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Radiation therapy (RT) dose esca-
lation in curative treatment of pros-
tate cancer has yielded better disease 
control, but with a corresponding 
higher probability of organ-at-
risk (OAR) complications.1-3 Image 
guidance before each treatment 
fraction using various in-room 

Abstract

Purpose: To analyze intrafraction prostate motion during radical CyberKnife stereotactic body radiation therapy (SBRT) and calcu-
late the planning target volume margins needed to ameliorate errors related to this intrafraction motion.

Materials and Methods: We analyzed the data for 10 consecutive patients with prostate cancer treated with the Accuray 
CyberKnife (54 fractions, 5,465 alignment shifts in target position). Real-time alignment shifts during delivery of SBRT frac-
tions were obtained by in-room image tracking of 3 to 5 (minimum 3 required for tracking) gold seed fiducials implanted in the 
prostate. The intrafraction target motion was analyzed, and the margins required to compensate for the real-time motion were 
calculated using margin recipe formulae.

Results: The translational mean ± standard deviation (SD) in left-right (LR), anterior-posterior (AP), and superior-inferior (SI) direc-
tions was 1.65 ± 2.17 mm, 1.24 ± 1.55 mm and 1.13 ± 2.1 mm, respectively. The rotational mean ± SD was 1.2 ± 1.33, 2.17 ± 2.14, 
and 0.99 ± 0.87 degrees in roll, pitch, and yaw, respectively. Motion in LR, AP, and SI directions was less than 2.0 mm in 78.1%, 
86.73%, and 92.21% of readings, respectively, and less than 3.0 mm in 85.9%, 96.5%, and 95.7% of readings, respectively. A margin 
of 5 mm in LR, 4 mm in both SI and AP directions would ensure that ≥ 95% of patients receive at least 95% of the prescribed dose.

Conclusions: Our dataset constitutes among the largest series of intrafraction prostatic motion during SBRT. The observed intra-
fraction prostate motion is highest in the LR and SI directions, and least in the AP direction.

Keywords: CyberKnife, intrafraction motion, prostate, stereotactic body radiation therapy

imaging technologies (electronic 
portal imaging device [EPID], cone-
beam computed tomography [CBCT], 
etc.) may help reduce the interfrac-
tion set-up errors. However, the 
prostate gland undergoes significant 
physiological spatial motion and 
volumetric deformation during the 

course of a radiation fraction. Both 
these interfraction and intrafrac-
tion variations are accounted for 
by adding a planning target volume 
(PTV) margin during RT planning. 
Hypofractionated treatments or dose 
escalation studies involve a relative-
ly higher fractional dose and need 
a much sharper peripheral dose 
fall-off compared with conventional 
fractionation and delivery tech-
niques, thus necessitating a reduc-
tion in PTV margins to minimize 
normal tissue adverse effects.4,5 This 
requirement is addressed by various 
techniques that measure variations 
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in daily setup and internal organ 
motion during a treatment fraction, 
either by assessing organ motion 
directly or through surrogates such 
as implanted fiducials (ultrasound, 
EPID, CBCT, electromagnetic 
transponders in Calypso [Varian]).6-13 
Strict and efficient image guidance 
may help limit PTV margins con-
siderably, and thus enable the dual 
goals of dose escalation and normal 
tissue sparing. Although techniques 
such as volumetric-modulated arc 
therapy (VMAT) and the current 
hot-topic FLASH radiation therapy 
have potential to reduce these un-
certainties by lowering the fraction 
duration, we will not be discussing 
this aspect as the present study deals 
only with a specific SBRT system 
and related real-time intrafraction 
motion not adequately explored in 
the aforementioned strategies. 

At our institution, we use the 
CyberKnife system (Accuray Inc.) for 
stereotactic body radiation therapy 
(SBRT). This system uses frequent 
real-time stereoscopic x-ray imaging 
of implanted fiducials during treat-
ment delivery to monitor changes 
in prostate position. Each pair of 
stereoscopic images acquired is 
used to compute the center of mass 
(CM) of implanted fiducials, and this 
forms a surrogate for intrafraction 
prostatic movement. This study is 
an analysis of individual patient data 
of 10 consecutive patients treat-
ed with CyberKnife for definitive 
prostate cancer radiation and seeks 
to quantify intrafraction prostate 
motion. The purpose of presenting 
this data is to guide PTV margins 

based on observed translational and 
rotation motion. We also calculated 
the deformation of the prostate gland 
during the treatment.

