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Abstract

TomoTherapy can provide highly accurate SABR deliveries, but currently it does not have any effective motion management
techniques. Shallow breathing has been identified as one possible motion management solution on TomoTherapy, which has
been made possible with the BreatheWell audiovisual biofeedback (AVB) device. Since both the shallow breathing technique
and the clinical use of the BreatheWell device are novel, their implementation requires comprehensive verification and valida-
tion work. As the first stage of the validation, this paper investigates the impact of target motion on a TomoTherapy SABR
delivery is assessed on both 3D CT and 4D CT using a 4D respiratory phantom. A dosimetric study on a 4D respiratory
phantom was conducted, with the phantom’s insert designed to move at four different amplitudes in the superior-inferior
direction. SABR plans on 3D and 4D CT scans were created and measured. Critical plan statistics and measurement results
were compared. It is found that for TomoTherapy SABR deliveries, by reducing the targets respiratory motion, target cover-

age, organ-at-risk (OAR) sparing, and delivery accuracy were improved.

Keywords TomoTherapy - Shallow breathing - Stereotactic ablative body radiotherapy

Introduction

Stereotactic ablative body radiotherapy (SABR) is a highly
focused radiation therapy treatment that delivers an intense
dose of radiation to a tumour while minimizing dose to the
surrounding tissues in relatively few fractions. TomoTherapy
(Accuray, Sunnyvale, CA, USA), as a single-modality lin-
ear accelerator, provides high accuracy for radiation therapy
treatment compared to conventional linacs. Studies have
suggested that TomoTherapy can provide accurate SABR
delivery to different anatomical areas that are static [1-4].
However, to accurately deliver SABR to targets under
respiratory motion, motion management is essential.
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Multiple studies reported that in the SI direction the mean
lung tumour motion can range from anywhere in between
3-22 mm [5-7]. Larger motions were observed for abdomi-
nal treatment areas [8—12]. Conventional linacs can provide
integrated respiratory motion management systems [13—16]
for SABR treatments. Five main strategies are used to reduce
respiratory motion effects: integration of respiratory move-
ments into treatment planning, forced shallow breathing with
abdominal compression, breath-hold techniques, respiratory
gating techniques, and tracking techniques [17]. Although
not every patient requires respiratory management meth-
ods, its use can significantly improve treatment results for
NSCLC patients [18].

The current version of TomoTherapy radiation therapy
planning system (RTPS) does not provide any integrated
motion compensation method, such as robust optimization
[19]. Additionally, it does not allow delineation on a four-
dimensional (4D) CT dataset or generation of average/max-
imum-intensity-projection/minimum-intensity-projection
based on 4D CT. Obviously this can occur in a 3rd party
software, which was the method used in relevant parts this
study.
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There are challenges to performing gating or breath-hold
treatments on TomoTherapy that include: (1) TomoTherapy
treatment delivery is provided with a continuously mov-
ing couch. Upon any beam interruption the couch must be
stopped and repositioned to its initial position. When the
beam is resumed the couch is sent back into the treatment
position in the bore. Additionally, a treatment completion
procedure needs to be created and loaded. As such each
beam interrupt is time consuming and can take more than
1 min. Frequent couch interruptions during treatment also
increases the chance of intra-fraction motion variability
and set-up error, sometimes even requiring re-imaging of
the patient. Consequently, frequent beam interrupts during
treatment should be avoided whenever possible; and (2) Due
to its relatively low dose rate and helical delivery method,
a SABR delivery on TomoTherapy can take up to 20 min.
Both respiratory gating and breath-hold techniques require
the beam delivery to be interrupted when the patient’s breath
motion is out of threshold and consequently multiple beam
interruptions are expected. Consider a patient who can hold
his or her breath for 30 s. For a 20 min SABR treatment
delivered in breath hold this would mean 40 beam inter-
ruptions are required, possibly adding another 40—60 min
to the patient’s treatment. The situation is even worse for
respiratory gating which requires more frequent beam inter-
ruptions. Hence the clinical implementation of respiratory
gating or breath-hold techniques to SABR lung treatments is
practically impossible on the current TomoTherapy system.

