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Purpose: To report long-term outcomes of radiation segmentecto-
my (RS) for early hepatocellular carcinoma (HCC). The 
authors hypothesized that outcomes are comparable to 
curative treatments for patients with solitary HCC less 
than or equal to 5 cm and preserved liver function.

Materials and 
Methods:

This retrospective study included 70 patients (median age, 
71 years; range, 22–96 years) with solitary HCC less than 
or equal to 5 cm not amenable to percutaneous ablation 
who underwent RS (dose of .190 Gy) between 2003 and 
2016. Patients who underwent subsequent curative liver 
transplantation were excluded to eliminate this confound-
ing variable affecting survival. Radiologic response of time 
to progression and median overall survival were estimated 
by using the Kaplan-Meier method per the guidelines 
of the European Association for the Study of the Liver 
(EASL) and the World Health Organization (WHO).

Results: Seventy patients were treated with RS over 14 years. Six-
ty-three patients (90%) showed response by using EASL 
criteria, of which 41 (59%) showed complete response. 
Fifty patients (71%) achieved response by using WHO 
criteria, of which 11 (16%) achieved complete response. 
Response rates at 6 months were 86% and 49% by us-
ing EASL and WHO criteria, respectively. Median time to 
progression was 2.4 years (95% confidence interval: 2.1, 
5.7), with 72% of patients having no target lesion pro-
gression at 5 years. Median overall survival was 6.7 years 
(95% confidence interval: 3.1, 6.7); survival probability at 
1, 3, and 5 years was 98%, 66%, and 57%, respectively. 
Overall survival probability at 1, 3, and 5 years was 100%, 
82%, and 75%, respectively, in patients with baseline tu-
mor size less than or equal to 3 cm (n = 45) and was 
significantly longer than in patients with tumors greater 
than 3 cm (P = .026).

Conclusion: RS provides response rates, tumor control, and survival 
outcomes comparable to curative-intent treatments for se-
lected patients with early-stage HCC who have preserved 
liver function.

q RSNA, 2018
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or radiofrequency ablation) as of the 
date of data closure (Table 1). Among 
the 70 patients, 45 (64%) were men; 
median age of the cohort was 70 years 
(range, 22–96 years; 69 years for men 
and 72 years for women; P = .29). 
Long-term (.10 years) survival data 
were assessed.

Evaluation and Staging
A multidisciplinary team (hepatology, 
oncology, transplant surgery, interven-
tional radiology) triaged patients to 
RS following a thorough discussion of 
all potential treatments. This approach 
was chosen as an alternative to radio-
frequency ablation when the tumor was 
in an unfavorable location (dome, cen-
tral near bile ducts, abutting gallbladder 
and/or stomach). Patients in this popu-
lation were not deemed candidates for 
transplantation and/or resection sec-
ondary to comorbidities or older age 
(determined by transplant team).

All patients were evaluated in the 
interventional oncology clinic, and a 
history and physical examination were 
performed. Laboratory and imaging 

In our study, we review our long-
term outcomes (.10 years) of patients 
with HCC less than or equal to 5 cm not 
amenable to resection, radiofrequency 
ablation, or transplantation who under-
went RS. We hypothesize that this ap-
proach could be considered potentially 
curative based on the same rationale as 
resection, radiofrequency ablation, and 
transplantation.

Materials and Methods

R.J.L. and R.S. are advisors to BTG 
International. There was no funding 
for this analysis and all authors had 
control of the data and information 
submitted for publication. Our study 
was approved by the institutional re-
view board and was compliant with 
the Health Insurance Portability and 
Accountability Act. All patients pro-
vided written informed consent prior 
to receiving treatment after select-
ing RS over chemoembolization. We 
searched our prospectively acquired 
database of HCC (10) for patients 
treated with 90Y radioembolization 
from December 2003 to 2016 (14 
years). Inclusion criteria were as fol-
lows: solitary HCC less than or equal 
to 5 cm, preserved liver function 
(Child-Pugh class A), and no vascular 
invasion or extrahepatic metastases 
(7). Patients who underwent trans-
plantation or resection were excluded 
to mitigate the potential confound-
ing impact on overall survival (Fig 1).  
A subanalysis of patients with HCC 
less than or equal to 3 cm was 
also performed, creating a cohort  
potentially comparable to radiofre-
quency ablation. Twenty-four of the 
70 patients have been previously re-
ported (9). In that prior study, the 
concept of RS was introduced and 
validated by using results from path-
ologic explants. In our current study, 
all patients underwent updated long-
term imaging and clinical follow-up, 
permitting mature survival and time-
to-progression analyses.

