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Scientific Article

Clinical Outcomes of Patients With Unresectable
Primary Liver Cancer Treated With Yttrium-90
Radioembolization With an Escalated Dose
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Abstract
Purpose: Yttrium-90 (90Y) radioembolization with an escalated dose has been shown to improve clinical outcomes compared with
standard dose radioembolization, but there are few data on the local control of primary liver tumors. We reported the clinical
outcomes of patients with unresectable primary liver tumors treated with 90Y radioembolization with an escalated dose.
Methods and Materials: Clinical data of patients with unresectable hepatocellular carcinoma (HCC), cholangiocarcinoma (CC), and
biphenotypic tumors (cHCC-CC) treated with radioembolization with an escalated dose (≥150 Gy) between 2013 and 2020 with >3
months follow-up were retrospectively reviewed. The primary endpoint was freedom from local progression. Clinical response was
defined by Modified Response Evaluation Criteria in Solid Tumours and toxic effects were assessed using Common Terminology
Criteria for Adverse Events version 5.0.
Results: Fifty-three patients with HCC and 15 patients with CC/cHCC-CC were analyzed. The median dose delivered was 205 Gy
(interquartile range, 183-253 Gy) and 198 Gy (interquartile range, 154-234 Gy) for patients with HCC and CC/cHCC-CC, respectively.
The 1-year freedom from local progression rate was 54% (95% confidence interval [CI], 38%-78%) for patients with HCC and 66%
(95% CI, 42%-100%) for patients with CC/cHCC-CC. For patients with HCC, United Network for Organ Sharing nodal stage 1
(P = .01), nonsolitary tumors (P = .02), pretreatment a-fetoprotein of >7.7 ng/mL (P = .006), and ≤268 Gy dose delivered (P = .003)
were predictors for local progression on multivariate Cox analysis. No patients with HCC who received a dose >268 Gy had a local
tumor progression. The 1-year overall survival for patients with HCC was 74% (95% CI, 61%-89%). After radioembolization, 5 (7%)
patients had grade 3 ascites, and 4 (6%) patients had grade 3/4 hyperbilirubinemia.
Conclusions: Treatment of unresectable primary liver tumors with 90Y radioembolization with an escalated dose was safe and well
tolerated. Delivery of >268 Gy may improve local tumor control of HCC. Determination of the maximum tolerated dose needs to be
performed in the context of future prospective dose-escalation trials to further evaluate the safety and efficacy of such an approach.
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Introduction

Primary liver cancer is the seventh most common
malignancy and accounted for 781,631 liver cancer-
related deaths globally in 2018.1 For patients with early-
stage disease, surgical resection and liver transplantation
are considered potentially curative treatments.2,3 Patients
with locally advanced disease who are not candidates for
surgery have been shown to benefit from locoregional
therapies, which can slow disease progression, prolong
survival, and potentially bridge to liver transplantation.4,5

Transarterial radioembolization is a locoregional
liver-directed therapy that delivers radioactive micro-
spheres containing b-emitting yttrium-90 (90Y)
directly to the tumor via hepatic artery branches.6-9

There has been a steady increase in the use of radio-
embolization globally over the past decade,9,10 with
multiple studies demonstrating clinical efficacy in
hepatocellular carcinoma (HCC),10,11 intrahepatic chol-
angiocarcinoma (iCCA),12-14 and combined hepatocel-
lular-cholangiocarcinoma (cHCC-CC).15,16 Compared
with transarterial chemoembolization (TACE), radio-
embolization has been shown to increase time-to-pro-
gression while resulting in fewer toxic effects.17

The recommended treatment radiation dose range
for standard radioembolization is 80 to 150 Gy.18

More recently, delivery of 90Y with an escalated dose
of >150 Gy to tumor-containing segments of the liver
for carefully selected patients has demonstrated
improved tumor response and overall survival com-
pared with standard 90Y dose delivery.19-21 However,
the clinical response rate remains variable,22 and there
are limited data on local tumor control. In this study,
we retrospectively reviewed our clinical experience in a
small cohort of patients treated with 90Y to an esca-
lated dose (>150 Gy) who had surgically or medically
inoperable primary liver tumors to assess the patterns
and predictors of local tumor progression.

Methods and Materials

Patient and tumor characteristics

Between March 2013 and April 2020, 86 patients who
received 90Y radioembolization with an escalated dose to
a minimum of 150 Gy for primary liver tumors at a single
academic institution were identified. Eighteen patients
with <3 months of follow-up were excluded, leaving 68
analyzable patients. Institutional review board approval

was obtained before data collection, and informed consent
was waived given the retrospective study design.

