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Objective: To evaluate the safety of CyberKnife stereotactic body radiation therapy (SBRT)
for hepatocellular carcinoma (HCC) patients and identify the treatment-related risk factors of
hepatic toxicity.

Materials and methods: One hundred and four HCC patients treated with CyberKnife SBRT
were included in this study between August 2009 and December 2012. The average dose of
prescribed radiation was 42.8124.78 Gy (28-55 Gy) with the average fraction size of 8—16 Gy
to the planning target volume. The average fractions were 3.31+0.81 (2—6 fractions). Response
rates were determined, and the Child—Pugh (CP) score and class following CyberKnife SBRT
were obtained to evaluate hepatic toxicity.

Results: Seventeen patients experienced progression in CP class and 24 patients experienced
CTCAE V. 4.0 grade 2-3 hepatic toxicity during the five-month follow-up period, while no
patient experienced grade 4 liver toxicity. Multivariate analysis indicated that only V  was an
independent factor in grade 2—3 hepatic toxicity (P=0.029, <0.05). Radiation-induced hepatic
toxicity (RIHT), defined as an increase of at least two points within three months following
CyberKnife SBRT, occurred in 13 of the 104 patients (13/104, 12.5%), and only the normal
liver tissue was found to be associated with RIHT (P=0.008, <0.05).

Conclusion: CyberKnife SBRT is a feasible and safe treatment for HCC with regard to hepatic
toxicity, while V,, and normal liver volume may be an independent factor of grade 2-3 hepatic
toxicity and RIHT, respectively.

Keywords: hepatocellular carcinoma, hepatic toxicity, CyberKnife stereotactic body radiation
therapy (SBRT)

Introduction

Hepatocellular carcinoma (HCC) is one of the most common malignant diseases
worldwide, and the incidence of HCC is rising in many countries.' Early-stage HCC
patients with a preserved liver function of Child—Pugh (CP) A or B, and up to three
nodules <3 cm in size, can be effectively treated by resection, liver transplantation, or
percutaneous radiofrequency ablation. The five-year survival rates range between 50%
and 75%.* However, the majority of HCC patients are ineligible for surgery due to the
size or location of the tumor, or poor liver function as a result of liver cirrhosis. Several
other modalities including percutaneous ethanol injection, transarterial chemoembo-
lization (TACE), and sorafenib (an orally active multikinase inhibitor approved in the
European Union for the treatment of HCC) have been used as palliative treatments,
but the optimal treatment remains elusive.>”’
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CyberKnife is a new frameless robotic stereotactic
body radiation therapy (SBRT) means of delivering radio-
therapy, intended to target treatment more accurately and
rapidly than conformal radiotherapy or intensity-modulated
radiotherapy (IMRT).%® It has been used in the treatment of
benign tumors, malignant tumors, and several other medical
conditions.'™"" CyberKnife SBRT has been proven to be a
safe and effective noninvasive treatment for HCC in patients
ineligible for local ablation or surgical resection;'? however,
immediate liver injury following CyberKnife treatment still
needs to be determined. Radiation-induced hepatic toxicity
(RIHT), defined as an increase in at least two points within
3 months, is considered a significant dose-limiting factor
in HCC radiotherapy. This underlines the importance of
identifying a parameter that can predict and prevent severe
hepatic toxicity.

Recently, several reports investigating the parameters
capable of predicting RIHT have been published.*** To our
knowledge, there have been only a few case series evaluat-
ing RIHT following CyberKnife treatment in HCC patients.
Therefore, we recruited HCC patients who were treated with
CyberKnife SBRT in order to analyze the changes in the CP
score and class, as well as to evaluate hepatic toxicity and
RIHT. This report focused on evaluating the safety of hepatic
toxicity and identifying the treatment-related risk factors in
HCC treated with CyberKnife SBRT.