Materials and Methods
All 10 patients (54 fractions) 

received SBRT with the CyberKnife 
VSI System using gold-seed fi-
ducial-based tracking between 
December 2018 and December 2019. 
SBRT was used as monotherapy or 
in combination therapy as a prostate 
boost with standard pelvic radiation 
(using conventional fractionation) on 
a linear accelerator (linac). Following 
informed consent, 3 to 5 (minimum 
3 required for tracking) gold fiducials 
were placed in the periphery of the 
prostate gland (1 at the prostate 
apex, 2 near the base on the right 
and left side, 1 to 2 fiducials in the 
transverse plane midway between 
the apex and base on the right and 
left sides) under transrectal ultra-
sound guidance per CyberKnife pro-
tocol (> 2 cm and > 15 degrees apart, 
within 6 cm of each other). Usually, 
at least 3 of these fiducials would 
be usable for tracking the prostate 
during SBRT. After waiting to 5 to 7 
days to allow for any possible fiducial 
movement/migration, noncontrast 
RT planning CT scans (slice thick-
ness 1 mm, no superposition of 
slices, 512 × 512 pixel matrix, pitch 1) 
with the patient immobilized in the 
supine position with a customized 
full-body vacuum cushion (empty 
bladder, optimal rectal emptying) 
were obtained and co-registered 
with thin section volumetric MR 

Figure 1. Histogram of translation motions in all patients. 
Data consist of 5,465 events. A) Superior-inferior 
directions. Confidence interval 97.68% and 2.32% is out 
of margin. B) Right-left directions. Confidence interval 
96.75% and 3.25% is out of margin. C) Anterior-posterior 
directions. Confidence interval 97.49% and 2.51% is out 
of margin.

Table 1. Margin Calculation

SUPERIOR-INFERIOR RIGHT-LEFT ANTERIOR-POSTERIOR

∑ .14 mm .67 mm .35 mm

σ 2.2 mm 1.89 mm 1.51 mm

Angular component 1.71 mm

Margin 4.04 mm 4.71 mm 3.65 mm

Margin (rounded off) 4 mm 5 mm 4 mm
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images (T2-weighted and T1 contrast 
sequences) acquired in the supine 
position for target delineation. This 
step was undertaken first regardless 
of whether an SBRT boost preced-
ed or followed the linac-based RT. 
Adequate bowel preparation was en-

sured prior to simulation and before 
delivery of each fraction to minimize 
errors in prostate localization and 
to prevent interference with daily 
imaging during treatment. Specif-
ically, the patients were counseled 
for a low-residue diet during the first 

consultation and advised to have ad-
equate hydration throughout the day. 
Those with pre-existing constipation 
were additionally advised to take 
laxatives and a charcoal-simethicone 
combination to allow a regular bowel 
movement and minimize bowel gas, 
starting 3 to 4 days before simula-
tion and continuing until the last 
fraction. Occasionally, a phosphate 
enema was given if the simulation 
topographic scan showed the rectum 
loaded with feces, in which case 
simulation was re-attempted after 
an hour of the enema. The prostate 
clinical target volume (CTV) was 
delineated on the primary CT dataset 
(co-registered with axial T2- and 
T1-contrast sequence volumetric 
MRI with 1-mm slice thickness) with 
the help of a radiologist specializing 
in prostate imaging. An isotropic 
3-mm margin around the CTV was 
given to generate a final PTV, which 
was prescribed to receive a dose of 
1,650 to 1,800 Gy in 3 fractions for an 
SBRT boost (4 patients, 3 fractions 
per patient), or 3,500 to 4,200 cGy in 
7 fractions when delivering radical 
SBRT to the prostate (6 patients, 7 
fractions per patient).

The 2 Gy equivalent dose (EQD2) 
for the SBRT plan was calculated 
using the formula, EQD2 = n × d × 
(α/β + d)/(α/β + 2), keeping in mind 
the limitations of dose equivalence 
in high fractional doses. MultiPlan 
software (Accuray Inc.) was used 
for treatment planning whereby 
inverse planning helped achieve the 
prescribed target dose while respect-
ing normal tissue constraints for 
the given dose fractionation. Plans 
were then evaluated for adequate 
target coverage, dose heterogeneity 
and conformality index. Strict pa-
tient-specific quality assurance was 
ensured for accurate and smooth 
treatment delivery.

