| ournal of

Journal of Radiation Research, Vol. 57, No. S, 2016, pp. 512-523
doi: 10.1093/jrr/rrw028
Advance Access Publication: 6 April 2016

Efficacy of stereotactic body radiotherapy for
hepatocellular carcinoma with portal vein tumor
thrombosis/inferior vena cava tumor
thrombosis: evaluation by comparison with
conventional three-dimensional conformal
radiotherapy

Yoshiro Matsuo!, Kenji Yoshida'*, Hideki Nishimura?, Yasuo Ejimal,
Daisuke Miyawaki!, Haruka Uezono?, Takeaki Ishihara!, Hiroshi Mayahara?,
Takumi Fukumoto3, Yonson Ku3, Masato Yamaguchi?, Koji Sugimoto*
and Ryohei Sasaki!

'Division of Radiation Oncology, Kobe University Graduate School of Medicine, 7-5-2, Kusunoki-Cho, Chuou-Ku, Kobe, Hyogo 650-0017, Japan
2Department of Radiation Oncology, Kobe Minimally Invasive Cancer Center, 8-5-1, Minatojima-Nakamachi, Chuou-Ku, Kobe, Hyogo 650-0046, Japan
*Division of Hepato-Biliary-Pancreatic Surgery, Kobe University Graduate School of Medicine, 7-5-2, Kusunoki-Cho, Chuou-Ku, Kobe, Hyogo 650-0017, Japan
4Department of Radiology, Kobe University Graduate School of Medicine, 7-5-2, Kusunoki-Cho, Chuou-Ku, Kobe, Hyogo 650-0017, Japan
*Corresponding author. Tel: +81-78-3826104; Fax: +81-78-3826129; E-mail: kyoshi@med.kobe-u.ac.jp
Received November 25, 2015; Revised January 22, 2016; Accepted February 11, 2016

ABSTRACT

This study aimed to evaluate the efficacy of stereotactic body radiotherapy (SBRT) compared with three-dimen-
sional conformal radiotherapy (3DCRT). Forty-three patients with portal vein tumor thrombosis (PVTT)/inferior
vena cava tumor thrombosis (IVCTT) treated with SBRT (27 with CyberKnife (CK) and 16 with TrueBeam
(TB)) from April 2013 to December 2014, and 54 treated with 3DCRT from June 2008 to March 2013 were eval-
uated. Dosimetric parameters, response to radiotherapy (RT) and survival outcomes were compared in total SBRT
vs. 3DCRT, CK vs. 3DCRT and TB vs. 3DCRT, respectively. The median biologically effective dose 10 (BED ()
values in total SBRT, CK, TB and 3DCRT were 73.4 Gyio, 75.0 Gyyo, 60.5 Gy;o and 58.5 Gy, respectively
(P<0.001 in total SBRT vs. 3DCRT, P < 0.001 in CK vs. 3DCRT, P=0.004 in TB vs. 3DCRT). The tumor
response rates were 67%, 70%, 62% and 46%, respectively (P = 0.04, P = 0.04, P=0.25). The 1-year overall survival
rates were 49.3%, 56.7%, 38.1% and 29.3%, respectively (P = 0.02, P = 0.02, P = 0.30), and the 1-year local progres-
sion rates were 20.4%, 21.9%, 18.8% and 43.6%, respectively (P =0.01, P = 0.04, P = 0.10). The use of SBRT made
it possible to achieve a higher BED,, compared with the use of 3DCRT. Improvements in local control and
survival were achieved in the CK group and the total SBRT group. Our results suggest that SBRT may have the
potential to be the standard RT technique for the treatment of PVTT/IVCTT.
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INTRODUCTION

Vascular invasion, such as portal vein tumor thrombosis (PVTT) or
inferior vena cava tumor thrombosis (IVCTT), is a common condi-
tion in advanced hepatocellular carcinoma (HCC), with an incidence
of 12.5 to 39.7% at the time of diagnosis [1]. PVTT/IVCTT some-
times causes deteriorative and aggressive features such as intrahepatic
tumor dissemination, portal vein hypertension and ischemic liver
damage, which lead to severe liver insufficiency. HCC patients with
PVTT/IVCTT have an extremely poor prognosis; untreated patients
have median survival times of 2 to 4 months [2]. Most patients with
PVTT/IVCTT are unsuitable for surgery, and the efficacy of transar-
terial chemoembolization (TACE) is limited, with a l-year overall
survival time of 22.0 to 30.9% [3-5]. Therefore, treatment of HCC
complicated by PVIT/IVCTT has always been challenging.

Regarding the role of radiotherapy (RT), the effectiveness of
three-dimensional conformal radiotherapy (3DCRT) has been recog-
nized for treating PVIT/IVCTT [6-10]. In addition to using
3DCRT alone [6-8], its combination with other local modalities
such as TACE or transcatheter arterial infusion (TAI) has been recog-
nized to be effective [9, 10]. Furthermore, a higher RT dose has been
shown to improve both tumor response rate and overall survival (OS)
in several retrospective 3DCRT studies, where the response rates in
the high dose group (defined as those prescribed the biologically
effective dose 10 (BED,o) >58 Gyjo) and the low dose group
(defined as those prescribed BED,y <58 Gy,o) were 54.6 to 80.0%
and 20.0 to 21.7%, respectively, and OS rates in each group were
59.3% and 29.2%, respectively [7, 8]. Thus, delivering a higher dose
to treat PVTT/IVCTT has become an important issue.

