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Abstract

Background: In stereotactic body radiotherapy, a form of motion management
is often applied to mobile lung tumors. Gated radiotherapy is such form of
motion management in which the radiation beam is switched on or off depend-
ing on the actual tumor position. Compared to inspiration, the tumor position
is typically more stable during expiration. Also, the tumor spends more time in
expiration position. Therefore, we often consider expiration-gating for patients
with relatively large tumor motion.

Purpose: We validated dosimetric accuracy of expiration-gated stereotactic
lung radiotherapy by means of phantom measurements and modeling the
effects of residual motion in patients.

Methods: Dose profiles from film measurements in a respiratory-motion phan-
tom were compared to dose calculations, for different expiration gating methods.
Fluoroscopic real-time tumor tracking was used to produce a convolution ker-
nel which was applied to the calculated dose distribution to model dosimetric
effects of residual motion. This convolution method was validated against film
measurements and then retrospectively applied to clinical tumor tracking data
of five patients. In addition, clinical tumor motion data was manipulated to sim-
ulate the effect of a short breathing period of 2 s and prolonged gating latency
of 500 ms.

Results: A good agreement between calculated and measured dose was found
when amplitude gating was used (100% gamma pass rate, 3%/2 mm). For
phase gating, good agreement required a stable breathing period. Measure-
ments showed good performance of the convolution method (gamma pass
rate > 99%). For the clinical data, we found a maximal dose shift of 2.4 mm,
introduced by residual tumor motion or respiratory drift. For all patients, the size
of the ITV was adequate to account for this dose shift. Simulating higher breath-
ing speed in combination with large latency values resulted in dosimetric shifts
that were larger than the PTV margin.

Conclusion: Amplitude gating is robust for irregular breathing patterns.
Expiration-gating is a dosimetrically accurate method of treatment delivery pro-
vided that during delivery there is a prompt reaction to respiratory drift and the
latency of the gating system is short.
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1 | INTRODUCTION

Stereotactic body radiotherapy (SBRT) for lung tumors
is often performed in free-breathing, irradiating an inter-
nal target volume (ITV) that incorporates the entire
range of motion detected on an uncoached four-
dimensional CT (4DCT)-scan. Above a certain motion
threshold, many treating teams will choose to use a
motion management technique; although AAPM report
91 suggested a threshold of 5 mm," in practice this often
depends on tumor position and location? Gated treat-
ment, that is, irradiation only during certain breathing
phases, is one approach to respiratory management.
The most common form is deep inspiration breath hold
(DIBH), but this has the disadvantage that patients need
to be fit enough to perform multiple breath-holds and
large inter-breath hold variation of the tumor position
has occasionally been observed3*

While inspiration gating could lead to better sparing
of healthy lung tissue than expiration gating due to the
larger lung volume in inspiration,” the intra-fraction vari-
ability of the respiration amplitude is smallest in the
expiration phases resulting in higher geometric preci-
sion for expiration/exhale gating®’ In addition, during
free-breathing, tumors generally spend a longer time
in expiration phases than in inhale phases, resulting in
shorter treatment times.®

For these reasons, in our clinic, lung tumors with
a relatively large motion amplitude (typically, but not
exclusively, > 10 mm) may be considered for SBRT in
expiration-gating. For a minority of these patients, we
tracked the tumor position in real-time.3-8°

The expiration-gating period is derived from selected
expiration phases of a 10-phase 4DCT-scan, typically
the 30 or 40%—-70% phases; these are translated to
amplitude thresholds for a reflective marker block placed
on the surface of the upper abdomen (Respiratory
Gating for Scanners, RGSC, Varian a Siemens Health-
ineers company, Palo Alto, USA), the motion of which
is tracked during breathing. The relationship between
the RGSC block and the breathing phase is determined
during the 4DCT scan, and if this relative relationship
does not change, it is assumed to be indicative for the
position of the mobile tumor. However, the relationship
between the external gating signal (marker block posi-
tion) and the internal tumor position might change during
or between fractions: for example, variation in expiration
position, breathing depth and frequency during a treat-
ment fraction and relaxation of the patient from fraction
to fraction.'%-'? Because the gating system does not
quantitatively update the relationship between the posi-
tion of the marker block and the tumor, these changes in
the relationship between the external gating signal and
the tumor lead to an unknown amount of uncertainty
in the process. An attempt is made to account for this
by using a PTV (planning target volume) margin around