Seventy patients with solitary HCC 
less than or equal to 5 cm and Child-
Pugh class A liver function underwent 
RS. No patient underwent curative 
treatment (transplantation, resection, 
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Implication for Patient Care

 n Radiation segmentectomy (RS) 
may represent a curative treat-
ment option for patients with 
early hepatocellular carcinoma 
with preserved liver function who 
cannot undergo liver resection or 
ablation.

 n RS is an outpatient, minimally 
invasive intra-arterial therapy 
with a low toxicity profile that 
may represents a convenient 
treatment option for patients 
with comorbidities preventing 
liver resection.

Curative approaches at the very 
early stage (Barcelona Clinic 
Liver Cancer [BCLC] stage 0 or 

A) of hepatocellular carcinoma (HCC) 
include radiofrequency ablation, surgi-
cal resection, and transplantation (1). 
Resection and transplantation have 
provided excellent outcomes, with 
5-year survival rates ranging between 
60%–80% for well-selected BCLC 
stage 0 or A HCC (2). Radiofrequency 
ablation shows similar survival out-
comes in HCC less than or equal to 
3 cm in diameter, and it was recently 
added as the treatment of choice in 
BCLC stage 0 HCC (3). However, many 
patients are not candidates for these 
therapies at presentation; stage migra-
tion states patients should be offered 
the next-best therapy if the first-line 
therapy is not feasible (4). Based on 
two prospective randomized trials, the 
next-best therapy is transarterial che-
moembolization (5,6).

An application of segmental, high-
dose radioembolization provides se-
lective ablative radiation doses to tu-
mors (7). Radiation segmentectomy 
(RS) is a targeted form of radioembo-
lization with yttrium 90 (90Y), usually 
delivered to no more than two hepatic 
segments. The high tumor dose max-
imizes cytotoxic radiation delivery, 
whereas the focused delivery mini-
mizes risk of collateral parenchymal 
damage (8). This threshold dose of 
190 Gy has been confirmed by using 
pathologic correlation from transplant 
explants (9).
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of experience), and R.S. (with .20 
years of experience).

Toxicity Assessment
Hepatic enzymes, alkaline phospha-
tase, serum albumin, and bilirubin 
were assessed at 1 month and 3 
months after RS. Treatment-related 
liver toxicities were assessed by using 
version 4.0 of the Common Terminol-
ogy Criteria for Adverse Events.

Response Assessment
Patients were seen in the clinic 1 
month after radioembolization and 
subsequently at 3-month intervals. 
Laboratory and imaging studies were 
obtained at each visit. Response status 
was blindly assessed by using the ne-
crosis criteria of the World Health Or-
ganization (WHO) and the European 
Association for the Study of the Liver 
(EASL) by an interventional radiologist 
(A.R., with .5 years of experience); 
this reader did not treat any patient 
(14) (Table E1 [online]). Objective  
response rates were estimated by con-
sidering the patient’s best radiologic 
response during his or her entire fol-
low-up period. Patients were consid-
ered for additional radioembolization 
or other treatment if there were signs 
of tumor progression or development 
of new hepatic tumors.

Time to Progression
Tumor progression was defined as any 
of the following: 25% increase in bi-
dimensional cross-product of the tar-
geted tumor (WHO criteria), 25% in-
crease in arterial enhancement of the 
targeted tumor (EASL criteria), devel-
opment of portal vein tumor throm-
bus, and new intrahepatic or extra-
hepatic disease. Time to progression 
and time to target lesion progression 
were calculated by using the Kaplan-
Meier method.

Survival Analysis
Overall survival was calculated by using 
the Kaplan-Meier method (log-rank) 
from the day of first treatment with 90Y 
until the day of last follow-up or death. 
Multivariate analysis was not conducted 
because of insufficient death endpoints 

microspheres (BTG International, 
Ottawa, Canada) impregnated with 
90Y (13). Cone-beam CT (6-second 
imaging, 6-second injection delay) 
was performed to verify complete tu-
mor targeting, to provide volumetric 
analysis for dosimetry, and to ensure 
complete coverage of the tumor mar-
gin. A tumoricidal dose delivery was 
performed by measuring the perfused 
volume with cone-beam CT and en-
tering this into the glass-microsphere 
formula with a target dose of greater 
than 190 Gy. Selective high-dose ra-
dioembolization to the tumor-bearing 
hepatic segments was delivered, a 
dose previously demonstrated to pro-
vide complete pathologic necrosis (9). 
All patients were treated by K.D., 
B.T., S.M., R.H. (each with 3–5 years 
of experience), R.J.L. (with 10 years 

