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Purpose: To reconstruct the dose delivered during single-fraction urethra-sparing prostate stereotactic
body radiotherapy (SBRT) accounting for intrafraction motion monitored by intraprostatic electromag-
netic transponders (EMT).
Methods: We analyzed data of 15 patients included in the phase I/II ‘‘ONE SHOT” trial and treated with a
single fraction of 19 Gy to the planning target volume (PTV) and 17 Gy to the urethra planning risk vol-
ume. During delivery, prostate motion was tracked with implanted EMT. SBRT was interrupted when a 3-
mm threshold was trespassed and corrected unless the offset was transient. Motion-encoded recon-
structed (MER) plans were obtained by splitting the original plans into multiple sub-beams with isocen-
ter shifts based on recorded EMT positions, mimicking prostate motion during treatment. We analyzed
intrafraction motion and compared MER to planned doses.
Results: The median EMT motion range (±SD) during delivery was 0.26 ± 0.09, 0.22 ± 0.14 and 0.18 ± 0.
10 cm in the antero-posterior, supero-inferior, and left–right axes, respectively. Treatment interruptions
were needed for 8 patients because of target motion beyond limits in the antero-posterior (n = 6) and/or
supero-inferior directions (n = 4). Comparing MER vs. original plan there was a median relative dose dif-
ference of �1.9% (range, �7.9 to �1.0%) and of +0.5% (�0.3–1.7%) for PTV D98% and D2%, respectively. The
clinical target volume remained sufficiently covered with a median D98% difference of �0.3% (�1.6–0.5%).
Bladder and rectum dosimetric parameters showed significant differences between original and MER
plans, but mostly remained within acceptable limits.
Conclusions: The dosimetric impact of intrafraction prostate motion was minimal for target coverage for
single-fraction prostate SBRT with real-time electromagnetic tracking combined with beam gating.
� 2020 The Authors. Published by Elsevier B.V. Radiotherapy and Oncology 156 (2021) 145–152 This is an
open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
Stereotactic body radiotherapy (SBRT) is a promising treatment
modality for patients with localized low- or intermediate-risk
prostate cancer as it is associated with good toxicity profiles and
favorable disease control rates [1–5]. Strategies for intrafraction
motion mitigation are strongly recommended for a safe and an effi-
cient delivery of extremely hypofractionated schedules [6,7]. Pros-
tate motion depends mostly on bladder and rectum filling,
intestinal peristalsis, and muscle tension/relaxation, with displace-
ments up to 1 cm observed during treatment [8–11]. The Calypso�

localization and tracking system (Varian Medical Systems, Palo
Alto, CA) is one of the commercial tools that can be added to a gan-
try linac allowing real-time localization of the prostate during a
radiotherapy treatment through the detection of three electromag-
netic transponders (EMT) implanted in the prostate [12–14]. The
EMT are detected periodically (24 Hz) by an antenna located above
the patient in the treatment room. When interfaced with the linear
accelerator, the system can trigger beam interruptions when the
EMT centroid position is beyond pre-defined tolerance thresholds.

The ‘‘ONE SHOT” trial (NCT03294889) is a presently ongoing
phase I/II prospective, multicenter, single-arm study aiming to
assess in patients with localized prostate cancer the safety and effi-
cacy of a single-fraction SBRT of 19 Gy to the prostate gland with a
dose reduction to the urethra (17 Gy), under real-time electromag-
netic motion control [15,16]. Preliminary results of the phase I part
of the trial have been published recently showing the feasibility
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Dose reconstruction of single-fraction prostate SBRT
and good tolerance during the acute phase (first three months)
with no grade 2 gastrointestinal toxicity and with genitourinary
grade � 2 toxicity in 50% of patients [16].

