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Purpose: Hepatocellular carcinoma (HCC) is frequently diagnosed at advanced stages, limiting access to curative therapies. Y ttrium-
90 (Y-90) trans-arterial radioembolization (TARE) has been used for tumor downstaging to enable surgical resection or liver
transplantation; however, the factors associated with successful downstaging and potential selection thresholds remain unclear.
Patients and Methods: We retrospectively analyzed 65 patients with unresectable HCC exceeding the University of California, San
Francisco (UCSF) criteria who underwent Y-90 TARE between 2020 and 2024. Tumor burden parameters, dosimetric features,
treatment response, overall survival (OS), and progression-free survival (PFS) were evaluated. Receiver operating characteristic
(ROC) analysis was performed to identify exploratory thresholds associated with successful downstaging, and survival outcomes were
assessed using Kaplan—-Meier methods.

Results: Down-staging to within UCSF criteria was achieved in 58.5% of patients. Successfully down-staged patients had
significantly longer OS than non-downstaged patients (median OS, not reached vs. 18.8 months; p = 0.034). ROC analysis
identified exploratory tumor burden thresholds associated with downstaging failure, including largest tumor diameter >7.8 cm,
tumor volume >265 cm?, and a composite tumor number—diameter score >11. The presence of multiple adverse tumor burden
factors was associated with a high likelihood of downstaging failure. When adequate tumor radiation delivery was achieved,
a tumor-to-normal uptake ratio (T/N) >4 predicted successful downstaging in tumors <7.8 cm, whereas its prognostic value
diminished in larger lesions.

Conclusion: Y-90 TARE enables effective downstaging in a substantial proportion of patients with advanced HCC and may facilitate
subsequent curative surgery or living donor liver transplantation. Tumor burden metrics and size-dependent T/N ratios were associated
with successful downstaging and may assist patient selection for Y-90 TARE. These findings should be considered exploratory and

warrant validation in larger prospective studies.

Plain Language Summary: Liver cancer is often diagnosed at an advanced stage, making it difficult for patients to receive curative
treatments such as surgery or liver transplantation. One treatment option, called yttrium-90 (Y-90) radioembolization, delivers
radiation directly to liver tumors through the blood vessels. This treatment can sometimes shrink tumors enough to make surgery
or transplantation possible.

In this study, we evaluated how effective Y-90 radioembolization is in reducing tumor size in patients whose cancer initially
exceeded transplant criteria. We also aimed to identify which patients are more likely to benefit from this treatment.
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We found that more than half of the patients were successfully downstaged to within transplant criteria. Patients who achieved this
had better survival outcomes, especially if they later underwent surgery or transplantation. We also identified several tumor
characteristics, such as tumor size and volume, that can help predict whether downstaging will be successful.

These findings may help doctors better select patients for Y-90 treatment and improve treatment planning for advanced liver cancer.
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Introduction

Hepatocellular carcinoma (HCC) is the most common primary liver malignancy and remains a leading cause of cancer-
related mortality worldwide.' Despite improvements in surveillance, a significant proportion of patients continue to
present at intermediate or advanced disease stages, limiting eligibility for curative treatments such as resection, ablation,
or liver transplantation.*> Locoregional therapies play a crucial role in disease control and in downstaging advanced
tumors to within transplant criteria.® Yttrium-90 (Y-90) transarterial radioembolization (TARE) has emerged as an
effective locoregional therapy capable of achieving durable tumor response and prolonged time to progression compared
with conventional transarterial chemoembolization.” '* Several studies have demonstrated its potential as a bridging or
downstaging therapy.'' '

However, the factors associated with successful downstaging after Y-90 TARE remain incompletely understood.
Although the Milan criteria remain the standard benchmark for liver transplantation, the UCSF criteria provide a broader
yet well-validated selection framework and are commonly considered in living donor liver transplantation. Therefore, we
used post-treatment UCSF status as the primary downstaging endpoint. We hypothesized that baseline tumor burden
characteristics and dosimetric parameters may predict successful downstaging to within UCSF criteria after Y-90 TARE.
Accordingly, this study aimed to identify factors associated with successful downstaging and to evaluate subsequent
surgical conversion and clinical outcomes.

Materials and Methods

Patient Selection
This retrospective study included patients with hepatocellular carcinoma (HCC) treated with yttrium-90 (Y-90) resin micro-
sphere transarterial radioembolization (TARE) at our institution between February 2020 and December 2024. Eligible patients
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exhibited imaging features diagnostic of HCC, had unresectable disease exceeding the University of California, San Francisco
(UCSF) criteria, and preserved liver function (Child—Pugh class A or B). Additional inclusion criteria were a platelet count
>100,000/uL and an international normalized ratio (INR) <1.5. Main portal vein thrombosis was considered a relative
contraindication. All cases were evaluated by a multidisciplinary tumor board comprising interventional radiologists, nuclear
medicine physicians, and hepatologists. Of 67 consecutive patients treated with Y-90 TARE during the study period, 65
patients met the follow-up requirements and were included in the final analysis (Figure 1).

