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Hepatocellular carcinoma (HCC) is a
common malignancy that occurs in hu-
mans, and only 30-40% of patients are
diagnosed at an early stage of the dis-
ease [1]. Although treatment options ex-
ist for primary HCC, radiotherapy has
become an effective strategy for patients
with unresectable HCC [1, 2]. Three-di-
mensional conformal radiotherapy (3D-
CRT) and intensity-modulated radiother-
apy (IMRT) has been applied to HCC ra-
diotherapy, and high-dose local radiother-
apy was feasible and effective for treat-
ing unresectable HCC [4, 5, 6, 7]. IMRT
can spare more organs at risk (OARs)
with highly conformal and homogeneous
dose distribution than 3D-CRT. Howev-
er, some problems exist with IMRT, such
as a long delivery time with more mon-
itor units per fraction, which may affect
the accuracy of treatment because of in-
creased intrafractional patient motion and
damage to normal tissue [8, 9].
Volumetric modulated arc therapy
with the RapidArc (RA, Medical Systems,
Palo Alto, CA, USA) and VMAT™ (Elekta
Group, Crawley, UK) technique has been
used in clinical practice for the treatment
of various cancers [10, 11, 12, 13, 14, 15, 16,
17,18, 19], including HCC [14]. For radio-
therapy of HCC, target volume delinea-
tion is greatly affected by respiratory mo-
tion [20]. A larger margin (internal target
volume) than needed is commonly added
based on the gross tumor volume (GTV)
to assure adequate coverage, which could
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cause radiation-induced injury of organs
at risk (OAR). However, respiratory mo-
tion was widely variable in different pa-
tients, making it difficult to determine a
completely safe margin [13]. For precise
positioning of the tumor target volume,
an active breathing coordinator (ABC)
device has been used in 3D-CRT for the
treatment of HCC [20, 21, 22]. The 3D-
CRT associated with ABC in HCC radio-
therapy spared more of the normal liver
tissue and assured the accuracy of the tar-
get volume. However, the disadvantage of
the relatively long beam-on time of each
field in IMRT limits its combination with
ABC, and few reports have studied the
combination of IMRT and ABC.

Compared to conventional IMRT, RA
achieves intensity-modulated radiothera-
py with continuous rotation of the gantry
combined with the dynamic multiple leaf
collimator (MLC) [23]. Volumetric mod-
ulated arc therapy achieves better plan-
ning target volume (PTV) coverage, and
the dose distribution becomes noticeably
smoother with fewer monitor units and
a shorter treatment time [10, 11, 12, 13, 14,
15, 16, 17, 24]. Because the MLC of stat-
ic gantry IMRT required carriage move-
ment to cover a large volume from left to
right, while the MLC of RapidArc moves
back and forth repeatedly during rotation
of the gantry, IMRT requires an excessive
number of monitor units (MU). Using RA
in conjunction with ABC for HCC has not
been reported to date.

In this study, 3D-CRT, IMRT, and
RA plans using three breathing tech-
niques (free-breathing, (FB), end inspi-
ration hold (EIH), or end expiration hold
(EEH)) were designed for patients with
HCC. We investigated the feasibility and
the dosimetric features of RA associated
with ABC for HCC radiotherapy.

Materials and methods

Patients

Twelve randomly selected patients (2 fe-
males and 10 males, median age 56 years,
range 52-60 years) with pathologically
confirmed HCC who were treated at our
hospital from January 2010 to January 2011
were included in the study. The cardiopul-
monary function of each patient was ex-
amined before the study was performed
to ensure that they could coordinate with
the ABC. The breathing hold time was
over 30 s [22, 25]. All patients accepted
iodized oil transcatheter arterial chemo-
embolization (TACE) treatment that was
well deposited in the tumor region. The
study was approved by the Research Eth-
ics Board of Shandong Cancer Hospital
and informed consent was obtained from
all patients.

