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Abstract

Purpose: To evaluate organ motion detected by CyberKnife system during Stereotactic Body Radiation Therapy
(SBRT) and to study the factors affecting errors during SBRT by the CyberKnife system

Materials and Methods: 31 patients (41 lesions, total 174 fractions) with lung, upper abdominal, lower abdominal
or spine tumors were treated with CyberKnife system. Errors in all 6 directions were recorded in the system in graph
form. Errors that exceeded the threshold limit of the system were recorded in our data collection form.

Results: Spine and rectum patients had median maximum delta error of 1.5-2.5 mm and median maximum error in
all 3 rotational directions of 1-2 degree. Lung, liver, prostate and cervix patients had median maximum delta error
of3.0-3.8 mm and median maximum error in some rotational directions in excess of 5 degree except in cervix patients.

Conclusion: The spinal and rectal patients had lower magnitude of error than the lung, liver, prostate and cervix
patients. The data of median of maximum movement in each axis of each organ group might be beneficial in determining

the safety margin for organ motion in treating cancer of that organ group.
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Introduction

Movement of tumors and the normal organs during
beam delivery of the extracranial lesion can cause a
significant degree of uncertainty in target delineation
and treatment delivery. As a result, a markedly larger
margin may be needed to cover for organ movement,
which in turn causes a greater volume of normal tissue
to be exposed to radiation and an increased risk of
treatment-related toxicity. CyberKnife is an image-
guided stereotactic body radiation therapy system that

can detect and correct errors due to organ motion by
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using tracking system . However, its availability in
Thailand is still limited. Data regarding tumor movement
during radiation treatment, unlike the interfraction
motion, were difficult to obtain from the other
radiotherapy system and might be useful information
when determining the proper treatment margin. The
objective of this study was to study the tumor movement
during CyberKnife treatment in patients with extracranial
lesions.



Materials and Methods

The present study was approved by ethic
clearance committee of human rights related to
research involving human subjects, Mahidol University;
protocol number ID 11-53-15.

Patient Group

All patients with extracranial tumor treated with
CyberKnife system at Ramathibodi hospital during
November 2010 to December 2011 were included in
our study. The general criteria of patients included life
expectancy should be more than 6 months, Karnofsky
performance status (KPS) more than 70, and age of
more than 18 years.

Treatment procedure

Image Guidance System

The image guidance system is a correlation
between the position of tumor from CT planning and
the position in the treatment room. The in-room image
guidance system consists of two kilovoltage X-ray tubes
attached to the ceiling of the treatment room and a pair
of orthogonally positioned flat-panel images on the floor.
Before the treatment started, the patients would be
positioned coarsely on the treatment couch. The fine
alignmentwould be conducted by the image-guidance
system and the remotely controlled treatment couch,
which could correct residual positional errors in 6
directions (3 translation errors, i.e. AP, Sl and LR
directions and 3 rotational errors, i.e. roll, pitch and
yaw) (Figure 1). During treatment, the robot-modulated

linear accelerator would give hundreds of small beam
from around 69-140 robotic positions, each position
with 6 degree of freedom of beam directions since the
robot had 6 joints. Before each beam delivery, images
would be taken and compared with the planned posi-
tion. If there were tumor motions, the robot would
automatically adjust the position in 6 directions before
beam delivery. The positional errors recorded during
treatment were used in this study. CyberKnife uses
tracking systems based on tumor location. For spinal
tumor, it uses the X-sight spine tracking system . For
soft tissue tumors, internal fiducial marker placement
is needed. For pelvic tumor, it tracks internal fiducial
marker only. For lung and upper abdominal tumor, it
uses Synchrony tracking system . Briefly, this system
collects data obtained from external marker placed on
chest wall or upper abdomen and from internal iducial
marker to predict and correct organ motion during the
treatment.