The purpose of this report is to present the results of an analysis
of the dosimetric and treatment data of 15 patients included in the
‘‘ONE SHOT” trial. Recorded EMT positions during treatment were
used to evaluate the intrafraction motion of the prostate and
motion-encoded reconstructed (MER) plans were calculated to
assess the dosimetric impact of this intrafraction uncertainty.
Compliance with protocol dose constraints was also evaluated for
original and MER plans. To our knowledge, this study is the first
report on dose reconstruction of single-fraction prostate SBRT by
accounting for intrafraction target motion with electromagnetic
tracking.
Materials and methods

Dosimetric and treatment data were analyzed for 15 patients
included in the ‘‘ONE SHOT” trial (NCT03294889) and treated
between August 2017 and June 2020 in two of the five participat-
ing institutions that were equipped with the raw data extraction
module for Calypso�. All patients were implanted with three
Table 1
Dose constraints from the ‘‘ONE SHOT” protocol for the target volumes and the organs at

Structure Structure abbreviation Dosime

Planning target volume PTV D98% (G
D2% (Gy

Urethral planning risk volume uPRV D98% (G
D5% (Gy
D2% (Gy

Rectal wall RW V9.5Gy (
V15Gy (%
V17Gy (%
V19Gy (%
V20y (cm

Bladder wall BW V9.5Gy (
V15Gy (%
V17Gy (%
V19Gy (%
V20Gy (c

Femoral heads FH V14Gy (%
Penile bulb PB V14Gy (%

Abbreviations: DX%, dose received by X% of the volume, VXGy, volume receiving XGy.

Fig. 1. (a) Workflow for the motion encoding process: the original DICOM treatment p
reconstructed plan which is recalculated in the treatment planning software. (b) Shows h
entire patient.
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Calypso� EMT in the prostate a minimum of four days before the
planning computed tomography (CT) simulation scan [15]. Patients
were simulated and treated with an empty rectum and a full blad-
der. The clinical target volume (CTV) included the prostate with or
without the proximal 2/3 of seminal vesicles depending on the
involvement risk according to a 15% Roach score cutoff threshold
[17]. The planning target volume (PTV) was defined by adding an
isotropic 5-mm margin to the CTV except 3 mm posteriorly
towards the rectal wall and excluding the urethra planning risk
volume (uPRV). The uPRV was obtained by adding a 2 mm isotropic
expansion around the urethra contoured using a 12-French Foley
catheter inserted before the planning CT and the treatment session.
The organs at risk (OAR) included the bladder and the rectal walls
(defined as a 5-mm internal margin created from the external sur-
face of both organs), the femoral heads, and the penile bulb. All
OAR were contoured following the Radiation Therapy Oncology
Group guidelines [18].

The original treatment plans were optimized and calculated
with the treatment planning system Eclipse (v.13.6 for 5 patients
and v.15.6 for 10 patients, Varian Medical Systems). SBRT was
planned to be delivered with volumetric modulated arc therapy
(VMAT) using 2–3 full arcs with 6 or 10 MV flattening-filter free
risk.

tric parameters Per protocol Acceptable variation

y) (near min dose) �18.1 Gy –
) (near max dose) �20.3 Gy <20.9 Gy or D5%<20.3 Gy
y) (near min dose) �16.2 Gy –
) �18.2 Gy –
) (near max dose) �18.7 Gy –
%) <40% <50%
) <15% <20%
) <10% <15%
) <5% <10%
3) <1 cm3 –

%) <50% <60%
) <20% <30%
) <15% <20%
) <10% <15%
m3) <1 cm3 –
) <5% <10%
) <5% <10%

lan and the Calypso� data are used in the software to generate a motion-encoded
ow prostate motion is modelled by the algorithm as a succession of rigid shifts of the
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photon beams from a gantry TrueBeam linear accelerator (Varian
Medical Systems). The prescribed dose was 19 Gy to the prostate
PTV while the uPRV was planned to receive a dose of 17 Gy. Proto-
col dose constraints for the target volumes and OAR are given in
Table 1.

Patient setup at the linac on a 6 degrees of freedom couch was
initially performed with Calypso� by aligning the absolute position
of the EMT centroid to its planned position. It was also checked
that rotations around each axis reported by Calypso at the end of
the setup phase were below 10� (manufacturer recommended
threshold). A cone beam CT (CBCT) was then acquired to verify
proper rectum and bladder filling, as well as EMT and urethra posi-
tions, the latter being made visible thanks to the inserted catheter.
Fig. 2. Boxplots of the vertical, longitudinal, and lateral positions of the electromagnet
prostate SBRT for each one of the 15 patients in the study. The red horizontal lines show
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Further translations or rotations based on CBCT were applied if
judged necessary. During treatment, the EMT centroid position
was tracked in real-time in 3D, and the beam was interrupted if
a 3-mm gating threshold in any of the three spatial directions
was exceeded. It is worth mentioning that Calypso does not pro-
vide tracking of EMT rotations during treatment. Additional CBCT
were acquired between treatment beams and, in addition, when
repositioning during treatment was necessary (EMT out of thresh-
old) [15].

