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Abstract Purpose: Cardiac motion is typically not accounted for during pre-treatment imaging for
central lung and mediastinal tumors. However, cardiac induced tumor motion averages 5.8mm for
esophageal tumors and organs 3-5mm for some lung tumors, which can result in positioning errors.
Our aim is to reduce both cardiac- and respiratory-induced motion artefacts in thoracic cone beam
computed tomography (CBCT) images through gantry velocity and projection rate modulation on a

standard linear accelerator (linac).

Methods: The acquisition of dual cardiac and respiratory gated CBCT thoracic images were simulated
using the XCAT phantom with patient-measured respiratory and ECG traces. The gantry velocity and
projection rate were modulated based on the cardiac and respiratory signals to maximize the angular
consistency between adjacent projections in the gated cardiac-respiratory bin. The mechanical
limitations of a gantry-mounted CBCT system were investigated. For our protocol, images were
acquired during the 60-80% window of cardiac phase and 20% displacement either side of peak
exhale of the respiratory cycle. The comparator method was the respiratory-only gated CBCT
acquisition with constant gantry speed and projection rate in routine use for respiratory correlated

(4D) CBCT. All images were reconstructed using the Feldkamp-Davis-Kress (FDK) algorithm. The
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methods were compared in terms of image sharpness as measured by the edge response width (ERW)
and contrast as measured by the contrast-to-noise ratio (CNR). The effects of the total number of
projections acquired and magnitude of cardiac motion on scan time and image quality were also

investigated.

Results: Median total scan times with our protocol ranged from 117 s (40 projections) through to 296
s (100 projections), compared with 240 s for the conventional protocol (1320 projections). The scan
times were dictated by the number of projections acquired, heart rate, length of the respiratory cycle
and mechanical constraints of the CBCT system. Our protocol was able to provide between a 8% and
43% decrease in the median value of the ERW in the AP direction across the 17 traces when there was
0.5 cm of cardiac motion and between a 35% and 64% decrease when there was 1.0 cm of cardiac
motion over conventional acquisition. In the Sl direction, our protocol was able to provide between a
22% and 26% decrease in the median value of the ERW across the 17 traces when there was 0.5 cm of
cardiac motion and between a 30% and 35% decrease when there was 1.0 cm of cardiac motion over
conventional acquisition. The magnitude of the cardiac motion did not have an observable effect on
the median value of the CNR. Across all 17 traces, our adaptive protocol produced noticeable more

consistent, albeit lower CNR values compared with conventional acquisition.

Conclusion: For the first time, the potential of adapting CBCT image acquisition to changes in the
patient’s cardiac and respiratory rates simultaneously for applications in radiotherapy was
investigated. This work represents a step towards thoracic imaging that reduces the effects of both

cardiac and respiratory motion on image quality.
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Introduction

The development of respiratory correlated cone-beam computed tomography (CBCT) has facilitated
advancements in high precision radiotherapy treatments for lung cancer patients, enabling higher
radiation doses in fewer fractions to be delivered **. However, the treatment of central lung and
mediastinal tumors is more difficult due to the proximity to the heart and mediastinum, which are both
influenced by cardiac and respiratory motion >’. Notably, observable cardiac motion in key organs at
risk ®*° are currently not accounted for. The oesophagus, for example, has been observed to have an
average of 5.8 mm of motion **. Additionally, the heart is compressed over the course of a respiratory
cycle, leading to volume differences in images acquired at peak exhale and inhale *2. Uncertainties in

tumor and organ motion/volume as a result of cardiac motion are typically accounted for with
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increased tumor margins. Additionally, not accounting for tumor motion in the CBCT images

acquired immediately prior to treatment can lead to patient positioning errors °.

