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Abstract

Current respiratory 4DCT imaging for high-dose rate thoracic radiotherapy treatments are negatively affected by the com-
plex interaction of cardiac and respiratory motion. We propose an imaging method to reduce artifacts caused by thoracic
motion, CArdiac and REspiratory adaptive CT (CARE-CT), that monitors respiratory motion and ECG signals in real-time,
triggering CT acquisition during combined cardiac and respiratory bins. Using a digital phantom, conventional 4DCT
and CARE-CT acquisitions for nineteen patient-measured physiological traces were simulated. Ten respiratory bins were
acquired for conventional 4DCT scans and ten respiratory bins during cardiac diastole were acquired for CARE-CT scans.
Image artifacts were quantified for 10 common thoracic organs at risk (OAR) substructures using the differential normal-
ized cross correlation between axial slices (ANCC), mean squared error (MSE) and sensitivity. For all images, on average,
CARE-CT improved the ANCC for 18/19 and the MSE and sensitivity for all patient traces. The ANCC was reduced for all
cardiac OARs (mean reduction 21%). The MSE was reduced for all OARs (mean reduction 36%). In the digital phantom
study, the average scan time was increased from 1.8 +0.4 min to 7.5+ 2.2 min with a reduction in average beam on time
from 98 + 28 s to 45 s using CARE-CT compared to conventional 4DCT. The proof-of-concept study indicates the potential
for CARE-CT to image the thorax in real-time during the cardiac and respiratory cycle simultaneously, to reduce image
artifacts for common thoracic OARs.
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Introduction

For more than a decade, respiratory 4-Dimensional Com-
puted Tomography (4D CT) has supported the increasing
uptake in high dose rate radiotherapy treatments, such as
Stereotactic Body Radiation Therapy (SBRT), for thoracic
tumor sites [1]. Unfortunately, 4D CT is limited in its capac-
ity to simultaneously account for multiple motion sources,
such as respiration and cardiac function, introducing image
artifacts into the planning CT. This can affect machine learn-
ing auto segmentation accuracy [2] and restrict potential use
cases for high dose rate radiotherapy where the target and
organs at risk (OAR) undergo complex motion due to both
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cardiac deformation and respiration. Poor motion compen-
sation combined with steep dose gradients can increase the
risk of exceeding dose constraints in OARs, particularly
where critical structures lie close to the target [3—8]. An
example for cancer radiotherapy is the treatment of central
lung or esophageal tumors located within close proximity to
the heart [9—15]. Outside of cancer radiotherapy, an example
is the novel treatment of cardiac arrhythmias using stereo-
tactic radioablation as a non-invasive method of stopping
irregular cardiac electric signals [16, 17]. In this case, treat-
ment is delivered in one fraction where the heart itself is the
target. In both examples, it is therefore pivotal that adequate
motion compensation techniques are employed throughout
treatment, beginning with pre-treatment imaging.

Current standard of care for lung radiotherapy imaging,
respiratory 4D CT, acquires imaging data over the patient’s
entire respiratory cycle but ignores the effects of cardiac
motion, resulting in artifact prone images of and in prox-
imity to the heart. These artifacts present as blurring and
discontinuities in anatomical structures that lead to difficulty
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in accurately contouring and defining the range of motion for
both the target and organs at risk [18-20]. Conversely, car-
diac 4D CT acquires imaging data over the patient’s entire
cardiac cycle but requires respiratory motion suppression
techniques such as breath hold, abdominal compression,
or single bin gating (imaging only during peak inhale or
exhale) to reduce respiratory related artifacts. Similar tech-
niques must then be utilized during treatment and have had
variable success across patients [21-23].

Both cardiac and respiratory 4D CT rely on retrospec-
tive gating, where imaging data is oversampled and sorted
into multiple image bins/phases post-scan, leading to wasted
imaging dose [24-28]. Retrospective gating for combined
respiratory-cardiac 4D CT requires long scan times with
excessive oversampling to provide enough overlap between
all cardiac and respiratory phase combinations for recon-
struction. Prospective gating methods are common in both
cardiac and respiratory imaging, acquiring during a specific
phase, such as peak exhalation, based on a global displace-
ment tolerance, or cardiac diastole, based on a set time after
r-peak detection [29-33]. Combined prospective gating has
been explored for one cardiac and one respiratory phase bin
in small animal micro-CT by Badea et al. [34] and similarly
in clinical dual source CT for pediatric patients by Goo [35].
Although useful in capturing a single snapshot of the thorax
in time, neither study collects imaging data for the full range
of cardiac and respiratory motion or outlines a process for
doing so. Novel motion-compensation reconstruction tech-
niques and combined retrospective-prospective gating have
been explored for micro-CT in small animal studies [36-39]
and standard clinical CBCT systems and but have yet to be
applied to clinical fan-beam CT [40—42].