Patients with biopsy-proven or clinically diagnosed (by
serum tumor markers, computed tomography [CT], and
magnetic resonance imaging [MRI] abdomen) HCC,
iCCA, and cHCC-CC were eligible for 90Y radioemboli-
zation after multidisciplinary consensus. Standard selec-
tion criteria for 90Y radioembolization included patients
with unresectable primary liver tumors with disease pro-
gression or disease not amenable to alternative locore-
gional therapies, Eastern Cooperative Oncology Group
(ECOG) performance status 0 to 2, serum total bilirubin
<2 mg/dL, Child-Pugh (CP) class A-B, and the ability to
undergo angiography. Patients were generally considered
inoperable due to medical comorbidities, underlying
hepatic dysfunction, or tumor-related factors.

Patient age, sex, ethnicity, ECOG performance status,
American Joint Committee on Cancer 8th edition staging,
United Network for Organ Sharing (UNOS) staging,
tumor size, solitary versus multifocal lesions, unilobar
versus bilobar tumor involvement, portal vein tumor
invasion/thrombus, cirrhosis, and total liver volume were
collected for all patients. CP class was determined for
patients with cirrhosis. Albumin-bilirubin liver index and
Barcelona Clinic liver cancer (BCLC) staging were deter-
mined for patients with HCC.

Preprocedure evaluations

Clinical examination and baseline laboratory evalua-
tion, including complete blood count, comprehensive
metabolic panel, and coagulation tests, were performed
for all patients. a�Fetoprotein (AFP) was obtained for
patients with HCC and biphenotypic liver primary
tumors. All patients underwent baseline imaging, includ-
ing triphasic contrast-enhanced hepatic CT or multiphase
MRI. The maximum lesion size was defined as the greatest
dimension of the largest lesion or the largest diameter of
tumor arterial enhancement for HCC per the staging radi-
ology report.

Hepatic arteriography was performed to assess the
hepatic vascular anatomy, and if needed, coil embolization
was performed on any collateral arteries to prevent the
extrahepatic distribution of microspheres.23 Patients were
evaluated for pulmonary and extrahepatic shunting with
the use of planar and single-photon emission CT (SPECT)
imaging after technetium-99m macroaggregated albumin
infusion through hepatic artery branches as determined
by the planned treatment site and patient anatomy.24,25

Patients with significant nontarget perfusion of the bowel,
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>20% lung shunt, or >30 Gy to the lung based on techne-
tium-99m macroaggregated albumin infusion imaging
results were ineligible for radioembolization.

90Y radioembolization planning and
administration

A total of 75 radioembolization procedures were per-
formed in 68 patients. All patients were treated with 90Y
glass microspheres (TheraSphere; BTG International,
London, United Kingdom).24 The majority (61 of 68;
90%) of the patients were planned with a prescribed dose
between 150 and 200 Gy. Five (7%) patients were planned
with a prescribed dose of 300 Gy, and 2 (3%) patients
were planned with a prescribed dose of 500 Gy. 90Y dos-
age for each patient was calculated using the medical
internal radiation dose equation according to the liver tar-
get treatment volumes contoured on triphasic CT or MRI
scans with the use of Eclipse (Varian, Palo Alto, CA)
treatment planning system.26 The prescribed dose was
administered into segmental branches of the hepatic
arteries for segmental treatment and the left or right
hepatic artery for unilobar treatment.23 C-arm cone beam
CT and digital subtraction angiography were used intrao-
peratively to determine vascular supply to the tumor and
detect potential extrahepatic vessels.27,28 Postradioemboli-
zation imaging was performed with 90Y bremsstrahlung
SPECT or 90Y positron emission tomography to verify
microsphere distribution at the treating physician’s
discretion.

Clinical follow-up

Patients were generally followed with clinical, labora-
tory, and imaging (CT or MRI) every 3 months for the
first year after radioembolization. Further locoregional
treatments were delivered for select patients who had par-
tial response, stable disease, or progressive disease at the
target lesions. Clinical and biochemical toxic effects were
evaluated at clinical follow-up visits using the Common
Terminology Criteria for Adverse Events version 5.0.29

Clinical response assessment

Clinical tumor response was assessed using the modi-
fied Response Evaluation Criteria in Solid Tumours ver-
sion 1.1 for patients with HCC at 3 months after
radioembolization.30,31 Independent imaging review was
performed by 2 fellowship-trained abdominal radiologists,
T.J.F. and D.R.L., for the assessment of initial clinical
response of the treated tumor(s), and disagreements were
reviewed together to obtain a consensus. Subtractions
were generated for all MRI studies for modified Response