the expiration-gating ITV (internal target volume). If this
PTV margin is inadequate, part of the tumor may be
outside the PTV for part of the time, leading to under-
dosage of the tumor and unnecessary irradiation of
healthy lung tissue. Besides these patient-related fac-
tors, technical properties of the radiotherapy equipment
can also affect the accuracy of gated dose delivery. The
beam has to be switched on or off when the gating
thresholds are passed—suffering from beam latency.®
The latency may include factors such as the refresh
rate of the respiratory monitoring system, data process-
ing and communication between the gating system and
the linear accelerator. A wide variety of gating latencies
are reported ranging from 45 to 100 milliseconds (ms)
for Varian TrueBeam linear accelerators using the inte-
grated gating system.'~"6 Larger values up to 800 ms
are reported when using dedicated surface guidance
(SGRT) systems.'®!” In addition, there can be a delay
between the actual movement of a tumor outside of
the PTV and the motion of the surrogate (e.g., surface
of the patient). The introduction of unforeseen residual
tumor motion during the beam-on window, secondary to
patient-related and/or technical factors might impact the
dosimetric accuracy of gated dose delivery.

To estimate the dosimetric effect of target motion
during treatment, a convolution with motion can be
used.'®19 Although such a convolution method is veri-
fied by phantom measurements,2%2! application to data
collected during patient treatment is restricted to treat-
ment sites such as liver or prostate where fiducial
markers were used for tumor tracking during un-gated
radiotherapy22-25

In this research, we used the tumor position measured
by markerless intrafraction real-time kV tracking during
expiration-gated lung SBRT?89 to determine a convo-
lution kernel for estimation of the dosimetric effect of
residual motion in expiration-gating and we verified the
method with film measurements. Then, we applied this
convolution method to clinical data to assess the impact
of individual elements such as drift, latency, and breath-
ing speed. Finally, we test whether the volume of the ITV
is sufficient to account for tumor motion within the gating
window.

2 | METHODS

21 | Clinical workflow

For lung SBRT patients treated in expiration gating, a
4DCT-scan is acquired (Discovery CT590 RT, General
Electric, Boston, USA) during uncoached free-breathing.
During CT acquisition, the respiratory waveform is reg-
istered by the RGSC system that tracks a marker block
positioned on the surface of the upper abdomen of
the patient, caudally of the sternum. Based on this
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waveform, the CT is reconstructed in 10 phase bins of
which the 50% bin represents end-expiration. For target
delineation and treatment planning, an average inten-
sity projection CT (CT,.) is made of the expiration
phase bins that contain minimal tumor motion (typi-
cally 30 or 40%-70%). An ITV is contoured using the
selected expiration phases of the 4DCT-scan, and the
PTV is generally formed by a 5 mm isotropic expansion
of the ITV (occasionally 3 mm). The treatment mode with
maximum dose rate is chosen in order to minimize the
treatment time per fraction and fastest delivery during
the short gate windows. Therefore, a multiple (partial)
arc 10 MV flattening filter free (FFF) VMAT plan, with a
maximum dose rate of 2400 MU/min is made in Eclipse
(Varian, version 16.1.0) with 95% of the PTV receiving
the prescribed dose and a Dmax < 140% located in the
ITV. Dose was calculated using Acuros (Varian, version
16.1). The plan typically focuses on keeping the lung
dose as low as possible.

On the treatment machine (TrueBeam version 2.7,
Varian), a marker block identical to the one used by
RGSC, on the same position as during the CT-scan,
is tracked by the integrated real-time position manage-
ment (RPM) system. In terms of accuracy and efficiency,
amplitude gating is demonstrated to be superior to
phase gating.” 2627 Therefore, amplitude gating is used
instead of phase gating. The approximate RPM wave-
form amplitude range corresponding to the selected
breathing phases from the 4DCT-scan is used as gat-
ing threshold during treatment. The included expiration
phases often correspond to an RPM upper threshold
of approximately 3 mm, but this threshold could differ
dependent on the patients individual breathing wave-
form. The 50% expiration should correspond to an RPM
position of 0, but to accept a bit of variation in the base-
line, a lower threshold of -2 or -3 mm is often used.
Although the begin-expiration and end-expiration could
require different upper thresholds, only one threshold
can be selected, which may lead to undesired residual
breathing motion of the tumor within the gating window.

