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1. Background

Surgical resection remains the main treatment for liver cancer,
including hepatocellular carcinoma (HCC), bile duct cancer
and liver-confined metastases. For inoperable tumors, several
treatment options including chemo-embolization and ablative
techniques as radiofrequency have been evaluated.'™

The use of radiotherapy (RT) for unresectable liver cancer,
has been limited because of the risk of radiation-induced liver
disease (RILD) which may occur after low-dose whole liver
irradiation.”® However, nowadays it is well known that as the
liver is organized in parallel functional subunits, toxicity is cor-
related to the irradiated volume, and the delivery of high doses
of radiation to a restricted liver volume can be well tolerated
if the remaining normal liver parenchyma is spared.”~

Stereotactic body radiotherapy (SBRT) allows the delivery
of a high dose of radiation to the target, using either a single
dose or a small number of fractions with a high degree of preci-
sion within the body.'° But despite this potential high accuracy
offered by the technique, one of the major challenges in SBRT
is the motion management of thoracic and abdominal tumors
that translates in a potential target miss induced by breath-
ing. Attempts to control or to compensate for liver motion are
essential for stereotactic liver radiotherapy since dose esca-
lation has been associated with improved local control and
survival in prior radiation series.''"1?

In an attempt to manage or compensate for motion, several
studies of liver SBRT have been published using SBF (Stereotac-
tic Body Frame) with abdominal compression or breath hold
technique with spirometer, associated with in-room and/or
on-board imaging for treatment verification (MV portal imag-
ing, KV radiographic and fluoroscopy acquisition, KV and MV
cone-beam computed tomography (CBCT), 4-dimensional (4D)
CBCT, etc.), in most cases for a pre-treatment set-up.'*® But
those approaches have some inconvenient, leading to possi-
ble target miss. First, due to the fact that they are associated
with external information not directly correlated to the tumor
motion; and second, because of the impossibility to asses
changes in the amplitude of breathing motion that may occur
during some fractions, using only pretreatment imaging veri-
fication. Furthermore, some of these techniques, as they need
patient’s collaboration, are not feasible or cannot be applied
due to a bad clinical tolerance.” The most interesting tech-
nique is certainly intrafraction treatment verification, since
small external geometric errors, which may be translated in
large deviations in the delivered dose distribution, could be
detected and then avoided.?®%!

This continuous verification of the target position is a key
point for all the delivery techniques and could be applied with
gating, tracking or free breathing treatment.

There is actually no available commercial solution using
on-line information about the target position acquired by
imaging to adapt “in flight” the treatment delivery. The best
approach proposed by different companies involved in radi-
ation therapy is globally the same. It involves following a
surrogate representing the tumor motion but not the tar-
get itself during treatment and checking this real tumor
position using imaging with a frequency depending on the
system used. All the systems actually build a model before

the treatment, representing the correlation between the exter-
nal information followed by the delivery system and the
internal information. External information represents the
breathing pattern and is acquired by different systems (jacket
or box on the patient with reflective markers, elastic belt).
Internal information represents target position visualized on
image acquisition (4DCT, 4DCBCT, KV images). During the last
decade, tracking had been implemented on a robotic system
(Cyberknife Accuray Inc., Sunnyvale, CA) in which the system
follows the information delivered by reflective balls attached
to a jacket on the patient and verifying the accuracy of the
target position by stereoscopic KV X-ray images between irra-
diation, meaning between two positions (node) of the system
but not during the beam delivery.?

Recently some technological advances allowed real-time
position verification simultaneously to beam delivery for tar-
gets undergoing respiratory motion during arc radiotherapy
for conventional gantry mounted linear accelerators.?

This technique could be used for free breathing treat-
ment and for gating delivery that limits the radiation beam
to selected parts of the breathing cycle, allowing dose escala-
tion to the tumor and dose reduction to surrounding tissues. Li
et al.?* reported intrafraction verification of respiration-gated
RapidArc SBRT. They showed significant deviations of fidu-
cial markers from the expected position by more than 2 mm,
emphasizing the need for gating techniques with beam on-off
synchronized on markers position instead of systems moni-
toring the position of the tumor with external surrogates.

Here we present our study of liver SBRT on a free breathing
mode, using intrafraction motion review (IMR, Varian med-
ical system) which allows simultaneous KV information and
MV delivery to analyze motion management and synchronizes
the beam during gated RapidArc allowing a reduction in the
required PTV margin, facilitating dose escalation.

