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Background: Extreme hypofractionation requires tight planning margins, high dose
gradients, and strict adherence to planning criteria in terms of patient positioning and
organ motion mitigation. This study reports the first clinical experience worldwide using a
novel electromagnetic (EM) tracking device for intrafraction prostate motion management
during dose-escalated linac-based stereotactic body radiation therapy (SBRT).

Methods: Thirteen patients with organ-confined prostate cancer underwent dose-
escalated SBRT using flattening filter-free (FFF) volumetric modulated arc therapy
(VMAT). The EM tracking device consisted of an integrated Foley catheter with a
transmitter. Patients were simulated and treated with a filled bladder and an empty
rectum. Setup accuracy was achieved by ConeBeam-CT (CBCT) matching, and motion
was tracked during all the procedure. Treatment was interrupted when the signals
exceeded a 2 mm threshold in any of the three spatial directions and, unless the offset
was transient, target position was re-defined by repeating CBCT. Moreover, the
displacements that would have occurred without any intrafraction organ motion
management (i.e. no interruptions and repositionings) were simulated.

Results: In 31 out of 56 monitored fractions (55%), no intervention was required to
correct the target position. In 25 (45%) a correction was mandated, but only in 10 (18%),
the beam delivery was interrupted. Total treatment time lasted on average 10.2 minutes,
6.7 minutes for setup, and 3.5 minutes for beam delivery. Without any intrafraction motion
management, the overall mean treatment time and the mean delivery time would have
been 6.9 minutes and 3.2 minutes, respectively. The prostate would have been found
outside the tolerance in 8% of the total session time, in 4% of the time during the setup,
and in 14% during the beam-on phase. Predominant motion pattern was posterior and its
probability increased with time, with a mean motion < 2 mm occurring within 10 minutes.
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Conclusions: EM real-time tracking was successfully implemented for intrafraction
motion management during dose-escalated prostate SBRT. Results showed that most
of the observed displacements were < 2 mm in any direction; however, there were a non-
insignificant number of fractions with motion exceeding the predefined threshold, which
would have otherwise gone undetected without intrafraction motion management.

Keywords: prostate cancer, Steretactic Body Radiation Therapy (SBRT), extreme hypofractionation, Image-guided
Radiation Therapy (IGRT), intrafraction motion mitigation, real-time electromagnetic tracking

BACKGROUND

Clinical results from retrospective studies allowed to formulate
the hypothesis that the linear quadratic o/f ratio of prostate
cancer is generally lower than in the majority of other human
tumors (estimated to ~ 1.5 Gy) (1-3). Based on this strong
radiobiologic rationale, various trials (4-7) showed that prostate
cancer could benefit from hypofractionated regimens of
Radiation Therapy (RT). Along with huge advances in
radiation technology that have permitted improved precision
in radiation delivery and increased protection of the organs at
risk (OARs), extreme hypofractionation using Stereotactic Body
Radiation Therapy (SBRT) has also been explored with optimal
results in terms of biochemical control and side effects (8),
becoming the standard of care treatment option of low-
intermediate risk prostate cancer (9). The findings from two
large systematic reviews (10, 11) and of the one phase III study,
HYPO-RT-PC (12), established the most compelling evidence in
favor of extreme hypofractionation, while the efficacy data for the
PACE-B trial (13) are still pending.

Due to the inherent dose per fraction escalation and the low
number of fractions used, SBRT necessitates high dose gradients
to be employed with tighter margins than conventional
treatment. Therefore, errors in actual dose delivery precision
and accuracy can lead to inadequate target coverage and/or
overdose of surrounding OARs. The major drawback remains
the significant and unpredictable intrafraction prostate motion,
mainly due to rectal and bladder filling (14-18). Without
continuous monitoring and intervention, in approximately
10% of patients, intrafractional motion would lead to target
missing (19). The Calypso System (Varian Medical Systems, Palo
Alto, CA), which uses 3 radiofrequency beacons implanted in the
prostate to localize and monitor its motion in real-time (20-22),
is an example of different methods for imaging, tracking, and
correcting for prostate displacements during treatment delivery.
Despite its proven accuracy, the Calypso system is an invasive
technique for the patient, and the severe artifacts on Magnetic
Resonance Imaging (MRI) caused by the beacons could impact
treatment planning and radiological follow-up assessments.

