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Summary

A dosimetric evaluation of
intrafraction motion was
performed for hypofractio-
nated CyberKnife prostate
treatments, with a simulta-
neously integrated boost.
Prostate motion was found to
have a substantial impact on
the delivered dose, but this
could be compensated effec-
tively by performing robot
corrections using a time in-
terval of 60 to 180 seconds
between corrections. A 0-
mm planning target volume
margin resulted in consider-
ably lower rectum and
bladder doses but required
larger rotational corrections
than a 3-mm margin.
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Purpose: To investigate the dosimetric impact of intrafraction prostate motion and the effect of
robot correction strategies for hypofractionated CyberKnife treatments with a simultaneously in-
tegrated boost.
Methods and Materials: A total of 548 real-time prostate motion tracks from 17 patients were
available for dosimetric simulations of CyberKnife treatments, in which various correction stra-
tegies were included. Fixed time intervals between imaging/correction (15, 60, 180, and 360 sec-
onds) were simulated, as well as adaptive timing (ie, the time interval reduced from 60 to
15 seconds in case prostate motion exceeded 3 mm or 2� in consecutive images). The simulated
extent of robot corrections was also varied: no corrections, translational corrections only, and
translational corrections combined with rotational corrections up to 5�, 10�, and perfect rota-
tional correction. The correction strategies were evaluated for treatment plans with a 0-mm or
3-mm margin around the clinical target volume (CTV). We recorded CTV coverage (V100%)
and dose-volume parameters of the peripheral zone (boost), rectum, bladder, and urethra.
Results: Planned dose parameters were increasingly preserved with larger extents of robot cor-
rections. A time interval between corrections of 60 to 180 seconds provided optimal preservation
of CTV coverage. To achieve 98% CTV coverage in 98% of the treatments, translational and
rotational corrections up to 10� were required for the 0-mm margin plans, whereas translational
and rotational corrections up to 5� were required for the 3-mm margin plans. Rectum and
bladder were spared considerably better in the 0-mm margin plans. Adaptive timing did not
improve delivered dose.
Conclusions: Intrafraction prostate motion substantially affected the delivered dose but was
compensated for effectively by robot corrections using a time interval of 60 to 180 seconds.
A 0-mm margin required larger extents of additional rotational corrections than a 3-mm margin
but resulted in lower doses to rectum and bladder. � 2014 Elsevier Inc.
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Introduction

The mobility of the prostate has long since been recognized as a
potential source of error during radiation therapy for prostate
cancer patients. Several studies have described the characteristics
of prostate motion between treatment fractions (1-3). More
recently, with the advancement of prostate monitoring techniques,
studies have investigated prostate motion during treatment frac-
tions (4-10). For conventional treatment regimens (ie, homoge-
neous target doses in 2-Gy fractions), the effect of intrafraction
prostate motion has been addressed in previous studies (11, 12).
Moreover, a technique to perform intrafraction corrections has
been implemented clinically by Mutanga et al (13).

The low a/b ratio of prostate cancer has triggered a growing
interest in the application of hypofractionated radiation therapy
for prostate cancer. One of the most extreme hypofractionation
regimens currently applied aims at delivering 4 fractions of 9.5 Gy
using the CyberKnife robotic radiation surgery system (Accuray,
Inc, Sunnyvale, CA), emulating high-dose rate (HDR) brachy-
therapy (14-16). The use of extreme hypofractionation might in-
crease the impact of intrafraction motion, due to longer treatment
fraction time and reduced statistical averaging of position errors.
Moreover, the use of a simultaneously integrated boost (SIB) to
deliver a higher dose to the peripheral zone of the prostate could
increase the susceptibility to uncorrected rotations. The effect of
intrafraction prostate translations and rotations on these hypo-
fractionated treatments with a SIB has, to our knowledge, not been
investigated before.

To correct intrafraction prostate motion, the CyberKnife is
equipped with an automated marker tracking system (17). The
system acquires orthogonal kV images with a user-defined interval
and automatically adjusts the position and orientation of the ro-
botic manipulator or treatment couch during treatment fractions.
The system also features an adaptive timing mode in which the
time interval between corrections is reduced when large dis-
placements are observed. To account for residual motion between
corrections, a planning target volume (PTV) is constructed in our
clinic by applying a 3-mm margin around the clinical target vol-
ume (CTV) (15,16). The relevance of intrafraction corrections has
been reported previously for other hypofractionated treatments
(18-21), but the effectiveness of these measures to account for
intrafraction prostate motion during CyberKnife treatments has
not been investigated before. In relation to this, it has also not
been investigated before whether more frequent and more accurate
robot corrections would allow for a reduction of the PTV margin.