Preliminary clinical results are provided.

2. Materials and methods
2.1. Patients characteristics

Between May 2012 and March 2015, 41 consecutive patients
were treated by SBRT using a gated RapidArc technique with
a Varian Novalis Truebeam STX® linear accelerator v.1.6.
Mean age was 69 years (range 47-85). Among them, 37 were
treated with a radical intent and 34 patients with 42 lesions
were analyzed for clinical results. 11 patients were treated for
hepatocellular carcinoma, 5 for cholangiocarcinoma, 17 for
liver metastases from colorectal cancer and 1 patient for liver
metastases from breast cancer. Twelve patients had cirrhosis.
Among them, eleven were child A and one child B. Most
patients had been heavily pretreated and liver stereotactic
body radiotherapy was proposed when no other local therapy,
such as surgery, radiofrequency or chemo-embolization, was
advisable. The median number of previous chemotherapy
lines was 3 (range 1-4) for colorectal patients, and two for
cholangiocarcinoma patients. Median number of previous
liver surgeries for colorectal patients was 2 (range 1-4). Among
them, two patients also received a radiofrequency treat-
ment before radiotherapy. All patients with hepatocellular
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Table 1 - Patients characteristics.

Characteristics n %
n° patients (follow-up > 6 months) 34
Mean age 69 (42-90)
n° lesions 42
Patients with liver metastasis 18 53
Sein 1 3
Colorectal 17 50
Primary hepatobiliary tumors 16 47
Cholangiocarcinoma 5 15
Hepatocellular carcinoma 11 32
Cirrosis at diagnosis (Child-Pugh class) 12
CHILD A 11
CHILD B 1
Dose/fractionnation
10 x 4 Gy (2 weeks) 1
5 x 10 Gy (1 week) 16
5 x 10 Gy (2 weeks) 3
10 x 5 Gy (2 weeks) 14
GTV location by hepatic segment
I 4 9
I 1 2
III 0 0
v 6 15
\% 2 5
VI 1 2
VII 4 10
VIII 12 29
Hepatectomy scar 1 2
Multiple or overlapping segments 8 19
nd 3 7
GTV contact with vessels
VCI 10 35
Portal 14 48
Hepatic 5 17

carcinoma were inoperable and 6 and 3 of them had a previ-
ous radiofrequency or chemoembolization, respectively. Most
of the patients had only liver metastases or limited distant
metastases to the lungs. Radiotherapy dose ranged from 40
to 50Gy in 5-10 fractions. The prescribed dose and number
of fractions were chosen depending on hepatic function,
irradiated liver volume and dose-volume histograms results.
Patient characteristics are shown in Table 1.

Toxicity was evaluated using CTC v.04 classification. Treat-
ment response was evaluated by CT scan and RMN.

2.2. SBRT technique

2.2.1. Patient simulation

Patients were placed for treatment in supine position with
their arms above their heads, using a special support and a
personalized back pillow fitting the patient shape (moldcare
Sinmed, The Netherlands). They underwent three to four 4-
dimensional computed tomography (4DCT) scans acquired in
a cine mode with a 16 slices General Electric (GE) RT Scanner
to verify the reproducibility of the target motion. Axial slice
thickness acquisition was 1.25 mm reconstructed in 2.5 mm.
These CT scans were realized at least 7 days after implantation
of 2-3 fiducial markers into the liver, in or nearby the tumor,
to help patient set-up and online treatment verification. 4DCT
scans were acquired using Real time Position Management
system (RPM, Varian Medical Systems, Palo Alto, CA) recording

the breathing signal. The first among the four acquisitions
consisted in a rapid CT with iodine injection. This allowed
the radiation oncologist to better define the GTV due to the
contrast-enhancement of the target. The cine 4D CT images
were separated into 10 phases CT series (Pgy to Pigoy) based
on respiratory motion information, using the Advantage 4D
applications (General Electric Medical system). A Maximum
Intensity Projection (MIP) and an Average Intensity Projection
(Ave-IP) CT series were generated to make it possible to gen-
erate the treatment planning and to collect fiducial motion
information during the whole breathing cycle.