Tracking, as another option for motion management,
requires the capability of constant online imaging during
treatment delivery, which is not currently provided by Tomo-
Therapy. TomoTherapy’s binary MLC design means it can
only be in either an open or a closed position, making it
difficult to implement MLC tracking techniques even in the
future.

Due to these difficulties, the motion management tech-
niques mentioned above cannot be implemented on Tomo-
Therapy. However, when treating targets with large breath-
ing motions, motion management is essential. One potential
motion management solution to TomoTherapy is the C-RAD
Catalyst™ Tomo system [20], which uses a single camera to
perform surface image guided radiation therapy on Tomo-
Therapy. However, this system was not available at the
author’s department. Recently, another breath monitoring
device, BreatheWell (Opus Medical, Sydney, NSW, Aus-
tralia), was implemented at the author’s department. The
BreatheWell device provides audiovisual biofeedback (AVB)
respiratory guidance to patients undergoing medical imaging
and radiation therapy procedures [21]. It uses an infra-red
(IR) projector, an IR camera and a colour camera, which
together form a short range coded 3-dimensional (3D) opti-
cal imaging system to measure the patient’s surface change
in the anterior-posterior (AP) direction. Its functionality,
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accuracy and precision have been reported in detail by Pol-
lock [22]. Further studies have reported that the use of AVB
systems significantly reduced lung and abdominal intra- and
inter-fractional motion as well as improved motion consist-
ency, which is advantageous toward achieving more accurate
medical imaging and radiation therapy procedures [5, 8, 23].
The BreatheWell device has been designed such that it can
fit in the TomoTherapy bore, and can be used to coach the
breathing of patients during treatment.

With the introduction of BreatheWell, a potential motion
management solution on TomoTherapy was identified:
shallow breathing. To perform shallow breathing, during
simulation the patient is instructed to subjectively reduce
their breathing motion (shallow breathing) [21], which is
then recorded by the BreatheWell device, and converted
to a threshold range. Later during treatment, this recorded
threshold range is visually displayed to the patient, who then
attempts to duplicate the shallow breathing motion within
the range.

Both the TomoTherapy shallow breathing technique and
the clinical use of the BreatheWell device are novel, with
little relevant studies performed so far. Therefore, a com-
prehensive verification and validation study is required prior
to clinical implementation. As the first stage of the study,
this paper has investigated the impact of tumour motion on
TomoTherapy planning and delivery, which was assessed on
both 3D CT and 4D CT using a 4D respiratory phantom, to
provide reference to future studies.

Materials and methods
Phantom selection and simulation

In this study, all plans and measurements were performed
on the Quality Assurance System for Advanced Radio-
therapy (QUASAR) respiratory motion phantom (Modus
QA, London, ON, Canada) [24]. The QUASAR phantom
was programmed to perform a regular sinusoidal breathing
cycle with motions in the SI direction at a fixed speed of 10
Breaths Per Minute (BPM) using local control. Four sets
of tests were designed, each with a different amplitude of
the motion of the cylindrical insert in the SI direction. The
selected motion amplitudes were + 10 mm, + 8 mm, + 6 mm
and +4 mm. Because TomoTherapy currently has no motion
management techniques available, 3D CT is still commonly
used for treatment planning, although more and more centres
have started investigating the use of 4D CT for SABR plan-
ning [25, 26]. Therefore, in this study, for each amplitude,
a 4D computed tomography (4DCT) and a conventional 3D
CT were acquired.

All scans were performed on a Siemens AS Definition
CT scanner with 120 kVp, a field of view (FOV) of 50 cm
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and a slice thickness of 2.0 mm. An average CT based on the
4D scan was created from the scanner. As a result, for each
amplitude of breathing motion, three scans were generated:
the original 4D CT, the average CT created from the 4D CT,
and the conventional 3D CT.