Materials and methods
Patient information and CyberKnife

SBRT details

Between August 2009 and December 2012, a total of
123 patients with HCC were treated with CyberKnife SBRT in
Ruikang Hospital Affiliated to the Guangxi University of Chi-
nese Medicine. The patient inclusion criteria were as follows:
1) aged between 20 and 80 years; 2) definitive diagnosis of
HCC based on the computed tomography (CT) scans and alpha
fetal protein level;'® 3) CP class A or B; 4) no previous history
of TACE, conventional surgery, or chemotherapy; 5) Eastern
Cooperative Oncology Group (ECOG) score 0-2; and 6) no
intrahepatic disease progression within three months after the
completion of CyberKnife SBRT. Exclusion criteria included:
1) CP class C, severe portal hypertension, past history of gastric
and esophageal variceal bleeding, serious hypersplenism, or
refractory ascites; 2) complications with other types of viral
hepatitis other than hepatitis B; and 3) pathologically confirmed
cholangiocarcinoma, mixed liver cell cancer, surgical margin
positive tumor, or metastatic liver tumor. The advantages and
disadvantages of CyberKnife SBRT were explained to the

patients and written informed consent was obtained from all
patients prior to the treatment. The study was approved by the
institutional ethics committee of Ruikang Hospital Affiliated
to the Guangxi University of Chinese Medicine.

A total of 19 patients out of the 123 HCC patients treated
with CyberKnife SBRT were excluded from this study
due to the fact that they received TACE, chemotherapy, or
second course radiotherapy. The median age of the included
104 patients was 55, and males were predominant. Tumors
were mostly tumor, node, metastasis (TNM) III (83/104,
79.8%), ECOG 2 (75/104, 72.1%), without portal vein tumor
thrombus (87/104, 83.7%), and CP A (94/104, 90.4%).
The characteristics of the 104 HCC patients are indicated
in Table 1.

SBRT was performed using the CyberKnife system. To
obtain radiographic landmarks, we percutaneously implanted
gold seeds under ultrasonographic guidance in the liver
parenchyma near the target tumors. On the following day, the
patients were vacuum immobilized in the supine position and
computed tomographic (CT) images were taken to locate the
tumors. The treatment plan was designed according to TPS
(V. 3.4.2) and the MultiPlan™ System, and breath-holding

Table | Patient characteristics

Variables No of patients %
Gender

Male 92 88.5
Female 12 1.5
Age (years)

<55 51 49.0
=55 53 51.0
ECOG

01 29 27.9
2 75 72.1
Diagnosis

Clinical 51 49.0
Pathological 53 51.0
TNM stage

| 2 1.9
Il I 10.6
n 83 79.8
v 8 7.7
Portal vein tumor thrombus

Yes 17 16.3
No 87 83.7
HBV

+ 100 96.2
- 4 3.8
Child-Pugh class

A 94 90.4
B 10 9.6

Abbreviations: ECOG, Eastern Cooperative Oncology Group; HBV, hepatitis B
virus; TNM, tumor, node, metastasis.
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techniques were applied during the CyberKnife SBRT
process. The dose—volumetric parameters were calculated on
the basis of dose—volume histograms (DVHs). Gross tumor
volume (GTV) was defined as the contrast-enhanced tumor
volume on CT scans or magnetic resonance imaging, and
the mean GTV was determined to be 213.544£254.98 cm?
(2.53-1,347.48 cm?, median 100.48 c¢cm?). Normal liver
volume was calculated as total liver volume minus GTV,
and the mean normal liver volume was 1,214.28+311.54 cm?®
(median 1,165.26 cm?). The planning target volume (PTV)
was generated by adding 3—5 mm to the GTV and 60%—80%
of the maximum dose was defined as the prescribed dose. The
average prescribed radiation dose was 42.81 Gy +4.78 Gy
(28-55 Gy, median 45 Gy) with the average fraction size of
8-16 Gy to the PTV. The average fractions were 3.3140.81
(26 fractions, median 3 fractions).