We propose a prospective CArdiac and REspiratory adap-
tive CT (CARE-CT) method that simultaneously accounts
for full cardiac and respiratory motion in real-time. CARE-
CT uses in-depth signal analysis to build on existing cine 4D
CT technologies and prospective gating methods to accom-
modate combined cardiac ECG signals and free-breathing
respiratory displacement, over multiple phases, within one
scan. In this study we demonstrate that cardiac and full res-
piratory motion can be simultaneously accounted for during
CARE-CT imaging in real-time, and will reduce artifacts
in common thoracic OARs, compared to standard of care
imaging technique, respiratory only 4D CT.

Methods

CARE-CT is an in-house software that prospectively evalu-
ates cardiac electrocardiogram (ECG) and respiratory
motion signals to automatically trigger cine CT acquisition
within user-defined phases. To assess CARE-CT’s ability to
reduce motion artifacts compared to the current standard of
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care imaging technique, respiratory 4D CT, CT acquisition
was simulated on the deformable digital Extended Cardiac
and Torso (XCAT) phantom [43] for 19 patient-measured
cardiac and respiratory signals. For the CARE-CT acqui-
sitions, images were generated for 10 respiratory phases
during cardiac diastole to demonstrate artifact reduction for
common OARs in lung SBRT and stereotactic non-invasive
cardiac radioablation treatment. Image analysis was con-
ducted for 10 thoracic substructures and compared between
CARE-CT and conventional respiratory 4D CT.

To demonstrate the ability of CARE-CT to account for
multiple cardiac and respiratory phases at the same time
and to provide an insight into the trade-off between data
acquisition and imaging time, image-free simulations were
conducted for combinations of 6, 8 and 10 respiratory bins
and 1-5 cardiac bins.

Conventional respiratory 4D CT protocol

The current standard of care imaging for high dose rate
lung radiotherapy treatments is respiratory 4D CT, referred
to as conventional 4D CT throughout. [44, 45]. Here, to
simulate conventional 4D CT, imaging data are continu-
ously acquired for a pre-determined period of time before
being retrospectively sorted into respiratory bins using the
patient’s recorded respiratory signal, while cardiac informa-
tion remains unaccounted for (Fig. 1). For the purposes of
our simulation, we have followed the cine 4D CT protocol
described by Pan, Lee, Rietzel, Chen [46] that proceeds as
follows:

Respiratory data are monitored prior to imaging for
ttrain=30 s where an average breath length in seconds (zr)
is determined. As imaging begins, acquisitions occur con-
tinuously for a period of 77+ 1 s before a couch translation is
triggered. Each scan is acquired over Z= 12 couch positions
with a couch translation time of 1 s. Post-scan, the detected
respiratory signal is analyzed and assigned a respiratory bin,
br=1, ... Br where Br is the total number of respiratory
bins, based on equidistant time through the respiratory cycle.
Cardiac data are obtained for digital phantom simulation
purposes but not used for CT acquisition triggering.

CArdiac and REspiratory adaptive CT (CARE-CT)
protocol

The CARE-CT protocol builds on the conventional respira-
tory 4D CT protocol through two main factors. The first is
in the inclusion of a cardiac signal, used in conjunction with
the respiratory signal, to drive the binning of imaging data.
The second is in the switch from continuous CT acquisi-
tion, followed by post-scan data sorting, to adaptive gating,
where the binning and data sorting occur mid-scan to drive
cine CT acquisition (Fig. 1). The process for CARE-CT for
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the purposes of our simulation can be found in the graphical I
workflow, Fig. 2, and proceeds as follows: 1Ly, = er_r (2)
Respiratory data are monitored prior to imaging for '
a training period of #train=30 s where an average breath —
length in seconds (time between consecutive inhale peaks),  ;y, = (b.+1) L 3)
tr, and an average cardiac cycle time (time between consecu- B,
tive R-peaks), 7c, are determined. As binning and data sort-
ing needs to occur in real-time, during imaging, bin edges A
are defined post-training period and pre-imaging. tLy. = b cB_C )

For both respiratory and cardiac binning, ¢r and fc are
divided by the total number of respiratory bins, Br, and car-
diac bins, Bc, respectively, and used to define upper (tU,,
and tU,,) and lower bin edges (tL,, and tL,) for each respira-
tory bin, br=1, ... Br and cardiac bc=1, ... Bc, as defined
in Eqgs. 1-4. This method was chosen to follow common
binning approaches used in both respiratory and cardiac con-
ventional 4DCT [24, 47].

U, = (b, + 1) (1)

Dc|~|

c

As the training period completes, imaging will automati-
cally commence. In order to trigger CT acquisition through-
out imaging, the position of the current data point, 7, in both
the current respiratory and cardiac cycles must be calcu-
lated in real-time and corresponding bin values br and bc
assigned. For respiration, the current position in the res-
piratory cycle is defined via a cyclical phase value between
0-2x, where peak inhale is defined as 0/2n and peak exhale
as m. The phase values are determined through the applica-
tion of the real-time signal processing method by Ruan et al
[48]. The current position in the cardiac cycle is calculated
based on the time since the previous R-peak and an average

@ Springer



1260

Physical and Engineering Sciences in Medicine (2022) 45:1257-1271

Cardiac
ECG signal

}

Has training
period completed?