Development in RT techniques is remarkable, and one of the
newest high-precision techniques is stereotactic body radiotherapy
(SBRT), which allows for the delivery of higher doses accurately to
the tumor, usually with hypofractionation. SBRT has been widely
introduced and mainly used for treating lung tumors. In recent years,
several reports on the effectiveness and safety of SBRT for treating
HCC have been published [11-13]. Considering the results of these
reports, use of SBRT to target PVIT/IVCTT may also have the
potential to improve the survival outcomes of patients with HCC by
controlling the progression of PVTT/IVCTT. However, at present,
only a few studies have been reported investigating the efficacy of
SBRT for treating PVTT/IVCTT [14-16]. Moreover, only one pro-
spective study attempted to compare the results of treating PVTT/
IVCTT with SBRT or 3DCRT. However, that study could not prove
the advantages of SBRT in either tumor control or survival because
far fewer patients were evaluable than expected [16].

The purpose of this study was to clarify the efficacy of SBRT for
PVTT/IVCTT as compared with conventional 3DCRT. Dosimetric
analyses regarding BED;, dosages to the target and dose—volume
histogram (DVH) parameters including the organs at risk (OAR)
were performed. Tumor response and survival data were also ana-
lyzed and compared.

MATERIALS AND METHODS
Patients
In April 2013, SBRT was initiated for the patients with PVTT/
IVCTT from HCC and it was determined as the primary RT tech-
nique at our institutions. Since then, 43 consecutive patients with

SBRT vs. 3DCRT in PVTT/IVCTT with HCC « 513
PVTT/IVCTT have been treated with SBRT up until December
2014, and all of them were included in this study. Of these 43
patients, 27 were treated by using CyberKnife (CK) (Accuray Inc,
Sunnyvale, CA, USA), and 16 by using TureBeam (TB) (Varian
Medical System, Palo Alto, CA, USA). Before April 2013, from June
2008 to March 2013, all patients were treated with 3DCRT. Although
it was suspended after the initiation of SBRT, 54 consecutive patients
were treated with 3DCRT during that time period, and all of them
were included in this study for comparison with SBRT. In total, 97
patients with PVTT/IVCTT were retrospectively evaluated.

The diagnosis of HCC was made based on the American Associ-
ation for the Study of Liver Disease (AASLD) guidelines [17]. Portal
vein or inferior vena cava invasion was identified by the presence of a
low-attenuation intraluminal filling defect adjacent to the primary
tumor on contrast-enhanced computed tomography (CT). Basic
indications for RT for PVTT/IVCTT were determined as follows:
(1) tumor thrombus involving the main trunk and/or branches of the
portal vein or those involving the inferior vena cava; (2) an Eastern
Cooperative Oncology Group (ECOG) performance status (PS) of
0-2 [18]; (3) no refractory ascites; (4) Child-Pugh classification A
and B; and (S) no previous RT to the liver. All of the patients fulfilled
these indications, including a few exceptions who were considered as
suitable for RT; four Child-Pugh classification C patients who had a
good PS of 0-1 and three patients who had Child-Pugh classification
B with a PS of 3 were included because control of their tumor throm-
bosis was expected to improve their survival.

Most of the 97 patients had a history of previous treatment for
intrahepatic disease. In particular, tumor resection was performed for 1
(4%), 3 (19%) and 6 (11%) patients treated with CK, TB and
3DCRT, respectively. TACE was performed for 15 (56%), 10 (63%)
and 24 (44%) patients, respectively. Both tumor resection and TACE
were performed for 7 (26%), 0 (0%) and 12 (23%) patients, respect-
ively. Other treatments were administered for 3 (11%), 2 (13%) and 1
(2%) patients, respectively. In total, 26 of 27 patients (96%) treated
with CK, 15 of 16 (94%) patients treated with TB and 43 of 54 (80%)
patients treated with 3DCRT received previous treatment for intrahe-
patic lesions. Regarding post-treatment, to the best of our knowledge,
sorafenib was used in 3 patients in the CK group, 3 patients in the TB
group and 13 patients in the 3DCRT group. Written informed consent
was obtained from all patients. This study was approved by the institu-
tional review board of Kobe University Hospital and Kobe Minimally
invasive Cancer Center, and was conducted in accordance with the
principles of the Declaration of Helsinki.

Radiotherapy

RT was performed primarily to treat PVIT or IVCTT. Any remaining
tumors and other intrahepatic tumors were usually treated with TACE
or TAI a few weeks before or after RT as a combined therapy. The cases
treated with TAI during RT were not included in this study. In cases
where TACE or TAI were difficult to perform because of huge or mul-
tiple tumors with severe liver dysfunction, RT for PVTT or IVCTT was
administered as the sole treatment. Details of combined treatment are
shown in Table 1.