Evaluation of hepatic toxicity

During the course of the CyberKnife SBRT, all patients were
visited weekly by a physician to evaluate their condition.
After completion of the CyberKnife SBRT, all patients were
followed-up monthly. At every visit, physical examinations
and blood tests were performed to assess hepatic toxicity.
Levels of aspartate transaminase, alanine transaminase,
alkaline phosphatase, serum albumin and total bilirubin,
and prothrombin time (PT) were examined. Ascites and
hepatic encephalopathy were also evaluated. The CP score,
which is calculated on the basis of the serum bilirubin and
albumin levels, PT, and the presence and degree of ascites,
or encephalopathy, is an assessment of the severity of hepatic
function.!” Thus, an increase in CP score reflects the dete-
rioration of hepatic function. All toxicities were assessed by
common terminology criteria for adverse events (CTCAE
V. 4.0) grade toxicity.

RIHT was defined as an increase of at least two points
in the CP score within 3 months following the completion
of CyberKnife SBRT. The effects of the treatment on HCC
were evaluated via CT scans every 1-2 months after comple-
tion of the treatment.

Statistical analysis

All data are expressed as median or mean and standard
deviation. Comparison of the differences in the univariables
between groups was performed using a chi-square test or
independent #-test and comparison of the mean values was
performed using the 7-test or rank sum test. Cumulative sur-
vival rates were estimated using the Kaplan—Meier method.
Logistic regression analysis was used for multivariate

analysis. The receiver operating characteristic (ROC) curve
was used to estimate the significant dosimetric parameters.
Statistical analyses were performed using SPSS V. 16.0
(SPSS Inc., Chicago, IL, USA), and P<<0.05 was considered
statistically significant.

Results

Tumor response and survival time

Grade 1 or 2 non-hematological toxicities including anorexia
and nausea were found in 31 cases (29.8%). Grade 1 toxici-
ties occurred in 20 cases, while grade 2 toxicities occurred
in 11 patients. Neither the grade 1 nor grade 2 hematological
toxicities were considered severe. No grade 3 or 4 non-
hematological toxicities were reported, and there were no
treatment-related deaths in the group.

Tumor response was determined based on the change
in the maximum tumor size on serial CT scans 1-2 months
following the completion of the treatment. A response was
achieved in 88 patients (80.8%) with CR in 5 patients, partial
response in 79 patients, and stable disease in 9 patients. The
maximal follow-up was 11-22 weeks after the start of SBRT.
The median survival time of all patients was 19 months and
the 1- and 2-year survival rates were 62.2% and 44.2%,
respectively.

Evaluation of the hepatic toxicity

One to two weeks following the treatment of CyberKnife
SBRT, none of the patients had CTCAE V. 4.0 grade 2-3
hepatic toxicity. Three to ten weeks after treatment, grade 2—3
hepatic toxicity occurred in nine patients (9/104, 8.7%), and
11-22 weeks after treatment, seven patients (7/104, 6.7%)
experienced grade 2—3 hepatic toxicity. A total of 24 (24/104,
23.1%) patients out of 104 HCC patients indicated grade
2-3 hepatic toxicity, with grade 2 recorded in 16 cases and
grade 3 in eight cases, and no patients experienced grade 4
hepatic toxicity.

The CP score indicated insignificant change 1-2 weeks
following CyberKnife SBRT (£>0.05), but increased sig-
nificantly at 3—10 weeks and 11-22 weeks after treatment
(P<0.05; Table 2, Figure 1). The CP score increased in

Table 2 Changes in Child-Pugh score following CyberKnife
stereotactic body radiation therapy

OncoTargets and Therapy 2016:9

Time after 0 point I point 2 points 3 points
treatment (weeks) n (%) n (%) n (%) n (%)
-2 90 (86.5) 14 (13.5) 0(0.00) 0 (0.00)
3-10 70 (67.3) 25(24.0) 6(5.8) 3(29)
1122 86(82.7) 11 (10.6) 3(2.9) 4(3.8)
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Changes in Child—Pugh score Table 4 Multivariate analysis of significant variables in correlation
with grade 2-3 hepatic toxicity
D 100% Variables P SE  Wald P-value RR 95%ClI
§ 80% Fraction size —0.077 0.206 0.140 0.708 0.926 0.618-1.387
o 60% GTV 0.000 0.001 0.028 0.867 1.000 0.997-1.002
£ 40% \A -0.019 0.041 0.214 0.643 0.981 0.905-1.064
(4]
o . Vi -0.014 0.070 0.043 0.836 0.986 0.860-1.130
g 20% v, 0044 0080 0307 0579 0957 08181119
(/)] o
0% i Tho s The i v, 0009 0086 0011 0915 0991 08371172
month month month v,, 0299 0.37 4762 0029 1348 1.031-1.764
\% -0.173 0.105 2716 0.099 0.842 0.685-1.033

| @0 point M 1 point O 2 points O 3 points

Figure | Changes of Child-Pugh score after CyberKnife stereotactic body radiation
therapy.