On linear accelerators (linac) 4D cone beam computed tomography (4DCBCT) systems are now in
widespread use for respiratory motion management. In conventional 4ADCBCT imaging, patients are
imaged with a single constant speed gantry rotation and a constant kV projection pulse rate. The
projection acquisition occurs independent of changes in the patient’s cardiac and respiratory rates.
One way to approach the problem of accounting for both cardiac and respiratory motion is to simply
gate in both cardiac phase and respiratory displacement, reconstructing when motion is minimized in
the overlapping physiological bins. However, due to the constant gantry speed and kV projection rate,
projection clustering and under sampling of the angular scan range occur within the dual gated bins.
This results in low quality reconstructed images due to the appearance of streak artefacts. These
problems are well known for respiratory correlated imaging (4D) CBCT but are magnified for dual
cardiac and respiratory imaging.

Previously, we have developed and tested methods to regulate the velocity of the gantry and
projection time interval in response to the patient’s real-time respiratory signal ****. Importantly, these
methods have already been implemented on an Elekta Synergy linear accelerator (linac) for
respiratory motion guided imaging, displaying significant improvements in the image quality for the
same dose as well as enabling up to a 70% reduction in imaging dose for the same original image
quality *°. Extending this concept to conduct cardiac motion guided imaging we have developed a
gated CBCT imaging protocol, which regulates the gantry velocity and projection time interval in
accordance with the patient’s real-time electrocardiogram (ECG), under breath hold conditions *'.
Here, we look to combine these techniques to allow dual cardiac and respiratory gated thoracic CBCT

imaging without breath hold, Figure 1.

l. Materials and Methods

The main aim of conducting dual cardiac and respiratory gated image acquisition with our adaptive
protocol is to minimize the effects of both cardiac and respiratory motion on image quality. To
achieve higher image quality over conventional constant gantry velocity and projection rate
acquisition protocols, our adaptive protocol looks to reduce the variation in angular separation
between adjacent projections by utilizing two additional degrees of freedom during the acquisition
process. Namely, adapting the gantry velocity and projection rate in accordance to both the patient’s
ECG and respiratory traces. To understand and characterize the performance of utilizing our adaptive
protocol for dual cardiac and respiratory imaging for applications in radiotherapy, a series of

simulated scans were performed.
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A. Adaptive Dual Cardiac and Respiratory Acquisition Protocol

We use both the patient’s ECG and respiratory trace to adaptively determine the gantry velocity and
projection rate of a conventional linac with on board kV imager during a single sweep acquisition.
The precise movements that the gantry undertakes during a scan is determined by the desired number
of projections to be acquired, the mechanical constraints of the imaging system and the patient’s
physiological signals (i.e. cardiac and respiratory rates), where previous physiological rates are used
to assist in predicting future rates. A flowchart of our adaptive algorithm used to acquire the dual
cardiac and respiratory gated thoracic images is provided in Figure 2. Here, only a single cardiac
acquisition window (one cardiac phase) per cardiac cycle and respiratory acquisition window (one
displacement bin) per respiratory cycle are examined. Acquisition only occurs if the requirements of
the cardiac acquisition window overlaps with the requirements of the respiratory acquisition window,
Figure 1. The details of the algorithms that will be used to determine the cardiac and respiratory
acquisition windows for future experimental implementation, including how they are able to cope
with variations and irregularities in the patient’s physiological signals can be found in our previous

studies®® 4 17,

Due to the weight and bulk of a conventional linac system, the maximum gantry rotation velocity is
strictly limited and specified by the IEC standard 60601-2-1 of a maximum gantry velocity of 7 °/s.
Therefore, for the simulation scans completed it is assumed that the gantry is capable of rotating at a
maximum acceleration of 9 °/s* and velocity of 6 °/s 0 remain within the maximum gantry rotation
velocity limit, and acquires projections at a fixed framerate of 5.5 Hz. This is representative of
clinical acquisition protocols commonly used on Elekta linear accelerators and aligns with our
previous work on modulating the gantry velocity and projection time interval on an Elekta Synergy
linear accelerator'®. These limits on the gantry velocity and framerate restrict the complexity of the

variations in the gantry trajectory over the course of the scan.