CT simulation and PTV acquisition

Simulations were performed with a Philips
Brilliance CT Big Bore (Phillips Medical



Systems, 96 Highland Heights, OH, USA)
associated with the Elekta active breath-
ing coordinator™ (ABC) system (Synergy
102", Elekta, Crawley, UK). Before simu-
lation, breathing training was conducted.
The patients were immobilized by vacu-
um pillow with their hands above their
head. The CT scanning region extended
from 4 cm of the upper edge of the dia-
phragm to 4 cm of the lower edge of the
right kidney, with 3 mm reconstruction
slice thickness. After the CT scans were
obtained for FB (CTgg), the EIH CT scans
(CTgm) and EEH CT scans (CTggy) asso-
ciated with ABC were performed. All CT
scans were obtained in a spiral scan mod-
el (pitch=0.938, table speed =30 mm/s,
reconstruction slice thickness =3.0 mm)
[26, 27]. The CT images were transmit-
ted to the treatment planning system Var-
ian Eclipse V8.6.15 (Varian Medical Sys-
tems, Palo Alto, CA, USA) for target vol-
ume contouring and plan designing.

GTVs were contoured under the same
window width (200 Hu) and level (40 Hu)
on CTgp, CTg, and CTggy, and labeled
as GTVgp, GT Vg, and GT Vg, respec-
tively. PTVgry and PTVggy were obtained
from GT Vg and GT Vggy, respective-
ly, plus 8 mm margins isotropically [20].
PTVgg was obtained using 2 cm margins
at the craniocaudal direction and 1.5 cm
margins in the left-right and anterior-
posterior directions (all margins con-
tained the breath motion and setup er-
rors) [28, 29, 30, 31, 32]. The liver, stom-
ach, and duodenum were also delineated.
Normal liver was defined as the volume of
liver minus the PTV.

Radiotherapy plan design
requirements

3D-CRT, IMRT, and RA plans were de-
signed based on CTgp, CTgy, and CTggy,
respectively. The tumor dose was 50 Gy
(2.0 Gy/fraction x 25 fractions) adminis-
tered at the isocenter with inhomogene-
ity correction. The requirements for tu-
mor dose coverage were as follows: the
PTV had to be covered by the prescrip-
tion dose, and inhomogeneity had to be
less than 10% [18]. The dose constraints
for OAR were as follows: the mean dose
of normal liver was limited to 23 Gy, and
the dose-volume histogram (DVH) of

normal liver was within the tolerance ar-
ea (i.e., V5<86%, Vi9<68%, V,9<49%,
V30<28%, and V4 <20%) [34]; for the
stomach and duodenum, the maximum
dose was limited to 45 Gy, and the vol-
ume receiving >25 Gy was limited to
<5cm? [35].

Radiotherapy plans

1. 3D-CRT plans: 4-7 coplanar radia-
tion fields were used, and the weight
and gantry angle as well as the shape,
size, and angle of the multiple leaf col-
limator (MLC) of every field were ad-
justed to meet the dose requirements.
The dose rate was set at 300 MU/min.

2. IMRT plans: 5 coplanar radiation
fields were designed using the step-
static approach, and the gantry angles
were not divided equally. The dose
rate was set at 400 MU/min.

3. RA plans: Three 135 ° arc coplanar
fields were applied and optimized si-
multaneously. Two arcs overlapped in
the liver region. The maximum dose
rate was set at 600 MU/min.

The planning objectives were as follows:
98% of the volume of PTV reached 95%
of the prescription dose, with 10% of the
volume of PTV not exceeding 110% of
the prescription dose. The 100% prescrip-
tion dose of all plans was normalized to
the PTV mean dose. All plans were op-
timized for Varian Trilogy equipped with
MLC with a leaf width of 5 mm at the iso-
center in the inner 20 cm, and 10 mm for
the outer 2x10 cm for a 15 MV photon
beam. Dose distributions were comput-
ed with the Analytical Anisotropic Algo-
rithm (AAA) implemented in the Eclipse
8.6.15 treatment planning system with a
maximum calculation grid resolution of
2.5 mm [16].

Planning evaluation

For PTYV, the Do, and Dggq, (doses to 1%
and 99% volume of the PTV, respectively)
were the maximum and minimum dose,
respectively. The conformality index (CI)
was calculated as the Van't Riet definition:

CI = TVy % TV 1)
TV 14

RI

where TV is the target volume covered
by the reference isodose, TV is the target
volume, and Vg is the volume of the ref-
erence isodose. The homogeneity index
(HI) was defined as

D,

szl_m (2)

prescription dose

The CI and HI ranges from 0 to an ideal
value of 1 [33]. The mean irradiated dose
of normal liver (Dpean)> Vs> Vios V20, V30
and V4, where V represents the percent-
age of the volume of x Gy in the volume of
normal liver [34], and the maximum dos-
es (Dpay) of the stomach and duodenum
and the irradiated dose received by 5.,
of volume (Ds,,%) were also recorded and
compared [35].