SBRT was performed using CK or TB. For the SBRT planning,
during the simulation the patients were placed in the supine position
with both arms raised above the head with immobilization by vacuum
pillow. Contrast-enhanced four-dimensional CT (4DCT) was
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Table 1. Comparison of baseline characteristics between the patients treated with CK, TB and 3DCRT

Characteristics SBRT 3DCRT (n=54) P value
CK (n=27) TB (n=16) CK vs. 3DCRT TB vs. 3DCRT
Age (years)
<70 11 (40%) 8 (50%) 30 (56%) 021 0.70
>70 16 (59%) 8 (50%) 24 (44%)
Median (range) 72 (52-88) 68.5 (44-86) 69 (38-83)
Gender
Male 24 (89%) 12 (75%) 49 (91%) 1 0.19
Female 3 (11%) 4 (25%) 5 (9%)
ECOG performance status
0-1 25 (93%) 13 (81%) 45 (83%) 041 1
2-3 2 (7%) 3 (19%) 9 (17%)
Liver disease
Hepatitis B 4 (15%) 4 (25%) 12 (22%) 0.67 0.91
Hepatitis C 16 (59%) 7 (44%) 27 (50%)
Other 7 (26%) 5(31%) 15 (28%)
Child-Pugh classification
A 14 (52%) 8 (50%) 27 (50%) 1 0.90
B 12 (44%) 7 (44%) 25 (46%)
C 1 (4%) 1(6%) 2 (4%)
Albmin (g/dl)
>3.5 9 (33%) 7 (44%) 13 (24%) 0.08 0.38
>2.8 and <3.5 16 (59%) 6 (37%) 25 (46%)
<2.8 2 (8%) 3 (19%) 16 (30%)
Median (range) 3.3 (24-4.4) 3.5(2.0-4.2) 3.1(2.1-4.7)
Total bilirubin (mg/dl)
>3.0 0 (0%) 1(6%) 1(2%) 0.70 0.49
>2.0 and <3.0 0 (0%) 0 (0%) 3 (6%)
<2.0 27 (100%) 15 (94%) 50 (92%)
Median (range) 0.8 (0.3-1.7) 0.9 (0.3-13.9) 1.0 (0.3-8.0)
Protorombin time (%)
>70 16 (59%) 11 (69%) 45 (83%) 0.02 0.35
>40 and <70 11 (41%) S (31%) 8 (15%)
<40 0 (0%) 0 (0%) 1(2%)

Median (range)

722 (48.5-105.1)

77.3 (45.8-105.0)

79.6 (23.4-121.0)

Continued
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Characteristics SBRT 3DCRT (n=54) P value
CK (n=27) TB (n=16) CKvs. 3DCRT TB vs. 3DCRT
Platelet count (0.000/mm?)
>100 14 (52%) 10 (63%) 35 (65%) 0.54 0.79
>50 and <100 11 (41%) 6 (37%) 16 (29%)
<50 2 (7%) 0% 3 (6%)
Median (range) 10.4 (3.1-20.2) 11.7 (6.5-19.7) 12.5 (2.6-33.5)
AFP (ng/ml)
<400 19 (70%) 11 (69%) 28 (52%) 0.17 0.43
>400 8 (30%) 5(31%) 26 (48%)
Median (range) 46 (1.3-357 250) 19 (2.6-134 060) 374 (2-62 969)
PIVKA-II (mAU/ml)
<400 10 (37%) 6 (37%) 19 (35%) 0.87 0.87
>400 17 (63%) 10 (63%) 35 (65%)
Median (range) 1097 (9-53915) 1157 (31-69 126) 1716 (9-50S 610)
Thrombus location
PV branchus 15 (46%) 5(31%) 33 (61%) 0.59 0.11
PV trunk 10 (37%) 7 (44%) 14 (26%)
IvC 2 (7%) 3 (19%) 4(7%)
IVC + PV 0 (0%) 1(6%) 3 (6%)
TNM stage
I 6 (22%) 1(6%) 8 (15%) 0.82 0.84
IMla 0 (0%) 0 (0%) 1(2%)
1Ib 19 (71%) 13 (81%) 38 (70%)
IVb 2 (7%) 2 (13%) 7 (13%)
LN metastases
Absent 27 (100%) 15 (94%) 53 (98%) 1 041
Present 0 (0%) 1 (6%) 1(2%)
Distant metastases
Absent 25 (93%) 14 (87%) 47 (87%) 0.71 1
Present 2 (7%) 2 (13%) 7 (13%)
Previous treatment to intrahepatic lesions
Yes 26 (96%) 15 (94%) 43 (80%) 0.053 027
No 1 (4%) 1(6%) 11 (20%)

Continued
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Table 1. Continued

Characteristics SBRT 3DCRT (n=54) P value
CK (n=27) TB (n=16) CKvs. 3DCRT TB vs. 3DCRT
Combined treatment
TACE 9 (33%) 2 (13%) 19 (35%) 0.18 0.06
TAI 6 (22%) S (31%) 21 (39%)
No 12 (45%) 9 (56%) 14 (26%)

AFP, alpha fetoprotein; PIVKA-II, protein induced by Vitamin K absence or antagonist-II; PV, portal vein; IVC, inferior vena cava; LN, lymph node.

The P values were calculated using the chi-square test or Fisher’s exact test.

performed in the majority of the patients with 1-2 mm slice thick-
ness. The gross tumor volume (GTV) was defined as PVTT or
IVCTT. Delineation was performed in each phase on the 4DCT
referring to the diagnostic contrast enhanced CT, magnetic resonance
imaging (MRI) and angiography findings. When the primary hepatic
tumor was close to the defined GTV area, it was included in the GTV
if possible. The combination of multiple GTVs obtained from 4DCT
was used to define the internal target volume (ITV). The planning
target volume (PTV) included ITV with 2-4 mm margins consider-
ing daily set-up variations. If an OAR was very close to the target or if
severe liver dysfunction existed, the PTV was usually decreased manu-
ally. Gold fiducial markers (GFM) were implanted near the target to
perform tumor tracking by respiratory synchrony in all of the patients
treated with CK. For TB, GFM was implanted in the majority of the
patients to perform daily image-guided RT. For the remaining
patients who were not implanted with GFM, iodized oil remaining
after the previous TACE near the target was used as the fiducial. The
gating methods were performed to account for respiratory motion.