studies (contrast material–enhanced 
magnetic resonance [MR] imaging 
or computed tomography [CT]) were 
performed. The diagnosis of HCC was 
made per guidelines (11). Imaging 
findings of cirrhosis and portal hyper-
tension (varices, splenomegaly with 
thrombocytopenia) were recorded. 
Liver function was assessed by using 
the Child-Pugh system. Tumor stag-
ing was performed per the United 
Network for Organ Sharing (UNOS) 
classification scheme for tumor size 
and/or number. All patients were clas-
sified as having BCLC stage 0 or A 
HCC.

RS Protocol
Planning mesenteric angiography was 
performed as previously described 
(12). RS was performed with glass 

Figure 1

Figure 1: Study flowchart. HCC = hepatocellular carcinoma, Y90 = yttrium 
90.
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new lesions or metastases was consid-
ered progression.

Fifty (71%) patients achieved radio-
logic response according to WHO cri-
teria, with 11 of 70 (16%) successfully 
achieving complete WHO response. 
Similar to EASL, patients with respond-
ing tumors and new lesions or metas-
tases were considered nonresponders.

Time-dependent radiologic re-
sponse showed 59%, 86%, 85%, and 
83% response according to EASL cri-
teria and 26%, 49%, 72%, and 71% 
response according to WHO criteria 
at 1, 6, 9, and 12 months, respectively 
(Table 2).

Time to Progression
Median time to progression was 2.4 
years (95% confidence interval: 2.1, 
5.7). Further stratification by using 
size (3 cm and .3 cm) did not show 
a significant difference (P = .2) (Fig 2).  
For local tumor control, median time 
to target lesion progression was not 
reached regardless of tumor size, 
with a 5- and 7-year progression-free 
probability of 72% (Fig 3). Only one 
patient received treatment after pro-
gression in the form of conventional 
transarterial chemoembolization. Table 
E3 (online) describes progression pat-
tern after complete response, dem-
onstrating that local recurrence in 
complete responders occurred in four 
patients (9.8%).

Survival
At data closure, 17 of 70 (24%) pa-
tients died, whereas 53 of 70 (76%) 

at the time of data closure. All analyses 
were performed by using SPSS Statis-
tics (version 24; IBM, Armonk, NY).

Results

Baseline Characteristics
Among 70 patients, 50 (71%) had 
tumors less than or equal to 3 cm, 
whereas 20 (29%) had tumors of 3–5 
cm. Eleven (16%) patients exhibited 
elevated a-fetoprotein levels greater 
than 200 mg/L. Forty-six of 70 (66%) 
patients underwent RS to one seg-
ment bearing the tumor, whereas 24 
of 70 (34%) patients underwent RS to 
two segments. Mean follow-up time 
was 29 months 6 25 (95% confidence 
interval: 6, 117.8).

Adverse Events
At 1-month follow-up, one (1.4%) pa-
tient developed grade 3 bilirubin toxic-
ity, and one (1.4%) patient developed 
grade 3 albumin toxicity. At 3 months, 
one (1.4%) patient developed grade 3 
aspartate aminotransferase toxicity. 
One patient (1.4%) developed rapidly 
progressive disease, exhibited grade 
3 bilirubin and albumin at month 3, 
and died 4 months after 90Y. No other 
grade 4 toxicities were found at month 
3 (Table E2 [online]).

Radiographic Response
Among 70 patients, 63 (90%) re-
sponded according to EASL criteria, 
of whom 41 (59%) showed complete 
response. Response with concomitant 

Table 1

Baseline Characteristics

Parameter
No. of Patients  
(n = 70)

Sex
 Male 45 (64)
 Female 25 (36)
Age (y)*
 All patients 70 (22–96)
 Men 69 (22–87)
 Women  72 (58–96)
Etiology of liver disease
 Hepatitis C virus 34 (49)
 Alcohol 3 (4)
 Cryptogenic 15 (21)
 Hepatitis B virus 7 (10)
 Autoimmune 3 (4)
 Nonalcoholic  

 steatohepatitis
7 (10)

 Hemochromatosis 1 (1)

Child-Pugh score

 Class A5 27 (39)

 Class A6 43 (61)

Cirrhosis

 Yes 64 (91)

 No† 6 (9)

Imaging portal 
hypertension‡

 Yes 50 (71)

 No 20 (29)

a-fetoprotein

 .200 µg/L 11 (16)

 ,200 µg/L 59 (84)

Method of diagnosis

 Imaging 51 (73)

 Biopsy 19 (27)

Lesion size (cm)

 Median 2.6

 Range 1.3–4.6

UNOS tumor number 
and size

 T1 (,2 cm) 15 (21)

 T2 (2–3 cm) 35 (50)

 T2 (3–5 cm) 20 (29)

Note.—Unless otherwise specified, data in parentheses 
are percentages. UNOS = United Network for Organ 
Sharing.

