는 종양의 침습

적 성장을 억제하는 물리적 장벽으로 작용하여 낮은 미세혈관침습 발생률과 연관된다.21,22 또

한 간담도기 고신호강도 (HBP hyperintensity)는 OATP1B3 수용체의 과발현을 시사하는데, 이

는 대개 분화도가 좋은 초기 단계의 암이거나 특정 유전자 변이(CTNNB1)를 가진 비증식형(non-

proliferative) 암종임을 예측할 수 있어 상대적으로 양호한 예후를 보인다.23,24
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영상의학적 생물표지자의 임상적 가치와 전망

결론적으로 MRI는 간세포암의 진단을 넘어 종양의 공격성과 환자의 생존 가능성을 예측하는 

필수적인 도구로 자리 잡았다.7 예후 예측을 위한 다양한 영상 소견의 단독 사용은 물론, 이들의 조

합 및 인공지능 기반의 기술을 활용한 접근이 환자 맞춤형 치료 전략 수립에 중요한 역할을 할 수 

있을 것으로 기대된다.
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Early-stage hepatocellular carcinoma (HCC) represents the most meaningful 

“curative window,” in which long-term survival can be achieved through surgical 

resection, local ablation (radiofrequency ablation, RFA), or liver transplantation. 

Several guidelines such as BCLC and KLCA-NCC guideline, define early-stage disease 

largely by tumor burden (size and number), preserved performance status, and 

absence of extrahepatic spread or macroscopic vascular invasion, and recommend 

resection and ablation as core curative-intent options in appropriately selected 
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patients. 

Despite these structured recommendations, recurrence risk among patients labeled 

“early HCC” remains highly variable, suggesting that a purely stage-based approach 

does not adequately capture tumor biology. This gap provides a strong rationale 

for a tailored curative strategy that incorporates preoperative tumor characteristics, 

especially the likelihood of microvascular invasion (MVI), to optimize both the choice 

of curative modality and, when surgery is selected, the surgical plan.

MVI is a pathologic surrogate of aggressive tumor biology and a major driver of 

early recurrence and intrahepatic metastasis. Although MVI is confirmed histologically, 

modern preoperative assessment can estimate MVI risk using a combination of 

tumor markers and MRI-based peritumoral findings. The value of this approach is 

not to “diagnose” MVI with certainty, but to identify a clinically meaningful high-

risk subgroup in which the expected pattern of microscopic spread is more likely 

and the margin-for-error of local therapy becomes smaller. In this context, the key 

clinical implication is straightforward: when preoperative features suggest high MVI 

risk, surgical resection tends to provide more reliable early recurrence control 

than RFA, whereas for biologically favorable tumors with low predicted MVI risk, RFA 

may remain an appropriate curative option when technical conditions are favorable. 

Therefore, rather than applying one uniform curative modality to all early-stage 

patients, a practical strategy is to use preoperative risk estimation to align treatment 

intensity with individualized recurrence risk.

From a “tailored curative planning” standpoint, the goal is to translate preoperative 

tumor characteristics into a simple, actionable treatment plan that can be explained 
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to patients and implemented consistently. A pragmatic way to apply this concept is as 

follows:

Step 1 — Confirm curative eligibility (foundation)

■   Preserved liver function and adequate future liver remnant

■   No extrahepatic spread and no macroscopic vascular invasion

■   Performance status allowing curative treatment

Step 2 — Estimate biological risk (focus on MVI likelihood)

■   �Use preoperative information (tumor markers + MRI impression) to classify 

patients into: Low predicted MVI risk/ High predicted MVI risk

■   �The exact imaging “marker list” is less important than consistent risk 

stratification into low vs high.

Step 3 — Choose the curative modality (RFA vs resection)

■   Low predicted MVI risk + technically favorable tumor location

➡   RFA is reasonable as a curative option (minimally invasive, organ-sparing)

■   �High predicted MVI risk and/or technically unfavorable location for ablation 

(e.g., perivascular/periportal)

➡   �Favor surgical resection to improve oncologic reliability and reduce early 

recurrence risk

■   �In borderline cases, discuss both options explicitly with the patient using the 

same “risk-based” language: “We can do ablation, but based on preoperative 

risk, surgery offers a more secure oncologic margin.”
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Step 4 — Tailor the surgical strategy (when resection is selected)

■   �In high predicted MVI risk, consider a territory-based/anatomic resection 

concept when feasible, because the concern is not only the index lesion but 

also microscopic spread along portal territory.