Abbreviations: RT, Radiation Therapy; OARs, Organs at Risk; SBRT, Stereotactic
Body Radiation Therapy; MRI, Magnetic Resonance Imaging; EM,
Electromagnetic; CT, Computed Tomography; PTV, Planning Target Volume;
PRV, Planning Organ at Risk Volume; BED, Biologically Effective Dose; VMAT,
Volumetric Modulated Arc Therapy; FFF, Flattening Filter-Free; SD, Standard
Deviation; CBCT, Cone Beam Computed Tomography; IGRT, Image Guided
Radiation Therapy; CK, CyberKnife.

A novel electromagnetic (EM) transmitter-based device
without surgical intervention to localize and monitor the
prostate and the urethra was implemented in the first clinical
use worldwide. This study reports the results of tracking in real-
time the organ motion during dose-escalated linac-based SBRT
for organ-confined unfavorable prostate tumors.

METHODS

Patient Setup and Treatment Planning
Patient population and treatment planning protocol have been
described previously (23). Briefly, patients were immobilized in
the supine position with arms over their chest using the FeetFix
system (CIVCO Medical Solutions, Iowa, US) attached to the
couch for ankle fixation. The bladder was filled with 100 cc of
saline solution via a 16 French Foley catheter during the
simulation and a rectal micro-enema was administered. Same
bladder and bowel preparation was repeated for each fraction to
assess anatomical reproducibility and limit prostate mobility. No
rectal immobilization or rectal spacer devices were adopted. To
properly delineate the target volume and the OARs, a non-
contrast enhancement computed tomography (CT) and a T2-
weighted 3D MRI scans were acquired and fused. The planning
target volume (PTV) consisted of the prostate gland and the
seminal vesicles with a 2 mm isotropic expansion. A margin of
2 mm was applied around the catheter to calculate a planning
organ at risk volume (PRV) for the urethra and to enable
significant dose-sparing at this level, by allowing a negative
dose-painting in order to reduce the risk of treatment-related
urinary toxicity.

The treatment schedule consisted of 40 Gy in 5 fractions or 38
Gy in 4 fractions delivered consecutively over one week. With an
0./P ratio of 1.5 Gy, the corresponding Biologically Effective Dose
(BED) was 253 Gy and 279 Gy, respectively. Treatment was
planned with volumetric modulated arc therapy (VMAT) using
typically two 10 MV flattening filter-free (FFF) arcs on a
VersaHD linear accelerator (Elekta AB, Stockholm, Sweden).
Plans were optimized using penalties and priorities to have the
95% isodose covering at least 95% of the PTV and to fulfill the
dose-volume constraints to OARs, such as bladder, PRV of
urethra rectum, rectum wall, and penile bulb, and were
calculated with the Monte Carlo algorithm (1 mm grid spacing
and 1% statistical uncertainty for calculation) of Monaco
Treatment Planning System (Elekta AB, Stockholm, Sweden).
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Intrafraction Motion Tracking
and Intervention
The intrafraction organ motion evaluation was performed by
RayPilot System (24, 25) (Micropos Medical AB, Gothenburg,
Sweden), a novel real-time EM tracking device. The system
consists of a wired transmitter, that is integrated into a
dedicated lumen of the RayPilot HypoCath, a Foley catheter
inserted into the patient, and the RayPilot Receiver, a platform
that is placed on the existing carbon fiber couch under the
patient. The transmitter, consisting of a choke coil (diameter 3
mm, length 11 mm) and a cable, is connected to the receiver plate
during each fraction to activate the device. An antenna array
captures the signal sent by the transmitter, and the position of
the transmitter is located. The system was calibrated to the
treatment room isocenter and allowed for treatment
localization as well as motion tracking. The position is given
along the three-dimensional axes (lateral, longitudinal, and
vertical) at a sampling frequency of 30 Hz. Rotations around
the vertical axis (yaw) and the lateral axis (pitch) are also
detected by the system. Treatment couch bending due to
patient weight was measured and considered in the system.
Accurate patient setup was achieved by a ConeBeam-CT
(CBCT) soft tissue matching prior to treatment (Figure 1).
Motion tracking was enabled immediately after the start of the
CBCT acquisition by setting the initial position detected by the
system equal to zero. A shift in the transmitter position was used
as a surrogate for the prostate motion. Due to the demand for a
very accurate delivery in such treatments, the beam delivery was
promptly interrupted every time a shift of the transmitter
exceeded more than 2 mm from its planned position in any of
the three spatial directions. In case of prolonged drift outside this
tolerance (15 seconds), a new CBCT was acquired and matched
and the couch position corrected for taking into account the
prostate motion before resuming the beam. Anytime a CBCT
acquisition was mandated, a new RayPilot position was set in the

system to get a new starting point with respect to which
displacements were calculated and shown. Because the prostate
may also move between the initial target positioning procedure
and the beam-on time, this real-time tracking system allowed to
detect and correct any possible target displacement observed in
the setup phase according to the aforementioned rules. With
conventional Image Guided Radiation Therapy (IGRT), this shift
would have gone unnoticed and not accounted for.