The CyberKnife SBRT system 
employs a robotic, arm-mounted, 
miniaturized 6 MV linac with 6 de-
grees of freedom. Translations from 

Figure 2. Prostate movement of one patient’s fractions with respect to time.
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0.6 to 10.0 mm, and rotations in roll 
(2.0 degrees), pitch (5.0 degrees) and 
yaw (3.0 degrees), in either direction, 
can be corrected by the robotic 
arm without needing to move the 
patient couch. The planning system 
generates multiple pairs of digitally 
reconstructed radiographs (DRRs) 
after plan approval, which are used 
as references for treatment verifi-
cation. The treatment room has 2 
in-room, ceiling-mounted kV x-ray 
sources placed at 45 degrees to the 
vertical along with 2 flat-panel detec-
tors on the floor. These aid real-time 
imaging of the implanted fiducials 
during treatment delivery, thus 
allowing detection and subsequent 
correction of intrafraction shifts. 
In tempo adaptive imaging system 
of CyberKnife (time-based adaptive 
image guidance) is used for prostate 
SBRT to assist in the frequency of 
tracking (minimum interval between 
2 consecutive image acquisitions 
from 5 to 150 seconds) and thereby 
corrects nonpredictable intrafraction 
target motion. In tempo imaging 
helps determine the best frequen-
cy of imaging depending on the 
instability in the prostate position. 
Every projection pair acquired by the 
cameras is co-registered in 6-dimen-
sional space with a reference DRR 
image pair using a complex tracking 
algorithm, and intrafraction target 
motion data are generated.

Once the patient is set up in the 
treatment position using in-room 
lasers, verification images are acquired 
and, within seconds, co-registered 
with the planning DRRs to detect set-
up errors and correct them by couch 
movement before initiating treatment. 
During treatment, real-time set-up er-
rors are continuously recorded, and ap-
propriate adjustments are performed 
by the robotic arm, without needing 
to move the patient. However, larger 
deviations lead to greater uncertainties 
in the accuracy of correction by the 
robot; hence, it is advisable that these 
deviations are kept to a minimum 

during treatment. At our institution, 
we use a threshold of 5.0 mm for 
translational shifts. If the calculated 
shift exceeds this threshold, the robot 
automatically pauses the treatment, 
and remote-assisted couch movement 

is performed to correct gross move-
ments, so the robot can continue fine 
adjustments once the shift is within the 
threshold limit.

To analyze our data on prostate 
motion, we retrieved the treatment 

Figure 2 (continued). Prostate movement of one patient’s fractions with respect to time.
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log files (containing data on fiducial 
tracking with time) from the Cy-
berKnife treatment localizer system 
for 10 patients, accounting for a total 
of 5,465 intrafraction shift datasets; 
these were reviewed for this study. 

By using in-house MATLAB version 
R2015a (MathWorks) programming, 
the translational, rotational and de-
formation shifts of the fiducials were 
obtained with respect to the fiducial 
position on the RT planning CT scan. 

Statistical analysis was done using 
IBM SPSS software (version 24). His-
tograms in descriptive statistics were 
obtained with Gaussian distribution 
trendline for translational and rota-
tional shifts. A scatter line graph was 
plotted between fiducial position and 
time through the treatment duration 
for the entire dataset of 1 patient 
with 7 fractions. 

Margin Calculation

Standard deviation (SD) of the 
mean for the individual shifts was 
calculated for systematic uncertainty 
(Σ). For random errors (σ), root mean 
square of the individual patient’s 
SD was used. The traditional Van 
Herk margin recipe was modified 
to include the margin for the an-
gular component.

For angular margin, the following 
formula was used:

Angular margin (mm) =  
xsin(Θ)+ycos(Δ)+(z/xy) *tan(Γ)

Θ- roll; Δ- pitch; Γ- yaw (all in degrees)

Total Margin =  
2.5Σ+0.7σ+ angular component

We took the initial 5 minutes of each 
fraction for systematic error, and the 
rest of the variation during treatment 
for random error calculations.14 Mean 
value of the angular linear component 
was added to individual translational 
margin to account for the rotational 
movement of the fiducials.