* Data are means, with ranges in parentheses. P = .29
† Six patients without cirrhosis had nonresectable 
hepatocellular carcinoma because of other comorbidities.
‡ Indicates the presence of varices, splenomegaly, or 
thrombocytopenia.

Table 2

Radiographic Response

1 mo (n = 70) 6 mo (n = 63) 9 mo (n = 42) 12 mo (n = 35)

Parameter EASL WHO EASL WHO EASL WHO EASL WHO

Partial response 32 (46) 15 (21) 26 (42) 28 (44) 9 (21) 27 (64) 7 (20) 21 (60)
Complete response 9 (13) 3 (4) 28 (44) 3 (5) 27 (64) 3 (8) 22 (63) 4 (11)
Stable disease 26 (37) 50 (71) 4 (6) 27 (43) 1 (3) 9 (21) 1 (3) 7 (20)
Progressive disease 3 (4) 2 (3) 5 (8) 5 (8) 5 (12) 3 (7) 5 (14) 3 (9)

Note.—Data are the number of patients, with percentages in parentheses. Best overall response according to European 
Association for the Study of the Liver (EASL) guidelines: responsive, 63 patients (90%) vs nonresponsive, seven patients (10%). 
Best overall response according to World Health Organization (WHO) guidelines: responsive, 50 patients (71%) vs nonresponsive, 
20 patients (29%).
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rates of 70% and 30-day mortality of 
11% (21–23). Radiofrequency abla-
tion is also considered curative and 
comparable to resection for patients 

liver function (20) and resectable HCC 
(11), provided adequate future liver 
remnant. Five-year survival rates vary 
between 60%–80%, with recurrence 

patients were censored to last day 
of follow-up. Median overall sur-
vival for the entire 70-patient cohort 
was 6.7 years (95% confidence in-
terval: 3.1, 6.7), with a 1-, 3-, and 
5-year survival probability of 98%, 
66%, and 57%, respectively (Fig 4). 
A subanalysis of patients with tumor 
size less than or equal to 3 cm (n 
= 45) resulted in 1-, 3-, and 5-year 
survival probabilities of 100%, 82%, 
and 75%, respectively (Table 3).  
Table 4 lists seminal studies of abla-
tion, resection, and transplantation 
with corresponding 1-, 3-, and 5-year 
survival probabilities. Figure 5 shows 
a patient at 9-year follow-up after RS 
who presents with complete necrosis. 
This person is considered cured.

Discussion

The BCLC system identifies patients 
with limited disease as candidates for 
curative-intent therapies. Patients at a 
very early stage (stage 0) present with 
a single HCC less than 2 cm and pre-
served liver function (Child-Pugh class 
A). Patients with early-stage (stage A) 
HCC present with either a solitary tu-
mor (of any size) or up to three tu-
mors, all less than 3 cm in diameter 
with either Child-Pugh class A or class 
B liver function. Designating HCC 
therapies as “curative” (transplanta-
tion, resection, or radiofrequency ab-
lation) is controversial and relates to 
the level of evidence; guideline recom-
mendations are not uniformly derived 
from randomized level I studies (11). 
The National Comprehensive Cancer 
Network guidelines recognize radio-
embolization as one of the treatment 
options for HCC (15).