Evaluation Criteria in Solid Tumours assessment. For typ-
ical HCCs, arterial phase and arterial-phase subtractions
were preferentially used. For iCCA/cHCC-CCs and atypi-
cal HCCs, delayed phase and delayed-phase subtractions
were preferentially used. Posttreatment 90Y SPECT (or
Tc-MAA SPECT if 90Y SPECT was not performed) was
reviewed to determine whether a new lesion occurred
within or outside the treatment zone, if applicable. In
cases where the radiologists agreed on the presence of via-
ble tumor in a treated target lesion but disagreed on
whether there was partial response versus stable disease,
an average of the pre- and posttreatment viable tumor
measurements was used for final response assessment.

Statistical analysis

The primary endpoint was freedom from local pro-
gression (FFLP). The secondary endpoints were clinical
response rate, toxic effects, freedom from elsewhere liver
progression (FFELP), regional control (RC), distant pro-
gression-free survival (DPFS), and overall survival (OS).
Survival probabilities were estimated using the Kaplan-
Meier method and compared using the log-rank test.

FFLP was defined as time from the date of 90Y radio-
embolization to local progression, which was determined
either by imaging review at initial clinical response or by
any increase in tumor size or enhancement or develop-
ment or expansion of vascular invasion in subsequent
clinical imaging reports. Patients who had undergone fur-
ther liver-directed locoregional therapy to the same lesion
were also censored for FFLP. FFELP was defined as time
from the date of 90Y radioembolization to the earlier of
disease progression in the untreated liver or development
of new liver lesions, excluding progression in the segment
(s) treated by 90Y. RC was defined as time from the date
of 90Y radioembolization to the earlier of disease progres-
sion of existing metastatic lymph nodes or development
of new metastatic lymph nodes. DPFS was defined as time
from the date of 90Y radioembolization to the earlier of
disease progression of existing distant extrahepatic meta-
static disease or development of new distant extrahepatic
metastatic disease. FFELP, RC, and DPFS were deter-
mined by retrospective review of radiology reports. OS
was defined as time from the date of 90Y radioemboliza-
tion to death from any cause. Patients who did not
develop events (ie, local progression, elsewhere progres-
sion, regional progression, distant progression, and death
from any cause for FFLP, FFELP, RC, DPFS, and OS,
respectively) during the study period were censored at last
follow-up.

Univariate Cox regression was used to assess the ability
of various factors to predict survival times in patients with
HCC. Univariate analysis was not performed for patients
with iCCA/cHCC-CC owing to a small sample
size. Multivariate Cox proportional hazards model was
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performed to assess for predictors of FFLP and OS in
patients with HCC. AFP and delivered dose were analyzed
both as continuous variables and as dichotomized varia-
bles with low and high groups based on cut-point analysis
using the surv_cutpoint function in R, version 4.0.2 (R
Foundation for Statistical Computing). Multivariate anal-
ysis was performed using a forward stepwise method
(P = .10 for entry, P = .05 for removal). Adjusted hazard
ratios (HRs) and 95% confidence intervals (CIs) were
reported. A 2-sided P value <.05 was considered statisti-
cally significant.

Results

Patient, tumor, and treatment characteristics

Baseline patient and tumor characteristics are detailed
in Table 1. Fifty-three (78%) patients had HCC, 11 (16%)
patients had iCCA, and 4 (6%) patients had cHCC-CC.
Prior locoregional liver-directed treatments are summa-
rized in Table 2. Six (9%) patients received multiple types
of prior hepatic locoregional therapies. Prior systemic
therapy with sorafenib was delivered to 3 (4%) patients
with HCC, all of whom had metastatic disease at the time
of 90Y with an escalated dose. Gemcitabine-based sys-
temic therapy was administered to 3 (4%) patients with
iCCA and 2 (3%) patients with cHCC-CC before 90Y
with an escalated dose.

The parameters for 90Y treatment with an escalated
dose are also summarized in Table 2. Of the 47 patients
who received radioembolization to specific segments, 35
(74%) received a dose >190 Gy. The median follow-up
was 8.9 months (interquartile range [IQR], 5.0-22
months) for all patients with HCC and 10.4 months
(IQR, 5.3-22 months) for living patients with HCC. The
median follow-up was 6.1 months (IQR, 4.8-20 months)
for all patients with iCCA/cHCC-CC and 7.0 months
(IQR, 5.4-12 months) for living patients with iCCA/
cHCC-CC.