Once the treatment completed, the Calypso� log files with the
EMT centroid positions and a beam-on indication from a radiation
detector positioned in the treatment room (update rate of 24 Hz),
were exported in XML format. Those files were used to determine
ic transponders centroids recorded during the beam delivery of the single-fraction
the tolerance thresholds for beam gating (±0.3 cm).
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the number of beam holds triggered by the tracking system and the
intrafraction motion of the EMT centroid position. In order for this
study to simulate intrafraction uncertainties during treatment
with motion compensation strategy, original treatment plans were
transformed into MER plans using the Calypso� log files and a ded-
icated software written in MATLAB (MathWorks Inc., MA). The
original program was developed by Poulsen et al. [19] and was
modified to account for the specificity of our clinics. Briefly, the
methodology for dose reconstruction simulating prostate motion
during SBRT delivery is as follows: tumor offset (assimilated to
EMT centroid position) compared to the planned position was
divided in 1-mm bins and the VMAT plans were separated in a ser-
ies of sub-beams with an isocenter shift corresponding to the
tumor offset. MER plans with multiple isocenters were then
imported into the treatment planning system and recalculated on
the CT images used for initial treatment planning. Therefore, pros-
tate motion during beam-on was approximated as a succession of
rigid shifts of the entire patient (Fig. 1). This method has been
experimentally validated using a motion phantom [19].

To evaluate the impact of intrafraction motion on the planned
dose distributions, we compared the planned doses to the MER
doses for target volumes and OAR. In addition, all dosimetric
parameters with protocol dose constraints were extracted to assess
the protocol compliance of the original and MER plans. Statistical
analyses were performed with the SPSS software (v.24, IBM, Chi-
cago, USA) and significance levels for the difference between dosi-
metric parameters (original vs. MER plans) were determined using
the non-parametric related-samples Wilcoxon signed-rank test.
The correlation between dosimetric parameters and EMT shifts
was assessed with the Pearson pairwise correlation test. To
account for multiple testing (17 tests for original vs. MER and 1 test
for correlation, for a total of 18 tests), the Bonferroni correction fac-
tor was used such that only p-values �0.003 were considered as
statistically significant.
Results

Treatment interruptions triggered by the tracking system
because of trespassing of the pre-defined 3-mm threshold for
Table 2
Median positions, motion ranges, and maximum absolute offsets of EMT centroid position
with single-fraction SBRT.

Antero-posterior axis Supero-inferior ax

Median (cm) Range (cm) Max offset
(cm)

Median (cm)

Patient 1 0.05 0.25 0.19 0.10
Patient 2 �0.08 0.21 0.19 �0.23
Patient 3 0.02 0.49 0.30* �0.06
Patient 4 0.04 0.34 0.19 �0.06
Patient 5 0.18 0.20 0.30* �0.17
Patient 6 0.03 0.35 0.30* �0.01
Patient 7 0.20 0.34 0.30* 0.04
Patient 8 0.10 0.21 0.20 �0.08
Patient 9 0.10 0.23 0.20 0.11
Patient 10 �0.03 0.26 0.13 0.00
Patient 11 �0.01 0.25 0.13 �0.12
Patient 12 �0.08 0.43 0.30* �0.11
Patient 13 �0.04 0.35 0.18 0.04
Patient 14 0.03 0.39 0.30* 0.00
Patient 15 0.00 0.25 0.15 0.04
Median [range] 0.03 [�0.08–

0.20]
0.26 [0.20–
0.49]

0.19 [0.13–
0.20]

�0.01 [�0.23–
0.11]