The precision location of the acquisition window for each physiological window is dictated by the
desired application, however, most commonly the location will be where the respective motion is
minimized. Here we identify the cardiac acquisition window as being 60-80% through the cardiac
cycle, encapsulating the optimal windows for low and intermediate heart rates *%°, and the
respiratory acquisition window as 20% displacement either side of peak exhale of the most recent

cycle, as this is where the respiratory motion is most stable for a longest period of time.

The influence of total number of projections acquired on total scan time and image quality using our
adaptive protocol is also considered. Adaptive acquisitions with 40, 75 and 100 projections,
representing an average angular separation of 5°, 2.67° and 2° respectively were considered. The

angular scan range for both our adaptive and the conventional protocol was 200°.
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To maintain an even angular separation between projections our adaptive protocol will only acquire a
single projection per dual cardiac and repository acquisition window. This has been shown to
maintain image quality while eliminating duplicate projections for respiratory triggered 4DCBCT 2.
Instead of rotating with constant velocity, the gantry undertakes a series of forward acceleration and
deceleration movements in accordance to changes in the patient’s cardiac and respiratory rates to
acquire all required projections, Figure 1 (B). More specifically, the gantry undergoes the following
movements during the scan. Initially the gantry is at rest. The patient’s cardiac and respiratory signals
are monitored, and the current cardiac phase and respiratory displacement are calculated. If the
conditions of the dual acquisition window are satisfied, i.e. the respiratory signal is within 20%
displacement either side of peak exhale of the most recent cycle and the cardiac phase is between 60-
80% of the cardiac cycle, an acquisition occurs. The gantry then repositions itself to the next angular
location, using a series of forward acceleration and deceleration movements, ready for the subsequent

dual acquisition window. This is repeated until all the required projections have been acquired.
B. Conventional Acquisitions

In current conventional full-fan acquisitions on a conventional linac with an on-board kV imager, the
gantry velocity consists of a single forward sweep at constant speed and projection rate, independent
of the patient’s cardiac and respiratory rates. A standard 4DCBCT scan accounting only for
respiratory motion typically consists of 1320 projections acquired over 4 minutes. At the end of the
scan the projections are retrospectively sorted into the desired respiratory displacement or phase bins
and reconstructed to provide 3D visualization of the patient’s anatomy in each bin. As with our
adaptive protocol, we select the respiratory acquisition window as 20% displacement either side of
peak exhale of the most recent cycle. Again, this is where the respiratory motion is most stable for
longer periods of time and enables a direct comparison with our adaptive protocol. However, poor
image quality often results due to projection clustering and under sampling within each phase bin due

to the constant velocity and projection time interval acquisition. .
C. Cardiac and Respiratory Traces

Cardiac and respiratory traces from the Combined measurement of ECG, Breathing and

Seismocardiagram (CEBS Database) % *°

were used to compare our adaptive protocol dual gated
protocol with the conventional acquisition protocol. The database contains conventional ECG signals,
respiratory signals obtained from a thoracic piezoresistive band and seismocardiograms from 20
healthy volunteers lying in supine position, awake, on a single bed. The signals from the volunteers
were recorded in three time blocks: 5 minutes with no music, 50 minutes listening to classical music
and another 5 minutes with no music. The reason behind utilizing music during the signal acquisition
is not specified in the description of the formation of the database. To remove the possibility of signal

interruption due to the change from no-music to music, we select the first 8 minutes of the 50 minute
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music session as our data set (records m001-m020 in the online database). From this set of 20 traces,
3 pairs of ECG and respiratory signals (m006, m018, m020) were discarded due to noticeable
acquisition abnormalities in the respiratory signal. Namely, there is visible interference in the
respiratory signal from the ECG signal resulting in a noisy replication of the ECG signal instead of
capturing the respiratory motion. Volunteer number 4 is also noted as displaying some ectopy
(irregular heart rhythm) in record m004. A summary of the average heart rates and respiratory cycle
lengths for the first eight minutes of each trace used in the simulated scans are provide in Table 1.