The CyberKnife system records 
the rigid body error (RBE) data 
for every fiducial used for track-
ing at every time stamp. The RBE 
at a particular time is defined as 
“the distance of a fiducial from 
its corresponding position on 
planning CT after the system has 
assessed the best translational and 
rotational transformation through 
a rigid registration of the acquired 
in-room projection images with 
CT-generated DRRs.”15

Figure 3. Rigid Body Error: A) left-right, b) superior-inferior, c) anterior-posterior

A

B

C
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Results
The translational mean (± SD) 

for intrafraction motion of the 
prostate in superior-inferior (SI), 
anterior-posterior (AP) and left-right 
(LR) directions was 1.24 mm (± 1.55 
mm), 1.65 mm (± 2.17 mm), and 
1.13 mm (± 2.10 mm), respectively. 
The rotational mean (± SD) for roll, 
pitch, and yaw was 1.20 (± 1.33), 2.17 
(± 2.14) and 0.99 (± 0.87) degrees, 
respectively. Intrafraction prostate 
motion for > 97% readings was ± 
4.01 mm (SI), ± 3.65 mm (AP) and ± 
4.71 mm (LR). Figure 1 shows the 
histograms depicting the range of 
intrafraction translational movement 
of the COM of the fiducials in all 3 
dimensions (1A SI, 1B LR, 1C AP). 

We observed intrafraction prostate 
motion under 2 mm in 92.21% (SI), 
86.73% (AP), and 78.10% (LR) read-
ings, and less than 3 mm in 95.7% 
(SI), 96.50% (AP) and 85.90% (LR) 
readings, respectively. We observed 
intrafraction prostate motion of over 
5 mm only in 1.8% readings, and this 
was only in the SI direction.

It is important to note that in our 
patients, treatment delivery began 
only after the computed shift was 
lower than the preset 5 mm thresh-
old for fiducial tracking. Throughout 
treatment, automatic adjustments 
to incident beam were made by the 
robot to compensate for deviation in 
target localization. If the deviation 
exceeded 5 mm, then treatment 
stopped automatically, and the pa-
tient realigned such that translation-
al error returned within the thresh-
old limit before restarting treatment. 
Hence, the observed values do not 
represent the mean target motion 
magnitude during the entire treat-
ment fraction. However, it is also 
important to note that the frequency 
of such erratic larger magnitude 
shifts is significantly less compared 
with the majority of the motion re-
corded during the treatment time of 
a single fraction. This practice may 

be responsible for < 2% incidence 
of > 5 mm translational shift in our 
study. These shifts account for the 
actual prostate motion during most 
of the treatment duration, barring a 
few erratic large movements.

Based on the above data, the 
calculated margins for translational 
motion were 4.04 mm (SI), and 3.65 
mm (AP), and 4.71 mm (LR), respec-
tively. On the other hand, rotational 
prostate movement as noted from 
fiducials is random; it is observed 
during the initial part of treatment 
in most patients and midtreatment 
in others. The detailed contribution 
to the margin from systematic and 
random errors and the angular com-
ponent (deformation) are depicted 
in Table 1. Figure 2 represents the 
prostate movement for a represen-
tative patient’s treatment fractions 
over time (F1 through F7 represent 
fractions 1-7 for a patient). From 
our analysis, we surmised that time 
interval between 2 consecutive intra-
fraction image acquisitions should 
preferably be less than 20 seconds 
for the first 380 seconds of treatment 
and not exceed 35 seconds through-
out the treatment.

RBE calculated for the fiducial 
shifts was 0.59 mm (± 0.29 mm) for 
fiducials 1-2, 0.51 mm (± 0.29 mm) 
for fiducials 1-3, and 0.73 mm (± 
0.38 mm) for fiducials 2-3. Figure 3 
shows the rigid body error for our 
patients in A) SI, B) LR, and C) AP 
directions. Average treatment time 
for all patients per fraction was 48.29 
+/- 5.31 min (range, 45 to 56 min).

Discussion
Most protocols for prostate SBRT 

use PTV margins of 5 mm circumfer-
entially (and 3 mm posteriorly toward 
the rectum). Assuming that real-time 
determination of intrafraction move-
ment of the target during CyberKnife 
may help reduce PTV margins and 
make dose escalation safer, we used 
a 3 mm circumferential margin for 

our patients based on the study by 
Litzenberg et al who demonstrated 
a reduction in PTV margin to less 
than 2 mm if intrabeam adjustments 
or continuous tracking were per-
formed.16 However, we observed in 
our study that although a 3 mm PTV 
margin may cover more than 95% 
of intrafraction motion in SI and 
AP directions, it served less than 
90% motion in the LR direction. We 
determined that a margin of 4 mm in 
SI and AP directions and 5 mm in the 
LR direction (after correction of set-
up errors at the outset) would ensure 
that 95% of the planned dose would 
be delivered to at least 95% patients. 
It is possible that other factors such 
as positioning and immobilization 
techniques, bowel and bladder 
protocol variations, or patient weight 
and general fitness may contribute to 
differences in target motion between 
various intrafraction motion moni-
toring techniques.