The goal of SBRT was to deliver 45-55 Gy in 10-1S fractions.
The dose that covered 95% of the PTV (PTV D9S) was used as the
dose prescription. Dose constraints for OAR were as follows: normal
liver volume, which is defined as liver volume minus GTV, receiving a
dose of more than 20 Gy (V20) must be less than 30%. The maximal
dose (Dpnay) to the gastrointestinal tract was limited to 45 Gy. The
maximal dose to 1 cc (D) was also limited to 40 Gy.

In the 3DCRT planning, patients were placed in the same pos-
ition as for SBRT planning without immobilization and with free
breathing. CT simulation was performed in all patients with S mm
slice thickness without using contrast media. Definition and delinea-
tion of GTV was the same as for SBRT, also referring to the diagnos-
tic contrast enhanced CT, MRI and angiography findings. The
clinical target volume (CTV) was defined as the surrounding area of
the GTV plus at most S mm in all directions considering the OAR,
especially the duodenum. If an OAR was very close to the GTV or if
severe liver dysfunction existed, the CTV was usually decreased
manually, or the GTV was treated as the CTV. The PTV included the
CTV plus at most a 10-mm margin in all directions considering daily
set-up variations and respiratory motion of the liver.

The 3DCRT was performed with an EXL-1SDP (Mitsubishi
Heavy Industries, Tokyo, Japan) with free breathing. The treatment
goal was 45-50 Gy in 15-25 fractions to the isocenter of the PTV.

Dose constraints concerning the normal liver were the same as for

SBRT. The D, for the gastrointestinal tract was limited to 40 Gy.
Figure 1 shows an example of dose distribution and DVHs of CK,
TB, and 3DCRT.

Evaluation

Baseline characteristics in the patients treated with CK, TB or
3DCRT were compared to identify any differences between the
groups. Then, dosimetric analyses were performed and compared. As
dosimetric parameters for the target, the prescribed BED, the dose
that covered 98% of the PTV (PTV D98), PTV D95, the mean dose
to the PTV (PTV D,..,), the median dose to the PTV (PTV
D nedian), the dose that covered 2% of the PTV (PTV D2), GTV size
and PTV size were analyzed. As dosimetric parameters for the OAR,
in addition to the normal liver V20 that was used as a dose-limited
index in our institutions, the normal liver volume, the mean dose to
the normal liver (Liver D pe.y), the dose to 700 cc uninvolved normal
liver, the mean dose to the right and left kidney (Right kidney D, can,
and Left kidney D,,.,,,) and intestine Dy, were analyzed according
to the recommendation in QUANTEC [19-21]. The BED,, was
used as the parameter instead of the total dose, because the total dose
and single fraction size varied depending on the size of the tumor
thrombus in order to avoid toxicity to the OAR. Dosimetric analysis
in the total SBRT group was not performed, except for the prescribed
BED, because the total SBRT group was composed of the CK and
the TB groups, which had different dose distributions, as shown in
Fig. 1. The tumor responses to RT and survival analysis were also
compared between SBRT and 3DCRT, CK and 3DCRT, and TB and
3DCRT. Response was determined based on imaging performed
within 6 months of the completion of RT. Post-treatment dynamic
contrast enhanced CT and/or MRI were performed 3-6 weeks after
the completion of RT, and every 1 to 2 months thereafter. The
maximum change in the size of the tumor was used as the indicator of
the response based on the World Health Organization criteria for
tumor response [22].

A complete disappearance of tumor thrombi was defined as a
complete response (CR), a decrease of >50% in thrombi size was
defined as a partial response (PR), a decrease of <50% or an increase
of <25% was defined as stable disease (SD) and an increase of >25%
was defined as progressive disease (PD). Patients whose response
could not be evaluated were classified as PD. Patients classified as CR
and PR were defined as responders, and SD and PD were defined as
non-responders. Local progression (LP) rate was defined as patients
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Fig. 1. An example of the dose distribution and the DVH comparing CK, TB and 3DCRT in the patients who had PVTTs
invading the main trunk. A total dose of 51 Gy in 12 fractions, and of 45 Gy in 15 fractions was delivered to the PVTT using a
prescription of PTV D95 in the CK case and TB case, respectively. In the 3DCRT cases, 45 Gy in 15 fractions was prescribed to
the isocenter of the PTV. Liver V20 in CK, TB and 3DCRT was 12.5%, 13.1% and 25.9%, respectively. Normal liver D .., was
11.0 Gy, 8.5 Gy and 17.3 Gy, respectively. Dose to 700 cc uninvolved liver was 9.7 Gy, 11.2 Gy, and 15.0 Gy, respectively.

Intestine D,,,,, was 28.0 Gy, 38.9 Gy and 39.5 Gy, respectively.

with regrowth of irradiated PVTT or IVCTT as visualized on
dynamic-enhanced CT or MRI. To evaluate the effect of combined
therapy, prescribed BED, treatment response and survival were eval-
uated and compared among those patients who received TACE, TAIL
and no combined therapy.