First, a gated cone beam computed tomography
(CBCT) scan is made for online setup correction
based on tumor matching. Then, treatment delivery was
performed under uncoached free-breathing expiration
gating conditions. For some of the fractions, delivery
was combined with 7 frames per second (FPS) fluo-
roscopy. The fluoroscopic images were used to track the
actual tumor position using RapidTrack Realtime (RTR),
a non-clinical software system running fully indepen-
dently from the clinical workflow. This software detects
the two-dimensional tumor position in the fluoroscopic
images by using template matching by normalized
cross-correlation and calculates the three-dimensional
tumor position using triangulation with previous flu-
oroscopic images acquired from a different gantry
angle?
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2.2 | Measurements

Film (GafChromic EBT3, Asland) measurements were
performed to assess the dosimetric effect of resid-
ual motion during expiration gating. Using the Quasar
Respiratory Motion Phantom (Modus QA)%%2° with a
wooden insert that contains a plastic sphere repre-
senting a tumor, various simulated scenarios such as
amplitude gating and phase gating for a constant-
and varying breathing speed were measured. Also, the
effects of very high breathing speed, and erroneous
choice of the gating window were measured.

Three motion patterns with a peak-to-peak amplitude
of 30 mm were generated, mimicking a worst-case sce-
nario. Two patterns simulated regular breathing with
periods of 5 and 2 s, the third pattern simulated a vary-
ing breathing period within the range of 2—8 s (Figure 1).
Using the regular motion pattern with the 5-s period,
we acquired a 4DCT-scan of the QUASAR phantom
and constructed a CT,, from phase bins 40-70 span-
ning the expiration period of the motion pattern. Then,
CT,e Was used to delineate an ITV, which was isotropic
expanded by 5 mm to a PTV. A 2-full arc 10 MV FFF
VMAT plan was created to deliver a fraction dose of
7.5 Gy to 95% of the PTV and a Dmax < 10.5 Gy in
the ITV. In order to stay within the dose range where
we experienced the best accuracy and reproducibility
of GafChromic film, the number of monitor units of the
plan was halved. To maintain the original dynamics of in
terms of treatment time and velocity of the MLC and
gantry, the maximum dose rate of the plan was also
halved to 1200 MU/min.

On the treatment machine, the phantom was aligned
using an amplitude gated CBCT, while the phantom was
performing the regular breathing pattern with 5-s period.
Once aligned, we performed seven measurements: (a)
measurement 1 and 2: amplitude gating with the regular
and irregular breathing pattern, respectively, (b) mea-
surement 3 and 4: phase gating with the regular and
irregular breathing pattern respectively, (c) measure-
ment 5: regular breathing pattern, but with the upper-
and lower phase gating thresholds swapped from 35%—
75% to 75%—35% (note that the 40% phase bin contains
data from 35% to 45%), resulting in the beam being
turned on around inhalation and excessive motion within
the gating window, (d) measurement 6: amplitude gat-
ing with the 2-s breathing period. This was to investigate
a possible effect of the gating latency, which could
become more prominent for smaller periods, (e) mea-
surement 7: a stationary phantom with the target at
expiration 0.0 mm position was re-aligned using an
un-gated CBCT, and then, the plan was delivered to
the stationary target to determine the measurement
precision.

During delivery, the sphere position was tracked using
RTR, and the RPM signal (the motion waveform of the
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Target motion for measurements 1 to 4
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FIGURE 1 Motion traces for the film measurements. The sphere position as tracked by rapid track real-time (RTR), the corresponding

real-time position management (RPM) signal. Beam-on intervals are marked in red. Two close-up windows for measurement 2 show the
apparent latency: the time difference between the moment the RPM signal crosses the amplitude threshold and the beam-status transition.

marker block) was stored in Aria (Varian Medical Sys-
tems, version 16.00.00). After plan delivery, the films
were digitized and converted to absolute dose using
in-house developed Matlab (Mathworks, R2018b) soft-
ware. Longitudinal dose profiles were extracted from the
measurements and the dose calculation.