A magnetic resonance imaging (MRI) was acquired in treat-
ment conditions with a flat table in the exhale and inhale
phase and co-registered to the contrast-enhanced CT scan to
improve the gross tumor volume definition (GTV). the second
step was to evaluate all the CT phases (Pgy, to P1go%) to find the
one where the fiducial position was comparable to the posi-
tion in the injected CT. Starting from this reference position,
we studied the maximal displacement of the fiducial on the
3 space directions. This gave us an adequate margin to apply
to the GTV to define the Internal Target Volume (ITV). Then
a continuous motion of the different CT phases was played
to validate if the GTV motion was totally included in the ITV.
The Planning Target Volume (PTV) was then created by adding
a 5mm margin to the ITV. Next, few steps were necessary to
define specific positions of the fiducial markers for patient
positioning and tumor motion verification in the treatment
room. The global motion of the fiducial marker was outlined
in the MIP CT series as well as the specific position of the mark-
ers in maximal exhalation (Psgy) and inhalation phases (P1g0%)
for online verification.

A virtual point structure was created in the treatment
planning system software to be a reference for each fiducial
marker. This point was placed at the center of the fiducial
marker, lying exactly at the threshold of the planned treat-
ment, for gating at the exhale and inhale phases.

The treatment planning was realized based on the Ave-IP
CT series where the organs at risk (OAR) were contoured. Dose
constraints were defined as shown in Table 2.

Treatment delivery was done by volumetric modulated
arc-therapy (VMAT) on a Truebeam Novalis STX® provided
with a high definition multileaf collimator. Leaf thickness was
2.5mm for the first 20 leaves from the central axis and 5mm
for the others. Two arcs were generally used with a starting
point at £60° and finishing one at 180°. Collimator rotation
was systematically 45° for the first arc and 315° for the sec-
ond. No high dose rate using flattening filter free beams were
used for this group of patients.

Before each treatment fraction delivery, the RPM block was
placed on the patient’s abdominal surface at the same position
as in the planning CT, and the gating signal was generated by
the RPM system. No reference RPM signal coming from a differ-
ent 4D CT simulation was used. The gating window was then
adjusted to encompass the breathing signal of the day and a
CBCT was acquired. This CBCT imaging (acquisition time of
1min) which provided an average information, was compared
to the AVE IP CT used for the planning to ensure that the repre-
sentation of the fiducial matched perfectly the contour drawn
on the MIP image. The patient’s alignment set was based first
on external body, bones and soft tissue structures and then
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Table 2 - Dose constraints.

OAR 5 fractions >5 fractions
Liver-PTV Drmax <15 Gy >700 cc if liver
volume > 2000 cc
D35y, <15 Gy If liver
volume <2000 ml
. Dmax < 15 Gy >700cc if liver
Liver-GTV volume > 23’00cc
Drmean <13 (primary tumor) Dmean <18 Gy
Drmean <15 (metastasis) (primary T)
Dmean <20 Gy
(metastasis)
Kidneys Vigcy <33%

Dmoy as less as possible

One kidney and creati-

nine >2.0 mg/dl) > Dy < 10 Gy
Spinal cord Drmax <25 Gy
V22.5Gy <0.25cc
V13.5Gy <1.2cc

Heart Drmax <35 Gy/38 Gy
VSZGy <15cc
Stomach Dmax <31 Gy
Vzgc;y <10cc
Duodenum Dmax <31 Gy
VlSGy <5cc
Small Bowel Dmax <29 Gy
Vigsgy <5cc
Bowel Dmax <29 Gy
Visgy <5cc
Esophagus Drmax <35 Gy
Vig.5cy/27.560y <5 CC
Ribs Drmax <43 Gy
V35(3y <lcc

on the fiducial markers. This CBCT was important to check
the global amplitude of the ITV. In the second step we realized
a kV/kV matching that gave us information about the extreme
positions. The gating window was manually adjusted, defin-
ing a threshold to slightly cut the breathing signal in such a
way that the KV beam on/off came about when the breathing

signal cut one of the defined thresholds (Psg9, and P1gp9). Once
the image acquisition was done, we compared the expected
position of the fiducial in these special phases defined dur-
ing treatment planning to the real position of the marker in
the acquired image. This adjustment using KV/KV on the spe-
cific positions limiting the gating window ensured that when
the MV beam was enabled, the markers (target) were in the
same position as in the planning. Furthermore, accuracy of
the positioning was increased compared to the CBCT, due first
to a fixed and not blurred image (no motion in the KV snapshot
compared to CBCT) and second to the spatial resolution com-
ing from 2.5 mm reconstructed slices to 0.585 mm/pixel with
the imager at 150 cm from the source.