The aim of this study was to quantify the dosimetric impact of
the timing and extent of translational and rotational corrections
during hypofractionated CyberKnife treatments and of the applied
CTV-to-PTV margins. For this purpose, we performed treatment
simulations using different time intervals between corrections,
using various degrees of robot corrections and CTV-to-PTV
margins of 0 and 3 mm.
Fig. 1. Schematic illustration showing the conversion of center-
of-mass (com) displacements (disp.) in anterior-posterior (A-P)
direction into rotations (rot.) around the left-right (L-R) axis.
Methods and Materials

Prostate motion data

Real-time prostate motion data was collected by using an elec-
tromagnetic tracking device (Calypso Medical Technologies,
provided by the Department of Radiation Oncology of the M.D.
Anderson Cancer Center [Orlando, FL]) (5,6). The device
measured the position of implanted transponders with a frequency
of 10 Hz. A total of 548 prostate motion tracks of 17 patients
(denoted by “motion data patients”) were at our disposal. The
average length of the motion tracks was 10.1 � 2.0 min (1 SD).
Prostate rotations were not recorded by the tracking device but
should also be taken into account to adequately determine the
impact of intrafraction motion on the delivered dose (4). Several
studies of interfraction prostate motion showed that rotations
around the left-right axis are predominant and that prostate motion
can be approximated in the sagittal plane by rotations around the
apex (1-3). Based on these studies, we derived left-right rotations
by converting the anterior-posterior translations into rotations
around the prostate apex as shown in Figure 1. Rotations around
the anterior-posterior and superior-inferior axes are generally
small and were not taken into account in this study.

Treatment plans

Treatment plans were generated using Erasmus iCycle, a treatment
planning system developed in-house (22) that was extended with
CyberKnife treatment planning (23,24). The planning system per-
forms “prioritized” optimization, which means that objectives are
optimized successively according to their assigned priorities. The
constraints and the objectives with their priorities are defined by the
user in the so-called wish list. Typically, the same wish list can be
used for an entire patient group, thereby allowing for fully auto-
mated plan generation (25,26). For CyberKnife treatments using
circular aperture collimators, Erasmus iCycle features a node-
reduction technique to generate time-efficient treatment plans (23).
In this study, we assumed that CyberKnife beam collimation was
performed using a variable circular aperture collimator (27).



Table 1 Wish list containing constraints and objectives used
for plan generation for the prostate cases in this study

Constraints

Structure Type Limit

PTV Minimum 0.99 � 38 Gy
PTV Maximum 1.50 � 38 Gy
CTV Minimum 1.02 � 38 Gy
Peripheral zone Minimum 1.19 � 38 Gy
PTV-ring 10 mm Maximum 30 Gy
PTV-ring 20 mm Maximum 19 Gy
PTV-ring 30 mm Maximum 17 Gy
Skin Maximum 17 Gy
Urethra Maximum 41 Gy
Penis-scrotum Maximum 4 Gy

Objectives

Priority Structure Type Goal

1 Rectum gEUD-12 1 Gy
2 Bladder gEUD-12 1 Gy
3 Rectal mucosa gEUD-12 1 Gy
4 Rectum Mean 1 Gy
5 Urethra Mean 1 Gy
6 Bladder Mean 1 Gy
7 Cumulative beam weight Sum 1 MU

Abbreviations: CTV = clinical target volume; gEUD-

12 Z generalized equivalent uniform dose using a biological parameter

of 12; MU Z monitor unit; PTV Z planning target volume.

Priority numbers indicate the order in which the objectives were opti-

mized; a low number corresponds to a high-priority objective. A

constraint must always be fulfilled during treatment planning. Dose

limits for the targets (PTV, CTV, and peripheral zone) are expressed

relative to the prescribed dose (38 Gy).

Fig. 2. The CTV coverage (volume receiving 100% of the
prescribed dose, V100%) of the 0-mm (upper graph) and 3-mm
(lower graph) margin plans is shown for different correction
strategies. Each box plot indicates the quartiles. Average simu-
lated treatment times are shown for each time interval.
CTV Z clinical target volume; R Z rotational correction;
T Z translational correction.
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Treatment plans were generated for 3 prostate cases, with
CTVs ranging from 52 to 66 mL. The CTV consisted of the
prostate without seminal vesicles. Treatment planning was
performed according to a virtual HDR brachytherapy protocol
(14-16). We required at least 95% of the PTVand 99% of the CTV
to receive 38 Gy (4 fractions, prescribed at 67% isodose) and at
least 95% of the peripheral zone to receive 120% of the prescribed
dose (45.6 Gy). Urethra dose was restricted, and doses to
surrounding organs-at-risk (OARs) were minimized. The wish list
used in this study to achieve these aims is given in Table 1. For
each prostate case, treatment plans were generated using 2 CTV-
to-PTV margins: the clinically applied margin of 3 mm and a
reduced margin of 0 mm. For each margin, 2 treatment plans were
generated: 1 using the standard prostate node set and 1 using the
adaptive timing prostate node set. A node set contains the prin-
cipal beam directions from which the CyberKnife can irradiate.
The standard prostate node set contains 106 node positions. The
adaptive timing node set contains only 72 node positions, as node
positions that block the imaging system are left out.
Treatment simulations