Initial clinical response

Status of the treated tumor region assessed at a median
of 2.9 months (IQR, 2.2-3.2 months) after radioemboliza-
tion revealed a complete response (CR) in 11% (7 of 68),
partial response (PR) in 41% (27 of 68), stable disease
(SD) in 30% (20 of 68), and progressive disease (PD) in
18% (12 of 68). Two patients with HCC did not have
repeat imaging at the time of initial clinical follow-up. Of
the 51 patients with HCC who had repeat imaging, the
initial clinical response included 6 (12%) patients with
CR, 20 (39%) with PR, 16 (31%) with SD, and 9 (18%)
with PD. Of the 15 patients with iCCA/cHCC-CC who

had repeat imaging at 3 months, the initial clinical
response included 1 (6%) patient with CR, 7 (47%) with
PR, 4 (27%) with SD, and 3 (20%) with PD.

FFLP

Local progression of the index tumor treated with
radioembolization with an escalated dose was observed in
34% (18 of 53) of patients with HCC at a median time of
4.0 months (IQR, 2.2-10.7 months) and in 33% (5 of 15)
of patients with iCCA/cHCC-CC at a median time of 4.1
months (IQR, 3.1-15.6 months). The 1- and 2-year FFLP
rates for patients with HCC were 54% (95% CI, 38%-
78%) and 48% (95% CI, 32%-74%), respectively (Fig. 1a).
The 1- and 2-year FFLP rates for patients with iCCA/
cHCC-CC were 66% (95% CI, 42%-100%) and 50% (95%
CI, 24%-100%), respectively (Fig. 1a). For patients with
HCC, UNOS T4 tumors had lower FFLP rates compared
with UNOS T2-3 tumors (2-year FFLP: 31% [95% CI,
14%-72%] vs 66% [95% CI, 43%-100%], P = .03 by log-
rank; Fig. 2). There was no difference in FFLP between
patients who received >190 Gy of delivered dose com-
pared with ≤190 Gy (P = .23 by log-rank).

Univariate Cox analysis of predictors of FFLP is summa-
rized in Table 3. On multivariate analysis, UNOS nodal stage
1 (HR, 27.8; 95% CI, 2.24-346; P = .01), nonsolitary lesions
(HR, 12.4; 95% CI, 1.49-102; P = .02; Fig. 1b), AFP
>7.7 ng/mL (HR, 26.3; 95% CI, 2.61-265; P = .006; Fig. 1c),
and delivered dose of >268 Gy (HR, 0; 95% CI, 0.00-0.11;
P = .003; Fig. 1d) were significant predictors of FFLP after
adjusting for bilobar tumor involvement and pretreatment
total bilirubin level (Table 3). The 1- and 2-year FFLP rates
for patients who received ≤268 Gy were 37% (95% CI, 18%-
73%) and 27% (95% CI, 11%-67%), respectively, whereas the
1- and 2-year FFLP rates for patients who received >268 Gy
were 100% (95% CI, 100%-100%) for both (Fig. 1d). Of the 7
patients who were treated with >268 Gy (median, 328 Gy;
IQR, 271-505 Gy), the median tumor size was 6.7 cm (IQR,
4.5-9.5 cm). Five (71%) patients received radioembolization
to 2 segments and 2 patients (29%) received radioemboliza-
tion to the left hemiliver.

Survival outcomes

The 1- and 2-year FFELP rates for patients with HCC
were 59% (95% CI, 46%-76%) and 50% (95% CI, 36%-
71%), respectively (Fig. 3a). The 1- and 2-year FFELP
rates for patients with iCCA/cHCC-CC were 53% (95%
CI, 32%-86%) and 21% (95% CI, 7%-68%), respectively
(Fig. 3a).

The 1- and 2-year RC rates for patients with HCC were
91% (95% CI, 82%-100%) and 86% (95% CI, 75%-99%),
respectively (Fig. 3b). The 1- and 2-year RC rates
for patients with iCCA/cHCC-CC were 59% (95% CI,
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33%-100%) and 44% (95% CI, 20%-99%), respectively
(Fig. 3b). The 1- and 2-year DPFS rates for patients with
HCC were 79% (95% CI, 67%-93%) and 62% (95% CI,
45%-85%), respectively (Fig. 3c). The 1- and 2-year DPFS
for patients with iCCA/cHCC-CC were 59% (95% CI,
34%-100%) for both (Fig. 3c).