Table 2 lists several studies that as-
sessed intrafraction prostate displace-
ments and reported on PTV margins 
based on their observations.13,15-26

A large patient database of a 
VMAT study using 4 half arcs with an 
average treatment duration of 15.6 
minutes showed that a 3-mm margin 
is desirable for intrafraction transla-
tional motion correction. Rotational 
motion was not studied, and in this 
study, the relative displacements 
decreased over subsequent arcs after 
the first correction.17

Langen et al tracked the real-time 
prostate motion during intensi-
ty-modulated radiation therapy 
(IMRT). They noted a slow posterior 
and inferior drift in prostate position 
with time during a fraction, pos-
sibly due to muscle relaxation or 
change in rectal contents. Sudden 
and transient anterior and superior 
movements were seen, possibly 
attributable to peristalsis. Lateral 
movements were infrequent. Large 
interpatient variations were noted. 
Frequency of displacements grew 
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with increasing time from start of 
treatment, with only 2% of the obser-
vations with displacement exceed-
ing 3 mm during the first minute, 
increasing to 23% during the tenth 
minute. They recommended that the 
gap between initial setup and treat-
ment initiation should be minimized 
as far as possible.13 Kron et al made 
similar observations on the rise in 
intrafraction motion according to 
increasing treatment duration.18 We 
did not notice a similar drift, possibly 
due to couch adjustments whenever 
the motion was out of range (preset 
5 mm limit) but this is an important 
observation suggesting that a shorter 
treatment time would minimize 
additional errors.

The CyberKnife study by Gottschalk 
et al reported that a PTV margin of 
2 mm would give at least 95% target 
coverage for more than 90% patients.19 

Another study of CyberKnife SBRT by 
Xie et al also used a preset threshold 
of 5 mm for couch correction, as in 
our study. They reported intrafraction 
motion similar to our results with 
average shift vector length of 2.61 
± 1.94 mm.15 However, they studied 
only translations and deformations; 
rotational shifts were not considered. 
Additionally, their dataset was much 
smaller compared with our dataset. 
Similar to the findings of Langen et 
al,13 they noted increasing motion with 
time since treatment initiation. Motion 
> 2 mm increased with increasing time 
since initiation of therapy, reiterating 
the need to start treatment quickly af-
ter setup. Their RBE value was within 
1.5 mm, suggesting a relatively smaller 
contribution from deformation. Our 
data also notes the RBE value of the 
fiducials to be well within 1.5 mm. Yu 
et al, based on their experience with 
Synchrony (Accuray Inc.) tracking, 
have suggested respiratory motion 
tracking of implanted fiducials to mit-
igate errors due to respiratory motion, 
although none of the other CyberKnife 
studies including ours have used respi-
ratory tracking for the prostate.20

Shimizu et al classified patients 
as those with large motion (> 5 mm 
displacement within 10 minutes), 
increasing (> 5 mm displacement 
noted after 10 minutes) or steady (no 
displacement > 5 mm) based on mag-
nitude and timing of observed intra-
fraction movement during real-time 
tumor tracking (RTRT), and recom-
mended that monitoring duration 
may be tailored to type of motion.21

Aubry et al used video-based EPID 
to determine intrafraction prostate 
motion during IMRT (average treat-
ment time 5 minutes).22 Rotational 
data were recorded but not correct-
ed. Our study noted relatively larger 
rotations than their study in coronal 
(LR), sagittal (SI) and transverse (AP) 
planes at 1.20 (± 1.33), 2.17 (± 2.14) 
and 0.99 (± 0.87) degrees, respec-
tively. Rotation exceeding 3 degrees 
in the Y axis was found in 10.9% 
readings, suggesting a significant ro-
tational component of intrafraction 
motion in our dataset.

van de Water et al, in their Cy-
berKnife simulation study, deter-
mined a 60- to 180-second imaging 
interval as optimum for maintaining 
CTV coverage, with little contri-
bution of adaptive imaging.23 In 
contrast, a much shorter imaging in-
terval of 35 seconds throughout treat-
ment and in tempo imaging were 
found useful for motion manage-
ment in our patients. Simulations of 
in tempo imaging were possibly not 
able to fully determine the true im-
pact of variations that occur during 
an actual treatment session. Our 
study also assessed the impact of de-
formation and its correction, though 
RBE was < 1 mm for our patients.