Pre-Treatment Evaluation and Staging

Baseline assessment included triphasic contrast-enhanced computed tomography (CT) or magnetic resonance imaging
(MRI). The diagnosis of HCC was established according to the American Association for the Study of Liver Diseases
(AASLD) criteria. Tumor staging was performed based on the American Joint Committee on Cancer (AJCC) 8th edition
staging system. Liver function was assessed using the Child—Pugh classification. Laboratory evaluations included serum
alpha-fetoprotein (AFP), liver function tests, renal function tests, and coagulation profiles.

Yttrium-90 TARE Procedure and Dosimetric

Planning for radioembolization followed a standardized two-stage workflow consisting of angiographic mapping and Tc-
99m macroaggregated albumin (Tc-99m MAA)-based simulation. During the initial angiographic session, tumor-feeding
arteries were identified and evaluated for extrahepatic arterial supply, arterioportal shunting, and lung shunt fraction. In
patients with fewer than five tumors, super-selective catheterization of tumor-feeding arteries was considered the
preferred strategy. However, because most patients in this cohort presented with multifocal and bilobar disease, Tc-
99m MAA was typically administered from the major right, left, and segment IV hepatic arteries to achieve whole-liver
coverage rather than a super-selective approach, ensuring consistency between MAA distribution and subsequent

therapeutic microsphere deposition.

From February 2020 to December 2024
Unresectable hepatocellular carcinoma
(n=67), beyond UCSF criteria

Excluded unadequate
following up (n=2)

Enrolled patients (n=65)

3 months after Yttrium-90
=== radioembolization using resin
microspheres treatment

Fit USCF Unfit USCF
criteria criteria
(n=38) (n=27)

Figure | Patient selection and post—Y-90 TARE UCSF stratification define the study cohorts for outcome analysis. From February 2020 to December 2024, 67 patients with
unresectable hepatocellular carcinoma (HCC) beyond the University of California, San Francisco (UCSF) criteria were screened. After exclusion of two patients due to
inadequate follow-up, 65 patients were included in the final analysis. At 3 months after Yttrium-90 (Y-90) transarterial radioembolization (TARE) with resin microspheres,
patients were stratified into post-treatment UCSF-fit (n = 38) and UCSF-unfit (n = 27) groups for outcome analysis.
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Tc-99m MAA single-photon emission computed tomography/computed tomography (SPECT/CT) was subsequently
performed to quantify tumor-to-normal liver (T/N) uptake ratios and assess lung shunting. Given the predominance of
diffuse tumor distribution, whole-liver radioembolization was adopted in the majority of cases. For dosimetric planning,
T/N ratios were calculated on a lesion-by-lesion basis. The lesion demonstrating the highest T/N ratio was designated as
the index tumor. The lesion with the highest T/N ratio was selected because treatment planning was based on achieving
a tumor absorbed dose >120 Gy while maintaining the non-tumorous liver dose within established safety limits. This
index-lesion approach was used to guide dosimetric calculations and treatment activity determination. In patients with
tumors supplied by separate vascular territories (eg, right or left hepatic artery branches), the lesion with the highest
uptake within each territory was identified, and the mean T/N ratio across territories was used for dosimetric assessment.

T/N ratios were derived from SPECT/CT by placing regions of interest (ROIs) over the tumor and adjacent normal
liver parenchyma. The tumor ROI encompassed the radiotracer-avid tumor region, whereas the background liver ROI
was positioned in uninvolved liver parenchyma while avoiding major vessels and imaging artifacts. The reported tumor
absorbed dose corresponds to the calculated absorbed dose to the index tumor. All analyses were performed at the patient
level using the T/N ratio of the index tumor.

Treatment activity was calculated using the partition model. The dosimetric objective was to deliver an absorbed dose of >120
Gy to the index tumor while limiting the absorbed dose to the non-tumorous liver to <40 Gy in cirrhotic patients and <70 Gy in
non-cirrhotic patients, with lung dose maintained below 20 Gy. The >120 Gy tumor dose threshold was selected based on prior
clinical and dosimetric studies using Y-90 resin microspheres that demonstrated improved tumor response and local control
above this level while maintaining acceptable hepatic toxicity. This dosimetric framework was adopted to maximize tumor dose
delivery in the setting of heterogeneous tumor perfusion while preserving functional liver reserve.

Yttrium-90 resin microspheres (SIR-Spheres®, Sirtex Medical, Sydney, Australia) were administered according to the
catheter positions defined during MAA-based planning. To enhance predictive accuracy and minimize discrepancies
between simulation and treatment, the catheter tip was positioned at the same arterial location during both Tc-99m MAA
simulation and the subsequent Y-90 radioembolization procedure.