Using the same process during the treatment, intrafraction
kV images were acquired at each exhalation and inhalation
phase of the breathing cycle and the positions of the fidu-
cial markers were compared with their expected positions,
represented by the created virtual point (Fig. 1).

In the case of a lack of accuracy, because of changes in the
patient’s breathing cycle amplitude or a modification of the
correlation between external surrogate and internal markers,
the gating threshold could be modified until fiducial markers
lied exactly in the expected position (see in this issue: Evalua-
tion of consistency of tumor repositioning during multiple breathing
cycles for liver stereotactic treatment).?>

3. Results

Between May 2012 and March 2015, 41 patients were treated
with liver stereotactic radiation therapy with VMAT-Rapidarc
using an intrafraction motion review.

3.1. Dosimetric results

Dose constraints were respected in most cases except when
PTV location was extremely close to OAR in which case the
maximum planned doses were punctually exceeded. This was

Amplitude

N

LA 1

280 285

Anplitude

™ Echell auto

Echele [cm]
40

Faisceau activé

Mantien fasceau

160 15 Temps[s]

Fig. 1 - Fiducials position verification respective to the expected position in the inhale (A) and exhale (B) phase.
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Table 3 - Dosimetric results.

Mean Max Min

PTV

Vpry (cc) 182.56 820.60 24.60

Viso 95% (CC) 175 834 24

Dosgy, (GY) 45.89 49.06 30.41

Dy, (Gy) 50 52.52 35.8
Liver

VLiver excludding PTV (CC) 1510.72 3057.20 946

V<15Gy>700cc (CC) 925.42 2736.20 0.00
Kidney

Rigth Kidney Dmean (GY) 1.73 7.40 0.27

Vig gy (%) 1.86 28.68 0

Left Kidney Dmean (GY) 0.71 3 0.03

Vigay (%) 0 0 0
Spinal cord dose (Gy) 7 18 1.80
Digestive tract

Dimax (GY) 18.75 46.30 0.60

Dmean (Gy) 2.20 6.03 0.13

Vs Gy (CC) 1.05 17.37 0.00
Duodenum

Dys gy (cC) 1.15 19 0

Dinax (GY) 13.95 47.91 0.60

Dmean (GY) 2.86 10.47 0.33
Stomach

Dmax (GY) 15.96 45.10 2.20

Drmean (GY) 4.35 10.26 0.29

Varay (cc) 0.75 19.60 0.00
Esophagus

Dmax (GY) 16.65 39.80 0.45

Dmean (GY) 7.48 22.54 0.16
Heart

Dmax (GY) 15.74 48.20 0.17

Dmean (GY) 231 6.83 0.07

the case of patients with liver tumors touching the stomach,
duodenum, esophagus and heart. In those situations fraction-
ation was adapted. Numerical analysis of dosimetric results is
shown in Table 3.

3.2. Technical results

50 fractions corresponding to 5 fractions per patient above
the first 10 patients were evaluated, and results are shown in
Table 4. Mean number of KV images per arc was 35 (range 7-74).
Mean fraction time delivery (room use) was 53 min for the first
fraction, but it was reduced until 24 min after the second or
third fraction.

For the 10 PTV patients, the average (+SD) conformity index
defined as (Verv 959%/Verv)* (Verv os%/Voesy) was 0.93+0.02,
and homogeneity index defined as (Dyy — Dgg%)/Dmean Was
0.08 +£0.02.

Mean intrafraction deviation of fiducials with respect to the
expected position in the craneo-caudal direction was 0.91 mm
(range 0-6 mm).

The estimated additional dose delivery due to the imaging
verification was for CBCT 17.7 mGy (CTDIw) and 0.3mGy for
KV for tube parameters of 80kV and 4 mAs.