Several studies have tried to assess 
the impact of intrafraction motion on 
organ-at-risk doses although we have 
not been able to address that with the 
CyberKnife system.24-26 Wu et al studied 
intrafraction translational motion and 
sagittal rotation during 3DCRT, and 
determined that intrafraction motion 
compromised PTV coverage and 

reduced rectal dose.24 Rijkhorst et al, in 
their simulation study, also showed the 
increasing probability of tumor under-
dose with uncorrected rotations while 
rectal and bladder doses remained the 
same or reduced.25 Another study on 
CyberKnife using only translational 
corrections, showed significant reduc-
tion in D98 and D50 of PTV, although 
the absolute reduction was not clini-
cally relevant. There was no significant 
impact on bladder/rectum/urethra 
dose volume histogram indices.26

Several MRI studies have correlat-
ed the AP intrafraction motion with 
rectal distension and peristalsis, 
although there seems to be minimal 
additional value over conventional 
tracking methods in determining 
PTV margins.27,28 In addition to 
motion tracking, use of an air-filled 
endorectal balloon or Foley cathe-
ter to immobilize the prostate have 
helped further reduce the positional 
uncertainty and PTV margins to  
< 2 mm, with variations within 1 mm 
for 95% of treatment sessions in the 
extreme hypofractionation study 
by Greco et al.29 Hydrogel spacers 
during CyberKnife treatment have 
also shown promise, especially over 
long treatment durations.30

Our dataset on intrafraction 
motion and deformation is among 
the largest reported datasets, and we 
conclude that there is differential 
motion, the highest being in longi-
tudinal and lateral aspects, and the 
least in the AP aspect. Our study con-
fines itself to the impact of intrafrac-
tion motion assessment after initial 
setup and correction of set-up error. 
Our findings of nearly similar motion 
in all 3 translational directions may 
be attributable to strict adherence to 
a rectal protocol as well as treating 
patients with an empty bladder such 
that AP motion seen in other studies 
was largely overcome. In contrast 
to the other literature reported on 
CyberKnife and other methods of 
tracking intrafraction motion, track-
ing and correction encompassed 
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Table 2. Contemporary Studies Reporting Intrafraction Prostate Displacements and PTV Margins Based on Observations13,15-26 

S. NO. STUDY NO. OF 
PATIENTS

SETUP MONITORING 
TECHNIQUE 

DETERMINED PTV 
MARGINS

OTHER OBSERVATIONS

1 Litzenberg  
et al16

11 3 implanted gold 
fiducials; 
Supine, knee rest, feet 
fixed together; 
No bladder or bowel 
protocol; 
Initial alignment with 
skin tattoos and set-up 
error correction with 
orthogonal DRR

Electromagnetic 
transponders 
(monitored for 8 
minutes)

LR 1.3 mm 
AP 1.5 mm 
SI 1.5 mm

2 patients had deviations >3 mm (maximum 
in SI direction)

2 Levin-Epstein 
et al17 

205 Planar orthogonal 
imaging or 
ExacTrac 
(Brainlab) imaging 
prior to each 
treatment arc

PTV margin for 
intrafraction motion  
LR 1.9 mm 
SI 2.7 mm 
AP 3.1 mm

Shifts > 3 mm were seen in SI direction in 
2% and in AP direction in 5.4% patients

3 Langen et al13 17 (550 
sessions)

3 electromagnetic 
transponders implanted; 
Supine, knee cushion, 
rubber band around feet 
for immobilization; 
No bowel or bladder 
preparation; 
PTV margin 6 mm (4 
mm posteriorly)

Electromagnetic 
transponders 
(monitored for 10 
minutes)

5 mm – 
covered 96.7% 
displacements 
averaged over all 
patients

Slow posterior & inferior drift with time 
during each fraction; 
3D vector displacement > 3 mm seen in 
13.2% of observation time and > 5 mm in 
3.1% of observation time; 
For 5/17 patients, displacement of > 5 mm 
occurred for 5% -10% of treatment time

4 Kron et al18 184 (5778 
image pairs)

3 gold fiducials 
implanted; 
Verification using 
orthogonal kV x-rays 
and correction before 
treatment; 
Another set of x-rays at 
treatment completion 
Treatment with 3DCRT 
or IMRT; 
PTV margin 10 mm (7 
mm posteriorly)