Statistics analysis

SPSS 16.0 (IBM, Chicago, IL, USA) was
used for the statistical analyses. The
Friedman test was used to compare three
groups of data. The paired Wilcoxon test
was used to compare the pairwise data.
A p<0.05 represented statistical signifi-
cance.

Results

Target volume comparison

All patients completed the CT simulation
associated with ABC. The diaphragmatic
mobility measured by CTgy and CTggy
images averaged 1.3 cm (0.71-1.90 cm).
No significant difference occurred in the
volume of liver, normal liver, and GTVs
between EIH, EEH, and FB (p>0.05). PT-
Vg was significantly larger than the PT-
Ve and PTVggy (p <0.05). The mean
value of PTVgp/PT Vg and PTVgp/PT-
Veen were 1.94 and 1.835, respective-
ly, while no significant difference be-
tween PT Vg and PT Vggy was observed
(p>0.05) (@ Tab.1).

Target coverage and
dose homogeneity

All plans met the requirements for tu-
mor dose coverage and OAR dose lim-
itation (B Fig.1). The CI and HI of RA
were significantly better than IMRT and
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Abstract

Purpose. The goal of this research was to in-
vestigate the feasibility of volumetric modu-
lated arc therapy, RapidArc (RA), in association
with the active breathing coordinator (ABC)
for the treatment of hepatocellular carcinoma
(HCC) with radiotherapy.

Patients and materials. A total of 12 patients
with HCC, after receiving transcatheter arterial
chemoembolization (TACE) treatment, under-
went three-dimensional computer tomogra-
phy (3D-CT) scanning associated with ABC us-
ing end inspiration hold (EIH), end expiration
hold (EEH), and free breathing (FB) techniques.
The three-dimensional conformal radiothera-
py (3D-CRT), intensity-modulated radiothera-
py (IMRT), and RA plans (three 135° arcs) were
designed on different CT images, respectively.
The liver volume, gross tumor volume (GTV),

and planning target volume (PTV) of the three
breath status and the dosimetric differences of
the different plans were compared.

Results. There were no significant differenc-
es in the volumes of live and GTV between
the three breathing techniques (p >0.05); the
PTV in FB was greater than in the EEH and EIH
(p<0.05). The overall conformality index (CI)
and homogeneity index (HI) for RA (C1 0.92, HI
0.90) were better than IMRT (Cl 0.90, HI 0.89)
and 3D-CRT (C10.70, HI 0.84) for the three
breathing techniques (p<0.05). The RA and
IMRT significantly reduced the mean dose, V50,
V30, and V4o of normal liver compared to 3D-
CRT, while the Vs and V¢ in RA were higher
than in IMRT. The mean values in mean dose,
V10, Voo, V3o, and Vg of the normal liver were
reduced from 13.12 Gy, 46%, 24%, 13%, and

8% in RAgg to 10.23 Gy, 35%, 16%, 8%, and 5%
in RAgey and 9.23 Gy, 32%, 16%, 8%, and 5% in
RAg, respectively. In addition, the treatment
time of RA was equal to 3D-CRT, which was
significantly shorter than IMRT.

Conclusion. RA in conjunction with ABC for
the treatment of HCC with radiotherapy can
achieve better dose delivery and ensure the
accuracy of the target volume, which spares
more organs at risk, uses fewer monitor units,
and shortens treatment time.

Keywords

Hepatocellular carcinoma - Radiotherapy -
Active breathing coordinator -

Volumetric modulated arc therapy -
Conformal radiotherapy

RapidArc in Verbindung mit aktiver Atemkoordination ist eine wirksame und genaue
Vorgehensweise bei der Strahlentherapie des hepatozellularen Karzinoms

Zusammenfassung

Ziel. Priifung der Moglichkeit der volume-
trisch modulierten Bogentherapie, RapidArc
(RA), in Verbindung mit einer aktiven Atemko-
ordination (,activ breathing coordinator”, ABC)
bei der Behandlung von hepatozelluldren Kar-
zinomen (,hepatocellular carcinoma®, HCC)
mit Strahlentherapie.