As the respiratory signals within this database were obtained from a thoracic piezoresistive band, the
millivolt recording was converted to displacement for the simulation scans to take place. It was
assumed that there was a direct correlation between the millivolt recording and respiratory motion in
centimetres, namely, the maximum difference in peak inhale to peak exhale of the trace in millivolts
was equal to 1 cm of displacement motion in the Sl direction. This conversion was applied to all
respiratory traces prior to them being used for the simulated scans.

D. Digital Phantom

The XCAT software phantom is a programmable digital software phantom that simulates realistic
moving patient physiology and anatomy . Time series of XCAT volumes were generated using the
ECG and respiratory traces specified in Table 1, and designated scan parameters discussed above to
reconstruct the dual cardiac and respiratory-gated thoracic images. Specifically, the ECG and
respiratory traces were directly used for the motion-related parameters within the XCAT parameter

initialization file for the surrounding anatomy (i.e. diaphragm, chest-well and heart).

Additionally, a spherical tumor 20 mm in diameter was placed near the heart within the XCAT
volume. The position of the tumor was selected to minimize overlap with existing thoracic structures
to enable clear visual identification of the tumor, ensuring accurate calculation of the image quality
metrics as defined in Figure 3. The spherical tumor was programmed to have motion in both the AP
and Sl directions to replicate the respective effects of cardiac and respiratory motion on a central lung
tumor. For simplification, the motion of the spherical tumor in the AP direction is derived from the
ECG trace, while the motion of the spherical tumor in the Sl direction is derived from the respiratory
trace. That is, the frequency of induced cardiac motion on the spherical tumor in the AP direction was
dependent on heart rate and derived from the XCAT’s heart motion model. The maximum amount of
heart motion over the course of the cardiac cycle was scaled to 0.5 and 1 cm. This encapsulates the
range of AP motion central lung tumors ° and organs at risk such as the esophagus ** have been
observed to experience. The induced respiratory motion of the spherical tumor in the SI direction is

directly derived from the respiratory traces as described in subsection (C) above.
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The XCAT volumes were forward-projected according to the scanning geometry using the
Reconstruction Toolkit ® with Poisson noise modelling 30,000 initial photons per detector element
added to generate simulated projections. The 3D images were reconstructed using the Feldkamp-
Davis-Kress algorithm %, again implemented in the Reconstruction Toolkit %. A tube voltage of 125
kV and 1.0 mm? pixels were used for all image acquisitions. The reconstructed image size was 256 x
256 x 256 pixels. The source to isocenter distance (SID) and the source to detector distance (SDD)
were 100.0 cm and 150.0 cm.

E. Image Quality Analysis

The analysis of the reconstructed images was performed by examining the image quality metrics of
edge response width (ERW) and contrast to noise (CNR) **. The ERW provides an indication of the
sharpness of the boundary between adjacent regions (i.e. tumor and lung), while the CNR enables an
insight into the visibility of anatomical detail within the image. For the calculation of the ERW, linear
profiles across the spherical tumor/lung boundary in the AP and Sl directions were used, Figure 3 (A).
This encapsulated the largest range of motion blur experienced by the spherical tumor due to both the
cardiac (AP) and respiratory (SI) motion. From these profile, the ERW is defined as the width
between 25% and 75% change in intensity across the linear profile **, Figure 3 (B). A lower ERW
suggests clearer, more defined boundaries, indicating sharper images. Comparatively, a higher CNR
suggests better detail visibility. The CNR is described in equation 1, where lgpject and Ipackgouna are the
intensities of the object and background respectively, as displayed in Figure 3 (A).