Structure delineation

The cylindrical lung insert for the QUASAR phantom was
used, within which contained a sphere with a diameter of

3.0 cm and a density of water (1.0 g/cm?). The outline of
the sphere, where density was equal to or larger than 0.5 g/
cm?, was defined as the clinical target volume (CTV) for the
study [shown as Structure (a) in Fig. 1]. Since each motion
amplitude had three CT scans, three CTVs were generated
on each CT that included: CTV 3D, delineated on the 3D
CT; CTV AVG, delineated on the average CT of the 4D
CT; and CTV Comp, delineated as the union of all CTVs
contoured on each single phase of the 4D CT, whose sagit-

tal views at + 10 mm motion amplitude are shown in Fig. 2.

Outer Ring

Fig. 1 Contours delineated for the +4 mm 3D plan, including a
CTV 3D, defined as the outline of the solid sphere in the low-density
insert, where density was equal to or larger than 0.5 g/cm®; b PTV
3D, defined by expanding 5 mm margin isotopically to CTV 3D; ¢
Lung, defined as the outline of the cylindrical lung insert; d heart,
defined as an 8 cm X 6 cm cylinder centred within the phantom; e
Inner Ring, whose inner edge is 0.25 c¢cm beyond PTV and outer

Fig.2 Sagittal views of CTV
3D (red), CTV AVG (green)
and CTV Comp (blue) when the
target is moving at an amplitude
of +10 mm

Middle Ring
Inner Ring

edge 1.3 cm beyond PTV; f middle ring, whose inner edge is 1.3 cm
beyond PTV and outer edge 2 cm beyond PTV; and g outer ring,
whose inner edge is 2 cm beyond PTV and outer edge as the external
of the phantom. CTV 3D: CTV contoured on 3D CT. CTV 4D: CTV
contoured on averaged 4D CT. CTV Comp: CTV contoured on com-
posite 4D CT

CTV3D

CTV AVG

CTV Comp
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For CTV 3D, a 5 mm isotopic margin was added to generate
the planning target volume (PTV) [shown as Structure (b)
in Fig. 1]; for CTV AVG and CTV Comp, a smaller (3 mm)
isotropic margin was added to generate PTV, because CTVs
generated from these two CT scans were believed to more
likely include the complete temporal information of the res-
piratory circle. Consequently, the PTV-CTV margin that
accounts for target motion and setup uncertainty could be
reduced. The assumption that when 4D CT was used, the
PTV-CTV margin could be reduced is supported by previ-
ous studies [18, 27, 28].

For each motion amplitude, all CTVs and PTVs on
different CTs were copied to the 3D CT. This study was
a phantom study, where the only mobile subject was the
target. As a result, during contour propagation, rigid regis-
tration was used to link other images to the 3D CT, with the
external structure used as the guiding structure. Two OARs
were created, which were: Lung [shown as Structure (c) in
Fig. 1], defined as the outline of the cylindrical lung insert,
and Heart [shown as Structure (d) in Fig. 1], defined as an
8 cm X 6 cm cylinder centred within the phantom. For each
PTV, three rings were generated for optimization [shown as
Structures (e, f) in Fig. 1]. Figures 1 and 2 show examples
of the contours generated in this study.

Once contoured, the volumes of every CTV and PTV
were recorded. All structure delineations were completed
in RayStation version 5.0.

Planning

It was noted from the results of the "Structure delineation"
section that for each motion-amplitude set, the dimensions
of CTV AVG were very similar to those of CTV Comp
(all Dice scores > 0.95), while the dimensions of CTV 3D
were substantially different to those of CTV Comp (all Dice
scores <0.8; = 0.715, 0.690, 0.751, 0.779 for 4, 6, 8, and
10 mm, respectively). As a result, only CTV/PTV Comp and
CTV/PTV 3D were used to generate plans, as a plan gener-
ated for CTV/PTV AVG was likely to create a result with
negligible difference to that for CTV/PTV Comp.

Contours and 3D CT images were exported to the Tomo-
Therapy planning system for planning. For each motion set,
two sets of plans were made: plans based on the 4D CT,
which was optimized with CTV/PTV Composite as the tar-
gets, and plans based on the 3D CT, with CTV/PTV 3D as
the targets.