Patient preparation

One to five gold fiducials were placed
percutaneously direct into the tumor under fluoroscopic
or CT guidance for lung and upper abdominal cases
or transrectal ultrasound guidance for prostate cases.
If only 1 fiducial could be track, the system could track
only translational error. At least 3 fiducials with the
minimum distance of 2 cm and angle of 20 degree from
each others were needed to track both translational
and rotational errors. At least 1 week after fiducial
placement, a custom-made vacuum bag in supine
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Fig. 1. Definition of the applied coordinated system. The arrows give the direction of a positive change in the patient position or
orientation. AP=anterior; LR=left=right; SI=superior-inferior
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position of each patient was done for immobilization.
Patient then underwent 1.5-mm thickness Computed
Tomography (CT) scan for treatment planning. For
patients with spinal tumors and some cases of prostate
cancer, MRl was also performed for planning. Prostate
cancer patients were managed to have partially filled
bladder when they underwent CT scan to match with
the images from MRI, and also before each treatment
fraction. Laxatives were given the night before CT scan
and each treatment fraction. Most patients received
the treatment in 3-5 fractions. For each fraction, the
radiation dose was delivered in multiple small-dose
beams according to the individual's plan, ranging from
138 to 367 beams (median of 262 beams).

Data collection

Translational motion was calculated from the
distance between centers of the triangle created by
three fiducials’ positions. The rotation motion was
calculated from the difference between planes of the
triangle created by three fiducials’ positions. For spine
cases, the mean movement for all multivoxels was
reported. The translation error was recorded into a
graph of delta, which is 3D vector motion calculating
from the below formula

d="\/dSF + dLR®* + dAP*;

For rotational errors, the system would record the
movement into graph separately for roll, pitch and yaw
directions (Fig 2). Data from these graphs were
reported. Recorded errors during treatment were
automatically adjusted by the robot unless the errors
exceeded the threshold limit, when manual adjustment
was needed. The thresholds that the system needed
manual adjustment of the patient’'s position were as
follows: translation >10 mm in non-synchrony mode
and >25 mm in synchrony mode, rotation >10 in roll
and pitch, and rotation >30 in yaw. If at least one of
these thresholds was reached, the system would stop
until the acceptable position from each adjustment was
achieved. The positions of the tumor from the image
that needed manual adjustment were recorded in our
data collection form.

Statistical data analysis

The data of organ motions were calculated
separately for each uninterrupted time period. The
maximum movementin each axis from all uninterrupted
time periods was taken separately. The median of
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maximum movement in each axis from each group of
organ and location of tumor was reported. The data of
error were later stratified by 3 groups of organ; lung
and liver group, pelvis group and spine group. The
pelvis group consisted of patients with tumor of cervix,
rectum and prostate.

Results

Thirty-one patients (41 lesions, total 174 fractions)
with lung, upper abdominal, lower abdominal or spinal
tumors were included in this study. One patient
received the CyberKnife treatment for 2 times. Patient
and tumor characteristics categorized by organ and
location of tumor were summarized in Table 1. All
patients could be tracked for translational error. Fifteen
patients (21 tumors) could have rotation tracking and
correction. The other 16 patients (20 tumors) had
problems including; less than 3 fiducial markers were
implanted (5 tumors from both upper and lower lungs),
less than 3 fiducial markers could be tracked (5 tumors
from lower lung, liver and rectum), or the tumor’s
rotations were so large that the system couldn’t start
the treatment unless we shut off the rotation tracking
threshold (9 tumors). In the former mentioned 15
patients, there were only 3 patients (2 thoracic spine
tumors and 1 rectum tumor) whose rotations were so
small that the system didn’t need manual adjustment
at all.

The magnitude of tumor’s motion in both translation
and rotation stratified by organ and tumor location is
shown in Table 2. The largest median-maximum
translational magnitude of 3.8 mm in Delta was
detected in lower lung cancer patients while the Delta’s
magnitude in upper lung, prostate and liver cancer
patients was 3.5 mm. The largest median-maximum
rotational magnitudes in roll and yaw directions were
both also detected in lower lung cancer patients, which
were greater than 5 and 4 degrees, respectively. The
largest rotational magnitude of greater than 5 degrees
in pitch direction was detected in prostate patients.
The median total treatment time per fraction (TTT) and
number of fraction were 110 minutes (60-305 minutes)
and 5 fractions (1-7 fractions), respectively. The median
TTT was longest in liver cancer patients, 155 minutes.
There were 6 fractions that actual TTT could not be
recorded due to machine breakdown during treatment.