■   �“Major hepatectomy” should be framed as selective—considered only when 

it meaningfully improves oncologic coverage and liver reserve allows—rather 

than a routine escalation.

In summary, early-stage HCC should be approached as a stage where multiple 

curative options exist, but outcomes are driven by more than tumor size and 

number. A concise and clinically useful principle is to integrate preoperative tumor 

characteristics—particularly the likelihood of MVI—into a risk-based plan: low-risk 

tumors can be treated with minimally invasive curative approaches such as RFA 

when technically appropriate, while high-risk tumors should be steered toward 

surgical resection and, when indicated, territory-based surgical strategies to reduce 

early recurrence. This framework preserves guideline-based eligibility while enabling 

patient-specific curative planning that better reflects biological heterogeneity within 

“early” disease.
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Patients with locally advanced hepatocellular carcinoma (HCC) are frequently 

deemed unsuitable for surgical resection at initial diagnosis due to large or multifocal 

tumors, vascular invasion, or limited hepatic reserve, and have therefore traditionally 

been managed with palliative intent. However, recent advances in systemic therapies, 

particularly immune checkpoint inhibitor–based regimens, along with refinements 

in regional treatment modalities, have led to a paradigm shift in the management of 

this disease. In a subset of patients, meaningful tumor regression and durable disease 

control can now be achieved with non-surgical therapies, thereby enabling curative-
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intent resection, a strategy referred to as conversion surgery.

In locally advanced HCC, conversion surgery describes a treatment pathway in 

which patients initially considered unresectable become eligible for surgical resection 

following systemic therapy, regional therapy, or their combination, while preserving 

adequate liver function. This approach extends beyond simple tumor downsizing and 

can be viewed as a process of biological selection, identifying patients with favorable 

tumor behavior who may derive long-term benefit from curative surgery.

Regional treatment modalities, including transarterial chemoembolization, hepatic 

arterial infusion chemotherapy, radioembolization, and radiotherapy, contribute 

to local tumor control and cytoreduction. When combined with modern systemic 

therapies, these approaches may enhance the depth and durability of treatment 

response. Advances in systemic therapy have also improved objective response rates 

and intratumoral necrosis, thereby expanding the population potentially eligible for 

conversion surgery. Careful assessment of treatment response, incorporating imaging-

based criteria alongside dynamic evaluation of liver function and patient performance 

status, is essential.

Consideration of conversion surgery requires a comprehensive evaluation of 

multiple factors, including the magnitude and sustainability of tumor response, 

changes in vascular invasion, future liver remnant and hepatic functional reserve, 

and overall surgical risk. Given the persistent risk of recurrence even after successful 

resection, appropriate timing of surgery and postoperative management remain 

critical. Ultimately, conversion surgery represents an emerging therapeutic strategy 

that, through close multidisciplinary collaboration, may offer selected patients with 
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locally advanced HCC an opportunity for long-term survival beyond conventional 

palliative treatment.
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Recent advances in immunotherapy have dramatically altered the treatment 

landscape for advanced hepatocellular carcinoma (HCC). The combination of 

atezolizumab and bevacizumab (Atezo-Beva) has emerged as a pivotal regimen, not 

only improving survival in unresectable cases but also offering new possibilities for 

curative surgery. Historically, patients with macrovascular invasion, extrahepatic 

metastasis, or extensive tumor burden were excluded from potentially curative 

approaches such as liver transplantation (LT) or hepatectomy. However, the 

remarkable responses seen with immune checkpoint inhibitors (ICIs) have introduced 

the concept of immunotherapy-induced down-staging, allowing certain patients 

initially deemed inoperable to become candidates for curative interventions. The 

ultimate goal of this strategy is to expand surgical opportunities, reduce LT waitlist 

dropout, and potentially eradicate micrometastatic disease.
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In the pre-ICI era, the mainstay of down-staging relied on locoregional therapy 