Previous studies have reported that modelling dose to
a target that consists of relatively high-density tumour tis-
sue surrounded by lower density tissue is a difficult task for
treatment planning systems, and usually ends up with higher
calculation uncertainties and unnecessary over-modulation
of the plan [28, 29]. In this study, all optimizations were
performed on the 3D CT images with structures contoured
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on other image sets copied across. It was thus noted that for
all sets, all CTV Comp and PTV-CTV margins contained
lung tissues inside, which can be problematic. In particu-
lar, for the TomoTherapy RTPS, which scales dose to meet
the selected target (usually PTV) coverage, including low-
density tissue in treatment volumes usually results in unnec-
essarily high MUs. To avoid the effect of target volumes
containing low-density tissues in optimization, the hybrid
density override method proposed by Wiant et al. [30] was
used in this study, where for each plan the CTV’s density
was overridden to 1.0 g/cm®, and the PTV-CVT margin’s
density was overridden to 0.8 g/cm?®. This method was pre-
viously validated at the author’s department, and details of
the validation are not discussed here as they are beyond the
scope of this paper.

The same plan setting parameters and optimization goals
were used across all plans, as shown in Table 1. Dose statis-
tics such as target coverage, OAR dose volumes and delivery
times were recorded and compared.

Plan delivery

For each measurement a piece of Gafchromic EBT3 (ISP,
Wayne, NJ, United States) film was cut to the size of the
cross section of the cylindrical lung insert and was placed
horizontally in between the two halves of the cylindrical
insert, which was then inserted into the QUASAR phantom.
The QUASAR phantom was then aligned with the red laser
on TomoTherapy and set to make regular motions in the SI
direction with the set individual amplitude. Prior to plan
delivery an MVCT was performed. After imaging, position-
ing of the image was checked by matching the outline of
the “Lung” on the original kV CT and the acquired MVCT.
The target was not used as the reference for image align-
ment as it was mobile and the image captured by MVCT was
just a random snapshot, which could not be used to verify
the phantom’s position. After alignment if the required cor-
rection shift was more than 2.0 mm in any direction, the
phantom was re-aligned and re-imaged. Otherwise the cor-
rection shift was applied. During the imaging process a
small amount of dose was delivered to the film but this was

Table 1 Universal plan parameters applied to all plans

Delivery mode TomoHelical
Field width 251 cm

Jaw mode Dynamic
Pitch 0.287
Modulation factor 2.000

Prescription
Structures blocked Nil

10 Gy in 1 fractions
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assumed negligible compared to the plan dose and as such
no correction for imaging dose was applied.

Once the phantom position was verified, plans were
delivered with various motion amplitudes as described in
the previous section. The Gafchromic EBT3 films were left
for 24 h for full development, before scanning on an EPSON
10000XL scanner and saved as TIFF images. The green
channel of the TIFF image was extracted and compared to
the coronal dose map calculated by the RTPS in an in-house
film analysis software. Film pixel values were converted to
dose using a verified calibration curve established previously
and all comparisons were conducted using absolute dose
values. Point-dose comparisons and gamma analysis were
performed strictly in the CTV area with both a 2% 2 mm tol-
erance and a 3% 3 mm tolerance. The dose threshold for the
gamma analysis was 10%. Central-axis dose profiles along
the motion axis (SI direction), as well as the gamma analysis
results of the PTV region, were plotted. The results were
then analysed qualitatively.

Results
Target volume comparison

Volumes of CTV 3D, CTV AVG and CTV Comp and their
corresponding PTVs are listed below in Table 2.

From Table 2, it is found that (1) with the experimental
setup, for all motion amplitudes, the CTV volumes are in
the order of CTV 3D <CTV AVG < CTV Comp; (2) while
the volumes of CTV 3D volume change randomly with the
motion amplitude, those of CTV AVG and CTV Comp
increase with increasing motion amplitude in a linear trend
(R2 values were calculated by Excel, which were 0.9963 and
0.9922 for CTV AVG and CTV Comp, respectively).