Data Processing and Analysis

Real-time measurement of the transmitter displacement was
recorded for each treatment fraction. After the treatment, the
log files including the transmitter positions and beam-on
indications were exported with an update rate of 15 Hz in
XML format. Intrafraction motion was calculated by
computing prostate shifts for the translational and rotational
axes relative to the initial zero position. A C++ program was
developed for the analysis of the data files produced by the
tracking system software; ROOT data analysis framework
libraries were exploited for the graphical representation of
target translational and rotational deviations. The main
objective of the program elaboration was to automate as much
as possible the analysis procedure, minimizing the required user
actions. Treatment sessions were analyzed with and without
beam gating and motion correction interventions. Real prostate
motion data (i.e. with no interruptions and repositioning
included) were obtained by removing all changes due to the
reset of the transmitter position with the acquisition of a new
CBCT. Moreover, the trajectories that would have occurred
without any organ motion management and beam gating were
simulated by adjusting setup and delivery duration. A fixed
duration of 3.5 minutes was used to include the time for the
CBCT acquisition and the registration to the reference planning
CT. For the delivery, the real delivery time of the specific
treatment plan without interruptions was used.

FIGURE 1 | RayPilot HypoCath. The transmitter choke is visible inside the urinary catheter within the prostatic urethra (A). Planning CT to daily CBCT matching:
proper rectum and bladder filling verification, in addition to transmitter and urethra localizations; in case of deformation or deviation of the urethral path, the catheter
was placed inside the urethra PRV along with the entire extension of the prostate (B).
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RESULTS

The localization uncertainty of the RayPilot System, measured in
a precision test procedure, was 0.34 + 0.18 mm [radial mean +
standard deviation (SD)]. The procedure consisted of calculating
the radial error in 4 displacements from the calibration center
point (i.e. 2 longitudinal and 2 vertical and lateral diagonal
positions on each side of the center point, respectively),
assessed in both laboratory and clinical environment.

Overall, 56 treatment fractions were delivered and analyzed,
and 84 CBCT to planning CT matchings were performed. In 31
sessions, corresponding to 55% of the total, the signal remained
within the predefined tolerance for the whole treatment time and
no intervention was required to correct the target position as a
result of an excessive prostate movement. Only in 3 of those cases
(5%), the target moved out of the 2 mm threshold, but it
promptly returned within the safety threshold. In the other 25
sessions (45%) the prostate exceeded the tolerance after the
initial CBCT verification. In 10 cases (18%) a non-re-entering
prostate shift occurred during the treatment delivery, requiring a
beam interruption and a new CBCT.

Considering all fractions, the median duration from the start
of the EM tracking procedure to the end of the delivery was 8
minutes, with an average time of 10.2 + 4.2 minutes (range 5.5 -
22.7), 6.7 £ 3.8 minutes (range 2.7 - 17.8) for patient setup and
3.5 + 0.9 minutes (range 2.5 - 7.3) for beam delivery (beam-on
time + interruptions). Noteworthy since the intervention
procedure in halting the beam was manual, there was a lag
between the alert and beam-off estimated in approximately 1
second, a small amount of the 150- to 250-second beam-on time.
Without any intrafraction motion management, the overall
mean treatment time and the mean delivery time would have
been 6.9 minutes (range 5.5 - 9.9) and 3.2 minutes (range 2.5 -
4.2), respectively. The evaluation of the transmitter trajectories of
the gated treatments has been described previously (22). Without
any intrafraction motion management, (i.e. without beam gating
and patient position corrections) the prostate would have been
found outside the 2 mm tolerance in 8% of the total session time,
namely in 4% during the setup time and in 14% during the beam
delivery, respectively. Table 1 illustrates the percentage of time
that the prostate spent outside the 2 mm threshold in each of the
three spatial directions during the setup, delivery, and total
treatment either without or with the intrafractional organ
motion management. The difference in time percentages
between the two scenarios is also reported.