We simulated realistic 4-fraction CyberKnife treatments by
combining real-time prostate motion data with the CyberKnife
delivery characteristics (ie, robot trajectory and speed, linear
accelerator output, and correction strategy). As treatment fractions
were longer than the individual motion tracks, available tracks
were randomly combined by connecting the end point of one track
with the starting point of another track. Only tracks belonging to
the same motion data patient were combined, and connection
points during beam-on time were not allowed to avoid unrealistic
changes in prostate motion. Because the prostate motion data only
described intrafraction displacements, we intrinsically simulated
perfect patient set up at the start of each treatment fraction. For
each treatment fraction, the time points were determined when
beams were switched on and off and when imaging and subse-
quent correction were performed. Imaging was simulated to be
performed when the next beam could not be delivered within a
user-defined time interval since the last image acquisition. At each
imaging/correction time-point, the robot correction was deter-
mined according to the simulated correction strategy. The residual
motion was then calculated as the difference between the prostate
displacements and the applied robot corrections. A detailed
description of the combined prostate motion tracks is provided in
the Supplementary Material.

Using the residual motion track as input, a 4-dimensional (4D)
dose calculation was performed by an algorithm developed in-
house. The static dose distribution was calculated (at CT grid
resolution) for each beam individually, inside a region of interest
enclosing all possible locations and orientations of the CTV and
high-dose regions of the OARs. The delivered dose of each beam



Table 2 Percentage of treatments with at least 98% CTV coverage (V100% � 98%) for different correction strategies and margins*

Abbreviations: R Z rotational corrections; T Z translational corrections; 60-On Z initial time interval of 60 seconds with adaptive timing switched

on; 60-Off Z initial time interval of 60 seconds with adaptive timing switched off.

* When the percentage of treatments is higher than 98%, the correction strategy is displayed in green, between 95% and 98% in yellow, between 90%

and 95% in orange, and lower than 90% in red. A color version of this figure is available at www.redjournal.org.
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was then obtained by convoluting the static dose with the residual
motion track corresponding to the beam-on-time. The residual
motion tracks were down-sampled to 1 data point per 5 seconds,
as this provided a reasonable tradeoff between calculation time
and simulation accuracy. The total dose distribution was subse-
quently calculated by adding the convoluted dose distributions of
all beams for all 4 treatment fractions.

For the standard treatment plans, simulations were performed
using fixed time intervals between corrections of 15, 60, 180, and
360 seconds. For the adaptive timing treatment plans, simulations
were performed with the adaptive timing mode both switched on
and off. During adaptive imaging/correction, the time interval was
reduced from 60 seconds to 15 seconds when translations larger
than 3 mm or rotations larger than 2� were observed between 2
consecutive images. For all 6 timing strategies (15, 60, 180, and
360 seconds; adaptive imaging on and adaptive imaging off), 4
different robot correction scenarios were simulated: (1) full
translational corrections only, and full translational corrections
together with rotational corrections up to (2) 5�; (3) 10�; and (4)
also fully corrected. Rotational corrections of 5� and 10� corre-
sponded to clinical scenarios in which maximum robot rotational
corrections (5�) and an additional maximum robotic couch rota-
tion (5�), respectively, were applied. Treatment simulations were
additionally performed for the standard and adaptive timing
treatment plans assuming no robot corrections and no image
acquisition accordingly. For all 3 prostate cases, 52 combinations
of time interval, correction strategy, and margin were simulated.
For each combination, we simulated 50 complete 4-fraction
treatments for all 17 motion data patients, resulting in a total of
132,600 treatment simulations.
Evaluation

The dosimetric parameters used for target evaluation were the CTV
coverage (volume receiving the prescribed dose, V100%) and the dose
received by 98% of the peripheral zone volume (PZ D98%). For the
rectum and bladder, the dose received by 1 cc (D1cc) was evaluated.
The urethra dose was assessed using the dose received by 5% (D5%)
and 10% (D10%) of the volume. The near-minimum dose received by
the CTV (CTV D98%) is reported in the Supplementary Material.