Twenty (38%) patients with HCC and 5 (33%) patients
with iCCA/cHCC-CC died in the follow-up period. The

1- and 2-year OS among patients with HCC were 74%
(95% CI, 61%-89%) and 59% (95% CI, 44%-79%), respec-
tively (Fig. 3d). The 1- and 2-year OS among patients
with iCCA/cHCC-CC were 76% (95% CI, 55%-100%) for
both (Fig. 3d). Univariate Cox analysis of predictors of
OS is summarized in Table E1. On multivariate analysis,
CP class B (HR, 25.4; 95% CI, 1.92-336; P = .01), ECOG 1
(HR, 5.55; 95% CI, 1.13-27.3; P = .04), ECOG 2 (HR, 13.4;

Table 1 Baseline patient and tumor characteristics

Characteristic HCC n = 53*
iCCA/cHCC-CC
n = 15* Characteristic HCC n = 53*

iCCA/cHCC-CC
n = 15*

Age 68 (62-74) 66 (62-71) BCLC

Sex A 8 (15) NA

Male 38 (72) 11 (73) B 8 (15) NA

Female 15 (28) 4 (27) C 36 (68) NA

Ethnicity D 1 (2) NA

White 44 (83) 13 (87) Child-Pugh class

Black 7 (13) 2 (13) A 38 (90) 7 (100)

Asian 2 (4) 0 (0) B 4 (10) 0 (0)

ECOG ABLI grade

0 23 (44) 5 (33) 1 27 (64) NA

1 24 (45) 9 (60) 2 15 (36) NA

2 5 (9) 1 (7) Lobe involvement

3 1 (2) 0 (0) Unilobar 39 (74) 11 (73)

Stagingy UNOS AJCC 8th edition Bilobar 14 (26) 4 (27)

T stage Lesion number

1 0 (0) 10 (67) ≤3 43 (81) 10 (67)

2 11 (21) 5 (33) >3 10 (19) 5 (33)

3 19 (36) 0 (0) Solitary lesion

4 23 (43) 0 (0) Solitary 32 (60) 8 (53)

N stage Nonsolitary 21 (40) 7 (47)

1 4 (8) 6 (40) Tumor size (cm) 5.8 (3.3- 7.7) 5.9 (5.1-9.5)

M stage Tumor size

1 5 (9) 0 (0) <5 cm 20 (38) 3 (20)

Group stage ≥5 cm 32 (62) 12 (80)

1 0 (0) 5 (33) Portal vein invasion/
thrombus

16 (30) 4 (27)

2 11 (21) 4 (27) Main 2 (12) 0 (0)

3 15 (28) 5 (33) Lobar 11 (69) 3 (75)

4 27 (51) 1 (7) Segmental 3 (19) 1 (25)

AFP (ng/mL)z 8 (5-463) 45 (15- 151)

Bilirubin, total (mg/dL)z 0.7 (0.5- 1.0) 0.5 (0.4- 0.9)

Albumin (g/dL)z 4.0 (3.7- 4.3) 4.2 (3.8- 4.4)

Abbreviations: AFP = a�fetoprotein; AJCC = American Joint Committee on Cancer; ABLI = albumin-bilirubin liver index; BCLC = Barcelona Clinic
liver cancer; ECOG = Eastern Cooperative Oncology Group; HCC = hepatocellular carcinoma; iCCA/cHCC-CC = intrahepatic cholangiocarcinoma
and combined hepatocellular-cholangiocarcinoma; IQR = interquartile range; NA = not applicable; UNOS = United Network for Organ Sharing.
* Statistics presented: median (IQR); n (%).
y UNOS staging for patients with HCC and AJCC 8th edition staging for patients with cholangiocarcinoma and biphenotypic tumor.
z Pretreatment laboratory values.
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95% CI, 1.38-129; P = .03), initial progressive disease (HR,
57.2; 95% CI, 1.53-2132; P = .03), and liver transplant
(HR, 0.03; 95% CI, 0.00-0.66; P = .03) were significant
predictors of OS after adjusting for nonsolitary lesion
(Table E1).

Toxic effects and subsequent treatments

Table 4 summarizes the clinical and biochemical
toxic effects after treatment. The most frequently
noted acute grade 1 and 2 clinical toxic effects within

Table 2 Treatment parameters of 90Y with an escalated dose

Characteristic HCC n = 53* iCCA/cHCC-CC n = 15*

Prior liver-directed therapy 12 (23) 1 (7)

Chemoembolization 12 (100) 0 (0)

Cryoablation 2 (17) 0 (0)

Bland embolization 1 (8) 0 (0)

Standard dose radioembolization 0 (0) 1 (100)

Prescribed dose (Gy) 200 (170-250) 200 (150-225)

Delivered dose (Gy) 205 (183-253) 198 (154-234)