Error exceeding threshold of the system in the 13
patients who had rotation tracking and correction is
detailed in Table 3. The median and range of maximum
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Fig.2. the graph of delta (A) and rotational errors in 3 directions
(B) after finishing CyberKnife treatment fraction

motion in 3D vector translation and 3 rotation directions
were also stratified by 3 groups of organ. Lung and
liver group had median maximum 3D vector motion of
4 mm (2.5-5.0 mm) and the largest median maximum
rotation of greater than 5 degree (4.5-greater than 5
degree) in roll direction. However, small number of
fractions that could be tracked for rotation in this group
(5 from 25 fractions) should be considered. Pelvis
group had median maximum 3D vector motion of 3 mm
(1-10 mm) and the largest median maximum rotation
of 4.5 degree (1-greater than 5 degree) in pitch
direction, which could be explained by the change of
bladder and/or rectum volume during treatment.
Numbers of fractions that had maximum error greater
than 5 degrees in pelvis group for roll, pitch and yawn
directions were 4, 22 and 1 fractions, respectively.
Spine group had median maximum 3D vector motion
of 2.5 mm (1.0-5.5 mm) and median maximum rotation
of 1 degree in all 3 directions. Only in yaw direction
that had maximum-maximum motion of 3 degree. In
13 patients (19 tumors, 87 fractions) that had treatment
interruptions and manual adjustment showed numbers
of interruptions as following; 705 times in roll direction,
228 times in pitch directions and 3 times in yaw
direction (see Table 3). The interruptions due to roll
rotational threshold limit were most frequently seen in
lumbo-sacral spine patients. The interruptions due to
pitch rotational threshold limit were most frequently
seen in prostate and cervix patients; 88 and 66 times,
respectively. This finding could be explained by the
change of bladder and rectum volume during treatment
which affected on the position of cervix and prostate,
as previously seen in the study of Ahmad et al?. After
the treatment went on for some period of time, the
tumor’s rotations of prostate and cervix patients would

eventually be so large that the system couldn’t continue
the treatment unless we shut off the rotation threshold.
No translational threshold was reached, so all
interruptions were due to rotational threshold. There
was no correlation between the magnitude of rotational
errors and the duration of each treatment fraction (not
shown in graph). Majority of roll and pitch errors that
exceeded the threshold limit was within 1-2 degrees
range, only 24/705 times (3.4%) in roll direction and
23/228 times (10%) in pitch direction that the errors
were more than 2 degrees.

Discussion

There are many previous studies about organ
motion during beam delivery. Shitaro et al ®evaluated
real-time tumor-tracking system for gated therapy, and
found that the system significantly improved the
accuracy of targets in motion. In 4 patients with lung
cancer, the range of tumor marker movement during
irradiation reduced from 9.6-38.4 mm without gating
to 2.5-5.3 mm with the use of the tumor tracking
radiotherapy. Shimizu et al © reported that real time
tumor tracking could reduce uncertainty due to setup
error and internal organ motion in prostate cancer
treatment from 6.9 mm to 1.6 mm. Balter etal ” stated
that motions of the prostate in the anterior-posterior(AP)
and superior-inferior(Sl) directions were significantly
larger than in the left-right(LR) direction. Although
significant prostate displacement could occur between
treatments, the typical range of movement seen along
a major axis was less than 5 mm.

The strong point of this study was the evaluation
of intrafraction error, which was the error detected
during beam delivery, unlike the other studies of

Journal of Thai Society of Therapeutic Radiology and Oncology |
Vol. 20 No. 1 january - June 2014 | 17



wialsAs ayy Aq pasor.l 8q pInog Ssiaxew [e1onply € Uey) ssa| = € > oell
pjoysaJyy Bupjoel) uo1yeIod 8Y3 JJO INYS 8M SSBJUN JUBLIILaI} 8U) SNUIUOD J0 1Ie)S ,UpInod WwalsAs sy} yey abre| os atem suoielol = abie| 00}
‘[1e Ye Juawisn(pe [enuew pasu 3,upIp WalsAs 8y Jey |[ews oS a1em Suoljejol = |[ews 0o}
ploysaiy) papasoxe 1041 asnedaq Juawieas) furnp uondnasaiul = dnaiaii
Jaquinu="ou ‘uonoelj=x4 uaned=id ‘g uey) Jareaih anjea = +G ‘(uwnjod 1sow-3ybLI BY) Ul UOSEaI 83S) UOIILI0I YIeJ) 0} 8|qeun = n