We evaluated the percentage of treatments for which the CTV
coverage was higher than 98%. The correction strategy and
margin were considered effective when this requirement was
achieved in at least 98% of the treatments. Statistical analysis was
performed comparing planned and simulated dose parameters
(Wilcoxon signed-rank test), and differences between correction
strategies and margins (Wilcoxon rank-sum test). P values less
than .05 were considered statistically significant.
Results

Figure 2 shows the CTV coverage of the 0-mm and 3-mm margin
plans for the different correction strategies simulated. Each box
plot displays quartiles of the outcomes of 2550 treatment simu-
lations (ie, 3 prostate cases, 17 prostate motion patients, 50 sim-
ulations). For the standard 0-mm margin plans, the CTV coverage
decreased from the average planned value of 99.5% to 93.6%
(SD Z 4.8%; range Z 62.9%-99.2%; P<.001) when no motion
correction was applied. The standard 3-mm margin plans were
found to be more robust against intrafraction prostate motion,
resulting in the CTV coverage decreasing from the average
planned value of 100% to 97.4% (SD Z 3.4%; range Z 76.2%-
100%; P<.001) when no motion correction was applied. The CTV
coverage was better preserved with increasing extents of robot
corrections and in general for shorter time intervals between
corrections. However, the beneficial effect of reducing time in-
tervals was marginal for intervals smaller than 60 to 180 seconds.
The effect of enabling or disabling adaptive timing (ie, allowing it
to switch to a 15-second time interval in case of large prostate
displacements) was found to be very small, but the 3-mm adaptive
timing plans were less sensitive than the standard treatment plans.

Percentages of treatments with more than 98% CTV coverage
are listed in Table 2. For the 0-mm margin plans, this requirement
was met in more than 98% of treatments when applying trans-
lational corrections and rotational corrections up to 10� (or more),
using a time interval of 60 seconds. Translational corrections and

http://www.redjournal.org


Fig. 3. The dose received by 98% of peripheral zone (PZ D98%)
is shown for the 0-mm (left graph) and 3-mm (right graph) margin
plans and for different correction strategies, using a time interval
of 60 seconds. Each box plot indicates quartiles. R Z rotational
corrections; T Z translational corrections.
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rotational corrections up to 5� (or more) together with a time in-
terval of 60 seconds or 180 seconds were required for the standard
3-mm margin plans to achieve similar CTV coverage in at least
98% of the treatments.

Figure 3 shows the effect of intrafraction prostate motion on
the boost dose in the PZ when using a time interval of 60 seconds.
The D98% of the PZ decreased significantly for both CTV-to-PTV
margins, when no motion correction was applied, from an average
planned value of 45.6 Gy to a simulated value of 37.7 Gy
(SD Z 6.0 Gy; range Z 15.9-46.0 Gy; P<.001) for the 0-mm
margin plans and from 45.8 Gy to 40.4 Gy (SD Z 4.6 Gy;
range Z 20.3-46.2 Gy; P<.001) for the 3-mm margin plans.
Translational and rotational corrections should be applied for both
CTV-to-PTV margins when the D98% is required to be, for
example, at least 110% of the prescribed dose in more than 98% of
the treatments.

The dose received by the OARs when using a time interval of
60 seconds is shown in Figure 4 for the 3 prostate cases separately.
OAR doses were generally found to increase due to uncorrected
intrafraction motion and to be better preserved with increasing
extents of robot corrections. However, rectum D1cc values decreased
due to uncorrected motion by, on average, �1.9 � 5.5 Gy (1 SD)
for the 0-mm plans and by �3.4 � 5.4 Gy for the 3-mm plans. The
prostate tended to move dorsally in the prostate motion data, and
the rectum was simulated to displace accordingly, thereby moving
into a region with lower doses. For the rectum and bladder, planned
D1cc values were lower in the 0-mm margin plans than in the 3-mm
margin plans by, on average, 6.8 Gy (range Z 4.0-9.0 Gy) and
5.2 Gy (range Z 4.1-5.9 Gy), respectively. As a result, rectum and
bladder sparing were found to be considerably better for the 0-mm
margin plans. When using the correction strategies to achieve 98%
CTV coverage in at least 98% of treatments, rectum doses differed
from the planned values by, on average, 0.1 � 3.0 Gy and
�0.2 � 1.2 Gy for the 0-mm and 3-mm margin plans, respectively,
whereas bladder D1cc values differed by, on average, 0.3 � 1.9 Gy
and 0.4 � 1.2 Gy, respectively. The effect of intrafraction prostate
motion on urethra dose was generally small.