Real prostate motion data analyzed from all the patients
are presented in Table 2. Mean displacements in lateral,
longitudinal, and vertical directions were < 1 mm, indicating
that the overall motion occurred randomly. The vertical axis
showed the higher mean value in the posterior direction and also
the mean standard deviation was wider than in the other two
directions. Mean absolute values of real prostate motion were
found within our PTV margins, but the mean absolute
maximum was not in two of the three axes. The prostate
predominant displacements occurred in the inferior and
posterior directions. It is also apparent from Figure 2 that the
distribution of the real prostate translational shift along the three
directions was asymmetrical. A systematic drift in the mean
prostate position to the right, inferiorly, and posteriorly was
noticed. To confirm these data, real prostate motion was plotted
as a function of treatment time, considering t = 0 at the
beginning of the initial CBCT (Figure 3).

The analysis of the probability of real prostate motion as a
function of time is shown in Figure 4. The probability of motion
> 2 mm in the lateral, longitudinal, and vertical direction after 5
minutes was 3.6% (2/56), 8.9% (5/56), and 14.3% (8/56),
respectively. Overall, half of the fractions were accomplished
within 8 minutes. In that time, the same probability was 11.1%
(3/27),37.0% (10/27), and 40.7% (11/27) for the three directions.
The probabilities of motion > 3 mm in lateral, longitudinal, and
vertical direction after 5 and 8 minutes were 1.8% (1/56), 3.6%
(2/56), 3.6% (2/56), and 7.4% (2/27), 14.8% (4/27), 33.3% (9/27),
respectively. There were no fractions that had a prostate
deviation > 5 mm in any direction after 5 minutes, while only
1 fraction out of 27 (3.7%) moved out of 5 mm posteriorly after
8 minutes.

TABLE 2 | Mean, standard deviation (SD), mean absolute, and mean max
absolute of the real prostate translational data from all the 56 fractions with no
interruptions and patient position corrections.

Direction Mean (mm) SD (mm) Mean absolute Mean max
(mm) absolute (mm)
Lateral -0.36 0.95 0.65 1.78
Longitudinal -0.21 1.69 117 3.17
Vertical -0.92 1.95 1.42 3.83

The negative sign represents a displacement in right, inferior, and posterior directions,
respectively. Max deviation represents the absolute maximum displacement for time point
in the 3 spatial directions.

TABLE 1 | Percentage of the setup time, delivery time, and total treatment time spent by the prostate outside the 2 mm threshold by spatial direction (LAT, lateral;
LNG, longitudinal; VRT, vertical) without the intrafractional organ motion management and with the real-time management.

Time spent outside the 2 mm threshold Setup Delivery Treatment

LAT LNG VRT LAT LNG VRT LAT LNG VRT
Without intrafraction motion management 0% 2% 3% 5% 9% 14% 2% 5% 8%
With intrafraction motion management 3% 5% 8% 1% 2% 4% 2% 4% 7%
Difference -3% -3% -5% 4% 7% 10% 0% 1% 1%
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TABLE 3 | Mean, standard deviation, and range of the real prostate rotational
variations with no interruptions and patient position corrections.

Axis Mean angle SD Min angle Max angle
Pitch -0.2° 2.6° -15.2° 11.0°
Yaw 0.0° 0.8° -2.8° 3.6°

The mean, standard deviation, minimum, and maximum of
the rotation angles determined from all the patients are shown in
Table 3. In the pitch axis, a systematic rotation, which is absent
in the yaw axis, was observed. Meanwhile, the range and
standard deviation of rotation angles were larger in the pitch
axis. The distribution of prostate rotation angles in the two axes,
graphically represented in Figure 5, showed an asymmetric
distribution to the negative axes and extreme rotations beyond
10 degrees in some instances.

DISCUSSION

IGRT has been demonstrated to improve treatment accuracy and
reduce side effects associated with prostate irradiation (26-28).
In this study, intrafraction motion management was not the only
strategy employed to assure the SBRT efficacy and an acceptable
toxicity profile. Further refinements to aim at this purpose
included strict bowel preparation, bladder filling, MR-based
treatment planning with negative dose-painting around the
urethra, and fast treatment delivery time with FFF VMAT
beams. Although most patients experienced minimal motion
during treatment, some fractions required beam interruptions to
correct for prostate displacement. Indeed the 45% of treated
fractions would have resulted in undetected displacements of
more than 2 mm without intrafraction motion management. In
the context of extreme hypofractionation, even a single fraction
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FIGURE 5 | Distribution of the real prostate rotational variations with no interruptions and patient position corrections.
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with unexpected organ motion can lead to potentially
detrimental dosimetric and clinical consequences. The
excellent early toxicity rates, compliance, and biochemical
outcomes seen in the present series (23) suggest that treatment
was delivered accurately and precisely.