A more exhaustive analysis of 2705 images corresponding
to the first five fractions of treatment in our first ten patients is
published in this issue for additional information concerning
tumor repositioning (see in this issue: Evaluation of consistency
of tumor repositioning during multiple breathing cycles for liver
stereotactic treatment. Bedos L. et al.).?>

3.3. Clinical results

Clinical results were evaluated for 34 patients. Median follow-
up was 13 months (4-32 months). A total of 42 lesions were
treated with a mean size of 33.4mm (range 12-90mm). The
mean PTV volume was 175.90 cc (24-820 cc). Mean liver vol-
ume excluding PTV was 1479.33cc (792.10-3057.20cc). The
treatment was well tolerated and no patient presented RILD,
perforation or gastrointestinal bleeding. As regards acute tox-
icity: 11.7% (4/34) of patients presented G1 abdominal pain,
5.8% (2/34) had nausea, 29.4% (10/34) had G1 and 3% (1/34) G2
asthenia. 31% (6/19) of evaluable patients for liver function pre-
sented an asymptomatic perturbation of liver enzymes within
3 months after radiotherapy that was transitory in most of the
cases. 1 patient had liver decompensation (the only patient
who had antecedent of CHILD-B).

In-field control at 6 months was evaluable in 31 patients
and was 90.32%. There were 7 complete responses (22.58%),
14 partial responses (45.17%), 7 stabilizations (22.58%) and
3 in field progressions (9.67%). Three patients out of the 7
who stabilized and other 2 patients out of the 14 with par-
tial responses had progression after 9-12 months and 18-27
months, respectively. A total of 8 patients presented “in
field” progression following radiotherapy. Twelve patients had
an intrahepatic progression “out of field”. Thirteen patients
evolved with extrahepatic metastatic disease. No correlation
could be established between relapse and PTV volume or dose
in this study.

4, Discussion

Our results showed a high accuracy in dose delivery using
gated RapidArc and intrafraction KV images, with a mean
intrafraction deviation of fiducials with respect to the
expected position in the craneo-caudal direction of 0.91 mm
showing a satisfactory motion control during beam delivery.
Intrafraction control is essential to guarantee high accu-
racy beam delivery with preservation of surrounding healthy

Table 4

Fraction number 1 2 3 4 5
Time/fraction (min) 53 30 20 24 24

Mean number of KV images/arc 34 [9-56] 32 [7-60] 36 [12-56] 40 [28-74] 34 [18-48]
Mean deviation in the cranio-caudal sence (mm) 1.00 [0-5] 0.79 [0-5] 0.81 [0-4] 1.06 [0-6] 0.91 [0-5]
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tissues. Most of the available techniques offer imaging control
of the tumor position before and/or after, but not during the
beam delivery.

The problem is that in spite of regular breathing, it
some liver displacements may be observed, especially in the
superior-inferior (SI) direction, in the range of 5-50 mm that
could imply, in the absence of an intrafraction control, a target
miss if adequate margins are not planned.?>%’ Although sev-
eral techniques, like the use of active breath control devices
(allowing a gated beam delivery) and Stereotactic body frame
(with or without an abdominal compression plate), have
attempted to negate liver motion or to reduce it.630

The management of intrafraction variability in liver posi-
tion remains aleatory.

Even if the use of abdominal compression has shown to
reduce intrafraction variability in liver position,'®>! it has been
recognized that the patient and tumor position were subject to
a day to day variation based on the observation of a poor corre-
spondence between the bony and soft-tissue landmarks.3?-3¢
This was confirmed by Guckenberger M. et al. who conducted
a 4D-IGRT study in liver SBRT with acquisition of a CBCT study
immediately before and after treatment delivery. Despite suc-
cessful immobilization of the patient with a SBF, they observed
considerable drifts in the target position independently from
the bony anatomy in an order of 3.7 +£ 2.2 mm on average. Fur-
thermore, they confirmed that the position relative to the bony
anatomy did not remain constant with changes in the motion
amplitude of >3 mm seen in 17% of the treatment fractions
and it could be >5mm in patients treated without abdom-
inal compression.?’ Those findings denoted, as previously
reported by Wulf et al., the need of security margins to com-
pensate these intrafractional uncertainties of at least 6 mm in
the SI direction and 4 mm in the Left-Right (LR) direction.>”