Toxicity
Toxicity induced by RT was also assessed according to the
Common Terminology Criteria for Adverse Events (CTCAE),
version 4.0. Radiation-induced liver disease (RILD) was defined as
the development of nonmalignant ascites and the elevation of alka-
line phosphatase levels to >2 times the pretreatment value without
PD [23]. To verify late adverse effects on liver function, the deteri-
oration in Child-Pugh score within 6 months was also evaluated in
evaluable patients, defined as alive without PD or intrahepatic

recurrence, and having received no additional therapy in the 6
months after finishing RT.

Statistical analysis

All statistical analyses were performed using R (version 3.1.2, www.
r-profect.org) software. Categorized variables were compared using
the chi-square test or Fisher’s exact test, and continuous variables
were compared using the Mann-Whitney U-test or the Kruskal-
Wallis test. OS rates were calculated until the 2-year follow-up using
the Kaplan—-Meier method, and the differences were evaluated using
the log-rank test. LP rates were also calculated until the 2-year follow-
up with the cumulative incidence method, and the differences were
evaluated using the Gray’s test. Follow-up period was calculated from
the day of RT initiation. All P values were two-sided, and values of
less than 0.05 were considered significant.
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RESULTS
Comparisons of baseline characteristics between the
patients treated with CK, TB and 3DCRT

The baseline patient characteristics and comparisons between
patients treated with CK, TB or 3DCRT are shown in Table 1. None
of these variables was significantly different between the CK group
and the 3DCRT group, or the TB group and the 3DCRT group.

Dosimetric analyses

Dosimetric analyses for CK, TB and 3DCRT were performed and were
compared in Table 2. The median prescribed BED(, the median total
dose and the median single fraction size were 73.4 Gy;o, 50.4 Gy
(range: 42-SS Gy) and 4.5 Gy (range: 3.0~12.5 Gy) in the total SBRT
group; 75.0 Gy, S04 Gy (range: 42-5S Gy) and 4.5 Gy (range: 3.0-
12.5 Gy) in the CK group; 60.5 Gy, 46.0 Gy (range: 36-54 Gy) and
3.2 Gy (range: 2.5-63 Gy) in the TB group; and 58.5 Gy, 45 Gy
(range: 39-50 Gy) and 3 Gy (range: 2-3 Gy) in the 3DCRT group,
respectively. Prescribed BED;o was significantly higher in the total
SBRT group than in the 3DCRT group (P =0.01), significantly higher
in the CK group than in the 3DCRT group (P <0.001) and signifi-
cantly higher in the TB group than in the 3DCRT group (P = 0.004).
As for the DVH parameters, each of the parameters of PTV (PTV D98,
D95, Dineans Dinedian and D2) were significantly higher in the CK group
than in the 3DCRT group (P < 0.001), and also significantly higher in
the TB group than in the 3DCRT group (P < 0.001). The size of the
GTV was similar in the CK group and in the TB group compared with
that in the 3DCRT groups (13.2 vs. 22.6 vs. 18.3 ml); however, the size
of the PTV was smaller in the CK group than in the 3DCRT group
(36.0 vs. 87.0 ml, P < 0.001), and also smaller in the TB group than in
the 3DCRT group (51.5 vs. 87.0 ml, P=0.01). Liver V20 was signifi-
cantly lower in the CK group than in the 3DCRT group (124 vs.
254 Gy, P<0.001). Intestine D,,,, was significantly lower in the CK
group than in the 3DCRT group (25.4 vs. 36.0 Gy, P = 0.006). Normal
liver Dpeany doses to 700 cc uninvolved normal liver, Right kidney
Dinean and Left kidney Dyean Were similar between the CK group and
the 3DCRT group, and between the TB group and the 3DCRT group.

Tumor response to radiotherapy

Response to SBRT was evaluated based on the World Health Organ-
ization criteria for tumors [22] and compared with the response to
3DCRT. CR was observed in 1 (2%), PR in 28 (65%), SD in 9 (21%)
and PD in S (12%) patients in the total SBRT group; CR in 1 (4%),
PR in 18 (67%), SD in 6 (22%) and PD in 2 (7%) patients in the CK
group; CR in 0 (0%), PR in 10 (62%), SD in 3 (19%) and PD in 3
(19%) patients in the TB group; and CR in 3 (6%), PR in 22 (41%),
SD in 9 (21%) and PD in S (12%) patients in the 3DCRT group.
Sixty-seven per cent (29/43 patients) in the total SBRT group, 70%
(19/27 patients) in the CK group and 62% (10/16 patients) in the TB
group responded (CR + PR) compared with 46% (25/54 patients) in
the 3DCRT group. A significant difference was observed in the rate of
response to RT between the patients treated with SBRT and 3DCRT
(P=0.04), and with CK and 3DCRT (P = 0.04).