Standard
deviation

0.09 0.09 0.03 0.10

Abbreviations: EMT: electromagnetic transponder; SBRT: stereotactic body radiotherapy
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EMT centroid occurred in 8 patients (#2, 3, 5, 6, 7, 12, 13, 14) in
the antero-posterior (AP) and/or supero-inferior (SI) directions (an-
terior: 4 patients; posterior: 2 patients; superior: 2 patients; infe-
rior: 2 patients; Fig. 2 and Table 2). In total, there were 38
interruptions due to anterior (n = 15), posterior (n = 12), superior
(n = 5) or inferior (n = 6) motion. The maximum number of inter-
ruptions for a single patient was 13 (patient #3). In some cases
(n = 33), the interruptions were transient with the EMT coming
spontaneously back within thresholds after a few seconds, while
in 5 patients (#3, 5, 6, 7, 13) the treatment beam had to be stopped
completely once during SBRT. CBCT imaging was performed and
the patient repositioned before SBRT continuation. Median beam-
on time was 3.2 min, (range, 2.8–5.9 min), while median treatment
time (defined as the time interval between the delivery of the first
and the last monitor unit) was 14.8 min (range, 6.5–22.9 min).

Boxplots of the vertical, longitudinal, and lateral EMT centroid
positions during beam delivery are shown in Fig. 2 for every
patient. The corresponding median positions, motion ranges, and
maximal offsets are reported in Table 2. The median offset in any
direction was above 0.1 cm for 6 patients (AP: 1 patient; both AP
and SI: 1 patient; SI: 2 patients; both SI and left–right (LR): 2
patients), and above 0.2 cm for 1 patient only (in the SI direction).

For the targets (PTV and uPRV) in the original treatment plans, a
single minor protocol violation was observed in only one patient
for the PTV D2% parameter (Table 3). The calculation of MER plans
showed that intrafraction motion resulted in a blurred dose distri-
bution, with a decrease on target dose homogeneity (Fig. 3a) and a
global shift of the isodoses (Fig. 3b). Comparing MER with the orig-
inal plans, a median relative dose difference of �1.9% (range, �7.9
to �1.0%, p = 0.001, <�5% for 3 patients) and �1.1% (range, –7.4–
0%, p = 0.001, <�5% for 1 patient), for the PTV and the uPRV D98%

was observed, respectively (Fig. 4a). In contrast, for the PTV and
uPRV D2%, a dose difference of +0.5% (range, �0.3–1.7%,
p = 0.001) and +1.7% (range, �0.3–4.1%, p = 0.001) was observed,
respectively (Fig. 4a). The decrease for the CTV D98% was minimal,
with a median dose difference of �0.3% (range, �1.6–0.5%,
p = 0.069) while the dose difference was similar for the CTV D2%

(+0.6%, range, �0.1–3.0%, p = 0.001) (Fig. 4b). The variations of
D98% and D2% for the urethra were comparable to the corresponding
values for the uPRV (Fig. 4b). All MER plans displayed a deviation of
during beam delivery in each of the three spatial directions for the 15 patients treated

is Left-right axis

Range (cm) Max offset
(cm)

Median (cm) Range (cm) Max offset
(cm)

0.27 0.23 0.01 0.34 0.24
0.12 0.30* 0.16 0.12 0.22
0.52 0.30* 0.05 0.18 0.13
0.13 0.13 �0.01 0.18 0.11
0.54 0.30* �0.08 0.17 0.17
0.29 0.21 0.02 0.10 0.07
0.25 0.20 0.06 0.34 0.24
0.15 0.15 0.08 0.20 0.16
0.16 0.19 �0.15 0.40 0.28
0.11 0.06 �0.09 0.12 0.15
0.22 0.18 0.00 0.13 0.07
0.18 0.20 0.05 0.21 0.14
0.43 0.30* �0.06 0.30 0.25
0.25 0.15 �0.02 0.26 0.15
0.16 0.15 �0.04 0.11 0.10
0.22 [0.11–
0.54]

0.18 [0.06–
0.23]

0.00 [�0.15–
0.16]

0.18 [0.10–
0.40]

0.15 [0.07–
0.28]

0.14 0.05 0.08 0.10 0.07

. * indicates that the gating threshold of 0.3 cm was reached.



Table 3
Median and range of dosimetric parameters for the original and the MER plans, as well as the number of protocol violations. A minor deviation is defined as a parameter value
outside per protocol but within acceptable variation when defined, while a major deviation is defined as a parameter value outside acceptable variation when available, and
outside per protocol otherwise.