2.3 |
effects

Modeling of measured dosimetric

The motion waveform data contained the motion ampli-
tude of the external marker block with a time resolution
of 15 ms and the timestamps at which the beam was
switched on and off. The external marker amplitude sig-
nal is also present in the RTR data. This meant it was
possible to align the time axis of the RPM signal to that
of the RTR data. The RTR data has a time resolution of

140 ms, which was linearly interpolated to the time axis
of the RPM signal. The apparent beam-on and beam-
off latency in these data was assessed by quantifying
the time between the RPM signal crossing the ampli-
tude boundary and the beam transition time recorded in
the RPM export file. We did this for all beam-transitions
of the first arc of measurement 2 and calculated mean
value and its standard deviation (SD). Then, two position
histograms were calculated in which the target position
was distributed over 0.25 mm bins. The first histogram
contained the tumor positions at moments of beam-off,
the second histogram contained the tumor position at
beam-on. Then, the beam-on histogram was normalized,
which resulted in a probability density function for the
target position during beam-on (PDFpg().

A longitudinal profile of the calculated dose distribu-
tion was extracted from the treatment planning system
(TPS). To simulate the dosimetric effect of the residual
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respiratory motion, the dose profile was convolved by the
PDFpgo from measurement 1 to 6.

The dose profiles measured using film contained a
background dose received from fluoroscopic imaging.
This background was removed by subtracting a con-
stant value such that the measured dose matched the
convolved calculated dose. Then, the calculated and the
convolved dose profile were compared with dose profiles
from the measurements using a 1-D gamma analysis
(3%/2 mm, 10% low dose threshold).

24 | Modeling of dosimetric effects in
clinical data

From all patients treated with lung SBRT in expiration
gating, we selected five from whom RTR was able to
successfully track the tumor during a substantial part
of a fraction. From these patients, who all granted per-
mission to use their data for research purposes, the
tumor amplitude was measured on the 4DCT-scan, and
the average breathing period and its standard devia-
tion were derived from the waveform that was registered
during 4DCT-scan acquisition. Also, we determined the
distance between the caudal edge of the ITV and the
caudal edge of the GTV in the 50% phase bin. Further
details on tumor location and treatment techniques are
provided in the supplementary materials, Table S1 and
Figure S2.

The RTR data acquired during the treatment was visu-
ally inspected, and data points showing discontinuities
that could not be assigned to actual tumor motion were
rejected. Then, for each arc where RTR data was avail-
able, a PDFgp was derived. Since most tumor motion
was in a longitudinal direction, and the coplanar treat-
ment causes the steepest dose gradients in longitudinal
direction, we chose to focus on the analysis of longitu-
dinal motion effects. For all individual treatment arcs of
one treatment fraction, the calculated longitudinal dose
profiles were exported from the TPS and convolved with
PDFpgo to assess the effects of residual motion on the
delivered dose distribution. For arcs without usable RTR
data, we used the PDFgg from the precedent arc. Finally,
the dose profiles of the individual arcs were summed,
resulting in the total convolved dose for the specific treat-
ment fraction. The supplementary materials provide all
acquired RTR data and information about which data
was rejected (Figure S3). To quantify the impact of the
residual motion on the dose coverage of the tumor, the
longitudinal shift of the 100% dose level of the cau-
dal side of the profiles was determined. We focus on
the caudal side of the tumor since this is the side that
moves away from the beam when transitioning to inhale,
and thus may potentially suffer underdosage. To assess
the effect of breathing speed, the analysis was repeated
after manipulating the RTR and RPM signals’ time-axes
such that breathing frequency was increased to 2 s per
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cycle. Furthermore, to simulate the effect of gating sys-
tems with larger latency values, the simulations were
also repeated using a latency value of 500 ms which
was achieved by shifting the beam-on signals.

3 | RESULTS

3.1 | Measurements and simulations

For phantom experiments 1—4, the tracked longitudinal
position of the sphere is plotted along with the recorded
RPM signal in Figure 1. The intervals where the beam
was turned on by the gating system are marked. In
experiment 4, we observed that for a motion pattern with
a varying period, using phase gating, the RPM system
was not able to correctly detect the phase at all times
and therefore inconsistently turned the beam off and
on. This resulted in a gamma pass rate (3%, 2 mm) of
26%, caused by a smearing of the dose gradients by
more than 2 mm toward the inhale position. When using
amplitude gating, the beam-on intervals were consis-
tent with the breathing period. For a total of 116 beam
transitions, an average delay of 50 ms was observed
with an SD of 10 ms between the moment the RPM
signal intersects the amplitude threshold and the subse-
quent change of beam status. Two of these transitions
are shown in close-up in Figure 1. We did not observe
a difference in delay for beam transitions going from
beam-on to off or vice versa.