CNR = mean(lopject )= mean(lbackground) (1)

2 _ 2
\[Globject Glbackground
1. Results
A. Visual Images

The reconstructed dual cardiac and respiratory gated thoracic images (axial and coronal view) using
our adaptive and conventional acquisition protocol for 0.5 and 1.0 cm of induced cardiac motion for
the breathing trace and ECG signal from trace ID m001 are shown in Figure 4. All traces follow the
same visual trends as displayed by trace ID m0001, with the observable visual variations in the
positioning of the tumor arising from fluctuations in the individual breathing traces. Variations in
average heart rate had no observable visual effect on the reconstructed images. The axial slice
visualized in Figure 4 (A) dissects the spherical tumor, highlighting the maximum observed cardiac
induced motion blur in the AP direction. Note that due to the positioning of the tumor within the
thorax, this slice does not encapsulate the maximum motion experienced by the heart itself, thus

showing minimal motion artifacts across the heart/lung boundary for both acquisition methods. To
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highlight motion artefacts on the heart itself, Figure 4 (B) shows the coronal view of the reconstructed
images. Noticeable motion blur on the left side of the heart can be observed from the conventional
scan, which was significantly reduced in all implementations of our adaptive protocol. Note that the

spherical tumor is not visible in the slice visualized in Figure 4 (B).

Overall, the positive effects of respiratory gating on image quality in both acquisition protocols can be
observed via the minimal presence of motion artifacts of the surrounding thoracic structures. Further,
there is a reduction in the presence of streak artefacts between our adaptive protocol and the
conventional protocol, despite the noticeable reduction in projections used to reconstruct the images.
Notably, there is a clearly observable reduction in the motion blur in the spherical tumor, Figure 4

inserts.

Table 2 contains the corresponding scan times for the various implementations of our adaptive
protocol. The total scan times of our adaptive protocol are heavily dependent on the number of
projections being acquired, heart rate and respiratory rates. For example, respiratory trace ID m009
displays periods of elongated breath lengths from 200 to 300 seconds. This negatively impacts the
total scan time for our adaptive protocol compared with the conventional protocol as long periods of
time are spent waiting for the conditions of the dual acquisition window. However, the elongated
breath lengths will also negatively impact the conventional protocol through the reconstructed image
quality. This is because there is little change in gantry angle within the respiratory displacement
acquisition window, so each acquired projection provides almost the identical anatomical

information.

It is also important to note that in the conventional scans, an average of 358 projections are
retrospectively selected out of the 1320 acquired to reconstruct the images from 20% displacement

either side of peak exhale.
B. Edge Response Width

Boxplots of the ERW in the AP and Sl direction for all traces and ranges of cardiac motion for both
our adaptive and the conventional protocol are provided in Figure 5. Note, there is no motion of the
phantom in the LR direction, only in SI and AP. With a maximum of 0.5 cm of cardiac motion, our
adaptive protocol results in a decrease in median ERW in the AP direction compared to the
conventional acquisition from 2.6 mm down to 2.4 mm (40 projections), 1.7 mm (75 projections) and
1.5 mm (100 projections) respectively. That is, up to a 43% improvement in the image sharpness can
be achieved in the AP direction. This confirms the visual increase in image sharpness with respect to
the spherical tumor apparent in Figure 4. In the case of 1.0 cm of cardiac motion, our adaptive
protocol results in a decrease in median ERW in the AP direction compared to the conventional

acquisition from 4.8 mm to 3.1 mm (40 projections), 1.8 mm (75 projections) and 1.6 mm (100
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projections) respectively. Again, this corresponds to an improvement in image sharpness of up to
64% in the AP direction. Overall, our adaptive protocol is observed to provide a more consistent

ERW in the AP direction across all traces considered.