Overall survival and local progression rate
The median follow-up period for all patients and survivors treated
with SBRT was 7 months (range: 1-26 months) and 11 months

(range: 2-26 months); treated with CK was 7 months (range: 1-26
months) and 11 months (range: 2-26 months); treated with TB was
6.5 months (range: 1-26 months) and 19 months (range: $-26
months); and treated with 3DCRT was 5.5 months (range: 0-39
months) and 7.5 months (4-39 months), respectively. Seventy-two
patients had died of HCC, and 10 patients were lost to follow-up.
The 1-year OS rates in the total SBRT, CK, TB and 3DCRT groups
were 49.3%, 56.7%, 38.1% and 29.3%, respectively (Fig. 2a,b). The
OS rate was significantly higher in the total SBRT group than in the
3DCRT group (P =0.02), and also higher in the CK group than in
the 3DCRT group (P =0.02). The 1-year LP rates in the total SBRT,
CK, TB and 3DCRT groups were 20.4%, 21.9%, 18.8% and 43.6%,
respectively (Figure 2¢,d). The LP rate was significantly lower in the
SBRT group than the 3DCRT group (P=0.01), and also lower in
the CK group than in the 3DCRT group (P = 0.04).

Evaluation of the effects of combined therapy
Evaluation of prescribed BED,,, tumor response and survival with
combined therapy is shown in Table 3. There was no significant dif-
ference in these factors among three groups with different combined
therapies.

Toxicity

Details regarding acute adverse effects on liver function are shown
in Table 4. No late gastrointestinal symptoms with severe toxicity of
grade 3 or more, such as ulceration, bleeding, perforation or ileus
were recorded. RILD was observed in 2 patients at 2 and 3 months
after radiotherapy, and both of them were in the 3DCRT group. At
6 months after finishing RT, 12 patients were evaluable for late
adverse effects on liver function. In these 12 evaluable patients,
deterioration of the Child-Pugh score was observed in 1 patient
treated with CK whose Child—Pugh score was 7B before RT and 8B
6 months after it.

DISCUSSION

This study aimed to clarify the efficacy of SBRT for PVTT/IVCTT
from HCC compared with conventional 3DCRT. In a previous
report, Lin et al. prospectively compared the treatment results of
3DCRT and SBRT [16]. Although 43 patients were enrolled in that
study, only 14 could be evaluated because many patients in their
study had a poor performance status and 29 died before the first
follow-up. Therefore, the advantages of SBRT in HCC with PVTT/
IVCTT could not be proven for both response and survival. No other
study comparing SBRT and 3DCRT for the treatment of PVTT/
IVCTT has been published to date. The current study evaluated a
relatively large number of patients and included one of the largest
patient cohorts ever treated with SBRT. Therefore, although this
study was retrospective, it is the first and largest to compare SBRT
and 3DCRT to clarify the efficacy of SBRT over 3DCRT in the treat-
ment of PVTT/IVCTT.

Dosimetric analysis revealed that SBRT (both CK and TB) could
deliver a higher BED,o to PVIT/IVCTT with a smaller PTV size
without increasing the dose to OAR compared with 3DCRT. In this
study, detailed and precise image acquisition (4DCT) and motion
management (gating or fiducial tracking) were applied in SBRT.
Therefore, the dosimetric advantages of SBRT should be taken into
account. Previously, Underberg et al. demonstrated in their lung
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Table 2. Comparison of dosimetric parameters between CK, TB and 3DCRT
Variables SBRT 3DCRT (n=54) P value
CK (n=27) TB (n=16) CKvs. TB vs.
3DCRT  3DCRT

Prescribed BED (Gyo)

Median (range) 75.0 (58.5-112.5) 60.5 (46.8-81.25) 58.5 (46.8-60.0) <0.001 0.004
PTV D98 (Gy)

Median (range) 48.9 (41.4-56.8) 45.6 (35.2-53.0) 40.3 (31.8-46.6) <0.001 <0.001
PTV D9S (Gy)

Median (range) 50.9 (43.6-58.9) 45.9 (35.4-53.3) 41.3 (35.3-47.3) <0.001 <0.001
PTV Dpean (Gy)

Median (range) 57.6 (49.5-64.6) 48.7 (35.9-55.4) 43.6 (37.8-48.9) <0.001 <0.001
PTV Dpedian (Gy)

Median (range) 57.8 (50.1-65.1) 49.0 (35.9-56.1) 43.9 (38.2-49.1) <0.001 <0.001
PTV D2 (Gy)

Median (range) 62.1 (53.4-80.0) 50.8 (36.3-57.9) 45.0 (38.9-50.1) <0.001 <0.001
GTV size (ml)

Median (range) 13.2 (3.2-92.0) 22.6 (3.8-252.8) 18.3 (1.5-74.4) 0.51 0.62
PTV size (ml)

Median (range) 36.0 (14.8-138.7) 51.5 (19.2-418.8) 87.0 (27-232.4) <0.001 0.01
CTV/PTV margin reduced

Yes 3 patients (11%) 4 patients (25%) 15 patients (28%) 0.09 1

No 24 patients (89%) 12 patients (75%) 39 patients (72%)
Normal liver volume (ml)

Median (range) 1183.3 (724.1-2179.8) 1187.2 (619.3-1512.2)  1268.4 (559.1-2301.2) 0.29 0.24
Normal liver V20 Gy (%)

Median (range) 124 (3.7-33.0) 22.6 (10.6-32.0) 25.4 (8.8-40.2) <0.001 0.09
Normal liver D, (Gy)

Median (range) 10.7 (4.7-16.1) 114 (6.2-14.4) 11.8 (2.2-17.5) 0.06 0.16
Dose to 700 cc uninvolved normal liver (Gy)

Median (range) 9.3 (0.7-49.4) 9.6 (1.1-50.7) 9.1 (0.1-41.9) 0.59 0.78
Right kidney D can (Gy)