Post-Treatment Follow-Up and Response Assessment

Tumor burden was assessed using contrast-enhanced CT. Lesion size was measured as the maximum diameter of the
enhancing (viable) portion of the tumor on arterial phase imaging according to modified Response Evaluation Criteria in
Solid Tumors (mRECIST) principles. In patients with multifocal disease, the number of viable lesions and the sum of the
largest tumor diameters were recorded. Downstaging to within University of California San Francisco (UCSF) criteria
was determined based on post-treatment viable tumor burden. Patients were considered successfully downstaged if the
number and size of viable tumors after TARE met UCSF criteria (a single lesion <6.5 cm, or up to three lesions each
<4.5 cm with a total tumor diameter <8 cm). Successful downstaging was determined based on the first formal post-
treatment imaging assessment performed approximately 3 months after TARE.

Clinical and laboratory follow-up was performed routinely after treatment. In our institutional practice, contrast-
enhanced CT is typically performed approximately 6 weeks (1.5 months) after TARE to assess early post-treatment
changes and monitor for potential complications. However, formal treatment response assessment and downstaging
evaluation were based on imaging performed approximately 3 months after TARE. Patients without available contrast-
enhanced CT approximately 3 months after TARE were excluded from the analysis. For the purposes of this study, the
CT examination obtained closest to 3 months after treatment (within the routine 1.5-3 month follow-up window) was
used for response assessment and cohort stratification according to mRECIST.

Overall survival (OS) was defined as the interval from the date of Y-90 TARE to death from any cause, and
progression-free survival (PFS) was defined as the interval from TARE to radiologic progression or death, whichever
occurred first.'® Patients without an event were censored at last follow-up.

Ethical Approval
This retrospective study was approved by the Institutional Review Board of the Chang Gung Medical Foundation,
Kaohsiung Chang Gung Memorial Hospital (IRB No. 202501374B0). The requirement for informed consent was waived.
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Statistical Analysis

Continuous variables are presented as median with interquartile range (IQR) and were compared using the Mann—
Whitney U-test. Categorical variables are expressed as counts and percentages and were compared using the chi-square
test or Fisher’s exact test, as appropriate.

Univariable analyses were performed to identify factors associated with failure of downstaging after Y-90 TARE. Variables
with clinical relevance or p < 0.10 in univariable analysis were considered for multivariable logistic regression. Because tumor
burden variables—including largest tumor diameter, tumor volume, and composite tumor number—diameter score—are highly
collinear, they were not entered simultaneously into the same model. The primary multivariable model included largest tumor
diameter as a continuous variable (per 1 cm increase), with albumin-bilirubin (ALBI) grade included a priori as a clinically
relevant adjustment factor. To minimize overfitting, the number of predictors included in each model was limited relative to the
number of observed events. Results are reported as odds ratios (ORs) with 95% confidence intervals (CIs).

Receiver operating characteristic (ROC) analysis was used to determine optimal cut-off values based on the Youden
index, with area under the curve (AUC) and corresponding 95% confidence intervals reported. Sensitivity analyses were
performed using the ROC-derived tumor size cut-off (>7.8 c¢cm). Given the retrospective single-cohort design, these
thresholds should be interpreted as exploratory.

Survival outcomes were evaluated using Kaplan—-Meier methods, and statistical significance was defined as a two-
sided p value <0.05. All analyses were performed using SPSS software (version 27.0; SPSS Inc., Chicago, IL, USA).

Results

Patient Characteristics and Treatment Details
A total of 65 patients exceeding the University of California, San Francisco (UCSF) criteria were included in the final
analysis. The cohort consisted of 49 men (75.4%) and 16 women, with a median age of 60 years. Most patients had
multifocal disease (87.7%) and bilobar involvement (55.4%). The median number of tumors was 7 (interquartile range
[IQR], 2—11), and the median largest tumor diameter was 5.52 cm (IQR, 2.75-8.80). Liver function was well preserved,
with 96.9% of patients classified as Child—Pugh class A and 92.3% having an Eastern Cooperative Oncology Group
(ECOQG) performance status of 0. Portal vein tumor thrombosis was present in three patients (4.6%), all classified as VP2.
All patients received a single session of Y-90 TARE. The median tumor volume was 229 em’® (IQR, 102.5-353.1),
and the median tumor burden was 15.4% (IQR, 8.85-25.5). The median administered activity was 1.2 GBq (IQR, 0.9—
1.6). Dosimetric analysis demonstrated a median tumor-absorbed dose of 143.2 Gy (IQR, 118.2-164.7), a non-tumorous
liver dose of 32.1 Gy (IQR, 25.3-39.1), and a median lung shunt fraction of 4.7% (IQR, 3.6-6.1).