Rationale for Curative Designation of 
Transplantation, Resection, or Ablation
Liver transplantation is considered the 
reference standard curative therapy in 
appropriately selected patients, with 
5-year survival exceeding 70% (16), an 
overall recurrence rate between 8%–
15% (17), and 1-year morbidity and/
or mortality reaching 10% (18,19). 
Surgical resection is also considered 
curative for patients with preserved 

Figure 2

Figure 2: Graphs show (a) time to progression for all patients and (b) time to progression stratified by 
using tumor size (3 cm and .3 cm).
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Our outcomes suggest that RS 
may be considered curative in pa-
tients with unablatable BCLC stage 0 
or A lesions less than or equal to 5 
cm. First, any survival benefit in this 
cohort was solely attributable to 90Y 
and exceeds the expected survival of 
36–60 months for BCLC stage A HCC. 
Second, when applying strict selec-
tion criteria in a manner analogous to 
other curative treatments, prolonged 
survival is noted. Third, the favorable 
adverse event profile in a treatment 
that can be performed on an outpa-
tient same-day basis should be con-
sidered competitive to more invasive 
traditional curative treatments (30). 
Fourth, a dose of greater than 190 
Gy has been shown to achieve com-
plete pathologic necrosis (9). Finally, 
from a statistical standpoint, cura-
tive therapies all exhibit one common 
characteristic: a flattening of the Ka-
plan-Meier curve (31). With RS, this 
flattening occurs along 55% at year 5. 
The amalgamation of these data sug-
gests that RS, in select patients, ex-
hibits curative outcomes.

RS is technically simple, especially 
with the advent of the cone-beam CT, 
and should be considered in patients 
with unablatable or unresectable HCC 
(29). Furthermore, as expected, pa-
tients with Child-Pugh class A disease 
rarely experience hepatic toxicity 
(1.4%); this finding was borne out in 
our study.

Strengths include the homogeneity 
of the patient cohort, long-term fol-
low-up (.10 years), prospective data 
collection, and strict patient selection 
(5 cm, Child-Pugh class A). When in-
dividualizing patient care, this cohort 
was stage migrated to RS by using a 
multidisciplinary tumor board. Limited 
therapy after progression permits the 
attribution of survival outcome solely 
to RS without confounders. Finally, 
the time to progression of 2.4 years 
(29 months) is comparable to the Pro-
spective Randomized Trial of Radio-
embolization and Chemoembolization 
in HCC (or PREMIERE) trial, where 
greater than 26 months of time to pro-
gression was validated in a randomized 
setting (32). Also, the mean follow-up 

that are Child-Pugh class A BCLC stage 
0 or A was evaluated. This targeted form 
of radioembolization provides ablative 
radiation doses to the targeted tumor 
and margin (7). A previous radiologic-
pathologic study demonstrated a dose 
>190 Gy was associated with achiev-
ing 100% necrosis, arguably a curative 
pathologic endpoint (9). Although che-
moembolization was also discussed with 
patients as an option, they selected RS 
after informed consent.

Rationale for Curative Potential of RS
The question that emerges from our 
study is what constitutes a curative 
treatment. RS was found to generate 
outcomes consistent with treatments 
considered to be curative: 71% re-
sponse per WHO criteria and 90% re-
sponse per EASL criteria, local tumor 
control rate at 5 years of 72%, time 
to progression of 2.4 years, overall 
survival at year 5 of 55%, and me-
dian overall survival of 80 months (6.7 
years). 5-year survival was 75% for 
patients with HCC less than or equal 
to 3 cm. These outcomes compare fa-
vorably with pivotal studies establish-
ing other curative therapies for early 
HCC.

with BCLC stage 0 or A HCC. It is 
recommended in poor candidates for 
resection with limited disease (24), 
exhibiting 3- and 5-year survival rates 
in solitary HCC less than 5 cm of 89% 
and 61%, respectively (25), and recur-
rence rates reaching 39% in 3–5-cm  
lesions (26). Combined with emboli-
zation, the curative aspect of ablation 
may be further enhanced (27). Effec-
tively, all three of the above options, 
despite limitations in long-term out-
comes, recurrence rates, and postop-
erative morbidities, are considered 
potentially curative based on phase 2 
studies with limited data demonstrat-
ing improved survival with random-
ized studies (28,29).

Rationale for RS
Stage migration occurs when a pa-
tient with HCC is not suitable for the 
recommended therapy or therapies 
(4). According to BCLC, patients with 
early-stage disease would be offered 
conventional transarterial chemoembo-
lization, migrating from a curative to 
a palliative treatment. In our current 
study, the application of radioemboliza-
tion by using an ablative dose with RS 
for the treatment of unablatable lesions 

Figure 3

Figure 3: Graph shows local tumor control represented by using time to target lesion 
progression.



1056 radiology.rsna.org n Radiology: Volume 287: Number 3—June 2018

VASCULAR AND INTERVENTIONAL RADIOLOGY: Radiation Segmentectomy Lewandowski et al

analysis, selection bias, and compar-
ison to published literature rather 
than to an internal control group. A 
long-term follow-up report may be 
necessary to provide a survival update 
on patients more recently treated. 
Finally, limited death endpoints also 
prevent multivariate analyses.