No intrafraction 
monitoring; 
Data for first 5 
fractions used for 
calculations

Margins varied 
according to 
treatment time; 
Under 9 minutes 
AP 3 mm 
LR 2 mm 
SI 3 mm 
Over 9 minutes 
AP 4 mm 
LR 3 mm 
SI 4 mm

Only 4.7% displacements were above 5 mm 
and 0.4% above 10 mm; 
Increase in average displacement of 3D 
vector by 0.2 mm for every 5 minutes of 
treatment time; 
Probability of a shift of > 5 mm increased 
by 10% after 18 minutes of initial setup 
in the absence of continuous tracking or 
correction

5 Gottschalk et 
al19

13 (2,438 
alignment 
shifts)

3 gold fiducials 
implanted; 
Other set-up details not 
mentioned

Intrafraction 
monitoring with 
a pair of in-room 
kV x-ray imagers 
during CyberKnife; 
Images taken 
every 1-2 min

PTV margin of 2 
mm would ensure 
that 90% of patients 
receive at least 95% 
prescribed dose 
to CTV

< 2 mm shift in 80% (SI), 80% (AP) and 92% 
(LR); <3 mm shift in 89% (SI), 90%, (AP) and 
97% (LR); > 5 mm shift in 3% readings for SI 
and AP and only 1% readings in LR

6 Xie et al15 21 (4,439 
timestamps)

3 gold fiducials 
implanted; 
Other set-up details not 
mentioned

Intrafraction 
monitoring with 
a pair of in-room 
kV x-ray imagers 
during CyberKnife; 
Images taken 
every 40 seconds

PTV margins were 
not calculated 
Average shifts in 
each direction were: 
SI: 1.55 ±1.28 mm 
LR: 0.87 ± 1.17 mm 
AP: 1.80 ±1.44 mm

Motion of > 2 mm increased from 5% 
datasets at 30 seconds to 14% datasets at 
120 seconds

7 Yu et al20 9 3 gold fiducials 
implanted; 
Other set-up details not 
mentioned

Intrafraction 
monitoring with 
a pair of in-room 
kV X-ray imagers 
during CyberKnife; 
Synchrony 
tracking system 
was additionally 
used

PTV margin 2.7 mm Largest single axis deviation in AP; 
LR 2.5 mm translation, 1.7° rotation 
SI 2.0 mm translation, 0.82° rotation 
AP 1.65 mm translation, 0.74° rotation
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Table 2. continued 

S. NO. STUDY NO. OF 
PATIENTS

SETUP MONITORING 
TECHNIQUE 

DETERMINED PTV 
MARGINS

OTHER OBSERVATIONS

8 Shimizu et al21 20 (4,541 
observations)

3 gold fiducials 
implanted; 
PTV margin: 3 mm; 
Other positioning details 
not mentioned; 
No specific bladder or 
rectal rectal protocol– 
patients were asked to 
void 1 hour before the 
treatment time

Table position 
correction using 
the RTRT system

To maintain a treatment accuracy within 
2 mm, more frequent table position 
adjustments were needed after 10 min. 
than at 2 min. for AP and SI directions. 
At 10 min., adjustments were needed for 
14.2% observations in AP, 12.3% in SI and 
5.0% in LR directions. 
Adjustment > 5 mm was needed at least 
once during treatment in 11/20 patients.

9 Aubry et al22 18 (282 
intrafraction 
movements) 

2-3 implanted fiducials Video-based EPID PTV margin of 3 
mm ensured > 98% 
volume received 
the desired dose for 
average treatment 
duration of 5 min.

Mean intrafractional translational 
movements: 
SI 0.0 ± 1.1 mm 
AP 0.2 ± 1.6 mm 
LR 0.2 ± 0.8 mm 
Rotational movements: 
SI: 0.5 ± 3.8° 
AP: 0.4±2.0° 
LR: -0.5±5.8° 
Random & systematic SD of intrafraction 
rotations: 
LR: 1.8° & 1.0° 
SI: 1.1° & 0.8° 
AP: 0.6° & 0.3°

10 van de Water 
at al23

17 (548 
prostate 
motion 
tracks)

Various CyberKnife 
treatment scenarios 
were simulated - such 
as timing of correction 
(fixed intervals between 
imaging and correction 
of 15/60/180/360 
seconds vs adaptive 
timing based on extent 
of prostate motion 
during a short interval), 
extent of correction 
(none, translation only, 
translation with variable 
rotation correction) and 
PTV margin (0-3 mm) to 
assess target coverage 
variations