Median [range] in original
plans

Median [range] in MER
plans

P-
values

Number of major/minor deviations in
original plans

Number of major/minor deviations in
MER plans

PTV D98%

(Gy)
18.1 [18.1–18.2] 17.7 [16.6–18.0] 0.001 0/NA 15/NA

D2% (Gy) 19.9 [19.3–20.5] 20.0 [19.3–20.8] 0.001 0/1 0/2
uPRV D98%

(Gy)
16.8 [16.6–17.4] 16.6 [15.5–17.2] 0.001 0/NA 1/NA

D5% (Gy) 17.9 [17.8–18.2] 18.2 [17.8–18.9] 0.001 0/NA 2/NA
D2% (Gy) 18.1 [17.9–18.6] 18.4 [17.9–19.0] 0.001 0/NA 7/NA
RW V9.5Gy

(%)
18.5 [9.1–34.6] 19.7 [10.6–34.1] 0.443 0/0 0/0

V15Gy (%) 11.2 [5.1–14.3] 11.9 [3.7–16.1] 0.649 0/0 0/2
V17Gy (%) 7.7 [3.4–11.3] 8.2 [1.6–13.2] 0.609 0/1 0/4
V19Gy (%) 1.7 [0.6–5.0] 1.9 [0.1–9.2] 0.468 0/0 0/3
V20y (cm3) 0.0 [0.0–0.2] 0.0 [0.0–0.1] 0.581 0/NA 0/NA
BW V9.5Gy

(%)
21.4 [15.8–37.2] 20.2 [15.0–38.0] 0.752 0/0 0/0

V15Gy (%) 14.3 [11.1–19.8] 13.2 [10.6–20.7] 0.593 0/0 0/1
V17Gy (%) 12.1 [9.5–15.5] 10.9 [8.1–16.2] 0.177 0/1 0/1
V19Gy (%) 5.3 [0.8–9.6] 3.5 [0.0–11.2] 0.061 0/0 0/1
V20y (cm3) 0.0 [0.0–2.0] 0.0 [0.0–2.2] 0.854 1/NA 1/NA
FH V14Gy (%) 0.0 [0.0–0.0] 0.0 [0.0–0.0] 1.000 0/0 0/0
PB V14Gy (%) 0.0 [0.0–9.0] 0.0 [0.0–16.1] 1.000 0/1 1/2

Abbreviations: MER: motion-encoded reconstructed; PTV, planning target volume; uPRV, urethral planning risk volume; RW, rectal wall; BW, bladder wall; PB, penile bulb;
FH, femoral head; DX%, dose received by X% of the volume, VXGy, volume receiving XGy. P-values characterize the significance level of differences between original and MER
plans.

Fig. 3. Case example (patient #9) of the effect of intrafraction motion on dose distribution with: (a) the dose volume histograms for the planning target volume (PTV, red), the
urethral planning risk volume (uPRV, purple), the rectal wall (RW, brown) and the bladder wall (BW, blue) in the original treatment plan (squares) and the motion-encoded
reconstructed (MER) plan (triangles). The figure displays the dose spread for the target volumes in the MER plans and the slight increase of the RW dose, in accordance with
the anterior shift of the electromagnetic transponders (EMT); and (b) colour wash sagittal view of the dose distribution resulting from the subtraction of the original from the
MER plan showing an increased dose in the posterior and inferior regions of the PTV, in accordance with an antero-superior shift of the EMT (Fig. 2). (For interpretation of the
references to colour in this figure legend, the reader is referred to the web version of this article.)
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the PTV D98% (as expected considering the spread in dose distribu-
tion and the normalization of the original plans such that 95% of
the prescribed dose covered 98% of the volume) but only minor
deviations in two cases in PTV D2%. Intrafraction motion also
caused violations in uPRV D98%, D5%, and D2% (Table 3). In the
MER plans the median D98% for the CTV was 18.1 Gy (range,
17.8–18.4 Gy). Five patients (#2, 5, 6, 7, and 14) had a CTV
D98%<18.1 Gy (i.e., 95% of the prescribed dose), and were among
those for whom beam gating was necessary (Fig. 2).