Delivered dose

150-189 Gy 17 (32) 7 (47)

≥190 Gy 36 (68) 8 (53)

Treatment target

1 segment 14 (26) 3 (20)

2 segments 22 (42) 4 (27)

3 segments 4 (8) 0 (0)

Left hemiliver 5 (9) 3 (20)

Right hemiliver 8 (15) 5 (33)

Target volume (cc)

1 segment 324 (199-362) 194 (139-413)

2 segments 480 (326-672) 470 (393-548)

3 segments 275 (258-324) -

Left hemiliver 559 (473-1132) 319 (316-984)

Right hemiliver 865 (722-1256) 1123 (522-1384)

Total liver volume (cc)

1 segment 1677 (1540-1897) 1575 (1430-1741)

2 segments 1739 (1500-2349) 1603 (1486-2205)

3 segments 2512 (1685-2751) -

Left hemiliver 1849 (1736-2347) 1649 (1343-2039)

Right hemiliver 1561 (1270-2186) 1330 (1237-1890)

Target to total liver volume ratio

1 segment 0.2 (0.1-0.2) 0.1 (0.1-0.2)

2 segments 0.3 (0.2-0.3) 0.3 (0.2-0.3)

3 segments 0.1 (0.1-0.2) -

Left hemiliver 0.3 (0.3-0.5) 0.2 (0.2-0.5)

Right hemiliver 0.6 (0.4-0.7) 0.7 (0.4-0.8)

Lung shunt (%) 4.9 (3.8-8.5) 4.2 (2.7-6.8)

Abbreviations: 90Y = yttrium-90; HCC = hepatocellular carcinoma; iCCA/cHCC-CC = intrahepatic cholangiocarcinoma and combined hepatocellu-
lar-cholangiocarcinoma; IQR = interquartile range.
* Statistics presented: median (IQR); n (%).
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Figure 1 Kaplan-Meier estimates of (A) freedom from local progression (FFLP) stratified by patients with hepatocellular
carcinoma (HCC) and intrahepatic cholangiocarcinoma and combined hepatocellular-cholangiocarcinoma (iCCA/cHCC-
CC). For patients with HCC, FFLP was stratified by (B) solitary lesions, (C) pretreatment a�fetoprotein (AFP)
>7.7 ng/mL, and (D) delivered dose >268 Gy.

Figure 2 Kaplan-Meier estimates of freedom from local progression for patients with hepatocellular carcinoma (HCC)
stratified by (A) United Network for Organ Sharing (UNOS) T2, T3, and T4, and (B) UNOS T2-T3 and T4.
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the first 3 months were fatigue, nausea, and abdominal
pain. No patients had grade 4 or higher clinical toxic
effects.

Additional locoregional therapy targeted to the same
lesion was delivered in 17 (25%) patients, of whom 14 (82%)
had HCC and 3 (18%) had iCCA. These treatments included
TACE (65%), radiofrequency ablation (12%), and repeat
radioembolization (24%). Of the 17 patients who received
additional locoregional therapy, 9 (53%) patients remained
free of local progression at the last follow-up, 5 (29%)

patients had progression elsewhere in the liver, 2 (12%) had
distant progression, and 1 (6%) did not have adequate fol-
low-up to assess treatment response. Eight (12%) patients
received orthotopic liver transplant after radioembolization
with an escalated dose, 7 (88%) of whomwere disease-free at
the last follow-up. Seven (88%) of the 8 patients who
received a liver transplant were outside of the Milan criteria
before radioembolization with an escalated dose. Three (4%)
patients underwent a partial hepatectomy after 90Y; all 3
remained disease-free at the last follow-up.

Table 3 Univariate and multivariate analyses for factors predicting FFLP in patients with HCC