The measured, calculated, and convolved longitudinal
dose profiles are shown in Figure 2 together with the
corresponding gamma pass rates. Measurements 4, 5,
and 6 showed a smearing of the measured dose gra-
dients, which resulted in decreased gamma pass rates.
Measurement 5 not only showed a deformed dose dis-
tribution but also a relatively large shift of the entire dose
profile. Measurement 7, which was performed without
gating on a static phantom, had a gamma pass rate of
100%.

3.2 | Patient data
Table 1 shows for all five patients the tumor motion and
the average breathing period observed during 4DCT-
scan acquisition and the average breathing period and
tumor amplitude during treatment which is derived from
the RTR data. Patient 1 had a much lower tumor
amplitude during treatment than during the 4DCT-scan.
For all patients, a representative part of the observed
tumor motion during treatment and the corresponding
RPM signal are shown in Figure 3. The motion traces
in this figure show that the tumor position and RPM
amplitude are more reproducible from period to period
at the expiration peaks than at the inhale peaks. During
the treatment session of patient 1, the baseline of the
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Calculated and convolved dose for measurements 1 to 6
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FIGURE 2 Measured, calculated, and convolved longitudinal dose profiles and corresponding gamma pass rates (I') from our experiments
using the motion phantom. Measurements 1 and 2 were performed using amplitude gating and a regular and irregular motion pattern
respectively. In measurements 3 and 4, we used phase gating for regular and irregular motion. Measurement 5 was performed using inverted
phase thresholds; in measurement 6, we used amplitude gating for breathing with a short period of 2 s.

Calculated Convolved Measured

TABLE 1 Observed tumor amplitude and breathing period with their standard deviation (SD) for the selected patients.

100% dose shift at caudal
target side (mm) (Torigina /

Tumor Tumor Breathing Breathing T3 seconds)
amplitude amplitude RTR period 4DCT period RTR ITV to GTV
Patient 4DCT (mm) (SD) (mm) (SD) (s) (SD) (s) (mm) L =50 ms L =500 ms
1 19.0 9.9 (1.0) 3.8 (0.6) 3.3(0.4) 3.5 2425 3.9/6.0
2 11.0 13.4 (0.9) 6.7 (0.9) 7.2 (0.8) 3.0 0.6/1.5 1.5/8.3
3 13.1 15.1 (2.9) 3.1(0.3) 3.4 (0.5) 2.8 0.8/0.9 7.0/9.9
4 11.0 10.8 (2.5) 6.1 (0.6) 4.8 (0.6) 6.5 1.5/1.6 2.8/5.7
5 71 7.6 (1.0) 3.9(0.4) 3.3(0.3) 3.5 0.0/0.0 0.4/2.2

Distance between the caudal side of ITV and caudal side of the GTV (ITV to GTV). Dose shift at the caudal target side for simulations using two latency values (L)

for both the original and the accelerated breathing period (Toriginai @nd T2 seconds respectively). A positive shift represents a shift of the dose in cranial direction relative
to the tumor.

RPM signal had drifted below “0” from the start of arc 3 the drift was observed. Then, the drift was mitigated by
(out of four) which caused the beam-on window to shift  re-learning the RPM signal. Figure 4 shows a PDF for
away from the expiration position. Figure 3 shows the all patients. For patient 1, we show the PDF for the first
tumor position and RPM signal of the first arc, before arc, and for the third arc, where the shift of the beam-on
the drifting occurred, and the motion data from the first part toward the inhale position is visible. The PDFs for
part of the final arc. The final arc was interrupted after the remaining arcs are provided in the supplementary
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Tumor motion for the five patients
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FIGURE 3 Part of the motion traces for five patients. The tumor position tracked by rapid track real-time (RTR), the corresponding real-time

position management (RPM) signal. Beam-on intervals are marked in red.

materials (Figure S3). The PDF from patient 3 shows
that the beam was off while the tumor was within the
treatment window for a substantial portion of time. This
observation is supported by Figure 3, where the RPM
seems to have a small baseline shift causing it not
to return entirely to “0,” causing a less efficient gating
window. For all patients, the PDFgg shows a tail toward
the inhale position. These tails show that the beam was
on during a portion of the time that the tumor was not
at expiration position, incidentally when the tumor was
moving out of the caudal side of the ITV (See Figure 5).