Downstaging Response and Survival Outcomes

Patients were reassessed three months after TARE and categorized as UCSF-fit or UCSF-unfit. Thirty-eight patients
(58.5%) met the UCSF criteria, while 27 patients (41.5%) remained beyond the criteria. Downstaging to within the UCSF
criteria was achieved in 38 of 65 patients (58.5%). The median follow-up duration was 24.7 months (95% confidence
interval [CI], 16.7-32.7), calculated using the reverse Kaplan—-Meier method to account for censoring.

For the entire cohort, the median overall survival (OS) was 35.1 months, and the median progression-free survival (PFS)
was 11.0 months. Patients who achieved UCSF-fit status after TARE were associated with improved survival compared
with those who did not. Median OS was not reached in the UCSF-fit group, whereas it was 18.8 months in the UCSF-unfit
group (log-rank p = 0.034). Median PFS was 14.8 months versus 8.5 months, respectively (log-rank p = 0.011) (Figure 2).

In a 3-month landmark analysis performed to mitigate time-dependent bias, the survival advantage associated with
post-TARE UCSF-fit status was attenuated and did not reach conventional statistical significance (log-rank p = 0.053)
(Supplementary Figure 1).

Treatment response was significantly better in the UCSF-fit group, with complete response (CR), partial response
(PR), stable disease (SD), and progressive disease (PD) rates of 36.8%, 55.3%, 2.6%, and 5.3%, respectively. The CR
rate, objective response rate, and disease control rate were all significantly higher in the UCSF-fit group (p = 0.001,
0.002, and 0.022, respectively).
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Figure 2 Post-Y-90 TARE UCSF-fit status is associated with significantly improved overall survival. Kaplan—Meier curves of overall survival (OS) in patients who achieved
post—Y-90 TARE UCSF-fit status (yellow) compared with those who remained UCSF-unfit (green). Patients in the UCSF-fit group demonstrated significantly longer survival,
with median OS not reached versus 18.8 months in the UCSF-unfit group (log-rank p = 0.034).

Among surgically managed patients, 10 underwent living donor liver transplantation (LDLT), with median OS not
reached and 100% survival at last follow-up, and 8 underwent surgical resection with a median OS of 39.9 months.
Surgical patients had significantly superior outcomes compared with nonsurgical patients, with a mean OS of 61.7 versus
23.5 months. Median OS and PFS were not reached in the surgical group, whereas they were 14.4 months and 8.5
months, respectively, in the nonsurgical group (log-rank p = 0.001 and 0.032). Among nonsurgical patients, no significant
differences in OS or PFS were observed between UCSF-fit and UCSF-unfit subgroups (Table 1). To account for the
potential impact of subsequent curative surgery, a sensitivity analysis excluding patients who underwent surgical
resection or living donor liver transplantation was performed. In this analysis, overall survival did not differ significantly
between the UCSF-fit and UCSF-unfit groups (log-rank p = 0.689).

Table | Overall Survival and Progression-Free Survival Were Recorded and
Compared Across Subsequent Treatments

Subsequent Treatment | Fit UCSF (n=38) | Unfit UCSF (n=27) | p value

Operation after TARE 15 (39.5%) 3 (11.1%)
LDLT 10 (66.7%) 0 (0%)
Median OS (months) | NR -
Median PFS (months) | 14.8 -

Resection 5 (33.3%) 3 (100%)
Median OS (months) | NR 399 0516
Median PFS (months) | 14.8 10.7 0.527
No operation after TARE | 23 (60.5%) 24 (88.9%)
Median OS (months) 14.4 13.9 0.988
Median PFS (months) 132 74 0.218
Overall comparison
os 0.034*
PFS 0.01I*

Note: * Statistically significant difference.
Abbreviations: LDLT, Living donor liver transplantation; OS, Overall survival; PFS, Progression-free
survival; NR, not reached.
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Predictors of Successful Downstaging

Baseline demographic, clinical, and tumor characteristics were comparable between the two groups. Significant differ-
ences between downstaged and non-downstaged patients were identified in largest tumor diameter (OR, 1.22; 95% CI,
1.05-1.41; p = 0.009), tumor volume (OR, 1.004; 95% CI, 1.001-1.007; p = 0.018), tumor burden, Up-to-11 score (OR,
3.96; 95% CI, 1.24-12.65; p = 0.017), and Tumor Burden Score (TBS) grade. Notably, there were no significant
differences between the two groups regarding tumor number, tumor location, hepatic vein invasion, portal vein invasion,
Albumin-Bilirubin (ALBI) grade, GOT, GPT, albumin, total bilirubin, alpha-fetoprotein (AFP), PIVKA-II, CEA, CA19-
9, tumor-to-normal tissue (T/N) ratio, administered total activity, tumor absorbed dose, non-tumor absorbed dose, lung
shunting, or lung dose (Table 2).