Another approach is the use of respiratory gating, which is
considered accurate only when internal tumor motion occur-
ring during beam-on, does not exceed treatment margins.*’
The problem is that, as we mentioned before, the breath-
ing cycle is not strictly regular, but varies in amplitude and
period from one cycle to another.*®° In addition, there will be
some residual tumor motion which may exceed the allowed
motion range. Large fluctuations (>300%) have been observed
in the residual motion between some beams and, although
gating may reduce the total tumor motion, the residual motion
behaves unpredictably. Following these observations, some
investigators concluded that it was mandatory to use indi-
vidualized treatment margins that account for motion and
realization of daily imaging to ensure that the residual motion
does not exceed the planned motion on a given day.*' ™
Even for patients treated with abdominal compression, dur-
ing the treatment, the residual tumor motion could be closer
to 7-8 mm peak to peak, and it was observed that a shift in
the baseline of the motion could increase the total residual
motion of the tumor.** This was confirmed by Worm et al. who
observed that “Intrafraction displacements increased slightly
as a function of time and large intrafield breathing motion
indicated an increased risk of large baseline shifts without
impact in the use of abdominal compression to guarantee
subcentimeter intrafield motion or baseline shifts.*

Ge et al.“® evaluated possible uncertainties in the accu-
racy of respiratory gating comparing pair fluoroscopic movies

acquired from 12 abdominal patients pre- and post-treatment.
The change of global EIC (external-internal correlation) over
time was identified as the largest contributor for gating uncer-
tainty (in 43% of the cases). The second largest factor for gating
uncertainty was suboptimal gating setup (found in 37% of the
cases). As they studied only pre and post-treatment data, they
recognized missing data during treatment delivery, and con-
cluded that a continuous verification of EIC during treatment
combined with computer-optimized gating parameters holds
potential to further reduce PTV margin and improve gating
accuracy. This comfort us in the choice of our technique that
has the advantage of providing real tumor position informa-
tion duringbeam delivery and makes sure that the tumor stays
well covered by the radiation beam during the treatment deliv-
ery, allowing reduction of PTV margins and the possibility of
dose escalation.

To date, tumor tracking has been implemented clinically
only for the robotic Cyberknife system (Accuray Inc., Sunny-
vale, CA) in which the required intratreatment target position
signal is obtained by stereoscopic KV X-ray images of imple-
mented markers. Image acquisition, target localization, and
alignment corrections are repeated continually during treat-
ment delivery, typically every 30-60s.? But most patients will
have breathing cycles of 3-4s during which the tumor can
move 1-3 cm. Most of the motion occurs in less than 1s. Thus,
the detection and response to motion must occur in much less
than 1s. This requires fast position measurement and algo-
rithms that can accurately predict the breathing cycle up to
several hundred milliseconds in advance.?’ If the target posi-
tion is deduced from a surrogate breathing signal, the uncer-
tainty in predicting the future tumor position is compounded
by the uncertainty in relating target and surrogate motion.

Poulsen et al. demonstrated the feasibility of DMLC target
tracking based on a single imager for RapidArc radiothe-
rapy of tumors undergoing respiratory motion with accuracy
below 2mm for most trajectories.”> More recently, Li et al.?*
evaluated the accuracy of gated RapidArc treatment using
intrafraction KV images. They showed that the average 3D
distance between the markers and their expected position
(that they named ITVs) was 0.8+0.5mm (range 0-1.7 mm).
They estimated that a left-right margin of 0.6mm, an
anterior-posterior margin of 0.8 mm, and a superior-inferior
margin of 1.5mm was required to account for 95% of the
intrafraction uncertainty in RPM-based RapidArc gating. For
some patients, the markers were outside the ITV by more than
2mm at the beginning of the MV beam-on which emphasizes
the need for gating techniques with beam on-off controlled
directly by an actual position of the tumor target instead
of external surrogates such as RPM.***° They studied the
possible explications for error repositioning including the
Truebeam mechanical and imaging accuracy and they con-
cluded that patient’s breathing was the main factor affecting
the gating error.

Those results are concordant with our study. We used a
similar technique allowing two Kv images in every breath-
ing cycle that gave us true information about what was really
happening during treatment delivery and comfort the cho-
sen PTV margin. Furthermore, this technique allowed us to
adapt, in real time if necessary, the gating window threshold
and patient setup.
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In our study we observed that in some fractions the fidu-
cials deviation respective to the expected position reached up
to 5mm, showing that even within the same treatment phase,
there exists an intrafraction motion or a miss of reproducibil-
ity of the target motion from one breathing cycle to the other.
This confirms the importance of controlling breathing related
motion in liver SBRT to guarantee adequate target coverage
and spare the nearby organs at risk. Since the margin we used
to extend the ITV to the PTV was of 5 mm, the target remained
always covered during the whole beam delivery. And even if a
greater deviation was observed, as this could be detected dur-
ing the beam delivery, we were able to adapt the treatment
gate and the patient’s set-up.