Relative to the tumor, the dose envelope is shifted in
the cranial direction, which might result in underdosing
of the caudal tumor edge. The observed dose shift at the

caudal edges of the target volume is reported in Table 1.

Without added extra latency, the dose shift was hardly
affected by the breathing speed. For patients 1 to 4, the
dose distribution shifted in cranial direction. For patient
5, we observed a dose shift of 1.5 mm on the cranial
side of the target. Both Figures 3 and 4 show that for
this patient, the tumor position was on average 2 mm
too far in the cranial direction. For all patients, stronger
dependency on breathing speed was observed for the
higher latency of 500 ms.

4 | DISCUSSION

In this study, we determined the dosimetric effect of
residual intra-fraction tumor motion for patients that
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Position Probability Density for the five patients
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were treated with lung SBRT in expiration gating by
means of phantom measurements and simulations
based on actual patient data. By combining the recorded
respiratory signal with real-time tumor position tracked
using RTR, we were able to accurately predict the results
of measurement on the respiratory motion phantom. For
a latency of 50 ms, which is reported in literature for
the RPM system, the dosimetric shift was < 1.5 mm for
four patients, while it was 2.4 mm for one patient where
an RPM baseline drift of 2 mm occurred which had
not been noticed during treatment. This baseline drift
caused a shift of the upper-and lower gating threshold
toward the inhale position, which resulted in exces-
sive tumor motion within the gating window. The results
demonstrated that expiration gating is a safe technique
and short periods of larger tumor position deviations up
to 7 mm, for example, motion toward the inhale position
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within the gating latency period, did not result in substan-
tial dosimetric deviations. Nonetheless, it is sensitive to
changes in baseline position.

4.1 | Measurements and simulations
In phantom measurement 7, in the absence of target
motion, an excellent agreement between calculated and
measured dose was found. Therefore, we conclude that
dose calculation on the QUASAR phantom is accurate.
For motion patterns with a regular period, both phase-
and amplitude gating performed well and lead to a
high agreement between measured and calculated
dose. However, if the motion has varying periods, the
gating system is not able to correctly determine the
actual phase of the breathing pattern in real-time,
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Calculated and convolved dose for the five patients
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function for different latency values.

which resulted in incorrect beam-on intervals and
measured dose deviating substantially from the TPS
calculated dose. This confirms the findings in a previous
publication?” that amplitude gating is more accurate. For
amplitude gating, the dose distribution was not affected
by the irregularity of the breathing pattern.

The observed apparent gating latency of 50 ms in
our RPM data closely resembles the beam-off latency
values for the RPM system as reported in literature,
which range from 44 to 58 ms.'>30 Therefore, for the
measurements, there was no need to further manipu-
late the beam-on intervals for incorporating latency in
simulations for the RPM system.

For all measurements, we found an excellent agree-
ment between the measured and the convolved dose

distribution, even in experiments where the dose dis-
tribution was heavily deformed or displaced like exper-
iments 4 and 5. Therefore, we conclude that PDFgg
convolution gives a good estimation of the dosimetric
effect of residual intra-fraction motion.

4.2 | Patient data

For all patients, the observed dose shift was within the
ITV to GTV distance and therefore the tumor received
the full prescribed dose, even in the case where there
was a baseline drift of the RPM signal, and even though
there are no separate amplitude thresholds for going
into expiration and subsequently returning to inhale.
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RTR directly tracks the actual position of the tumor itself
and based on this, we believe that the tumor volume
was fully covered with the prescribed dose almost all of
the time. The dose shift of patient 5 was in the opposite
direction compared to the other patients, which was con-
firmed by the more cranial tumor position in Figures 3
and 4. Since the online match that was performed on
the gated CBCT prior to treatment was found to be cor-
rect, the observed shift might have been caused by a
patient movement between positioning and the start of
treatment.