© > oel} n n n n n n n n n g-¢ ge 6 [ e JOAI|
ab1e| 00} auou Sv-0T v auou 0662 € auou +G-G'Y +G 06-6C 8¢ €l 4 € Jamoj
€ >>joel n n n n n n n n n S'v-Ge g'e [ IS | Jaddn Bun|
abue| 00 auou el gc 99 g€ g'e 1% g'¢0¢c 4 g'e-g¢c € S l 3 XIn8d
obue| 00} auou +G-1 4 88 +G-1 +§ €¢ +G-1 o4 olL-¢ e 14 ol o1 apejsoud
[ews 00} auou L | auou -l L auou -l L S0l gl L 4 4 w8l
|lews 00} auou g'colL L ¢l el L g6¢ 1’601 L'l b Sc ge 8 9 ST
llews 00} auou €l 3 9€ 6¢l 3 145 12'¢0) vl 9l x4 ge A 9 oloeloy}
€ €€01 4 i 8-l €l 9ll zeLL vl €l 4 Sl € 4 |BOIAISO auids
dnusjul abuel ueipaw dnusjul abuel uelpaw dnusjul abuel uelpaw abuel ueipaw
uoseay mek yoyd (ww) X4 J0 "ou wao:h yd Jo 'ou  uoneoo uebiQ
(o8169p) uonejO) WNWIXEW E}[9p wnwixew
uonelol pue uone|suel} Jowny Jo epniubey ‘g 8|qel
uonae.y Jad awiy Juswieal) [eI0)=11 | ‘uondelj=x- ‘awnjoA 3obrel ssoIb=A19 ‘snyeis souewlopad Asjouey = Sy ‘wsied=1d Jequnu="0U..
'sased 1aoued Bun| 1oj xeloyl Jamo| wolj Jaddn ay) ayesedas 01 pasn sem eurted syl Bunoasiq aue|d asiansuedl e ‘(zz) [ 18 Wixel Jo Apnis ay) 01 BuIpI0doyy
G¥¢-G6 gGl ¢ € Yre-GL %134 € 0 € 0 6/.-¢/ 9/ € € BN
0/21-G8 gecl g-¢ € €ccve 4% 3 4 0 L 18-17€ 11 14 € 19Mmoj
GL1-G8 ho] b L 71-8'G 8L 0 b L 0 1L 1L € L Jaddn Bun
121-98 9l g S 6l 6l 0 3 L 0 Ly (44 L L XIN®D
G0€-09 oLL 1-€ S GG-91 374 0 (0% 0 (0] 28-€5 S ol ol sjejsoud
S0L-09 0L 9-G g'g 65l-6¢l 6771 0 4 3 L eV-1€ [0)4 4 4 wnjoal
L12-99 oclL g-¢ S 0C¢1-9'0 R4 ¥ 4 € € 9/-l¢ 89 8 9 [esoesiequin
02y-09 Gl S S L2-€0 9'8 L S ¥ 4 69-1¢ yAS] A 9 oloeloy}
gel-g. 06 S S 1290 gl 0 4 0 4 gc-le 54 € 4 |EQIAI80 auids
abue. uelpaw abuel uelpaw abuel uelpaw 08-0. 001-06 aewsay alew abuel ueipaw Jowny id jo
uoieoo] uebip
(unw) 111 (uonoey) x4 Jo ou (lw) ALD Sc (u) xes () obe JO°ON  ON

Jowin) Jo uoneoo| pue ueblio Ag peziioba1eo SoNslsoBIBYD JOWN) PUB Jusiled | 8|qel

Us:inAlng

1SVINY WL

=

v
2557

o o

U

ISVIIU DsasauIAUSvasnuIa

- poueu

1 UNsSIAY

on 20 aoun

18



intrafraction error, which usually evaluated the
difference between the CBCT taken prior to and after
treatment (see below). The limitation of this study was
small number of patients and fractions.