Table 2 Potential Influencing Factors of Patients’ Tumor Characteristics and Radioembolization Details
Based on Post-Y90 Fit or Unfit UCSF Criteria

Characteristics Fit UCSF Criteria © | Unfit UCSF Criteria © | P value
Gender 0.14
Male 31 (81.6%) 18 (66.7%)
Female 7 (18.4%) 9 (33.3%)
Age (year) 0.6
<50 y/o 6 (15.8%) 4 (14.8%)
>50 y/o 32 (84.2%) 23 (85.2%)
Etiology 0.626
HBV 27 (71.1%) 19 (70.4%)
HCV 4 (10.5%) 2 (7.4%)
HBV + HCV 0 (0%) I (3.7%)
Alcohol 6 (15.8%) 3(11.1%)
Unknown 1 (2.6%) 2 (7.4%)
Cirrhosis 0.185
With 31 (81.6%) 25 (92.6%)
Without 7 (18.4%) 2 (7.4%)
ECOG ? 0.26
0 36 (94.7%) 24 (88.9%)
| 2 (5.3%) 2 (7.4%)
2 0 (0%) I (3.7%)
ALBI grade ® 0.281
| 29 (76.3%) 18 (66.7%)
2 9 (23.7%) 9 (33.3%)
Tumor location 0.098
Single lobe 20 (52.6%) 9 (33.3%)
Bilateral lobes 18 (47.4%) 18 (66.7%)
Upto7 0.662
Up to 7 out 37 (97.4%) 26 (96.3%)
Up to 7 in 1 (2.6%) I (3.7%)
Upto Il 0.015 *
Up to || out 20 (52.6%) 22 (81.5%)
Upto Ilin 18 (47.4%) 5 (18.5%)
AJCC tumor stage 0.332
TI 4 (10.5%) 2 (7.4%)
T2 21 (55.3%) 12 (44.5%)
T3 13 (34.2%) 13 (48.1%)
T4 0 (0%) 0 (0%)
(Continued)
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In multivariable logistic regression analysis, larger tumor size remained independently associated with failure of
downstaging after Y-90 radioembolization (OR per cm increase, 1.21; 95% CI, 1.04-1.41; p = 0.011), after adjustment
for liver function as assessed by ALBI grade (Table 3). In sensitivity analysis, when tumor size was dichotomized using
the ROC-derived cut-off of 7.8 cm, tumor size > 7.8 cm remained independently associated with failure of downstaging

Table 2 (Continued).

Characteristics Fit UCSF Criteria © | Unfit UCSF Criteria © | P value
BCLC 0.312

0 3 (7.9%) 0 (0%)

A 6 (15.8%) 2 (7.4%)

B 23 (60.5%) 19 (70.4%)

C 6 (15.8%) 6 (22.2%)
Hepatic vein invasion 0.415

With 0 (0%) I (3.7%)

Without 38 (100%) 26 (96.3%)
Portal vein invasion 0.243

With 2 (5.3%) I (3.7%)

Without 36 (94.7%) 26 (96.3%)
MELD score 45 (4, 6) 54,7 0.514
Tumor number 7 (275, 11) 72, 12) 0.936
The largest tumor diameter (cm) 4.81 (1.98, 7.77) 8.03 (3.6, 9.8) 0.011 *
Tumor number+ The largest tumor diameter 11.53 (9.32, 15.03) 13.9 (11.95, 20) 0.022 *
Tumor volume (cm°) 152.5 (90, 257.20) 294 (121.4, 508) 0.003 *
Tumor burden (%) ¢ 11.95 (7.03, 20.65) 22.5 (10.3, 48.6) 0.003 *
GOT (UIL) 38.5 (25, 60.25) 48 (36, 69) 0.156
GPT (U/L) 32 (23.75, 51.25) 27 (20, 70) 0.704
Albumin (g/dL) 4.22 (3.97, 4.53) 4.15 (3.8, 4.51) 0.599
Total bilirubin (mg/dL) 0.7 (0.5, 1.1) 0.6 (0.5, 0.9) 0.433
TBS grade © 9.86 (7.64, 11.31) 11.04 (9.11, 15.49) 0.043 *
Alpha-fetoprotein (ng/mL) 43.6 (8.84, 1475.25) 399.7 (13.9, 4804.95) 0.108
PIVKII (ng/mL) 575 (40.5, 11,841) 823 (55.75, 6375) 0918
CEA (ng/mL) 1.44 (0.76, 2.17) 1.31 (1.18, 1.48) 0.778
CA199 (U/mL) 26.85 (9.12, 57.69) 21.08 (14.89, 32.45) 0.720
Administered total activity (GBq) 1.2 (0.98, 1.5) 1.3 (0.9, 2.1) 0.274
Tumour-to-normal tissue (T/N) 397 (3, 6.1) 4.4 (3.5, 7.38) 0.149
Tumor absorbed dose (Gy) 125.61 (102.45, 149.09) | 132.57 (109.41, 153.93) 0.696
Non-Tumor absorbed dose (Gy) 33.78 (26.12, 39.8) 30.52 (23.09, 38.06) 0.364
Lung shunting (%) 4.57 (3.7, 5.8) 5 (3.3, 64) 0.947
Lung dose (Gy) 4.67 (3.5, 6.65) 6.2 (4,85) 0.269