In conclusion, RS provides local 
tumor control, prolonged time to 
progression, and overall survival out-
comes comparable to radiofrequency 
ablation, resection, and transplanta-
tion for patients with BCLC stage 0 
or A HCC. RS should be considered 
curative for the treatment of solitary 
HCC less than 5 cm.
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Table 3

Overall Survival

Overall 
Survival 
Rate

3 cm  
(n = 45)

.3 cm  
(n = 25)

All 5 cm  
(n = 70)

1 y 100 96 98
3 y 82 46 66
5 y 75 37 57

Note.—Data are percentages.

Figure 4

Figure 4: Graphs show (a) survival for all patients and (b) survival stratified by using tumor size (3 cm 
and .3 cm).



Radiology: Volume 287: Number 3—June 2018 n radiology.rsna.org 1057

VASCULAR AND INTERVENTIONAL RADIOLOGY: Radiation Segmentectomy Lewandowski et al

tific, and Cook for lectures including service 
on speakers bureaus. Other relationships: dis-
closed no relevant relationships. B.T. disclosed 
no relevant relationships. S.M. disclosed no 
relevant relationships. R.H. Activities related 
to the present article: disclosed no relevant re-
lationships. Activities not related to the present 
article: is a consultant for Bayer. Other rela-
tionships: disclosed no relevant relationships. 
J.C.C. Activities related to the present article: 
disclosed no relevant relationships. Activities 
not related to the present article: is a consul-
tant for and receives payment from Novartis for 
lectures including service on speakers bureaus; 
has grants/grants pending with National Insti-
tute of Diabetes and Digestive and Kidney Dis-
eases (R01). Other relationships: disclosed no 
relevant relationships. M.A. disclosed no rele-
vant relationships. A.R. disclosed no relevant 
relationships. R.S. Activities related to the pre-
sent article: disclosed no relevant relationships. 
Activities not related to the present article: is 
a consultant for Boston Scientific, BTG, and 
Terumo; receives payment from BTG for travel/
accommodations/meeting expenses unrelated 
to activities listed; money paid to institution by 
BTG for grants/grants pending. Other relation-
ships: disclosed no relevant relationships.

References
 1. Bruix J. Treatment of hepatocellular carci-

noma. Hepatology 1997;25(2):259–262.

 2. Bruix J, Reig M, Sherman M. Evidence-
based diagnosis, staging, and treatment 
of patients with hepatocellular carcinoma. 
Gastroenterology 2016;150(4):835–853.

 3. Mazzaferro V, Lencioni R, Majno P. Early he-
patocellular carcinoma on the procrustean 

Table 4

Survival Rates Compared with Other Curative Treatments

Survival (%)

Tumor No. and Size, Treatment 
Modality, and Clinical Study No. of Patients 1 y 3 y 5 y

Median Overall 
Survival (mo)

Solitary 3 cm
 Radiation segmentectomy
  Current study 45 100 82 75 Not reached
 Surgical resection
  Pompili et al (34) 246 95 82 74* Not reached
  Huang et al (35) 45 100 96 82 Not reached
 Radiofrequency ablation
  Pompili et al (34) 298 98 81 66* Not reached
  Huang et al (35) 57 87 77 55 Not reached
Solitary 5 cm
 Radiation segmentectomy
 Current study 70 98 66 57 80
 Surgical resection
  Chen et al (36) 91 93 73 64* Not reached
 Radiofrequency ablation
  Lencioni et al (25) 145 100 89 61 65
  Chen et al (36) 91 94 69 66* Not reached
Single 5 cm or 3 nodules,  

 all 3 cm†

 Liver transplantation
  Mazzaferro et al (16) 48 … … 75* Not reached
  Llovet et al (37) 58 84 74 74 Not reached
  Jonas et al (17) 120 90 … 71 Not reached

* Indicates 4-year survival probability.
† Based on Milan criteria.

Figure 5

Figure 5: Images show (a) contrast material–enhanced CT scan before yttrium 90 of an 87-year-old man with 4-cm hepatocellular carcinoma in right lobe. (b) 
Contrast-enhanced MR image at subsequent 9-year follow-up (now aged 96 years) shows complete necrosis.