In the Sl direction and with 0.5 cm of cardiac motion, our adaptive protocol results in a decrease in
the median ERW compared to the conventional acquisition from 2.5 mm down to 1.8 mm (40
projections), 1.9 mm (75 projections) and 1.8 mm (100 projections) respectively. That is, up to a 26%
improvement in the image sharpness can be achieved in the Sl direction for 0.5 cm of cardiac motion.
In the case of 1.0 cm of cardiac motion, our adaptive protocol results in a decrease in median ERW in
the Sl direction compared to the conventional acquisition from 2.8 to 1.9 mm (40 projections), 1.9
mm (75 projections) and 1.8 mm (100 projections) respectively. This corresponds to an improvement
in image sharpness of up to 35% in the Sl direction for 1.0 cm of cardiac motion. Again, our adaptive

protocol is observed to provide a more consistent ERW in the Sl direction across all traces considered.
Contrast to Noise Ratio

Boxplots of the CNR for all traces, protocols (adaptive and conventional) and levels of cardiac
motion are provided in Figure 6. The results indicate that our adaptive protocol can provide a trade-
off between image contrast and total scan time. Our adaptive protocol provides tighter spread of the
25" and 75" percentiles across all 17 traces and numbers of projections acquired compared with the
conventional acquisition. This indicates more consistent CNR even with variations in the individual
patient ECG and breathing traces. The median value of the CNR with the conventional acquisition is
21.2 for 0.5 cm of cardiac motion and 20.2 for 1.0 cm of cardiac motion. The median conventional
acquisition CNR is higher than all three implementations of our adaptive protocol for 0.5 cm of
cardiac motion; 8.8 for 40 projections, 17.1 for 75 projections and 21.0 for 100 projections. For 1.0
cm of cardiac motion, the median CNR of our adaptive protocol acquiring 100 projections is slightly
higher (20.7) than the conventional acquisition. Further, using our adaptive protocol and acquiring 40
projections results in a median CNR of 8.9 and acquiring 75 projections results in a median CNR of
16.9. This indicates overall that the magnitude of the cardiac motion (0.5 cm or 1.0 cm) does not
have an observable effect on the median value of the CNR for either our adaptive or the conventional
protocol. The increased CNR of the conventional protocol is the result of more projections being
used to reconstruct the images. An average of 358 projections are used in the conventional

acquisition compared to only 40, 75 and 100 for our adaptive protocol.
1. Discussion

Our results show that for the first time, dual cardiac and respiratory gated thoracic imaging is feasible
on a conventional linac with on board kV imager under free breathing conditions. Specifically, our

adaptive protocol has the potential to successfully modulate the gantry velocity and projection rate
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with respect to both a patient’s evolving cardiac and respiratory rates. Additionally, by comparing to
current conventional acquisition protocols, noticeable improvements in image quality can be observed
through the control of the angular separation between projections. Finally, although the main aim was
to improve image quality, our adaptive protocol has shown the potential to reduce overall imaging

dose by utilizing fewer projections for image reconstruction.

The improved performance of our adaptive protocol over the conventional protocol was most
noticeable in the image sharpness, through the ERW in the AP direction, of the spherical tumor placed
near the heart. This is not completely unexpected as for this simulation study this is the direction of
cardiac motion and the conventional protocol currently has no way of accounting for cardiac motion.
Our adaptive protocol also provided improvement in the image sharpness through the ERW in the Sl
direction over the conventional protocol. However, this was not as pronounced as the conventional

protocol is able to retrospectively isolate respiratory bins to perform the image reconstruction.

Importantly, our adaptive protocol provides increased flexibility over the current conventional
protocols by enabling a trade-off between image quality and total scan time. For example, our
adaptive protocol enables a low projection count scan that still results in improved image sharpness,
even if the image contrast is reduced. Notably, the mean scan time for this low projection scan is
almost 2 minutes faster than the conventional scan. However, for no additional mean scan time
compared to the conventional protocol, clear improvements in both the image sharpness and contrast
can be observed visually and through the image quality metrics. The development of the next
generation of imaging and treatment devices could assist in reducing scan times further as higher

gantry accelerations and velocities can be realized.