Notes: *Eastern cooperative oncology group performance status, "ALBI grade= [logl0 bilirubin (in pmol/L) x 0.66] + [albumin
(in g/L) x —0.085]), such that grades |, 2, 3 = £-2.60, <-2.60 to <—1.39, > —.39, “Data are presented as median (25th percentile

and 75th percentile), ‘tumor volume/total liver volume. ((Maximum tumor diameter? + number of tumorsz)).

conveys statistically significant difference.

*Bold text

(OR, 4.53; 95% CI, 1.50-13.66; p = 0.007), after adjustment for ALBI grade (Supplementary Table 1).

Table 3 Multivariable Logistic Regression Analysis for Predictors of Failure of

Downstaging After Y-90 TARE

Variable Odds ratio (OR) | 95% ClI | p value
Largest tumor size (per cm increase) 1.21 1.04-1.41 | 0011l *
ALBI grade (2 vs I) I.14 0.35-3.73 0.826

Note: Model statistics: Omnibus x* = 8.50, p = 0.014; Nagelkerke R? = 0.165. *Statistically significant

difference.
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Figure 3 Receiver operating characteristic (ROC) curves evaluating pretreatment tumor burden metrics for predicting successful downstaging to within UCSF criteria after
Y-90 TARE. The largest tumor diameter (blue), tumor volume (red), and a composite metric combining tumor number and largest tumor diameter (yellow) demonstrated
areas under the curve (AUCs) of 0.687 (95% Cl, 0.556-0.818; p = 0.011), 0.716 (95% Cl, 0.588-0.844; p = 0.003), and 0.668 (95% ClI, 0.535-0.800; p = 0.022), respectively.
Alpha-fetoprotein (AFP) showed inferior discriminatory performance.

Receiver operating characteristic (ROC) analysis identified optimal cut-offs associated with successful downstaging: largest
tumor diameter 7.8 cm (AUC 0.687, 95% CI 0.556—0.818; p=0.011), tumor volume 265 cm’ (AUC0.716,95% CI1 0.588-0.844;
p = 0.003), and a composite metric of tumor number plus largest diameter >11 (AUC 0.668, 95% CI 0.535-0.800; p = 0.022)
(Figure 3). These thresholds should be interpreted as exploratory given the retrospective single-cohort design.

Individually, a largest tumor diameter > 7.8 cm and tumor volume > 265 demonstrated moderate sensitivity (both
55.6%) with relatively high specificity (78.9% and 81.6%, respectively), whereas the combined criterion of tumor
number plus largest diameter > 11 showed higher sensitivity (81.5%) but lower specificity (47.4%). When composite
criteria were applied, the sensitivity for predicting treatment failure increased progressively. In particular, the presence of
any one of the three criteria (A, B, or C) yielded the highest sensitivity (96.3%) and negative predictive value (93.8%),
indicating a very low likelihood of treatment failure when none of these tumor burden thresholds were met (Table 4). To
further evaluate the potential interaction between tumor size and tumor number, an interaction term was incorporated into
the logistic regression model; however, no significant interaction effect was identified. Detailed results are provided in
Supplementary Table 2.

Table 4 The Diagnostic Performance of Tumor Burden Parameters for Predicting Successful
Downstaging to Within UCSF Criteria After Y-90 TARE

Sensitivity (%) | Specificity (%) | PPV ® | NPV ®
(%) (%)

A. Largest diameter 55.6 789 65.2 71.4
(cut-off = 7.8 cm)

B Tumor volume 55.6 81.6 68.2 72.1
(cut-off = 265 cm?)

(Continued)
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Table 4 (Continued).

Sensitivity (%) | Specificity (%) | PPV * | NPV ®

(%) %)

C Combined tumor number + largest diameter 81.5 474 524 783
(cut-off = 1)

A or B positive 66.7 737 64.3 757
A or C positive 92.6 39.5 52.1 88.2
B or C positive 92.6 44.7 543 89.5
A, B or C positive 96.3 395 53.1 93.8

Note: *Positive predictive value, "Negative predictive value.