Planning statistics comparison
For each plan, target coverage, OAR dose statistics and
delivery time were compared. Some important planning sta-

tistics from the Composite plans are listed below in Table 3.
The same statistics from the 3D plans are listed below in

Table2 CTV and PTV volumes of different motion amplitudes

Motion amplitude (mm) +4 +6 +8 +10

CTV 3D (cc) 15.32 13.18 13.08 15.36
CTV AVG (cc) 18.13 20.25 22.83 24.67
CTV Comp (cc) 19.46 21.88 24.84 26.65
PTV 3D (cc) 35.58 31.73 31.59 35.66
PTV AVG (cc) 30.31 33.44 37.23 39.97
PTV Comp (cc) 32.09 35.59 39.85 42.5

173
Table 3 CTV and OAR statistics of composite plans
+4mm +6mm +8mm  +10mm
CTV Comp
Vip (%) 100.00 100.00 100.00 100.00
Lung
D,, (Gy) 6.52 6.94 7.27 7.45
Heart
Average dose (Gy) 1.64 1.75 1.79 1.83
Delivery time (s) 460.00 479.60 545.60 554.50

Table 4. For both types of plans CTV Vqp, defined as the
percentage volume of the CTV receiving the target dose, was
calculated based on CTV Comp contoured on the 4D CT, as
it would more accurately contain the target’s entire temporal
information during the course of treatment.

From Table 3, it is noted that CTV Vp is 100% for com-
posite plans regardless of the target motion amplitude. In
addition, although the difference is very small and the trend
is not completely linear, the OAR doses, as well as the deliv-
ery time, tend to increase with increasing motion amplitude
(R*=0.9709, 0.9268, and 0.9154 for Lung D,,, Heart aver-
age dose, and Delivery time, respectively).

From Table 4, it is noted that the CTV coverage decreases
linearly with increasing motion amplitude in 3D plans
(R?=0.9789). On the other hand, similar with CTV 3D vol-
umes, the OAR statistics and the delivery time demonstrate
no clear correlation with the motion amplitude.

To better illustrate the CTV coverages of the two planning
techniques used, CTV V for the 4D CT composite plans
and the 3D plans are plotted below in Fig. 3.

Plan delivery results comparison

Gamma pass rates and average point-dose differences from
10 randomly selected points within the CTV area are listed
below in Table 5. Profiles along the SI axis are plotted below
in Figs. 3,4,5,6,7, 8,9 and 10.

It is found from Table 5 that the gamma analysis pass rate
significantly decreases with increasing motion amplitude for

Table4 CTV and OAR statistics from the 3D plans

+4 mm +6 mm +8 mm +10 mm

CTV Comp

Vip (%) 99.49 94.50 86.33 76.26
Lung

Dy, (Gy) 6.78 6.36 6.53 6.84
Heart

Average dose (Gy) 1.75 1.63 1.57 1.63

Delivery time (s) 477.8 439.4 429.3 467.2
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CTV Coverage with Different Target Motions

110.00

< 100.00 < & ® —@—Composite
Plan

90.00

CTV Coverage (%

80.00 3D Plan

70.00
4 6 8 10

Motion Range (mm)

Fig.3 Change of CTV V., with target motions for both types of
plans

both plans. In addition, the gamma pass rate for the 3D plan
is always smaller than that of the composite 4DCT plans.
Figures 4, 5,6,7, 8,9, 10 and 11 show the measured 2-D
dose profiles across the centre of the target in the direction of
motion, as well as the corresponding profile computed by the

RTPS. The RTPS profile was shifted so that its centre point
would match that of the film profile. From these figures, it
is noted that (1) for both plans, the agreement between the
measured and the calculated profiles becomes substantially
worse with increasing motion amplitude, especially in the
shoulder region; (2) the agreement between measurement
and calculation in plans based on 4D CTs is generally better
than in plans based on 3D CTs; and (3) for plans based on
4D CTs, the horizontal axis of the figures (Distance of the
profile) increases with increasing motion amplitude, while
for plans based on 3D CTs, there is no clear correlation
between these two items. Both of which are consistent with
the correlations between the CTV volume and the motion
amplitude of the corresponding set of plans.

The 2%2 mm gamma results for all plans are plotted
below in Fig. 12.