Characteristic
Univariate analysis Multivariate analysis

HR 95% CI P value HR 95% CI P value

Ethnicity

White 1.00 - - - -

Black 10.5 3.41, 32.3 <.001 - - -

Asian 1.25 0.15, 10.1 .83 - - -

UNOS T stage

2 or 3 1.00 - - - -

4 2.91 1.09, 7.81 .03 - - -

UNOS N stage

1 3.27 0.91, 11.8 .07 27.8 2.24, 346 .01

UNOS M stage

1 2.28 0.65, 7.96 .20 - - -

UNOS group stage

2 or 3 1.00 - - - -

4 2.42 0.86, 6.79 .09 - - -

Bilobar involvement 4.69 1.82, 12.1 .001 0.13 0.01, 1.13 .06

BCLC

A 1.00 - - - -

B 2.82 0.45, 17.7 .27 - - -

C 1.52 0.34, 6.81 .58 - - -

D 1.65 0.14, 18.9 .69 - - -

Child-Pugh class

A 1.00 - - - -

B 0.98 0.12, 7.66 .98 - - -

Nonsolitary lesion 5.90 2.16, 16.1 <.001 12.4 1.49, 102 .02

Tumor size ≥5 cm 0.84 0.32, 2.21 .72 - - -

AFP >7.7 ng/mL 11.7 1.54, 89.3 .02 26.3 2.61, 265 .006

Pretreatment total bilirubin (mg/dL) 0.31 0.08, 1.16 .08 0.04 0.00. 1.26 .07

Delivered dose (Gy) 0.99 0.98, 1.00 .08 - - -

Delivered dose >268 Gy 0.1 0.01, 0.85 .04 0 0.00, 0.11 .003

Portal vein invasion/thrombus 2.41 0.95, 6.16 .07 - - -

Abbreviations: AFP = a�fetoprotein; BCLC = Barcelona Clinic liver cancer; CI = confidence interval; FFLP = freedom from local progression;
HCC = hepatocellular carcinoma; HR = hazard ratio; UNOS = United Network for Organ Sharing.
Bolded p-values indicate statistical significance of smaller than p = 0.05.
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Figure 3 Kaplan-Meier estimates of (A) freedom from elsewhere liver progression, (B) regional control, (C) distant pro-
gression-free survival, and (D) overall survival stratified by patients with hepatocellular carcinoma (HCC) and intrahepatic
cholangiocarcinoma and combined hepatocellular-cholangiocarcinoma (iCCA/cHCC-CC).

Table 4 Clinical and biochemical toxic effects for all patients assessed using CTCAE version 5.0

Grade 1/2* Grade 3/4* Grade 5*

Clinical toxic effects

Fatigue 15 (22) - -

Abdominal pain 9 (13) - -

Nausea 9 (13) - -

Decreased appetite 6 (9) - -

Ascites - 5 (7) -

Encephalopathy - 4 (6) -

Biochemical toxic effect

Total bilirubin elevation 1 (1) 4 (6) -

Abbreviation: CTCAE = Common Terminology Criteria for Adverse Events.
* Statistics presented: n (%).
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Discussion

90Y radioembolization with an escalated dose has
emerged as a promising approach that allows for treat-
ment intensification to the tumor-containing liver seg-
ments while minimizing radiation exposure to the
nontargeted liver parenchyma.22 To date, there has been a
limited number of studies that have evaluated the rate
and pattern of local progression in patients who receive
radioembolization with an escalated dose. In this study,
we reported a 2-year freedom from local progression rate
of 48% (95% CI, 32%-74%) in patients with HCC.

Most of the reported clinical experiences of radiation
segmentectomy (RS) to a minimum dose of 190 Gy involve
patients with early-stage HCC (single tumor or tumors
confined to ≤2 segments). In this setting, curative-intent
RS can help bridge or downstage tumor to enable liver
transplant for patients with tumors that were originally
outside the Milan criteria.9,20,21,32 In patients with more
advanced disease, radioembolization with an escalated dose
also has been shown to be a viable treatment approach in
a small sample of patients.32 Tumor progression occurred
in 50% of the patients at a median of 319 days, and only
5% of the patients experienced local progression at the first
site of failure, though local tumor progression was not ana-
lyzed as an independent endpoint.32 In the HCC subset of
our study, which comprised 36 patients with BCLC stage
C disease, complete response was observed in 6 patients, of
whom 4 were BCLC stage C.

Although prior studies have detailed the clinical
response, tumor progression, and toxic effects associated
with radioembolization with an escalated dose, they
offered limited insight to the patterns and predictors of
local tumor control. In this study, UNOS nodal stage 1,
nonsolitary lesions, pretreatment a-fetoprotein of
>7.7 ng/mL, and ≤268 Gy dose delivered were associated
with worse local control. In another study that evaluated
the predictors of tumor recurrence, Manzia et al33 found
that 2 cm or greater remnant vital tissue after locoregional
therapy at the pathologic examination in the explanted
liver during liver transplant was an important predictor
of disease-free survival and recurrence. Notably, that
study included TACE, percutaneous ethanol injection,
and radio-frequency ablation and excluded patients who
received radioembolization.33

The rationale for dose-escalation in primary liver can-
cer originated in studies with external beam radiation
therapy that demonstrated a dose-response relationship.34

In the 90Y space, Garin et al35 reported a significantly
increased response rate and OS in patients with HCC
who were treated with a dose ≥205 Gy compared with
patients receiving 120 Gy in the DOSISPHERE-01 trial.
Additional studies support the importance of a threshold
dose on tumor control36,37 and have correlated 90Y depo-
sition/activity with individual tumor response in patients
with primary and metastatic liver tumors.38 In this study,

there was no benefit in local progression for patients with
HCC who were treated with a dose ≥190 Gy compared
with 150 to 190 Gy; however, patients who received a
radioembolization dose >268 Gy had a significantly
decreased rate of local progression. Together, these results
indicate that higher doses of radioembolization may be
needed to achieve better local control due to heterogeneity
of 90Y microsphere deposition.