The current implementation of our adaptive protocol utilizes the standard FDK algorithm for image
reconstruction, however, there is potential to combine with alternative reconstruction methods to
provide additional improvements in image quality. For example, more advanced reconstruction
methods such as Prior Image Constrained Compressed Sensing (PICCS) #* and McKinnon Bates
(MKB) ?® have shown potential in suppressing streaking artefacts in 4D CBCT images. Further,
specific iterative reconstruction methods relying on motion vector fields to reconstruct the images for
dual binned scans, thereby realizing 5DCBCT, have already been developed 2 However,
computation times are currently long with all iterative reconstruction methods. This hinders these

approaches finding widespread use in radiotherapy.

There are currently a limited number of readily available database resources containing
simultaneously measured patient ECG and breathing traces. This simulation study used combined
cardiac and respiratory traces in the CEBS database, which were collected from healthy volunteers.

As such, both the ECG and respiratory traces are not expected to show the same level of potential
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variation and irregularities associated with lung cancer patients. However, in our previous work
developing and testing cardiac- and respiratory- only motion guided CBCT imaging protocols
separately we investigated and characterised the performance of each protocol’s ability to handle
variations and irregularities in the patient’s physiological signal being considered. That is, for cardiac-
only motion guided CBCT imaging we considered the effect of arrhythmias on image quality and scan
time*’, while for respiratory-only motion guided CBCT imaging we looked to encompass irregular
breathing by examining 112 breathing traces from 24 lung cancer patients™.

We have previously demonstrated the feasibility of modifying the gantry velocity and projection time

interval in response to a patient’s real-time respiratory signal on an Elekta linac **

, indicating the
potential to move our dual adaptive protocol from simulation through to experimental realization. The
movements of the gantry are smooth, not requiring rapid repositioning, and are within the mechanical
constraints of a standard linac. However, key challenges may arise in running the protocol in practice.
Notably, this will include integrating synchronized cardiac and respiratory monitors with the linear
accelerator electronics. Additionally, the effects of potential latencies need to be investigated for each

system and taken into account.

There have been ongoing efforts in reducing motion artefacts to improve CBCT image quality. The
benefits of going from 3D imaging (ho motion correlation) to 4D imaging (respiratory motion
correlation) have been well documented in the literature *** !, This work represents a step towards
full 5D thoracic imaging with single phase, dual cardiac and respiratory (4D) CBCT acquisition that
reduces the effect of both cardiac and respiratory motion on image quality. The clinical applications
of the current cardiac and respiratory gated CBCT protocol includes cases in gated radiotherapy, such
as, treating central lung lesions with SABR where cardiac damage and toxicities are a concern®* *, To
overcome the limitations of increased scan time with the low duty cycle, the treatment could be
delivered with high output linacs or even FLASH radiotherapy®. FLASH radiotherapy, where the
dose is delivered in extremely short time intervals, may require cardiac and respiratory gated CBCT to
avoid delivering large amounts of dose to the wrong place. Additionally, to incorporate our adaptive
protocol into current treatment workflows, the planning CT would need to be completed in breath-

hold at an inhalation level that matches the planned free breathing phase used for treatment.

The next step is to extend this protocol to encompass multiple phases per physiological signal,
requiring a more advanced mathematical optimization of the ideal gantry trajectory. A minimum
extension of our adaptive protocol for future applications would include four phases, namely, two
cardiac (diastole and systole) and two respiratory (peak inhale and peak exhale). Due to the speed of
transition through some respiratory phases, there may be incomplete data in some respiratory/cardiac

phase bins challenging conventional FDK reconstruction. Thus, coupling the image acquisition with
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projection sharing techniques® and motion compensated reconstruction techniques® may be

necessary.
V. Conclusions

For the first time, we have described and presented simulation results of our adaptive protocol for dual
cardiac and respiratory gated thoracic imaging via the adaptive regulation of the gantry velocity and
projection time interval using the patient’s cardiac and respiratory signals on a linear accelerator. This
work represents a step towards complete cardiac and respiratory motion management during

radiotherapy treatments.
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Figure Legends:

Figure 1. Dual cardiac and respiratory gated thoracic Cone Beam Computed Tomography imaging
using our adaptive protocol, which determines the gantry velocity and projection time interval in

accordance with the patient’s ECG and respiratory signals.