Median (range) 2.1 (0.0-10.6) 0.9 (0.0-6.0) 1.7 (0.0-17.9) 0.68 0.21
Left kidney D,pcan (Gy)

Median (range) 0.3 (0.0-2.0) 0.2 (0.0-7.5) 0.1 (0.0-5.1) 0.81 0.26
Intestine D, (Gy)

Median (range) 25.4 (6.1-43.6) 35.3 (18.9-56.8) 36.0 (2.5-49.0) 0.006 0.79

Continued
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Table 2. Continued

Variables SBRT 3DCRT (n=54) P value
CK (n=27) TB (n=16) CKvs. TB vs.
3DCRT  3DCRT
Closest GI organ to the high dose area
Stomach S patients 3 patients 6 patients

Median (range) of Dy, 17.4 (10.9-31.2)

Duodenum 20 patients

Median (range) of Dy, 26.1 (6.1-43.6)

Colon 2 patients

Median (range) of D,y 26.9 (23.2-30.5)

27.2 (21.4-56.8)
11 patients

36.2 (18.9-47.8)
2 patients

29.9 (26.6-33.3)

33.2 (27.5-49.0)
4S5 patients

36.2 (2.5-43.2)
3 patients

31.2 (23.1-40.7)

The P values were calculated using the Mann-Whitney U-test.
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Fig. 2. OS for patients treated with SBRT and 3DCRT. (a) with CK, TB and 3DCRT. (b) LP rate of PVTT/IVCTT for patients
treated with SBRT and 3DCRT. (c) With CK, TB and 3DCRT. (d) A significant difference in OS and LF rates is observed
between the total SBRT group and the 3DCRT group (P = 0.02 and 0.01, respectively), and between the CK group and the

3DCRT group (P =0.02 and 0.04, respectively).
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Table 3. Evaluation of response and survival to combined therapy
TACE (n =30) TAI (n=232) No. (n=35) P value
Prescribed BED, (Gy,0)
Median (range) 58.5 (48.0-81.3) 58.5 (46.8-112.5) 58.5 (46.9-90.5) 0.17
Response
Responder (CR + PR) 20 (67%) 17 (53%) 17 (49%) 0.32
Non-responders (SD + PD) 10 (33%) 15 (47%) 18 (51%)
Survival
MST (months) 11 S 12 0.50
1-year OS (%) 38.3 29.2 43.5

The P value was calculated using the Kruskal-Wallis test in dosimetric analysis, the chi-square test in response analysis and the log-rank test in survival analysis.

Table 4. Acute adverse effects on liver function after RT

Grade SBRT 3DCRT (n=54)
CK (n=27) TB(n=16)

Liver enzyme

2 2 (8%) 0 (0%) 5(9%)

3 1 (4%) 0 (0%) 1(2%)

Bilirubin

2 2 (8%) 0 (0%) 7 (13%)

3 0 (0%) 1(6%) 1(2%)

Albumin

2 9 (33%) 5(31%) 21 (39%)

3 0 (0%) 1(6%) 3(6%)

Leukocyte

2 7 (26%) 7 (44%) 18 (33%)

3 2 (8%) 1(6%) 5(9%)

Platelets

2 7 (26%) 7 (44%) 14 (26%)

3 4 (15%) 0 (0%) 3 (6%)

Toxicity was graded according to the Common Terminology Criteria for Adverse
Events (version 4.0).

cancer study that planning 4DCT scans and motion management
could significantly reduce PTV size and normal tissue irradiation
[24]. Xi et al. also demonstrated in HCC cases that planning 4DCT
scans could achieve a smaller PTV and lower doses to OAR and then
allow dose escalation with an average increase of 7.5% compared with
conventional CT scans [25]. On the basis of these studies, our dosi-
metric analyses were considered adequate, and we suppose that
acquiring a smaller and more precise PTV compared with 3DCRT

using advanced methods such as 4DCT and motion management
might contribute to the achievement of a higher BED,, dose to the
target and a lower dose to OAR in SBRT. Using 4DCT or breathing
motion management have been used for 3DCRT for lung or liver
tumors at some institutions, and using them could make it possible to
prescribe a high BED, dose to the target [26, 27]. For 3DCRT for
HCC with PVTT/IVCTT, to the best our knowledge there is no
reported study with high BED,, dosages using 4DCT or motion
management even though the use of them could have the potential to
improve treatment outcomes.

The benefit of prescribing a high BED;, dose in improving both
response and survival has been demonstrated in many previous
studies [6-8, 14, 15, 28], and it also might contribute to the better
tumor response, LP rate and OS in the total SBRT group and the CK
group than in the 3DCRT group in this study. For 3DCRT, Kim et al.
demonstrated that delivering a higher BED;q dose resulted in a
higher response rate, leading to a higher survival rate [7]. Toya et al.
also showed that a higher response rate was observed in the higher
BED,, group [8]. For SBRT, Xi et al. reported that response and a
higher dose were favorable prognostic factors [15]. In this study,
SBRT delivered a significantly higher BED, (Table 2), and achieved
a better response and survival rate as compared with 3DCRT
(Fig. 2a-d). Although different RT techniques were compared, our
results showed a similar trend to data reported in prior studies, and
we can suppose that the improved efficacy in terms of SBRT response
and survival rates over those of 3DCRT were correlated with the dosi-
metric advantages of SBRT.