Patienten und Material. Insgesamt 12 Pa-
tienten mit HCC unterzogen sich nach einer
transkatheter-arteriellen Chemoembolisation
(,transcatheter arterial chemoembolization”,
TACE)-Behandlung einer dreidimensionalen
Computertomographie (3D-CT), verbunden
mit einer aktiven Atemkoordination (ABC), die
Endinspirationsfluss (,end inspiration hold’,
EIH), Endexpirationsfluss (,end expiration
hold’, EEH) und freie Atmung (,free breathing’,
FB) einbezog. Die 3D-konforme Strahlenthera-
pie (3D-CRT), die intensitatsmodulierte Strah-
lentherapie (IMRT) und die RA-Pléne (drei
135°-Bgen) wurden jeweils auf verschiede-
nen CT-Bildern entworfen. Das Lebervolumen,

das Gesamttumorvolumen (,gross tumor vo-
lume’, GTV) und das Planzielvolumen (,plan
target volume’, PTV) wurden unter Anwen-
dung von 3 Atemtechniken verglichen, eben-
so die dosimetrischen Unterschiede der ver-
schiedenen Plane.

Ergebnisse. Es gab keine signifikanten Unter-
schiede bezliglich des Lebervolumens und
des GTV bei den 3 Atemtechniken (p >0,05);
jedoch war das PTV in FB groB3er als im EEH
und im EIH (p <0,05). Der globale konformale
Index (,conformal index”, Cl) und Homogeni-
tatsindex (,homogeneity index’, HI) fiir RA (CI
0,92; HI 0,90) waren fiir die 3 Atemtechniken
(p<0,05) besser als IMRT (CI 0,90; HI 0,89) und
3D-CRT (CI 0,70; HI 0,84). Die RA- und IMRT-
Plane verringerten im Vergleich zu 3D-CRT er-
heblich die mittlere Dosis, Vg, V3o und V4 der
normalen Leber, wahrend Vs und Vi in RA h6-
her waren als bei IMRT. Beim Vergleich der RA-
Pléne fiir die verschiedenen Atemtechniken
verringerten sich die mittlere Dosis, V1, V2o,

V30 und V4o der normalen Leber von 13,12 Gy,
46%, 24%, 13% und 8% bei RAgg auf 10,23 Gy,
35%, 16%, 8% und 5% bei RAgg und auf

9,23 Gy, 32%, 16%, 8% und 5% bei RAg . Dar-
liber hinaus war die Behandlungzeit von RA
identisch mit der von 3D-CRT und damit er-
heblich kiirzer als IMRT.

Zusammenfassung. RA in Verbindung mit
ABC fiir die Behandlung von HCC mit Strah-
lentherapie kann eine bessere Strahlungsdo-
sis erzielen und die Genauigkeit des Zielvo-
lumens sicherstellen, was gefédhrdete Organe
(,organs at risk”, OARs) besser schont. Zudem
werden weniger Anzeigegeréte benétigt, und
die Behandlungzeit wird kiirzer.

Schliisselworter

Hepatozelluldres Karzinom - Strahlentherapie -
Aktive Atmenkoordination - Volumetrisch mo-
dulierte Bogentherapie - Konformale Strah-
lentherapie

3D-CRT (p<0.05; @ Tab.2). The maxi-
mum dose of PTV in 3D-CRT was great-
er than RA and IMRT (p < 0.05). More-
over, there was no significant difference
in the minimum dose of target volume
among the three plans (p >0.05). No sig-
nificant difference in CI, HI, and the min-
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imum dose and maximum dose of PTV
was observed among RA plans in FB, EIH,
and EEH (p>0.05;8@ Tab.2and@ Fig. 2).