Real-time 
motion data 
captured through 
electromagnetic 
transponders; 
Used for 
dosimetric 
simulations 
of CyberKnife 
therapy

PTV margin of 3 mm: 
sufficient for up to 
5-degree rotational 
error in addition to 
translational motion, 
to achieve 98% CTV 
coverage over 98% 
treatment sessions

For intervals smaller than 60-180 seconds, 
benefit of reducing time interval was 
minimal. 
Benefit of adaptive timing was also 
miniscule.

11 Wu et al24 28 PTV margin 7 mm in 
AP and LR, 12 mm in SI 
direction

Coregistration 
of planning and 
treatment CT 
images

PTV margin of 3 
mm allows 90% of 
patients to receive at 
least 98% of planned 
D99

Prostate motion was largest in AP direction 
followed by SI and LR direction 
Organ motion reduces target coverage as 
well as rectal dose

12 Rijkhorst et al25 19 2 simulated plans 
generated per patient – 
based on margins of 7 
mm/4 mm for primary 
and boost treatment 
in first plan set and 4 
mm/1 mm in second 
plan set

Coregistration 
of planning and 
treatment CT 
images

PTV margin – 
If only translational 
correction: 7 mm 
If both trnaslational 
and rotational 
correction: 4 mm

There were marginal reductions in bladder 
and rectal doses (2-3%) with reduction of 
PTV margins

13 Koike et al26 16 (1,929 
timestamps)

3 implanted fiducials 
PTV margin around 
prostate was 5 mm 
except 3 mm posteriorly

Intrafraction 
monitoring with 
a pair of in-room 
kV x-ray imagers 
during CyberKnife

Mean absolute shifts per timestamp: 
SI: 1.54 ± 1.37 mm 
RL: 0.59 ± 0.56 mm 
AP: 1.59 ± 1.44 mm 
Mean 3D vector length: 2.57 ± 1.77 mm. 
3D vector length >3 mm in 31.3% and > 5 
mm in 9.1% cases

Key: S = study, PTV = planning target volume, DRR = digitally reconstructed radiograph, LR = left-right, AP = anterior-posterior, SI = superior-inferior,  
IMRT = intensity-modulated radiation therapy, CTV = clinical target volume, RTRT = real-time tumor tracking, EPID = electronic portal imaging device,  
CT = computed tomography, 3D = 3 dimensional
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all 3 aspects of position variation 
(translation, rotation, deformation) 
and our margin recipe also includ-
ed all of these.

Limitations of Fiducial-Based 
Tracking

Fiducial-based image-guided 
tracking in prostate SBRT carries 
several limitations. Fiducial implan-
tation is an invasive procedure and 
may not be looked at favorably by 
patients and some physicians. Addi-
tionally, the tracking algorithm for 
CyberKnife, similar to the Calypso 
system, is best suited for rigid tu-
mors. There is no option for tracking 
the movement and shape of adja-
cent critical structures, such as the 
bladder and rectum, which may also 
vary during treatment in addition 
to their relationship with the target 
(prostate). This, in turn, may alter 
the dose distribution and real-time 
irradiated volume during an RT 
fraction. Real-time tracking also 
substantially adds to treatment time, 
increasing the duration of a frac-
tion to 30 to 45 minutes in contrast 
to 7 to 10 minutes for linac-based 
IMRT or VMAT. This increases the 
probability of prostate motion during 
the latter half of treatment, which is 
counterproductive.

Conclusions
Intrafraction motion and defor-

mation are among the most im-
portant and challenging aspects of 
prostate external-beam radiation, 
and become even more relevant 
in the setting of dose escalation, 
hypofractionation, and SBRT due 
to the narrow therapeutic window. 
The interpatient, interfraction and 
intrafraction variability necessitate 
an individualized margin recipe for 
each image-guidance technique. We 
were able to achieve acceptable cov-
erage for most patients despite the 
lower CTV to PTV margin of 3 mm in 
our study. Based on our findings, we 

suggest a differential margin of 5 mm 
in LR, and 4 mm in both craniocau-
dal and AP directions to ensure that 
at least 95% of the prescribed dose 
is delivered to at least 95% patients, 
thus maximizing the target cover-
age and minimizing the irradiat-
ed OAR volumes. 
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