Figure 2. A flowchart showing the main algorithm controlling our adaptive protocol during dual
cardiac and respiratory imaging.

Figure 3. (A) Axial view showing the linear profile in the AP direction (red) and homogenous regions
lobject @Nd packgrouna (green) used for the ERW in the AP direction and CNR calculations respectively.
(B) Coronal view showing the linear profile in the SI direction (orange) used for the ERW in the SI
direction calculation. (C) Example of the linear intensity profiles from trace ID m001 for our adaptive
(blue) and conventional (black) acquisitions showing the definition of ERW: the 25-75% width of the

linear intensity profile across the tumor/lung boundary.

Figure 4.(A) Reconstructed thoracic images from both our adaptive and conventional protocols for
trace ID m001 with respiratory and the two different amounts of cardiac motion. Insert highlights the
region containing the spherical tumor. (B) Coronal view of the same volume. Insert highlights a
section of the heart/lung boundary, red arrow indicates the region of largest motion. Intensity window
display [-0.0387, 0.0303] mm™.

Figure 5. Boxplots of the ERW for all 17 traces using adaptive (blue) and the conventional (black)
protocol in the AP direction with (A) 0.5 cm of cardiac motion and (B) 1.0 cm of cardiac motion and
in the Sl direction with (C) 0.5 cm of cardiac motion and (D) 1.0 cm of cardiac motion. For each box,
the central line indicates the median, with the top and bottom edges indicating the 75" and 25"

percentiles. The whiskers identify the maximum and minimum values of the data set.
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Figure 6. Boxplots of the CNR for all 17 traces using adaptive (blue) and the conventional (black)
and protocol for (A) 0.5 cm of cardiac motion and (B) 1.0 cm of cardiac motion. For each box, the
central line indicates the median, with the top and bottom edges indicating the 75" and 25"

percentiles respectively. The whiskers identify the maximum and minimum values of the data set.

Table 1. Dual ECG and respiratory trace properties.

Trace ID Heart Rate (bpm) Breathing Rate (seconds)
m001 67 3.0
m002 63 3.3
mO003 68 34
m004 64 2.9
mO005 71 34
mO0Q7 56 4.5
mO008 101 2.6
mO009 64 5.7
m010 59 3.2
m011 70 3.0
m012 68 2.5
m013 74 3.7
m014 65 4.0
m015 63 3.2
m016 80 3.9
m017 76 3.3
m019 66 2.6
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Table 2. Total scan times employing our adaptive and conventional protocols on a conventional linac.

Adaptive Conventional
Trace ID 40 Projections 75 Projections 100 Projections 1320 projections
mO001 85s 146 s 207 s 240s
mO002 161s 286 s 376s 240s
m003 105s 213s 284s 240 s
m004 128s 242 s 320 s 240 s
mO005 117 s 245 353s 240s
mO007 173 s 318s 435s 240s
mO008 99s 188's 250 s 240 s
m009 144 s 258s 337s 240's
m010 218s 364 s 480 s 240's
m011 111s 218 291s 240 s
m012 1225 232 301s 240 s
m013 1155 230s 320s 240 s
m014 86s 198's 255 240 s
m015 128s 217 s 296 s 240 s
m016 128s 247 s 341 s 240 s
mO017 121s 212 s 278s 240 s
mO019 78s 148 s 201s 240 s
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