1058 radiology.rsna.org n Radiology: Volume 287: Number 3—June 2018

VASCULAR AND INTERVENTIONAL RADIOLOGY: Radiation Segmentectomy Lewandowski et al

 27. Shibata T, Isoda H, Hirokawa Y, Arizono 
S, Shimada K, Togashi K. Small hepato-
cellular carcinoma: is radiofrequency abla-
tion combined with transcatheter arterial 
chemoembolization more effective than 
radiofrequency ablation alone for treat-
ment? Radiology 2009;252(3):905–913.

 28. Livraghi T, Solbiati L, Meloni MF, Gazelle 
GS, Halpern EF, Goldberg SN. Treatment 
of focal liver tumors with percutaneous 
radio-frequency ablation: complications 
encountered in a multicenter study. Radi-
ology 2003;226(2):441–451.

 29. Kasugai H, Osaki Y, Oka H, Kudo M, Seki 
T; Osaka Liver Cancer Study Group. Se-
vere complications of radiofrequency abla-
tion therapy for hepatocellular carcinoma: 
an analysis of 3,891 ablations in 2,614 pa-
tients. Oncology 2007;72(Suppl 1):72–75.

 30. Gabr A, Kallini JR, Gates VL, et al. Same-
day 90Y radioembolization: implementing 
a new treatment paradigm. Eur J Nucl Med 
Mol Imaging 2016;43(13):2353–2359.

 31. Gelber RD, Goldhirsch A, Cole BF. Para-
metric extrapolation of survival estimates 
with applications to quality of life evalua-
tion of treatments: International Breast 
Cancer Study Group. Control Clin Trials 
1993;14(6):485–499.

 32. Lewandowski RJ, Donahue L, Chokechana-
chaisakul A, et al. (90) Y radiation lobec-
tomy: outcomes following surgical resec-
tion in patients with hepatic tumors and 
small future liver remnant volumes. J Surg 
Oncol 2016;114(1):99–105.

 33. N’Kontchou G, Mahamoudi A, Aout M, et 
al. Radiofrequency ablation of hepatocellular 
carcinoma: long-term results and prognostic 
factors in 235 Western patients with cirrho-
sis. Hepatology 2009;50(5):1475–1483.

 34. Pompili M, Saviano A, de Matthaeis N, et 
al. Long-term effectiveness of resection 
and radiofrequency ablation for single 
hepatocellular carcinoma 3 cm: results 
of a multicenter Italian survey. J Hepatol 
2013;59(1):89–97.

 35. Huang J, Yan L, Cheng Z, et al. A ran-
domized trial comparing radiofrequency 
ablation and surgical resection for HCC 
conforming to the Milan criteria. Ann Surg 
2010;252(6):903–912.

 36. Chen MS, Li JQ, Zheng Y, et al. A pro-
spective randomized trial comparing per-
cutaneous local ablative therapy and partial 
hepatectomy for small hepatocellular carci-
noma. Ann Surg 2006;243(3):321–328.

 37. Llovet JM, Bruix J, Fuster J, et al. Liver 
transplantation for small hepatocellular 
carcinoma: the tumor-node-metastasis 
classification does not have prognostic 
power. Hepatology 1998;27(6):1572–1577.

 15. National Comprehensive Cancer Network. 
NCCN clinical practice guidelines in oncol-
ogy: hepatobiliary cancers. https://www.
nccn.org/professionals/physician_gls/pdf/
hepatobiliary.pdf. Published 2016. Ac-
cessed October 2017.

 16. Mazzaferro V, Regalia E, Doci R, et al. Liver 
transplantation for the treatment of small he-
patocellular carcinomas in patients with cir-
rhosis. N Engl J Med 1996;334(11):693–699.

 17. Jonas S, Bechstein WO, Steinmüller T, et al. 
Vascular invasion and histopathologic grad-
ing determine outcome after liver transplan-
tation for hepatocellular carcinoma in cir-
rhosis. Hepatology 2001;33(5):1080–1086.

 18. Barreto AG, Daher EF, Silva Junior GB, et 
al. Risk factors for acute kidney injury and 
30-day mortality after liver transplantation. 
Ann Hepatol 2015;14(5):688–694.

 19. Adam R, Cailliez V, Majno P, et al. Nor-
malised intrinsic mortality risk in liver trans-
plantation: European Liver Transplant Regis-
try study. Lancet 2000;356(9230):621–627.

 20. Berzigotti A, Reig M, Abraldes JG, Bosch 
J, Bruix J. Portal hypertension and the out-
come of surgery for hepatocellular carci-
noma in compensated cirrhosis: a system-
atic review and meta-analysis. Hepatology 
2015;61(2):526–536.