Discussion

In this study, the actual delivered dose in the presence of intra-
fraction motion was simulated for hypofractionated CyberKnife
prostate treatments with a SIB. To achieve the 98% CTV coverage
in at least 98% of the treatments, rotational corrections of up to
10� and up to 5� (in addition to full translational corrections) were
required for a 0-mm and 3-mm margin, respectively. This
requirement may be perceived as very strict but is in line with the
excellent treatment outcomes that should be considered standard
in this patient group (28). It is important to note that other treat-
ment uncertainties (eg, beam delivery inaccuracy and delineation
uncertainty) were not considered in the current study and that
additional margins should be applied to account for these treat-
ment uncertainties.

An important finding of the current study is the fact that more
frequent imaging/correction (eg, 15-second time interval) does not
necessarily result in improved CTV coverage. As image acquisi-
tion and correction take time, the fraction duration increased with
a decreasing time interval (Fig. 2), which resulted in larger re-
sidual errors when displacements were not fully corrected (see
Supplementary Material). This might also explain the improved
robustness of the 3-mm adaptive timing plans, which had
considerably shorter treatment times than the standard treatment
plans. The optimal time interval and to what extent it can further
improve the delivered dose should be established in future
research. Xie et al (7) performed a geometrical analysis and
advised a time interval of approximately 40 seconds, which is
considerably shorter than 60 to 180 seconds recommended in this
study. The current study shows that short time intervals should be
used with caution.

Prostate motion data measured by the Calypso system was
previously used to perform a dosimetric evaluation of helical
tomotherapy (HT) and step-and-shoot intensity modulated radia-
tion therapy (IMRT) (11, 12). In contrast to the findings in the
current study, the effect of intrafraction motion was concluded to
be generally low for both delivery techniques. This is probably
due to the fact that these studies only included prostate trans-
lations and due to the use of larger PTV margins (5 mm, 3 mm in
posterior direction), homogeneous dose distributions and 2-Gy
fractions in HT and IMRT treatments. Whether the findings of
the current study also hold for hypofractionated prostate treat-
ments delivered using different treatment machines, but with a
similar SIB scheme and tight margins, should be established in
future studies.

We used CT data from 3 prostate cancer patients previously
treated in our clinic using the CyberKnife, as the CT data corre-
sponding to the Calypso motion tracks were not at our disposal.
Correlation between patient anatomy and prostate motion was
therefore missing. Although rectum and bladder doses varied
considerably (Fig. 4), we observed very similar patterns for the
CTV dose for all 3 patients. Based on these results, we speculate
that the findings of the current study also hold for other patients.

In the current study, rotations around the left-right axis were
derived from the measured anterior-posterior translations, and we
randomly combined motion tracks to obtain tracks of sufficient
length. These operations might have introduced errors compared



Fig. 4. OAR dose parameters of the 0-mm (left column) and 3-mm (right column) margin plans of the individual prostate cases (rows)
are shown for different correction strategies, using a time interval of 60 seconds. Each box plot indicates quartiles. OARZ organs at risk; R
Z rotational correction; T Z translational correction.
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with actual prostate motion during a CyberKnife treatment fraction.
This is, however, difficult to verify, as intrafraction motion data for
fractions of comparable length are not reported in the literature. A
detailed description of the simulated prostate motion is provided in
the Supplementary Material, which can be used for comparison and
to relate the outcomes of this study to CyberKnife treatments at
other institutes. A further limitation of this study is the assumption
of rigid organ motion, which can be realistically assumed for the
prostate (without vesicles) and urethra, but is likely to be inadequate
for the rectum and bladder. However, as the high-dose regions in
these organs are located very close to the prostate, rigid motion
seems a reasonable assumption for the D1cc-parameter that we
evaluated. Finally, we assumed the densities encountered by each
beam along its path to be constant during the entire treatment.
Conclusions

For hypofractionated CyberKnife prostate treatments with a
simultaneously integrated boost, intrafraction motion can have a
substantial impact on doses delivered to the CTV, boost volume,
rectum, and bladder. Applying robot corrections with a time in-
terval of 60 to 180 seconds was found to be an effective way to
account for prostate motion. To ensure 98% CTV coverage in
more than 98% of the treatments, translational and rotational
corrections up to 10� are recommended when using a 0-mm
margin, while rotational corrections up to 5� are advised when
using a 3-mm margin. Rectum and bladder were spared consid-
erably better by using a 0-mm margin. The adaptive time interval
feature did not improve delivered dose distributions.
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