(LRT), such as transarterial chemoembolization (TACE), radiofrequency ablation 

(RFA), or selective internal radiation therapy (TARE). Patients successfully down-

staged to within Milan or UCSF criteria could be listed for LT, and their post-transplant 

survival was predicted using models such as Metroticket 2.0. These protocols defined 

acceptable outcomes as 5-year HCC-specific survival exceeding 70% and overall 

survival beyond 50%. In the ICI era, however, the landscape is evolving toward 

broader inclusion criteria. Trials such as ImmunoXXL (J Hepatol 2024) are testing 

Atezo-Beva as a universal down-staging therapy, regardless of prior LRT or initial 

tumor stage, excluding only diffuse or extensive extrahepatic metastasis. In contrast, 

in Korea, strict insurance regulations limit the indication for Atezo-Beva to cases 

defined as “unresectable” or “LRT-unfit,” making intentional down-staging strategies 

difficult to implement within the current reimbursement framework.

A major therapeutic concept gaining attention is the combination of LRT with 

Atezo-Beva. Locoregional therapies can induce tumor necrosis and enhance antigen 

exposure, while bevacizumab-mediated VEGF inhibition may counteract the 

immunosuppressive tumor microenvironment. This synergy potentially enhances 

the antitumor efficacy of atezolizumab and improves the chance of successful 

down-staging. Combining TACE, RFA, TARE, or EBRT with Atezo-Beva may therefore 

serve as a bridge to LT, particularly for patients with locally advanced but liver-

confined disease. Clinical implementation must still consider bleeding risks due 

to bevacizumab, hepatic decompensation potential, and each patient’s hepatic 

functional reserve.
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A key challenge in the era of immunotherapy is managing the timing of LT after 

ICI exposure. Although ICIs offer tumor control, they also carry a risk of precipitating 

severe allograft rejection if transplantation occurs too soon after the last dose. 

Multicenter studies (J Hepatol 2025) report a 20% overall rejection rate among LT 

recipients previously treated with ICIs. The likelihood of rejection exceeds 30% 

when the washout period is shorter than 50 days. Statistical modeling suggests that 

a washout duration of approximately three months (about 90 days) minimizes the 

rejection risk below 20%. However, prolonged washout increases the danger of tumor 

progression, highlighting the delicate balance between maintaining oncologic control 

and ensuring graft safety. The optimal timing likely depends on tumor kinetics, 

immune activity, and the urgency of transplantation.

In LDLT-dominant regions, such as Korea, the situation offers unique advantages 

and challenges. Because LDLT allows flexible scheduling, “fast-track” transplantation 

following successful Atezo-Beva down-staging can minimize the risk of tumor 

progression during the washout period. Nevertheless, LDLT introduces the so-

called “triple equipoise,” where donor safety, recipient oncologic benefit, and graft 

quality must all be weighed simultaneously. Small-for-size grafts, ABO-incompatible 

transplantation, or the need for multiple plasma exchanges can further amplify 

immunologic and oncologic risks in this high-stakes population.

At Severance Hospital, the initial institutional experience reflects both promise 

and caution. Among 18 patients who received Atezo-Beva prior to LT, acute rejection 

occurred in 39%, and 22% developed steroid-refractory rejection. Most cases of 

acute rejection were associated with a washout interval shorter than 90 days. 
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However, even patients with a longer washout were not entirely free from rejection, 

suggesting that immune reactivity can persist well beyond drug clearance. In this 

context, dynamic monitoring of tumor marker trajectories (AFP and PIVKA-II) provides 

valuable information not only for oncologic assessment but also for determining the 

appropriate timing for transplantation.