 21. Chang YJ, Chung KP, Chang YJ, Chen LJ. 
Long-term survival of patients undergoing 
liver resection for very large hepatocellular 
carcinomas. Br J Surg 2016;103(11):1513–
1520.

 22. Faber W, Seehofer D, Neuhaus P, et al. Re-
peated liver resection for recurrent hepato-
cellular carcinoma. J Gastroenterol Hepatol 
2011;26(7):1189–1194.

 23. Jaeck D, Bachellier P, Oussoultzoglou E, 
Weber JC, Wolf P. Surgical resection of 
hepatocellular carcinoma: post-operative 
outcome and long-term results in Europe—
an overview. Liver Transpl 2004;10(2 Suppl 
1):S58–S63.

 24. Cho YK, Kim JK, Kim MY, Rhim H, Han 
JK. Systematic review of randomized trials 
for hepatocellular carcinoma treated with 
percutaneous ablation therapies. Hepatol-
ogy 2009;49(2):453–459.

 25. Lencioni R, Cioni D, Crocetti L, et al. Ear-
ly-stage hepatocellular carcinoma in pa-
tients with cirrhosis: long-term results of 
percutaneous image-guided radiofrequency 
ablation. Radiology 2005;234(3):961–967.

 26. Cho YK, Rhim H, Noh S. Radiofrequency 
ablation versus surgical resection as pri-
mary treatment of hepatocellular carci-
noma meeting the Milan criteria: a sys-
tematic review. J Gastroenterol Hepatol 
2011;26(9):1354–1360.

bed of ablation, resection, and transplanta-
tion. Semin Liver Dis 2014;34(4):415–426.

 4. Reig M, Darnell A, Forner A, Rimola J, Ay-
uso C, Bruix J. Systemic therapy for hepa-
tocellular carcinoma: the issue of treatment 
stage migration and registration of progres-
sion using the BCLC-refined RECIST. Semin 
Liver Dis 2014;34(4):444–455.

 5. Llovet JM, Real MI, Montaña X, et al. Ar-
terial embolisation or chemoembolisation 
versus symptomatic treatment in patients 
with unresectable hepatocellular carci-
noma: a randomised controlled trial. Lan-
cet 2002;359(9319):1734–1739.

 6. Lo CM, Ngan H, Tso WK, et al. Random-
ized controlled trial of transarterial lipi-
odol chemoembolization for unresectable 
hepatocellular carcinoma. Hepatology 
2002;35(5):1164–1171.

 7. Riaz A, Gates VL, Atassi B, et al. Radia-
tion segmentectomy: a novel approach to 
increase safety and efficacy of radioem-
bolization. Int J Radiat Oncol Biol Phys 
2011;79(1):163–171.

 8. Vouche M, Lewandowski RJ, Atassi R, et 
al. Radiation lobectomy: time-dependent 
analysis of future liver remnant volume in 
unresectable liver cancer as a bridge to re-
section. J Hepatol 2013;59(5):1029–1036.

 9. Vouche M, Habib A, Ward TJ, et al. Unre-
sectable solitary hepatocellular carcinoma 
not amenable to radiofrequency ablation: 
multicenter radiology-pathology correla-
tion and survival of radiation segmentec-
tomy. Hepatology 2014;60(1):192–201.

 10. Salem R, Lewandowski RJ, Mulcahy MF, 
et al. Radioembolization for hepatocellular 
carcinoma using yttrium-90 microspheres: 
a comprehensive report of long-term out-
comes. Gastroenterology 2010;138(1):52–
64.

 11. European Association for the Study of the 
Liver; European Organisation for Research 
and Treatment of Cancer. EASL-EORTC 
clinical practice guidelines: management 
of hepatocellular carcinoma. J Hepatol 
2012;56(4):908–943.

 12. Salem R, Thurston KG. Radioemboli-
zation with 90yttrium microspheres: a 
state-of-the-art brachytherapy treatment 
for primary and secondary liver malig-
nancies: part I. Technical and methodo-
logic considerations. J Vasc Interv Radiol 
2006;17(8):1251–1278.

 13. MDS Nordion. TheraSphere yttrium-90 
microspheres package insert. Kanata, ON, 
Canada: MDS Nordion, 2004.

 14. Miller AB, Hoogstraten B, Staquet M, Win-
kler A. Reporting results of cancer treat-
ment. Cancer 1981;47(1):207–214.