41 (41/104, 39.4%) patients and the increase was primarily
found in the 3—10 week (about 1-2 months) period following
CyberKnife SBRT. The majority (36/41, 87.8%) experienced
an increased CP score of one to two points, while five cases
recorded an increased CP score of three points. RIHT, defined
as an increase of at least two points within 3 months, occurred
in 13 of the 104 patients (13/104, 12.5%).

During the 22-week follow-up period, 17 (16.3%) patients
indicated CP class progression. One CP class A patient and
one CP class B patient experienced CP class progression to
class C (Table 3).

Parameters for predicting grade 2-3
hepatic toxicity

We analyzed the clinical risk factors associated with grade
2-3 hepatic toxicity in HCC CyberKnife SBRT patients. The
factors included gender, age, ECOG score, TNM staging, por-
tal vein tumor thrombus, hepatitis B virus (HBV) infection,
and the CP class recorded prior to CyberKnife radiotherapy.
None of the clinical factors were found to be associated
with grade 2—3 hepatic toxicity (P>0.05). The DVHs-
based dosimetric parameters including GTV, CyberKnife
SBRT fraction size, normal liver volume, V. (defined as the
percentage of normal liver volume receiving >5 Gy), V
V.,V,.,V

157 7207 25°

10°
and V, were also analyzed. Using univariate

Table 3 Changes in Child-Pugh class following CyberKnife
stereotactic body radiation therapy

Time after No of CP class

treatment (weeks) patients A B c
Pretreatment (1-2) 104 94 10 0
Posttreatment (3—10) 104 89 14 |

Posttreatment (1 1-22) 104 91 I 2

Abbreviation: CP, Child—Pugh.

30

Abbreviations: Cl, confidence interval; GTV, gross tumor volume; RR, relative
risk; SE, standard error.

analysis to evaluate the associations between the dosimetric
parameters and grade 2—3 hepatic toxicity, we determined
that GTV, CyberKnife SBRT fraction size, V,, V,, V
V,» V.., and V. were associated with grade 2-3 hepatic
toxicity (P=0.016, 0.029, 0.041, 0.021, 0.007, 0.002, 0.001,
and 0.002, respectively). Multivariate logistic regression
analysis revealed that only V. was a significant parameter
associated with grade 2—3 hepatic toxicity (P=0.029, 95%
CI 1.031-1.764; Table 4). As indicated in Figure 2, the area
under the ROC curve (AUC) was 0.775 for V_,,

that V,  with a cutoff value of 31.5% was adequate in predict-

indicating

ing liver toxicity (grade 2-3). Liver toxicity (grade 2—3) was
observed in 10 of 72 patients (13.9%) witha V  of =31.5%
and in 14 of 32 patients (43.8%) witha V,; of >31.5%. For
the dosimetric parameter V., with a cutoff value of 31.5%,
the sensitivity was 0.655 with a specificity of 0.827.

Parameters for predicting RIHT
We analyzed the clinical risk factors of RIHT associated
with CyberKnife SBRT. The factors analyzed included

ROC curve

Sensitivity

004 ; : .
0.0 0.2 0.4 06 0.8 1.0

1 - Specificity

Figure 2 ROC curve for V,,.
Abbreviation: ROC, receiver operating characteristic.
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Figure 3 ROC curve for normal liver volume.
Abbreviation: ROC, receiver operating characteristic.

gender, age, ECOG score, TNM staging, portal vein tumor
thrombus, HBV infection, and the CP class recorded prior to
CyberKnife SBRT. None of the clinical factors were associ-
ated with RIHT (£>0.05).