It is noted from Fig. 12 that (1) the gamma pass rate signifi-
cantly decreases with increasing motion amplitude, which is
consistent with Table 5; (2) for the same motion amplitude, the
gamma pass rate of plans based on 4D CT is substantially bet-
ter than that of plans based on 3D CT in both the longitudinal

Table 5 Average point dose

‘ Motion ampli- Plan Average point dose Gamma pass rate with Gamma Pass Rate
difference and gamma pass rates tude (mm) difference (%) 2% 2 mm (%) with 3% 3 mm (%)
for all plans

+4 4D composite 0.6 99.7 100
3D 2.0 90.1 96.7
+6 4D composite 1.5 91.3 98.3
3D 1.1 80.0 98.7
+8 4D composite 1.2 85.0 99.7
3D 1.1 68.1 97.8
+10 4D composite 0.7 65.7 84.3
3D 0.8 63.4 82.4
Fig.4 Profiles of the +4 mm + 4mm Composite Plan Profiles
4D Composite plan
11
10
9 ”‘.
- j‘
S 8 ]
@ -
o 7 f —Fim
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6 e RTPS
5
a
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+ 4mm 3D Plan Profiles + 8mm Composite Plan Profiles
11 11
10 10
9 9
g 7 ——Film 2 7 ——Fim
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6 ——RTPS 6 ——RTPS
5 5
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Distance (mm) Distance (mm)
Fig.5 Profiles of the +4 mm 3D plan Fig. 8 Profiles of the +8 mm 4D Composite plan
+ 6mm Composite Plan Profiles + 8mm 3D Plan Profiles
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Fig.6 Profiles of the +6 mm 4D Composite plan Fig.9 Profiles of the +8 mm 3D plan
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Fig.7 Profiles of the +6 mm 3D plan

and the lateral direction; and (3) gamma analysis fails (red)
mostly at the edges of the CTV region.

Discussions

This paper has investigated the impact of tumour motion
on TomoTherapy SABR planning and delivery on 4D CT
and 3D CT. This phantom study shows that with increasing

0 20 40 60

Distance (mm)

Fig. 10 Profiles of the + 10 mm 4D Composite plan

target motion amplitude, for TomoTherapy SABR plans,
OAR doses increase, and delivery accuracy worsens. The
results suggest that the effect of target motion on Tomo-
Therapy SABR planning and delivery is significant, and
should be managed carefully. In this study, where the
period of the breathing cycle is longer than the scan time,
3D CT in most cases cannot capture the complete target
motion information, and therefore provides a worse target
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+ 10mm 3D Plan Profiles
11

10

7 s FilM

Dose (Gy)

e RTPS

0 10 20 30 40 50 60
Distance (mm)

Fig. 11 Profiles of the + 10 mm 3D plan

coverage and delivery accuracy when compared with 4D
CT.

First, as shown in Table 2 and Fig. 2, in this study,
with the particular experimental setup, where the period
of the breathing cycle is longer than the time required to
scan across the target, since the short scan time likely only
captures a random snapshot of the target, the volume of
CTV 3D changes randomly with increasing motion ampli-
tude, and is always smaller than the volumes of the CTV
delineated by the other two methods (Dice < 0.8 for all
amplitudes). Since possible systematic shift between these

Fig. 12 2% 2 mm gamma
results of all plans. The CTV
area is marked by a grey box in
each gamma result map

8mm Comp

8mm FBP

volumes is minimized using scans of same parameters and
rigid registration, the disagreement is mainly from the dif-
ferent imaging techniques. Due to this uncertainty, a large
PTV-CTV is required for 3D CT scans.

Second, results from Tables 3 and 4 suggest that in this
study, the planned coverage provided by the 3D plans is
not acceptable, particularly for larger motions. The fact
that only the +4 mm 3D plan provides a target coverage
that is clinically acceptable (Vp = 99.5% > 95.0%) is
likely because the margin added to the CTV is larger than
the target motion itself.