The response rate, and 1-year OS rates in this study were 67% and
49.3% in the SBRT group (and 70% and 56.7% in the CK group, and
62% and 38.1% in the TB group), and 46% and 29.3% in the 3DCRT
group in this study. The summary of representative previous reports is
shown in Table S. For SBRT, Xi et al. has also reported excellent treat-
ment results from SBRT, with response rates and 1-year OS of 75.6%
and 50.3%, respectively [15]. Although there are few published reports,
response rates in studies of SBRT range from 44.4 to 75.6%, the
median survival time (MST) was 8 to 13 months and the 1-year OS
rate was 43.2 to 50.3%, as shown in Table 4 [14, 15]. For 3DCRT,
reported response rates range from 25.2 to 45.8%, the MST was 4 to
10.6 months and the 1-year OS rates were 16.7 to 42.5% [6-8, 28].
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Table 5. Published reports of clinical outcomes for PVIT/IVCTT

Author, year Technique No. of patients ~ Total dose (Gy)  BED, (Gyo) RR (%) MST (months)  I-year OS (%)
Median (range) ~ Median (range)
Kim, 2005 [7] 3DCRT 59 NA (30-54) NA (39-70.2) 46 7.8 NA
Toya, 2007 [8] 3DCRT 38 NA (17.5-50.4)  NA (23.4-59.5) 45 9.6 39.4
Huang, 2009 [6] 3DCRT 326 NA (NA-60) NA 25 4 16.7
Yoon, 2012 [28] 3DCRT 412 NA (21-60) 51.8 (27.3-78.0) 40 10.6 42.5
Choi, 2008 [14] SBRT 9 36 (30-36) 79.2 (60-79.2) 44 8 432
Xi, 2013 [15] SBRT 41 36 (30-48) 57.6 (45-86.4) 76 13 503
Current study, 2015~ SBRT 43 50 (36-55) 73.4 (46.8-112.5) 67 11 493
3DCRT 54 45 (39-50) 58.5 (46.8-60.0) 46 6 29.3

NA, not available.

The response and survival outcomes for SBRT and 3DCRT in this
study were comparable and consistent with previous reports.

Combined therapy was performed in about two-thirds of patients
(TACE for 30 patients, and TAI for 32 patients) a few weeks before
or after RT. In previous 3DCRT studies where TACE or TAI was per-
formed as combination therapy, reported response rate ranged from
27.9 to 60.0% and MST was 7 to 12 months [28-30]. On the other
hand, in the 3DCRT studies where RT was performed without any
combined therapy, reported RR ranged from 25 to 45% and MST
was 4 to 9 months [6-8]. In previous studies, although the potential
of combined treatment to improve tumor control and survival was
suggested, the results were based mostly on retrospective studies or a
prospective study with a small number of patients, and the efficacy of
this over RT alone remains unclear. In this study, to evaluate the
influence of these combined therapies, prescribed BED;q, tumor
response and survival analyses were evaluated among the three
groups according to the type of combined therapy (TACE, TAI or
RT alone). In the results, a significant difference in tumor response
and overall survival was not recognized; nevertheless, a similar BED
was prescribed among these three groups (Table 3). Therefore, the
effect of the difference of combined therapy on treatment results in
this study can be considered to be negligible.

There are several possible limitations in this study. First, SBRT and
3DCRT were performed in completely different time periods. To solve
this problem, a limited follow-up period was used in the survival ana-
lysis [31]. This was determined based on the prognosis of the patients
with PVTT/IVCTT in previous studies. MST's in most studies are <12
months, and the 1-year OS rate was the focus of these reports [6-8, 14,
15, 26] Therefore, the follow-up period in the survival analysis was
limited to 2 years and it was considered sufficient for this study.
Second, salvage therapies such as sorafenib were not generally used for
patients with PVIT/IVCTT in the early period of 3DCRT [32].
Methods for performing interventional therapy were also under devel-
opment [33]. Although this study favored the survival benefit of SBRT,
the development of these therapies during the period of this study
might have affected its results. However, salvage or interventional
therapy was not a focus of this study. Further investigation considering
the effect of these therapies should be performed in the future.

Further, the total SBRT group in this study was composed of the
CK group and the TB group. Therefore, each analysis was performed
for the CK group and the TB group compared with 3DCRT. In add-
ition, response rates and survival analyses were also performed in the
total SBRT group compared with 3DCRT because prescribed BED,
and each parameters of PTV were significantly higher both in the CK
group and in the TB group when compared with 3DCRT (Table 2).
As result, local control and survival in the total SBRT group were
shown to be significantly superior compared with the 3DCRT group.
On the other hand, when analyzing in three groups (CK vs. 3DCRT,
and TB vs. 3DCRT), local control and survival in the CK group was
superior to the 3DCRT group; however, none in the TB group was
shown to be significantly superior compared with 3DCRT. This
might be because of the dosimetric difference between the two
groups, but it also may be because of the rather small number of
patients in the TB group, or because of the patient’s choice on treat-
ment modality. Further experience or a prospective study is needed
to clarify that issue.

In conclusion, the use of SBRT (both CK and TB) made it pos-
sible to achieve a higher BED;, compared with the use of 3DCRT.
Improvements in both local control and survival were also achieved in
the CK group and the total SBRT group. Although further studies
regarding both CK and TB evaluating a larger number of patients are
needed, our results suggest that SBRT may have the potential to be
the standard RT technique in the treatment of PVTT/IVCTT.
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