The DVHs-based dosimetric parameters analyzed
included GTV, CyberKnife SBRT fraction size, normal liver
10° VIS’ Vzo’ st’
analysis to evaluate the associations between the DVHs-based

volume, V,, V and V,,- Using univariate
dosimetric parameters and RIHT, we determined that only
normal liver volume was found to be associated with RIHT
(P=0.008, <0.05). As shown in Figure 3, the AUC was 0.733
for normal liver volume, indicating that normal liver volume
with the cutoff value of 1,094 cm? was an appropriate pre-
dictor of RIHT. RIHT was observed in 4 out of 63 patients
(6.3%) with a normal liver volume >1,094 cm?, and in 9 out of
41 patients (22.0%) with a normal liver volume =1,094 cm?.
For a normal liver volume with the cutoff value of 1,094 cm?,
the sensitivity was 0.648 with a specificity of 0.692.

Discussion

Dose escalation appears to be very important for the local
control rates of radiotherapy in HCC patients, but the liver
injury sustained by conventional radiotherapy has limited
its application. HCC radiation therapy requires normal liver
tissue-sparing radiation techniques, as there is a significant
correlation between normal liver tissue threshold dose and
the volume irradiated.”*'>'® The incidence of RIHT or
radiation-induced liver disease (RILD) becomes significantly
higher when the mean hepatic dose is =23 Gy."* CyberKnife
SBRT is delivered in the setting of near real-time tracking
of implanted fiducial markers, combined with respiratory
motion modeling, to achieve submillimeter accuracy through

the continual detection and correction of tumor motion
throughout treatment. CyberKnife SBRT also allows the
precise delivery of a large ablative radiation dose to the
tumor while sparing the normal surrounding tissue, with less
damage to healthy liver tissues in one to five fractions. During
the past decade, a number of reports have documented the
effect of SBRT on HCC as an alternative HCC treatment. The
current consensus is that high-dose local radiation therapy
alone or in combination with TACE could achieve a high
rate of local control.” CyberKnife SBRT greatly increases
target dosage, thereby significantly improving the therapeutic
efficacy of HCC radiation therapy.

In 2010, Kwon et al analyzed the long-term efficacy
of SBRT for HCC on 47 patients who were ineligible for
surgical resection or local ablation therapy.'? The median
total dose was 33 Gy (range 30-39 Gy), delivered daily
in three fractions. Their results revealed CR in 59.6% and
PR in 26.2% of the patients, and the overall 1- and 3-year
survival rates were 92.9% and 58.6%, respectively. Only
one patient was found to have grade 4 liver toxicity.'? Their
study indicated that CyberKnife SBRT was a promising
noninvasive treatment for small HCC ineligible for local
treatment or surgical resection. In 2011, Andolino et al
evaluated the safety and efficacy of SBRT for the treatment
of HCC in 60 patients, including 36 patients of CP class A
and 24 of CP class B.!° Three months posttreatment, there
were no = grade 3 non-hematologic toxicities, though 13% of
patients experienced an increase in hematologic and hepatic
injury greater than grade and 20% experienced progression
in CP class within three months of treatment. Our study
revealed that the response rate (CR + PR) of HCC patients
treated with CyberKnife SBRT was 80.8%, the median
survival time was 19 months, and the 1- and 2-year survival
rates were 62% and 44%, respectively. A possible reason
for the lower survival rates in our study compared with the
above-mentioned studies is that most of our patients were in
an advanced stage (87.5% of stages III-1V patients).