Relative deviations (MER compared to original plans) for the
rectal wall (RW) and the bladder wall (BW) receiving half of the
prescribed dose (V9.5Gy) ranged from �14.0% to +35.8% and
�15.9% to +6.8%, respectively; and median relative deviations of
149
�1.1% and 0.0%, for the RW and the BW, respectively (Fig. 4c, d,
and Table 3). In addition, V15Gy and V17Gy also showed significant
variations between original and MER plans (Fig. 4c and d). Never-
theless, no protocol violations were observed for the RW and BW
V9.5Gy in the MER plans though only minor ones for V15Gy and
V17Gy (Table 3). Regarding V19Gy and V20Gy mostly minor deviations
were observed in the MER plans but a single major violation for the
BW V20Gy (Table 3). In 7 patients a decrease of all BW dosimetric
parameters was observed but an increase of those of the RW (sim-
ilar to Fig. 3), while the reverse occurred for 6 patients. A signifi-
cant linear correlation between the EMT position on the AP axis
and the RW V9.5Gy was observed, with the RW receiving more dose
when EMT were towards the anterior direction, and reversely



Fig. 4. Boxplots of relative deviations (i.e., the ratios of the dose-volume parameters in the motion-encoded reconstructed (MER) plans with the corresponding ones in the
original plans) for: (a) the planning target volume (PTV) and the urethral planning risk volume (uPRV); (b) the clinical target volume (CTV) and the urethra; the intermediate
dosimetric parameters for: (c) the rectal wall (RW); and d) the bladder wall (BW). A relative deviation smaller than 1 indicates that the dosimetric parameter is smaller in the
MER plans.

Dose reconstruction of single-fraction prostate SBRT
(r = 0.717, p = 0.001). The dosimetric constraint for the femoral
heads (V14Gy) was always 0 in the MER plans, while there were
some differences for the penile bulb V14Gy. In summary, MER plans
evidenced 16 dose constraint threshold violations for OAR (2 major
and 14 minor) whereas 4 (1 major and 3 minor) were observed in
the original plans (Table 3).

Discussion

Intrafraction motion control in prostate radiotherapy is impor-
tant when delivering extremely hypofractionated schedules since
it cannot be expected that random prostate intrafraction motion
averages out as in standard fractionated radiotherapy. Prostate
SBRT is generally delivered by gantry or robotic mounted linac
using various types of motion mitigation strategies such as gating
or tracking solutions [6,20–22]. The use of Calypso� is the manda-
tory tracking procedure for patients included in the ‘‘ONE SHOT”
trial. This is the first multicenter prospective study investigating
the safety and efficacy of delivering a single fraction of 19 Gy with
curative intend for prostate cancer patients [15]. All patients con-
sidered in our study were implanted with three EMT in the pros-
tate before simulation and treated accordingly using a gantry linac.

Our study showed that beam gating triggered through the
detection of EMT out of the pre-established tolerance threshold
of 3 mm happened for the majority of patients (53%) and reposi-
tioning was necessary for 5 of them (33%), thus underscoring the
essential role of the tracking system. Threshold trespassing was
most frequent in the anterior direction (4 patients) but happened
also in the posterior, inferior, and superior directions. In contrast,
150
margins were never exceeded in the left–right axis. Intrafraction
motion amplitude was highest in the antero-posterior axis and
lowest in the left–right axis, in accordance with the motions that
could be expected from rectum and bladder filling and with previ-
ous findings [8,11,23–25]. The Calypso� data showed that the
median offset of prostate during SBRT was close to 0, with a max-
imum of 2.3 mm (Table 2).

The analysis of the MER plans which incorporated the effect
of prostate residual intrafraction motion during dose delivery
with beam gating and repositioning when necessary, showed
that PTV coverage was slightly reduced and hotspots increased
in accordance with prior reports [26–28]. However, the median
CTV D98% was 18.1 Gy (i.e., 95% of the prescribed dose) though
in one patient (#6) dropped to 17.8 Gy (i.e. 94% of the prescribed
dose). PTV margins in combination with motion mitigation
strategies allowed maintaining an adequate target coverage
using a 3-mm gating threshold. These findings compare favor-
ably with results of the TROG 15.01 SPARK trial, showing that
with real-time kilovoltage-based IGRT intrafraction monitoring,
no treatment had a prostate CTV D98% dose 5% less than planned
[28].

Relative deviations in OAR dosimetric parameters were not
always negligible. Indeed, small geometric changes can lead to
large dose variations for SBRT plans with steep dose gradients
around the target. Furthermore, when the EMT median offset
was in the anterior direction the rectal wall dose parameters
increased in the MER plans. An anterior shift of the EMT may have
displaced the rectal wall to high dose regions as also observed in a
previous study [29]. Although the number of protocol violations
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increased in the MER plans compared to the original plans (from 4
to 16) there were only 2 major protocol deviations: one for the
bladder wall with a V20Gy of 2.2 cm3 (limit of 1 cm3) and a second
for the penile bulb with a V14Gy of 16.1% (upper threshold of 15%).