Based on the observed dose shifts for these five
patients, we cannot conclude that the modeled dose shift
was larger for patients with a shorter breathing period.
However, when manipulating the tumor motion data such
that a breathing period of 2 s is simulated, for each indi-
vidual patient, a shorter breathing period causes a larger
shift toward inhale position. Neither can we conclude
that the dose shift for tumors with a larger amplitude
was larger than those with a small motion amplitude,
given the latency that is reported for the RPM system.
However, when simulating a larger latency value such
as reported for SGRT systems,'®'” the dose shifts occa-
sionally exceeds the ITV to GTV distance and then might
also consume a substantial portion of the PTV margin.
Special measures should be taken when using devices
with high latency values, for example, by regulating the
breathing speed using coaching in order to prevent short
breathing periods.

For patient 1, we observed a 2 mm drift in the RPM
signal, whilst RTR showed that the tumor returned to “0”
in expiration. It happens that re-learning of the RGSC
baseline, followed by a verification CBCT-scan, had
been omitted. In this particular case, the effect of the
RPM drift could have been mitigated by the application
of phase gating. However, if the tumor position drifts
away from its original position together with the RPM
signal, it might be more likely that this shift is over-
looked when using phase gating. For this patient, we also
observed that the tumor amplitude during acquisition
of the 4DCT-scan was much larger than observed dur-
ing treatment. Therefore, irradiation of the entire tumor
trajectory would have led to unnecessary irradiation of
healthy lung tissue.

A drift of the RPM signal was also observed dur-
ing treatment of patient 3. In this case, it only led to
unnecessary short gating windows elongating the over-
all treatment time, but it had no dosimetric consequence
for the 50 ms latency situation. It is important to pay
attention to the RPM signal during treatment. However,
it should be realized that the surface is only a surrogate,
and the relation between the surface and the tumor posi-
tion is not always stable. The surface position can be
influenced by, for example, muscle tension in the back
(e.g., due to stress), bowel motion, muscle tension in
the abdomen, changing from abdominal breathing to
partly thoracic breathing. Real-time information about

the actual tumor position could further improve safety
and might eventually lead to redundancy of the RPM
signal when direct tumor tracking is possible.

4.3 | Limitation

The convolution-based model that we used to simu-
late the dosimetric effects of residual motion is not time
resolved. At best, we were able to perform the convo-
lution arc-by-arc using patient-specific RTR data. Our
method ignores intra-fraction interplay effects which are
shown to be small in previous studies3'—23 In earlier
work, Riley (2014) already concluded that the accu-
mulated target dose can be substantially impaired for
patients who show a large amount of variation in breath-
ing speed and amplitude. They state that a limit at which
respiratory irregularity disqualifies a patient for gated
treatment must be determined. Although we believe that
amplitude gating might be a better option for these
patients, the convolution method that we used might
be useful to determine optimal and safe patient-tailored
gating settings. Our analysis is performed in a single
longitudinal dose profile, ignoring motion in other direc-
tions. This represented the dominant motion trajectory
in these, and in most, cases. If necessary, and with suffi-
cient RTR data, the analysis could be expanded. Another
limitation is that the method we have used requires
actual data of the tumor position in time. This was
obtained using non-clinical software (RTR), which we
realize is not widely available. Furthermore, we have only
tested this method for five patients. The RTR method
is now based on template matching, and we have pre-
viously shown®34 that this method only works if the
tumors are sufficiently visible on the kV images, meaning
that the method cannot be used for all patients. However,
recent developments in deep learning for tumor position
monitoring®® show promising results in terms of a higher
tracking rate and more accurate tracking.

5 | CONCLUSION

Using film measurements in a respiratory motion phan-
tom, we showed that amplitude gating is robust for
irregular breathing patterns. Using data derived from
real-time tracking of the tumor position, we demon-
strated that for the five patients, expiration gating was
a dosimetrically accurate method of treatment delivery
since the tumor position is reproducible in expiration.
For all observed treatment fractions, the dosimetric shift
caused by tumor motion within the gating window is
smaller than the ITV to GTV distance at the caudal
side when using gating systems with a low latency.
During delivery, attention is needed to react in a timely
manner to respiratory drift. When using gating systems
with a large latency value, one should be aware of the



HOFFMANS ET AL.

dosimetric consequences and consider measures to
regularize breathing.
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