Organs at risk

The Dmean: VIO: Vzo, V30, and V40 Of nor-
mal liver in 3D-CRT was greater than RA
and IMRT (p <0.05), while the V5 and Vyo
in RA were higher than in IMRT. In con-
trast, no statistically significant differ-



Tab.1 The volume difference of liver, normal liver, GTV, and PTV between EIH, EEH, and FB ence was found in Vs, Vi, of normal liver,

techniques Dinax and Dsc, of the stomach and duo-
EIH EEH FB denum between 3D-CRT, IMRT, and RA
X +SD (cm?) X2 p (p>0.05) (@ Tab.3).
Liver 1,336+358 1,335+396 1,397 411 472 0.09 The Dineans Vs, V1o, Vao, Vo, and Vo
GTV 16.81£15.2 17.04£15.1 1755+14.7 0.00 1.00 of RA in FB were larger than those in
PTV 83.1+43.8 89.54+447  160.8+787 1117 0.004 EEH and EIH (p <0.05), but there was
Normalliver  1,271+352 1,264+391 1,295 401 017 0.92 no statistically significance difference in
EIH end inspiration hold, EEH end expiration hold, FB free breathing, GTV gross tumor volume, PTV planning Vs and V49 among the three respiration
tumor volume, SD standard deviation. techniques. No significant difference was
found in all of these indices between RA
Tab.2 The target coverage and dose homogeneity difference between 3D-CRT, IMRT, and in EEH and EIH, and Ds.,> of stomach
RA; as well as the differences between RA plans in FB, EEH, and EIH and the D,y,,, of duodenum did not differ
Differences between 3D-CRT, IMRT,and RA  Differences between RA plans in FB, EEH, and significantly among the three respiration
EIH techniques (p>0.05). The stomach Dy
X+5D X p X£5D X p of RA plans in FB was significantly larg-
(@ 3D-CRT 0.77+0.043 5339 000 EH 0.92+0.03 117 0.56 er than EEH and EIH (P <0.05), while the
IMRT 0.90+0.037 EEH 0.93+0.02 duodenum DSCm3 of the RA plans in EEH
RA 0.92+0.049 FB 0.92+0.05 was significantly smaller than FB and EIH
HI 3D-CRT 0.84+£0.021 51.06 0.00 EH 0.90+£0.03 1.50 0.47 (p <0.05) (B Tab.4, @ Fig.3).
IMRT 0.89+0.02 EEH 0.89+0.02
RA 0.90:+£0.024 FB 0.89+0.03 Monitor units and delivery time
Dy,  3D-CRT 57.21£1.25 19.50 0.00 EH 55.71+£0.69 4.500 0.11
IMRT ~ 55.69+1.05 EEH 56.21+1.22 The monitor unit in the IMRT plans
RA 56.12+1.09 FB 56.52+1.12 (626.33+113.97 MU) was significant-
Doy 3D-CRT 44.95+183 337 019 EH 4508+096 4500  0.11 ly greater than RA (550.28 £122.56
IMRT 4506156 EEH 44.42+1.03 MU) and 3D-CRT (254.06 £18.59 MU)
RA 44.65+1.31 FB 43.78+1.88 (p<0.05). The treatment time (from first
Cl conformality index, HI homogeneity index, 3D-CRT three-dimensional conformal radiotherapy, IMRT filed beam-on to the last filed beam-off)
intensity-modulated radiotherapy, RA RapidArc; FB free breathing, EEH end expiration hold, EIH end inspira- in RA (130+10 s) was similar to 3D-CRT
tion hold, D,y dose to x% volume, SD standard deviation. (135+10 s), but was significantly less than

IMRT (540 +45 s) (p<0.05).