Table 5 Association Between T/N Ratio and Successful Downstaging Among

Patients with Largest Tumor Diameter <7.8 cm

Characteristics Fit UCSF criteria

Unfit UCSF criteria

P value

Tumor-to-normal tissue (T/N)

TIN >4 21 (77.8%)
TIN <=4 6 (22.2%)

5 (38.5%)
8 (61.5%)

0.031 *

Note: *Statistically significant difference.

Tumor-to-Normal Uptake Ratio and Safety Outcomes

Although the overall tumor-to-normal uptake (T/N) ratio did not differ significantly between downstaged and non-
downstaged patients, stratified analysis demonstrated that a T/N ratio >4 was significantly associated with successful
downstaging to within UCSF criteria in tumors <7.8 cm (p = 0.031) (Table 5 and Figure 4). Treatment was generally well
tolerated. With a dosimetric strategy designed to limit radiation exposure to non-tumorous liver parenchyma, no grade 3

or higher ALBI deterioration was observed. One patient (1.5%) developed grade 3 radiation pneumonitis, and no cases of

radiation-induced liver disease occurred.

Figure 4 Representative case illustrating size-related heterogeneity of Y-90 distribution and treatment response. (a) Baseline contrast-enhanced CT shows a large, poorly
defined hepatocellular carcinoma in the right hepatic lobe. (b) Tc-99m MAA SPECT/CT demonstrates heterogeneous intratumoral uptake, indicating uneven microsphere
distribution. (c) Follow-up CT at 3 months after Y-90 TARE reveals residual viable tumor and a newly developed enhancing lesion (circled), consistent with incomplete tumor

coverage and disease progression.

I o https:

Journal of Hepatocellular Carcinoma 2026:13




Chiu et al

Discussion

This study demonstrates that Y-90 transarterial radioembolization can achieve meaningful downstaging in patients with
hepatocellular carcinoma who initially exceed the UCSF transplantation criteria. More than half of the cohort achieved
successful downstaging. Patients who were successfully downstaged were more likely to proceed to curative treatments.
Nevertheless, improved survival was largely observed in patients who subsequently underwent resection or LDLT. These
findings are consistent with prior reports suggesting that TARE can serve as an effective downstaging strategy for
patients beyond conventional transplant criteria. Collectively, our results highlight the potential role of successful TARE
downstaging as a pathway to curative therapies for carefully selected patients with advanced HCC.

Our findings are consistent with emerging evidence, including emerging prospective data, showing that TARE
provides superior tumor control and delays progression compared with other locoregional therapies.'® Yet, clinically
meaningful predictors of successful downstaging remain incompletely defined, largely due to heterogeneous patient
selection and inconsistent reporting across studies. Despite the predominance of multifocal and bilobar HCC in our
cohort—features typically associated with limited transplant eligibility—a substantial proportion of patients achieved
successful downstaging. These observations suggest that, in carefully selected patients, the downstaging potential of
TARE may extend beyond conventional expectations.

After Y-90 TARE, a considerable proportion of patients proceeded to surgery—most commonly living-donor liver
transplantation—highlighting its role as an effective bridge to curative therapy. Surgically treated patients demonstrated
markedly superior survival, underscoring the clinical relevance of successful downstaging. However, sensitivity analysis
excluding surgical patients showed no significant survival difference between UCSF-fit and UCSF-unfit groups,
suggesting that the survival advantage observed in the overall cohort may largely reflect access to curative surgery
rather than downstaging status alone. In addition, we identified three tumor burden parameters—the largest tumor
diameter, total tumor volume, and a combined tumor number—diameter score—as practical predictors of downstaging
success that may help refine candidate selection within transplant-oriented treatment strategies.

Under preserved liver function, tumor burden emerged as a key determinant of downstaging success in our cohort,
consistent with and extending prior evidence linking baseline tumor characteristics to transplant eligibility. The “up-to-
seven” rule proposed by Mazzaferro et al established a composite metric of tumor size and number as a prognostic
benchmark for transplantation, and subsequent analyses have confirmed that larger tumor burden reduces the likelihood
of successful downstaging.*'”'® Our findings align with this paradigm: larger tumor size, increased tumor volume, and
a greater combined tumor number and size were each associated with an elevated risk of treatment failure following Y-90
radioembolization.

Through ROC analysis, we identified several tumor burden thresholds associated with successful downstaging,
including a largest tumor diameter of 7.8 c¢m, tumor volume of 265 cm’®, and a composite tumor number—diameter
score greater than 11. Notably, this composite threshold exceeds the traditional “up-to-seven” criterion, suggesting that
Y-90 TARE may enable downstaging beyond conventional size-number limits in selected patients. However, given the
retrospective nature of this study and the single-cohort design, these thresholds should be interpreted as exploratory and
hypothesis-generating. No internal or external validation was performed, and therefore these cutoffs should not be
considered definitive clinical thresholds. Furthermore, the presence of multiple adverse tumor burden factors was
associated with a lower likelihood of successful downstaging, highlighting the potential value of integrating volumetric
metrics and composite burden indices into patient selection.