One limitation of our study is the evaluation of fidu-
cial motion only in the Supero-Inferior (SI) direction.
But we made this choice because most of the authors
evaluating 3D-Intrafraction and Interfraction motion have
described that the largest intrafraction motion occurs in
this direction.31#345°0-52 Ge et al. reported that although the
respiratory-induced tumor motion was found to be the largest
in the Sl direction, the impact of AP motion on gating accuracy
could be non-negligible if the patient was not set up optimally
in that direction.*®

In our study, mean fraction delivery time (room occupation)
was 53 min for the first fraction, but time was dramatically
reduced down to 24min after the second or third fraction.
This was not longer than delivery time found in the literature,
that is around 45min, even without real-time intrafraction
verification.?14>°0

Regarding clinical results, we obtained 6 months “in field”
control of 90.3% and a rate of 21.7% of complete responses
with a very low toxicity profile. Meyer et al.,,”® in a phase
I study of dose escalation for liver metastases from differ-
ent primary sites, obtained a rate of 2.5 year local control
(LC) of 100% using 1 fraction of 35 Gy for seven patients and
escalated to 40 Gy for seven additional patients. Tumors were
located outside of the central region. Median PTV volume was
27.95ml (range 4.08-79.34 ml). They did not observe >G3 toxic-
ity. Mendez-Romero et al. are publishing in this special issue>*
their experience in treating liver metastases using two frac-
tionation schedules (37.5 and 50.25 Gy in 3 fractions prescribed
to the 65-67% isodose). Tumor size was <6 cm. Local control
was better for the highest doses group even if this difference
did not reach significance. 1 — One-year LC was 96% vs. 90%,; 2
—year LC was 74 vs. 90% and tree-year LC was 66 vs. 81%. Tox-
icity was limited and not increased in the highest dose group.
Scorsetti et al.>> published a phase I study for liver metastases
using 3 fractions of 25 Gy with a two-year local control of 91%.
Median tumors size was 3.5cm (range 1.1-5.4cm). No grade
>3 toxicity was observed.

Other series have evaluated local control when treating
hepatocellular carcinoma. Bujold et al.,*® in a phase I-II study
of dose escalation using 24-54 Gy in 6 fractions, obtained a LC
of 87% at 1 year. There were 11% CR, 43% of PR and 44% of
stabilization. In univariate analysis minimum dose to the PTV
was a significant factor for local control. No grade >3 toxicity
was observed. Jang et al.”” evaluated two SBRT doses 33 Gy in
3 fractions and 60 Gy in 3 fractions for treating HCC. Tumors
were <7 cm. 2-year LC was 87%. For tumors <5 cm, LC was 90%
and for >5cm, it was 63% (p=0.015); when dose was higher

than 54 Gy, LC was 100%, for doses between 45 and 54 Gy, LC
was 78% and for doses below 45 Gy 64%. LC at 5 years was 82%.

Our study showed encouraging results with an “in field”
control of 90.3% at 6 months but needs a longer follow up
to evaluate LC results at 1 and 2 years. Based on the litera-
ture above, the most important factor for local control was
the delivered dose to the PTV and the size of treated tumors
even if those factors did not reach statistical significance in
all the studies. In our series, patients were very heavily pre-
treated; tumors were big and in many cases the liver volume
excluding PTV was restricted. That is why, we started to deliver
a moderate hypofractionation and total dose. Despite these
unfavorable situations, we could furnish a satisfactory and
well tolerated treatment for those patients. In the future, and
being secured by the accuracy of our technique, our objective
will be to increase the dose per fraction and the total dose in
an attempt to improve long term local control.

5. Conclusion

Imaged-Guided liver SBRT using VMAT and real-time adap-
tive tumor gating is feasible and offers a high accuracy in
dose delivery. A PTV margin of 5mm around the ITV was
largely enough to cover the target volume. Further analysis
will allow us to diminish the PTV margin around the ITV. Deliv-
ery treatment time was not prolonged by the fact of obtaining
intrafraction Kv images when compared to other liver SBRT
techniques.

The clinical tolerance was satisfactory without presenta-
tion of RILD despite the high volumes treated. In-field control
was satisfactory but dose escalation will be evaluated in the
continuity of this study.
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