Tab.3 The dose-volume difference of organs at risk between 3D-CRT, IMRT, and RA

X+SD x> p x+SD (Gy) x> p

Discussion
Normal CRT 57+21.0 450 0.11 Normal CRT 11.66+343 6.89 0.03
LiverVs  IMRT  53+19.0 Ly IMRT  10.81+3.91 Volumetric modulated arc radiotherapy
RA  54+90 Dinean RA 11.14+4.36 has been investigated for the treatment
Normal CRT 37+13.0 539 0.07 Stomach CRT 22.09+£2097 272 0.26 of various cancers [11, 12, 13, 14, 15, 16, 17,
liverVio |MRT 34+13.0 Drmax IMRT ~ 23.19+21.29 18,19], and RA has been shown to achieve
RA 37+14.0 RA 22.79+22.25 better dose coverage than traditional
Normal CRT 2490 1239 000 Stomach CRT 20171374 017 092 IMRT using a markedly shorter treatment
liverVa |MRT 20+8.6 Dsem’ IMRT ~ 20.03+13.78 time. We compared RA with IMRT plans
RA 1981 RA 17.52+12.88 and showed that RA achieved conformal
Normal CRT 13%£55 1806 000 Duodenum CRT  2639+1634 0.17 0.92 degrees with shorter treatment times and
liverVso |MRT 10+4 Dmax IMRT  26.58+15.80 fewer monitor units [14]. Here, RA as-
"RA 10+5 RAC  25.08+15.97 sociated with ABC in HCC radiothera-
Normal CRT 8+4 1050 001 Duodenum CRT  1237£1370 1056 046 py achieved better target coverage and
liverVao |MRT 5+3 Dscm® IMRT  12.79+14.27 spared more OARs using shorter treat-
RA 6+4 RA  13.26+1536 ment times.
CRT conformal radiotherapy, IMRT intensity-modulated radiotherapy, RA RapidArc, V, represents the percent- The main advantage of incorporat-
age of the volume of x Gy in the volume of normal liver, Dyq, dose to x% volume, SD standard deviation. ing ABC with RA in HCC radiotherapy

is to reduce the negative effects on OARs.
We compared dose-volume parameters
for normal liver, stomach, and duode-
num and found that normal liver tissue
had the highest risk of damage during ra-
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Fig. 2 A The dose-volume relationship of normal liver between three-dimensional conformal radio-
therapy (3D-CRT), intensity-modulated radiotherapy (IMRT), and RapidArc (RA) (100 cGy =1 Gy). RA
and IMRT plans significantly reduce the V3, of normal liver (p < 0.05)
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Fig. 3 A The dose-volume relationship of normal liver among RapidArc(RA) plans in free breathing
(FB), end expiration hold (EEH), and end inspiration hold (E/H). The RA plans in EEH and EIH significant-
ly reduce the normal liver radiation dose (p <0.05). 100 cGy=1 Gy
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Fig. 1 € The dose distribu-
tion features of the differ-
ent plans (100 cGy =1 Gy).
All of the plans met the
clinical requirements, and
PTVeey and PTVgy were
smaller than PTVgg. The
RAgeq and RAgy plans sig-
nificantly reduce the nor-
mal liver radiation dose
compared to RAgg (p <0.05)

diotherapy [28]. Radiotherapy associated
with ABC reduced the volume of the PTV
with an accurate determination of the po-
sition and target volume. RA and IMRT
significantly reduced the Dyean, V20, V3o,
and Vg of normal liver compared to 3D-
CRT, and RA plans in EIH and EEH sig-
nificantly reduced the Dyyean, Vs, Vig, V2o,
V3¢, and V4 compared to RA plans in FB.
RA associated with ABC can reduce the
Dnean and Vs of normal liver with per-
fect PTV dose coverage, which may low-
er the incidence of RT-induced liver dis-
ease (RILD) [36]. The stomach and duo-
denum are also at risk for damage during
HCC radiotherapy. No significant differ-
ence in the Dy, and Ds.,> of these or-
gans between 3D-CRT, IMRT, and RA was
observed, possibly due to the smaller tu-
mor volume.

When ABC is implemented into the
RA process, the size of the arcs at differ-
ent rotations is critical. Most RA plans
and treatments use single or two 358°
whole rotation arcs or rotation arcs over
180°. The whole arc was used in design-
ing RA plans, and the segmenting treat-
ment was considered at the beginning of
our study. However, during treatment,
if the beam were suddenly beam-offed,
the gantry of the linear accelerator will
move forward due to inertia, which may
cause mechanical failure. Moreover, if
the treatment was interrupted during
the entire arc, the gantry would return to
the initial position and run empty to the
location of the interruption. The gantry
would then re-administer the beams, so
the total treatment time would be pro-
longed. Three 135° small arcs were used
in this study, and the linear accelerator
used had an angular velocity of 4.8°/s.
The treatment time for each arc was ap-
proximately 28 s. Breaks for patient rest



Tab.4 The dose-volume difference of organs at risk among RA plans in FB, EEH, and EIH

%X+SD x> p x+SD (Gy)  x? p

Normal EIH 48+160 517 076 Normal EH 923+335 8.67 0.01
LiverVs  EEH 53+17.0 liver EEH 10.23+3.58