Zhao et al. [30] reported recently on the calculation of delivered
dose to the prostate using Calypso� recorded data. They used the
average EMT position over a session to reconstruct the dose
whereas in our approach the whole Calypso� motion trace was
integrated in the original treatment plan. The latter probably gives
a better estimate of the delivered dose by including interplay
effects. This methodology was already employed in several studies
to reconstruct the dose delivered to the liver or to the prostate with
SBRT [26–28,31–33] or to validate other reconstruction methods
[34,35]. Its main pitfall is that prostate motion is assimilated to
EMT centroid position which may not be an optimal surrogate,
especially when considering the seminal vesicle motion, and that
intrafraction rotation are not taken into account (since not avail-
able from the Calypso data). Moreover, prostate motion is mod-
elled by full-body rigid shifts overseeing more complex anatomy
changes in pelvis (e.g. volume changes, organ deformations, and
organ rotations). Consequently, OAR doses in the MER plans should
be interpreted with caution. A more accurate dose reconstruction
might be obtained by simulating the motion of the prostate only,
by shifting the high dose region around it, while keeping the bony
structures and the body contours fixed, in an approach similar to
the study of Kontaxis et al. [36].

An improvement of the method may also rely on the use of
CBCT acquired before treatment and between beams though this
approach may have its limits in dealing with uncertainties related
to deformable image registration and dose accumulation which are
not well established yet [37–40]. In our trial, however, the single
SBRT fraction was only delivered after a careful online revision of
the target, the urethra (thanks to the Foley catheter), rectum, blad-
der position, and volume on the CBCT, minimizing the occurrence
of large deformation compared to the planning CT. To promote
reproducibility of the pelvic anatomy, an empty rectum was
ensured by using a rectal enema before the simulation and the
treatment session. Similarly, bladder filling was controlled
throughout the Foley catheter by instilling in the bladder a fixed
150–250 cc bolus of saline.

It is worth to highlight that the ‘‘ONE SHOT” trial includes a
thorough radiation therapy quality assurance (RTQA) protocol with
prospective individual case reviews. Electronic submission of
DICOM files is requested in order to assess the contouring (target
and OAR) and the treatment plan quality, with treatment delivery
that can only start after approval [15]. Various studies have shown
that protocol deviations occur even in randomized controlled trials
[41–43]. Worse outcomes have been associated with such devia-
tions [44–48], and well-established RTQA programs help in pre-
venting them [42,49]. From the 15 original treatment plans
presented in this report, only 5 deviations were observed in the
270 considered parameters. In our study we pushed the protocol
compliance analysis a step further by looking at parameter values
in MER plans, accounting for the actual tumor intrafraction motion
occurring during treatment. This can be considered as an addi-
tional post-treatment RTQA evaluation checking for the correct
delivery. Our results showed that, with the applied motion mitiga-
tion strategy, CTV coverage was adequate despite residual prostate
motion. If it had not been the case, gating threshold and/or PTV
margins should have been reassessed.

In our study we found that, when using beam-gating, the influ-
ence of intrafraction motion was minimal for target coverage while
there were some deviations for OAR. The possible clinical impact of
these deviations requires certainly a further evaluation on the
long-term follow-up, including the assessment of the tumor con-
trol efficacy of a single-dose SBRT. Regardless of uncertainties such
151
as rigid shift approximation, pelvic anatomy changes from the
planning CT, or equipment related dose delivery deviations not
taken into account, the MER dose estimation represents certainly
a more reliable picture of the treatment delivered than the original
plans, which are only a representation of what will be delivered to
the patient in ideal conditions without any motion.

Our analysis of data from 15 single-fraction SBRT treatments
showed that the dosimetric impact of residual intrafraction pros-
tate motion was minimal for target coverage, though not as good
for OAR, when delivering single-fraction prostate SBRT with real-
time electromagnetic tracking and beam gating with a 3-mm
action threshold. Motion mitigation control systems are required
to safely deliver extremely hypofractionated SBRT schedules and
ensure protocol compliance despite tumor motion.
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