In order to evaluate the effect of hepatic toxicity on the
HCC patients treated with CyberKnife SBRT, we recruited
104 participants and measured the biochemical parameters
and blood coagulation function during the treatment period.
In the study group of 104 HCC patients, 24 patients (23.1%)
experienced CTCAE V. 4.0 grade 23 hepatic toxicity, while
no grade 4 hepatic toxicity was observed. The CP score
increased significantly at 3—10 weeks and 11-22 weeks
following treatment (P<<0.05) in 41 (39.4%) patients, and
the increase was predominantly detected about 1-2 months
following CyberKnife SBRT. The majority of the patients

OncoTargets and Therapy 2016:9
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(36/41, 87.8%) experienced an increased CP score of one to
two points, and five cases recorded an increased CP score
of three points. RIHT is defined as an increase of at least
two points within three months, and occurred in 13 of the
104 patients (12.5%). During the 22-week follow-up period,
17 (16.3%) patients indicated CP class progression, and 1 CP
class A patient and 1 CP class B patient experienced CP class
progression to class C. However, CyberKnife SBRT greatly
reduced the irradiation doses delivered to the normal liver
tissues, thus reducing the incidence of hepatic toxicity. The
treatment was feasible in treating HCC, and well tolerated
with regard to slight hepatic toxicity.

Hepatic toxicity following radiotherapy is possibly
related to tumor stage, CP class, liver function, GTV, total
dose, or mean hepatic dose.!*?* We analyzed the relation-
ship between clinical factors and grade 2—3 hepatic toxicity.
No parameters were found to be associated with grade 23
hepatic toxicity. RIHT occurred in 13 of the 104 patients
(12.5%), and none of the factors included in the CP class
prior to CyberKnife radiotherapy and GTV were associated
with RIHT (P>0.05). Ten HCC patients with CP class B
liver cirrhosis were included in the study. We used univari-
ate analysis to evaluate RIHT and only normal liver volume
was associated with RIHT (P>0.05). Therefore, CyberKnife
SBRT may be an effective therapy with a good hepatic
toxicity profile, especially in HCC patients with CP class B
liver cirrhosis. Previous research regarding the dosimetric
parameters predicting hepatic toxicity was based on the data
from conformal radiotherapy or IMRT. The planning and
delivery method of CyberKnife SBRT differs from that of
conformal radiotherapy or IMRT. A larger sample is needed
to validate the safety of hepatic toxicity.

Our previous study has demonstrated that V, is a unique
significant dosimetric predictor for RILD risks in primary
liver carcinoma patients with CP Grade A cirrhosis treated
with hypofractionated conformal radiotherapy.?! Therefore,
we analyzed the relationship between the DVHs parameters
and hepatic toxicity in HCC patients treated with CyberKnife
SBRT. The ROC curve indicated in Figure 2 revealed that V.
with a cutoff value of 31.5% was an appropriate predictor of
hepatic toxicity (grade 2-3), with a sensitivity of 0.655 and
a specificity of 0.827. Furthermore, V., was identified as the
independent factor and could serve as an effective dosimetric
parameter to assess the risk of hepatic toxicity. This is in line
with the V, reported by Liang et al who analyzed the results
from HCC patients receiving hypofractionated conformal
radiotherapy.?! In 2010, Seok et al reported that total liver
volume receiving <18 Gy should be >800 cm? to reduce the

risk of deterioration of hepatic function.? It also suggests that
liver volume may be related to the occurrence of RIHT. In
our evaluation of the associations between the DVHs-based
dosimetric parameters and RIHT, we found that only the
normal liver volume was associated with RIHT (P=0.008).
For normal liver volume with a cutoff value of 1,094 cm?,
the sensitivity was 0.648 with a specificity of 0.692. These
data verified the well-known assumption that the tolerance of
the liver to external beam irradiation depends on the volume
of liver irradiated.

As a limited number of eligible patients were included
in this study, the indications and contraindications of
CyberKnife SBRT in HCC should be further investigated.
The curative effects of CyberKnife SBRT should also be
further studied in large prospective cohort clinical studies.
Due to the slight hepatic toxicity of CyberKnife SBRT in
HCC, prospective studies of CyberKnife SBRT combined
with other treatment modalities, including chemotherapy,
may also be promising.

Conclusion

In conclusion, despite the unfavorable impact on liver func-
tioning during the first month of treatment, our study suggests
that CyberKnife SBRT is feasible and safe for treating HCC
patients, including those with CP class B liver cirrhosis and is
associated with a good tumor response rate. V; and normal
liver volume can serve as effective dosimetric parameters
to assess the risk of grade 2-3 hepatic injury and RIHT,
respectively.
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