FB 62+22.0 Dmean FB 13.12+5.42
Normal EIH 32+120 6.50 0.039 Stomach EIH  24.18+1332 4.67 0.097
liverVao  EEH 35+12.0 Drmax EEH  24.51+1525

FB  46+18.0 FB 28.84+18.38
Normal EIH 16+6.0 800 0.018 Stomach EH 16.04+12.10 2167 0.338
liverVao  EEH  16+6.0 Dsm®  EEH 17.68+13.72

FB  24+10.0 FB 18.84+13.76
Normal EH 8+3.0 1250 0.02 Duode- EIH 1548+2163 4.167 0.125
liverVso  EEH 8+3.0 num EEH 2229+21.14

FB  13£6.0 Drmax FB 30.61+£23.13
Normal EH 5+3.0 467 010 Duode- EH 11.67+£13.25 6.50 0.039
liverVao  EEH 5+3.0 num EEH 8.78+1331

B 8+50 Dsm’  “Fg 19351838
FB free breathing, EEH end expiration hold, EIH end inspiration hold, V, represents the percentage of the vol-
ume of x Gy in the volume of normal liver, Dy, dose to x% volume, SD standard deviation.

and gantry preparation take approxi-
mately 30 s, so the treatment could be
completed within 115 s, which is equiv-
alent to the time for 3D-CRT and much
shorter than IMRT. The breath hold-
ing time limited the size of each arc for
RapidArc in combination with ABC. It
was previously demonstrated that “there
was no measurable diaphragm or he-
patic microcoil movement during 30 s
ABC breath holds in any of the patients
treated with ABC” [20]. Here, the breath
holding time of patients reached 30 s af-
ter training. We believe the breath train-
ing is very important for the progress of
radiotherapy using ABC, and is a simple
and effective way to assure reproducibil-
ity and stability of respiration motion.
However, patients should not hold their
breath for too long, because it could fa-
tigue respiratory muscles, which could
affect the accuracy of dose distribution.

The breath function and cooperation
of each patient were important when the
breathing techniques were selected for ra-
diotherapy associated ABC. We compared
FB, EIH, and EEH hold without using
the end of deep inspiration hold (EDIH)
or end of deep expiration hold (EDEH).
First, greater mobility was investigated
in the EDIH and EDEH, which may af-
fect the location relationship between the
liver and surrounding organs, thereby af-
fecting the dose-volume relationship of
OARSs [37]. Second, the deep inspiration

and expiration required good respirato-
ry functions and the coordination ability
of the patients. The respiratory ranges of
each patient in EIH or EEH had to spon-
taneously reach the trigger threshold and
exhibit good reproducibility. Here, the dif-
ference in the Ds,” of the duodenum may
be related to the target volume and duo-
denum position becoming distant in EEH.
For selection of EIH and EEH, the respi-
ratory functions, coordination ability, and
other specific conditions should be con-
sidered.

Our study provides guidance for ra-
diotherapy using RA for tumors that are
affected by respiratory motion. Unfor-
tunately, we did not use an image-guid-
ed system, and some reports suggest
that image-guided radiotherapy (IGRT)
achieved by cone beam computer to-
mography and ultrasound can spare
more OARs and ensure an accurate tar-
get volume [38, 39, 40, 41]. Applying the
IGRT system could evaluate the irradia-
tion dose of the PTV, which may be effi-
cacious against cancers without increas-
ing toxicity [40, 41, 42]. Sometimes, the
IGRT system requires implanted fidu-
cials in the tumor [40], and lipiodol is a
direct surrogate for CBCT image guid-
ance for radiotherapy of HCC after
TACE [43]. Image-guided system asso-
ciated with ABC can increase the overall
precision of target volume [43, 44, 45].
Image-guided RA in combination with

ABC may become an effective and ac-
curate way to administer HCC radio-
therapy.

Conclusion

The use of RA with three arcs of 135° as-
sociated with ABC is a feasible method
for HCC radiotherapy and provides equal
or better target coverage than IMRT. It al-
so provides better protection of normal
tissue and improves treatment efficien-
cy, and may become an effective meth-
od for administering HCC radiotherapy
with perfect dose delivery. However, the
advantage of this strategy should be ex-
plored in additional studies.
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