Importantly, the combined use of these parameters demonstrated a strong rule-out capability. Patients who did not
meet any of the three predefined criteria (largest diameter, tumor volume, or combined tumor number and size) showed
a high probability of treatment success, reflected by a negative predictive value of 93.8%. Conversely, fulfillment of one
or more criteria was associated with an increased likelihood of downstaging failure. Taken together, these findings
support a more nuanced and comprehensive approach to identifying candidates for TARE and suggest that carefully
selected patients with substantial tumor burden may still achieve successful downstaging and subsequently become
eligible for curative transplantation.
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Recent studies have emphasized the importance of adequate tumor dose for treatment response. Although the overall
tumor-to-normal uptake (T/N) ratio was not significantly associated with downstaging in our cohort, its predictive value
in tumors smaller than 7.8 cm suggests that microsphere distribution may remain relevant in selected patients. Prior
studies have shown that microsphere deposition correlates with therapeutic efficacy;'®*° however, this relationship
progressively deteriorates with increasing tumor size, as size itself becomes the dominant constraint. In tumors exceeding
7.8 cm, heterogeneous arterial supply and intratumoral complexity frequently result in uneven Y-90 distribution and the
formation of underdosed regions (“cold spots™), even in the presence of a favorable T/N ratio.'®* These cold spots
likely serve as reservoirs for viable tumor cells and represent a critical driver of treatment failure and early recurrence,
thereby fundamentally limiting the interpretability and prognostic utility of this global, averaged dosimetric metric. In
contrast, while a high T/N ratio has been shown to remain essential in the setting of multifocal small HCCs —where
individual tumor dose is low and normal liver tolerance is dose-limiting—treatment success in large HCCs appears to be
governed primarily by the feasibility of achieving adequate volumetric dose coverage rather than preferential uptake
alone. Collectively, these findings suggest that tumor size and uptake-based parameters should be interpreted together
when evaluating candidates for TARE-based downstaging. Further studies are needed to validate these observations and
clarify their clinical utility.

In conclusion, Y-90 TARE offers meaningful downstaging potential for advanced HCC, allowing a substantial
proportion of patients to become eligible for resection or transplantation. The identified tumor burden metrics and
T/N ratio findings should be considered exploratory and may assist patient selection for future validation studies.

The study has several limitations. First, its retrospective design and relatively small sample size limit the general-
izability of the findings. Second, imaging follow-up intervals were not completely uniform, and dosimetric estimates
may vary across operators. In addition, detailed information regarding locoregional or systemic therapies before
referral for Y-90 TARE was not consistently available because of the retrospective nature of the study and referral
patterns, and therefore could not be included in the analysis. Because T/N ratio analysis was based on the index lesion
with the highest uptake, it may not fully capture intrapatient heterogeneity in patients with multifocal or bilobar
disease. Third, reliance on pre-therapy MAA SPECT/CT without verification using post-therapy Y-90 PET/CT or
Bremsstrahlung SPECT which may be significant difference critical to interpreting T/N effects and threshold beha-
viors. Fourth, downstaging status is determined after treatment initiation, and unadjusted survival comparisons may be
influenced by time-dependent bias. The observed survival differences should therefore be interpreted cautiously, as
post-treatment UCSF status is a time-dependent variable and survival outcomes were likely influenced by subsequent
surgical conversion. However, the overall survival difference remained directionally consistent in a 3-month landmark
analysis, although statistical significance was attenuated, likely reflecting reduced power after landmark restriction.
Fifth, the ROC-derived cut-offs were not internally validated using resampling techniques, and the observed AUCs
were modest, suggesting that these thresholds should be interpreted as clinically pragmatic rather than definitive
predictors. Furthermore, 25 patients (38.5%) in the present cohort overlapped with a previously published institutional
Y-90 radioembolization study. However, the previous report focused on overall treatment outcomes, whereas the
current analysis addressed a distinct research objective involving downstaging beyond UCSF criteria. Nevertheless, the
study provides exploratory thresholds that may help generate hypotheses and guide future validation studies in TARE-
based downstaging.

Conclusions

Yttrium-90 transarterial radioembolization provides meaningful downstaging potential for selected patients with hepa-
tocellular carcinoma initially beyond the UCSF criteria. More than half of the patients were successfully downstaged,
increasing eligibility for curative therapies. Successful downstaging was associated with improved survival, particularly
among patients who subsequently underwent resection or living donor liver transplantation. Tumor burden parameters,
including largest tumor diameter, tumor volume, and combined tumor number—diameter score, may help identify
candidates most likely to benefit from treatment. These findings suggest exploratory tumor burden thresholds that may
assist patient selection for Y-90 TARE and support its role in expanding surgical and transplant opportunities in
advanced HCC.
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