For lung cancer, there are studies of Franks ©,
Guckenberger, and Olivier et al '’ using cone-beam
computed tomography (CBCT) to evaluate intrafraction
tumor motion while treating with SBRT. The data of
these 3 studies and ours are shown in Table 4. The first
one determined the intrafraction error by the
displacement of target between maximum exhale
phase and maximum inhale phase. The other two used
the CBCT prior to and after treatment to determine the
intrafraction error. Our study used tumor tracking
method with Synchrony system. The mean/median TTT
was much greater in our study because of the different
machine; we used CyberKnife system while others
used Linear-accelerator with multi-leaf collimator (MLC)
for beam delivery. Our result reported in median of
maximum motion from each fraction was greater than
the mean vector of other studies. The maximum motion
of our study was less than other studies (5 mm vs 7.2
mm). The mean and SD of vector motion from Olivier
et al study "” were smaller than our study and the
other two studies, most likely due to the use of
abdominal compression device in all cases. Limitation
in our study was small number of tumors (7 tumors)
and fractions (total 16 fractions). Our study could not
track the rotational error in all 7 lung tumors; 5 tumors
had less than 3 fiducial markers implanted, 1 tumor
had less than 3 fiducial markers tracked, and the other
one had so large rotation that the system couldn’t start
the treatment unless we shut of the rotation tracking.

For liver cancer, Case etal. " reported the mean
absolute intrafaction change in vector position for 3
mm and P90 of 5.4 mm in 29 patients using CBCT
prior-to and after treatment. About half of the CBCT in
this study was obtained from patient with abdominal
compression. Our study reported median of each fraction
maximum vector translation of 3.5 mm (range 3-5 mm).
All' 3 liver tumors could not be tracked for rotation
because only 2 fiducials were detected by the system.

For prostate cancer, Kitamura et al."? described
prostate motion as determined by fluoroscopic
detection of internal prostatic fiducial marker. In 10
patients, the amplitude of 3D motion range between
0.1to 2.7 mm in the supine position and 0.4 to 2.4 mm
in the prone position, each position was tracked for 2

minutes. Wouldoughby et al." found that using the 8

minute tracking session with Calypso system, average
3D difference of 1.5 mm (SD=0.9 mm) was reported.
Two of the 11 patients showed displacement of
greater than 1 cmin AP direction. Hsi et al."? evaluated
1,237 fractions of treatment for 48 prostate cancer
patients, the largest average shifts from treatment
isocenter was 5.6 mm (+/- 4 mm) in AP direction. The
average treatmenttime was 12.8 minutes (+/- 3.2 min).
The results of those studies showed that the largest
motion was in AP direction. The median of maximal
vector motion of our study was 3.5 mm (range 2-10
mm) and highest magnitude of maximum rotation error
in pitch direction. Our study had greater median total
treatment time of 110 minutes, which caused greater
effect of bladder and rectum filling, resulting in highest
magnitude of error in pitch direction.

For spine cancer in our study, the maximum
rotational errors in pitch and yaw direction were the
largest in cervical spine tumor. The roll rotational error
was highestin LS level. This finding could be explained
by the nature of cervical spine that tends to have motion
easier than the thoracic and lumbro-sacral spine. Lijun
etal " also found that cervical spine targets exhibited
the highest incidence of nonrandom target motion along
all 6 directions. In our study, the cervical spine patients
were a lot younger than thoracic and lumbosacral spine
patients. Younger age might be a factor that associated
with small 3D translational errors in our cervical spine
patients.

Conclusion

This study reported median of maximum movement
in each axis. The spinal and rectal patients had median
maximum delta and rotational error of 1.5-2.5 mm and
1-2 degrees, respectively. The lung, liver, prostate and
cervical patients had median maximum delta and
rotational error of 2.5-3.8 mm and 2 to greater than 5
degrees, respectively. The data of median of maximum
movement in each axis of each organ group might be
benefit in determining the safety margin for organ
motion in treating cancer of that organ group. Further
study for margin calculation was needed, which must
be cautious about the difference in image-guidance
system and beam delivery between different treatment
systems. Rotational threshold limit of CyberKnife
system may be too sensitive, leading to a lot of
interruptions and also much longer total treatment time
in each fraction.
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Table 4. Comparion of intrafraction motion in lung cancer treating with SBRT

no. of vector(mm) TTT(min)
Study With AC

tumor mean SD max mean SD
Franks et al. 10 0 3.3 2.5 35
Guckenberger et al. 27 17 2.8 1.6 7.2 21 5
Olivier et al. 8 8 1.5 0.9 22 9

med-max range Median range

our study 7 0 4 2.5-5.0 123 85-170

AC=abdominal compression
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