Pretreatment orthogonal radiographs, CBCT, and/or
ultrasound are commonly employed methods to accomplish
interfraction motion management. These approaches are useful
for verifying initial patient setup but are difficult to use in assessing
intrafraction organ motion during treatment delivery. To
continuously track the prostate during treatment, several
commercially available techniques, including surface monitoring,
kV and MV X-ray imaging-based methods, marker implantation,
and real-time segmentation in kV and MV images, EM
transponders or transmitters, ultrasound acquisitions, and MRI
techniques, are now routinely used in practice (29). Several of
them are expensive, requiring additional equipment unavailable
on a standard LINAC. The most consistent example is the
CyberKnife (CK) robotic radiosurgery system. The CK
technique requires an invasive procedure by the positioning of
fiducials within the prostate parenchyma. A complex X-ray
imaging system that captures high-resolution images onto paired
orthogonal amorphous silicon flat-panel detectors ensures target
tracking (30). Our findings indicated that, even when the
treatment was interrupted for prostate motion correction, the
majority of fractions were delivered in less than 10 minutes. This is
remarkable for an ultrahypofractionated treatment, especially in
light of the significant amount of time of CK treatments, ranging
from 20 to 90 minutes (31-33). Longer treatments may increase
the risk of errors and patient discomfort, affecting the intrafraction
motion and potentially reducing the clinical benefits associated
with the use of a cutting-edge technology (34, 35).

Our measured intrafractional data on prostate real motion are
similar to previously published observations (19, 36-40). The
predominant motion was anteriorly-posteriorly, which is
consistent with the current literature, although a not null value
was detected also in the mean lateral displacement. From the
analysis of the prostate motion as a function of treatment time,
we showed that the probability of motion increased with time,
with a mean real motion < 2 mm within 10 minutes. Remarkably,
Legge et al. (18) have noted translations as small as 0.01 + 0.23
mm, 0.21 £ 0.12 mm, and 0.11 + 0.64 mm in lateral, longitudinal,
and vertical direction, respectively, with the incorporation of a
rectal retractor device and real-time kV infraction monitoring. It
should be noted that the calculated prostate real motion reflects a
scenario in which intrafractional displacements are not corrected
in real-time. With the integration of real-time intrafractional
motion monitoring, the use of tighter than conventional margins
(5 mm, 3 mm posteriorly) is conceivable with adequate target
coverage. According to our findings, it could be argued that the
vast majority of the patients would not have required
intrafractional adjustment if the PTV margins were set up to 5
mm. However, with wider margins, it would not have been
possible to escalate the dose while respecting the dose-volume
constraints for the rectum and the bladder due to the increasing
overlap between target volumes and organs at risk.

Additionally, we observed a minor asymmetry in the
distribution of prostate rotations, particularly in the pitch axis.
Pitch can be thought of as a tilt in the longitudinal plane and thus
is the most strongly affected by any alterations in rectal volume.
Our observed rotations were smaller than those observed by
Wolf et al. (41). This may be due to our strict adherence to the
empty bowel protocol prior to both planning and treatment,
minimizing the rectal filling from the proximal direction. It has
previously been reported that in plans optimized for motion
robustness, clinical target volume D95 is insensitive to yaw and
roll of up to 10°, but it’s more sensitive to pitch, which leads to
poorer dosimetric results already at around 5° (42).

RayPilot System is a non-ionizing non-interfering real-time
positioning system that has the advantage of being removed
upon treatment completion, enabling MRI follow-up without
any artifact, and does not require any permanent treatment room
installations, thus providing a theoretical improvement over
available options (20, 21). Furthermore, the introduction of the
RayPilot HypoCath resulted in a less invasive and more stable
device than the transperineal implanted wired transmitter
(43, 44). However, since the absolute localization accuracy of
the system may not be high enough for interfraction localization
of the prostate, mostly due to the uncertain positional
reproducibility of the catheter balloon with respect to the
bladder wall, we recommend to combine real-time prostate
motion monitoring by RayPilot with an independent IGRT
system, and namely a volumetric one, to account for the
optimal rectal and bladder filling.

CONCLUSION

EM real-time tracking was successfully implemented for
intrafraction motion management during dose-escalated prostate
SBRT. Findings showed that most of the observed displacements
were < 2 mm in any direction; however, there were a non-
insignificant number of fractions with a motion exceeding the
predefined threshold, which would have otherwise gone
undetected without intrafraction motion management.
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