OAR statistics from Table 3 also suggest that reducing
target motion reduces doses to OARs in composite plans.
This can be simply explained by the fact that if the ampli-
tude of the target motion is larger, its associated composite
contour will also be larger. To deliver adequate dose to a
larger target, the planning system will necessarily either
escalate MU or increase treatment length, which conse-
quently delivers larger doses to the surrounding healthy
tissues. This is also supported by the observation that
delivery times of plans with smaller target motions are
less.

Third, results from Table 5 and Fig. 12 suggest that the
plan delivery accuracy significantly worsens with increas-
ing target motion amplitude. The most likely explanation is
that radiation delivery in the presence of intra-fraction organ

10mm Comp  10mm FBP

Blue: Gamma < 1.0; Red: Gamma > 1.0.
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motion causes an averaging or blurring of the static dose
distribution over the path of the motion [31], which may
then lead to a deviation between the intended and delivered
dose distributions.

The other potential contributing factor to the observed
disagreement is the “interplay” effect (IE), but the contribu-
tion of this factor was considered negligible in this study. [E
was first described in detail by Yu et al. [32], and is found
to average out over numerous fractions [33, 34]. However,
as the measurements in this study were carried out over a
single fraction, averaging does not take place. It has since
been shown that the conclusions of Yu, which were based on
a 1 cm field with 3 cm of respiratory motion (peak to peak),
a breathing rate of 4 bpm and relatively fast scan speeds of
0.5-2 cm/s, do not apply directly to TomoTherapy [35]. In
TomoTherapy, the analogous parameter to scan speed is the
couch travel, which typically is much slower. In their study,
Kissick et al. used the range of couch speeds of 0.1-0.5 cm/s,
typical of standard fractionation plans. The plans in this
study were SABR plans, which required a much higher
dose per fraction and consequently much slower couch
speeds (fastest couch speed=0.0152 cm/s). The breathing
period in our study corresponded to just 0.9 mm of couch
movement, and given the 2.5 cm field width used, the beam
was able to treat each part of the patient for a maximum of
approximately 164 s. The implicit assumption made during
planning that the plan is delivered to all breathing phases
equally appears reasonable and no IE is likely to occur. IE
occurs when the period of motion of a given component is
of similar magnitude to the breathing period, such that the
motion of breathing and the given component become syn-
chronised [36]. The maximum MLC open times in this study
were less than 1 s with minimum gantry period of 45.4 s. In
considering a breathing period of 6 s this suggests no syn-
chronization or IE should occur. In fact, the plan parameters
used in this study are almost identical to plan 6 in the study
by Kanagaki et al. which found no significant IE [36]. This
is also consistent with the review by Zhu [37] that concluded
“In Helical TomoTherapy, dosimetric impacts of IE are not
significant for typical breathing patterns and magnitudes,
even when only one fraction was delivered”.

In this study, as the plans were optimized to deliver a
uniform dose of 10 Gy to the CTV, the gamma results fail
mostly at the penumbra region where the dose gradient is
sharp. However, in clinical cases, where planners would usu-
ally push for higher maximum dose within the target, there
will be sharp dose gradient within the CTV as well. In this
case, the gamma result failure and the profile disagreement
may happen in not only the penumbra region, but also the
CTV region, depending on the actual dose distribution. In
Fig. 12, it is also observed that for the same motion ampli-
tude, the gamma pass rate of plans based on 4D CT is sub-
stantially better than that of plans based on 3D CT in both

the longitudinal and the lateral direction. This is because
in this study, a larger PTV margin (5 mm) was applied 3D
plans than that (3 mm) in composite plans, and combined
with dosimetric issues when optimizing dose to low-density
tissue [28], the effect of dose blurring was consequently
more extensive.

It is worth mentioning that currently at the author’s
department, for SABR plans, a 2 mm 2% gamma analysis
was used instead, with >95% result considered a pass. If
this clinical QA standard is applied, then only the +4 mm
Composite plan will pass and be approved for clinical use.
Unfortunately, current patient specific QA systems utilize
phantoms that are static, meaning that delivery uncertainty
introduced by motion is not included in the QA procedure
and will not be picked up.