Collectively, these data emphasize several key take-home messages. First, 

combining Atezo-Beva with locoregional therapy can broaden the indications for 

curative surgery, potentially extending LT eligibility to patients with portal vein tumor 

thrombosis (PVTT), lymph node metastasis, or limited lung lesions. Second, a 5-year 

overall survival target of at least 60% should serve as the clinical benchmark for 

determining acceptable transplant outcomes after down-staging. Third, achieving the 

proper balance between tumor control and rejection risk requires an individualized 

washout strategy of approximately 50 to 90 days, with closer coordination between 

oncologists and transplant teams. Fourth, Korea needs a tailored protocol that reflects 

the predominance of LDLT, local insurance restrictions, and patient characteristics 

typical of advanced-stage HCC. Finally, for patients in whom LT is not feasible 

due to donor limitations or insurance constraints, conversion hepatectomy after 

immunotherapy may represent a viable alternative, though further evidence from 

prospective studies is required to establish its oncologic validity.

In conclusion, the Atezo-Beva era has opened a new frontier in surgical oncology 

for advanced HCC. Immunotherapy-based down-staging strategies hold the potential 

to convert unresectable disease into curable conditions, redefining the boundaries 

between systemic and surgical treatment. The challenge moving forward lies in 



102

김덕기  | Downstaging with Immune Checkpoint Inhibitors or TARE in Advanced HCC: Post-Liver Transplantation Outcomes at Severance

integrating these strategies safely into transplant and surgical protocols, guided by 

sound oncologic judgment, immunologic understanding, and ethical consideration of 

donor safety. Ongoing multicenter collaborations and tailored national guidelines will 

be essential to fully realize the curative potential of immunotherapy in advanced HCC.
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Abstract

Carbon ion radiotherapy (CIRT) leverages the Bragg peak phenomenon and high 

relative biological effectiveness (RBE, 2-3 times higher than X-rays) to deliver precise, 

tumoricidal doses while substantially sparing normal liver parenchyma. This physical 

and biological profile is particularly advantageous for hepatocellular carcinoma (HCC), 

which often exhibits radioresistance due to intratumoral hypoxia—a common sequela 

of hepatic cirrhosis and prior transarterial chemoembolization (TACE). Japanese 
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studies from the National Institute of Radiological Sciences (NIRS) report 3-year local 

control rates of 81-96% and overall survival of 50-88% for HCC treated with CIRT 

doses of 52.8-79.5 Gy(RBE) in 4-15 fractions. Building upon this evidence, Yonsei 

Cancer Center Heavy Ion Therapy Center initiated CIRT for moving organs including 

liver cancer following fixed-beam room activation in April 2024.

Dosimetric superiority versus photon SBRT was confirmed: mean liver dose 8.1±1.4 

Gy(RBE) versus 16.1±2.5 Gy (p<0.05), liver V5 20.2±3.2% versus 53.8±7.2% (p<0.05), 

and V20 14.2±2.5% versus 31.5±6.2% (p<0.05). These findings align with multicenter 

Japanese data and our institutional proton therapy experience, validating CIRT's 

normal liver sparing capacity. Compared to photon radiotherapy systematic reviews, 

CIRT demonstrates equivalent survival for small HCC (≤3 cm) but superior 2-year 

overall survival (67% vs 42%) for large tumors (mean 7.2 cm).

Technical implementation required meticulous attention to fiducial placement 

avoiding beam paths, respiratory motion management via 4D imaging, and 

superconducting gantry optimization. Our infrastructure supports ongoing 

investigations including CIRT following TARE for residual/recurrent lesions (primary 

endpoint: objective response rate) and atezolizumab/bevacizumab combination for 

portal vein-invading HCC (primary endpoint: progression-free survival). KFDA post-

marketing surveillance (700 cases planned through 2027) and Korean Radiation 

Oncology Group cohorts will generate long-term Korean data.

In conclusion, our initial experience confirms CIRT's feasibility, promising early 

efficacy, and excellent tolerability for primary liver cancer including high-risk features 

(large size, hilar proximity, impaired liver function, prior therapy). CIRT addresses 
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key unmet needs in HCC management—hypoxia overcoming, reirradiation feasibility, 

and superior dosimetry for compromised livers—positioning it as a valuable addition 

to the Korean multidisciplinary therapeutic arsenal. Prospective trials and registry 

studies remain essential to optimize integration with systemic therapies and establish 

durable survival benefits.

Keywords: Carbon Ion Radiotherapy, Hepatocellular Carcinoma, Particle Therapy, 

Respiratory Gating, Liver Cancer
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