Although this study suggests that dose-escalation may
be needed to improve local tumor control, the retrospec-
tive and heterogenous nature of this study preclude the
determination of a maximal dose limit. Emerging evi-
dence demonstrates that radioembolization with an even
further escalated dose may be achieved in highly selected
patients. The recently reported Local radioEmbolization
using Glass Microspheres for the Assessment of Tumor
Control with Y-90 (LEGACY) study retrospectively evalu-
ated patients with solitary unresectable HCC ≤ 8 cm, CP
A cirrhosis, and ECOG status 0 to 1 treated with radioem-
bolization to a median dose of 410 Gy.39 The objective
response rate was 88.3% (CI, 82.4%-92.4%) with 62.2%
(CI, 54.1%-69.8%) exhibiting a duration of response ≥6
months.39 In a subset dose-pathology correlation of resec-
tion/transplantation, all LEGACY patients exhibited com-
plete pathologic necrosis when the dose exceeded 400 Gy
to the tumor-bearing tissue, suggesting 400 Gy as a possi-
ble “threshold dose” for an ablative effect.40 Local control
was not reported. Compared with the LEGACY study, the
patients in this study had larger tumors (median: 5.8 vs
2.7 cm). Additionally, this study comprised patients with
more severe underlying comorbidities: 68% of patients in
this study were BCLC C and 61% of the LEGACY study
were BCLC A. Considering these differences, the out-
comes from this study are not surprising and add impor-
tant information to the literature regarding 90Y with an
escalated dose in the real-world management of primary
liver cancers. Determination of the maximum tolerated
dose needs to be performed in the context of future pro-
spective dose-escalation trials to further evaluate the
safety and efficacy of such an approach.

For iCCA and cHCC-CC, the majority of the published
studies for these histologies used standard-dosing
radioembolization.15,16,41 In our study, patients with
iCCA/cHCC-CC had a high rate of nodal progression.
This result is consistent with recent literature highlighting
the risk of regional metastases in patients with unresect-
able cholangiocarcinoma.42 Surgical series also corrobo-
rate the pattern of regional recurrences and support the
use of additional therapies to the elective nodal region.43

Together, these results suggest that local liver-directed
therapies such as 90Y may not adequately address nodal
control in patients with iCCA/cHCC-CC.42-44

There are limitations to this study. A significant pro-
portion of the patients treated with 90Y radioemboliza-
tion were excluded for having fewer than 3 months of
follow-up, which is due to the incomplete data available
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in the retrospective study. This study had a small sample
size, which limited the subgroup analyses that could be
performed and the robustness of the statistics presented.
The small number of patients with iCCA and cHCC-CC
also precluded the statistical evaluation of predictors of
local tumor progression for these primary tumors. Twelve
(26%) patients received a dose between 150 and 190 Gy,
below the generally accepted cutoff of >190 Gy for RS,
but there was no difference in local tumor control
between patients receiving >190 Gy compared with <190
Gy. It was also difficult to comprehensively capture grade
1 to 2 adverse events given the retrospective nature of this
study, though the majority of clinically significant grade 3
to 5 events should be included. Despite these limitations,
this study demonstrated that 90Y with an escalated dose
was safe and well tolerated even in a relatively high-risk
population with mostly BCLC stage C disease, with no
grade 4 or 5 clinical toxic effects and low rates of grade 3
and 4 biochemical toxic effects, which is consistent with
previously published data.20,21,32,45

Conclusion

Treatment of unresectable primary liver tumors with
90Y with an escalated dose microsphere radioemboliza-
tion was safe and well tolerated in this study, and delivery
of greater than 268 Gy may improve local tumor control
of HCC. Further investigations are necessary to optimize
patient selection criteria, determine dose prescription,
and refine its role in conjunction with additional forms of
liver-directed therapy and systemic therapy.

Supplementary materials

Supplementary material associated with this article
can be found in the online version at doi:10.1016/j.
adro.2022.100948.
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