From profile measurements (Figs. 4, 5, 6,7, 8,9, 10, 11),
it is observed that in this experiment, the delivered dose
coverage is always smaller than the planned one. This differ-
ence increases with increasing motion amplitude, no matter
what planning technique is used. These results are consistent
with what is seen from Fig. 11, that the number of points
that fail gamma rate (shown as red) increases with increasing
motion. The poor match between the planned and the deliv-
ered dose distribution is again because we are comparing a
dose distribution measured by a moving film with one that
is statically computed, resulting in a blurring of delivered
dose distribution due to motion [30] whose effect increases
with increasing motion amplitude.

As mentioned earlier, since the volume of CTV 3D is
substantially smaller than the volume of CTV Comp, the
delivered CTV coverages provided by the 3D plans are also
significantly worse. When target motion is smaller than the
added margin such as in the +4 mm case, the CTV coverage
and delivery quality are acceptable, but when target motion
exceeds the added margin, an under-coverage of CTV is
inevitable, due to the under-estimation of the target motion.
If the period of breath cycle is shorter, the coverage of the
3D plan is likely to improve.

One advantage of TomoTherapy is that a single fraction
of SABR can be divided into 2-3 sessions and delivered
separately simply by adding the desired number of sessions
during final calculation. This approach provides the patient
with an opportunity to take a break from shallow breathing,
thereby potentially reducing possible interruptions during
treatment. Additionally, dividing a long SABR fraction into
multiple sessions allows the operator to acquire intra-frac-
tion images between each session, which can help improving
positioning accuracy and collecting data for intra-fraction
motion assessment.
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Study limitations and future outlook

One limitation of this study is that all results are based on
the phantom performing a regular sinusoidal waveform
movement. Breathing motion within a patient will be far
more complicated than what is simulated by the phantom,
as tumours will move in all directions at various frequencies
and amplitudes and likely in an irregular pattern. Keall et al.
reported no correlation between the occurrence or magni-
tude of tumour motion and tumour size, location or pul-
monary function for lung tumours, suggesting that tumour
motion should be assessed individually prior to treatment
[18]. All surrounding tissues will move as well, usually in
different directions to the tumour. Additionally, for clinical
patients, when the plan becomes more modulated, the effect
of inter-fractional errors, such as IE, can become substan-
tially larger [36], and sometimes can cause 4D CT to either
under-estimate or over-estimate the target motion [29].

Another limitation of the study is that in this study, the
target was set to move at 6 s per cycle. Therefore, a 3D CT
acquisition that only takes 3—4 s to scan the entire phantom,
with merely 1-2 s to scan across the target, only captures a
snapshot of the CTV at some random moment. In the case
where the period of the breathing cycle is rapid (approxi-
mately 1-2 s), if during scan the breathing cycle happens
to align with the motion of the scan, the whole trajectory of
the tumour can be captured, providing more accurate deline-
ation information on the 3D CT. However, if the breathing
cycle does not align with the motion of the scan, the tumour
captured by the 3D CT can be even smaller and worse than
what is reported in this study due to the rapid motion.

The third limitation is that the BreatheWell device
was proposed to aid shallow breathing. However, the
BreatheWell device monitors a surface surrogate rather than
the actual tumour motion. The correlation between surface
change and tumour motion, although briefly discussed by
previous studies [18], needs further investigation.

Due to some limitations of the study, the authors have
planned further studies on further investigate the effect of
target motion on TomoTherapy SABR delivery, as well as
how to manage the breathing motion for TomoTherapy. Stage
II is to assess the clinical application of the BreatheWell
device for shallow breathing by performing comprehensive
functionality tests and running shallow breathing tests on
healthy volunteers. Stage III is to conduct shallow breath-
ing clinical trials on TomoTherapy SABR patients using the
BreatheWell device to investigate the correlation of tumour
motion and patient external surface change and further
assess the potential advantages and risks of implementing
this novel technique.

@ Springer

Conclusion

In this study, the authors found that reducing tumour motion
will greatly benefit TomoTherapy SABR treatments for
tumours that are mobile due to respiratory motion, as it has
the potential of improved target coverage, OAR dose sparing
and delivery accuracy.
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