YESl

Assign each data
point to bin

!

Is
data pointin a NO
selected cardiac
bin?

YESl

Is
data point in a NO
selected respiratory
bin?

YESl

Has NO
current bin combination ——p.
been acquired at
z?

YESl

Have all NO
bin combinations been P
acquired at

z?

YESl

Doesz=127?

YESl

Fig.2 Prospective CARE-CT software workflow. The workflow is
entered for each new incoming cardiac and respiratory signal

Respiratory
signal

—

Update average
NO cardiac and
—P respiratory cycle —
&
update bin edges

Acquire —p

NO
—— Shift couch to z+1 —P

@ Springer

cardiac cycle time. The average cardiac cycle time is updated
throughout imaging using a rolling average of the previous
three cardiac cycles C.

T acquisition, for one gantry rotation, is triggered
throughout the imaging process for each combination of
respiratory and cardiac bins considered, at each couch posi-
tion. If each combination of bins has been acquired at the
current couch location, z, the couch translates to z+ 1 and
the acquisition process repeats. When the last couch posi-
tion, Z, is reached, the scan concludes.

Digital phantom: extended cardiac and torso (XCAT)

To simulate CT imaging on patient anatomy we employed
the 4D extended cardiac-torso phantom (XCAT). The XCAT
is a digital phantom software based on patient imaging data
[43] and the Living Heart Model [49, 50]. The software sim-
ulates patient anatomy and physiology under motion, output-
ting a set of ‘patient’ volumes over time, thus, allowing mul-
timodality imaging protocols to be emulated outside of the
clinic. Several anatomical and physiological functions can
be defined by user input. Of particular interest to this study
is respiration, driven by diaphragm and chest displacements,
and cardiac motion, driven by a percentage of respiratory
displacement and cardiac phase.

The XCAT phantom has a predefined cardiac cycle based
on the population average. This predefined motion deforms
the heart to the same degree/volume every cardiac cycle.
Consequently, variations in cardiac displacement from sys-
tole to diastole are not present. The user is, however, able
to manipulate the XCAT cardiac motion, for each new data
point, by providing it with a percentage through the cardiac
cycle. Different percentages will deform the heart to differ-
ent volumes based off the predefined XCAT cardiac cycle
file.

For ease of segmentation and to quantify the geometric
accuracy of the imaging techniques, ten thoracic substruc-
tures within the XCAT phantom, as shown in Fig. 3, includ-
ing the whole heart, four cardiac chambers, each lung, coro-
nary arteries and veins, and the esophagus, were assigned
differing and constant intensity values.

Patient cardiac and respiratory traces

To program and deform the XCAT anatomy we utilized 19
patient-measured respiratory and cardiac traces. These traces
were taken from the Combined ECG, Breathing and Seis-
mocardiogram database (CEBS) [51] available from Phys-
ioNet [52]. The database is comprised of 20 simultaneously
acquired conventional ECG, free breathing respiratory and
Seismocardiogram measurements from at-rest healthy vol-
unteers. The measurements are split into three time record-
ings: an initial 5 min used to determine an incoming data
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Fig.3 Axial slice view of the XCAT anatomy with 9 segmented thoracic structures that were used for artifact quantification

baseline, 50 min while the volunteer listened to music, fol-
lowed by a final 5 min sans-music. To avoid measurement
variations at a no-music/music interface, the 50-min record-
ing was used for this study (m001-m020). One patient signal
set (m020) was excluded from this study due to noticeable
interference of the ECG signal on the respiratory signal.

Respiratory data in the CEBS database were acquired
using a piezoresistive band. The correlation between the
band readings (mV) and chest or diaphragm motion in
the database is unknown. As such, each respiratory trace
was scaled between zero and a maximum peak-to-trough
displacement value randomly sampled from a Students
t-distribution. Metrics for the distribution were determined
from Rit et al [53] who measured diaphragm motion dur-
ing CBCT acquisition for 33 patients. In the Rit study, an
average superior-inferior diaphragm displacement (peak-
inhale to peak-exhale) of 16.4 mm and a standard deviation
of 5.7 mm was determined. Final metrics for the 19 patient
signal sets can be found in Table 1.

Simulations
XCAT parameter

CT acquisitions using both the conventional 4D CT and
CARE-CT protocols were simulated using the XCAT
phantom. Each patient dataset outlined in “Patient cardiac
and respiratory traces” was input into the CARE-CT soft-
ware where a real-time decision on acquisition and couch

translation was made. At the conclusion of a simulated scan,
a series of XCAT volumes were generated based on the table
position and cardiac and respiratory metrics recorded in the
acquisition log file.

The first data point of each 0.36 s acquisition/beam on
was used to simulate instantaneous x-ray acquisition. Instan-
taneous acquisition was selected to remove additional uncer-
tainty from various reconstruction techniques and param-
eters and allow the acquisition technique to be the focus of
this work. Scanner parameters were chosen to align with
the Siemens Somatom Definition AS clinical scanner. Each
acquisition corresponds to 2 cm of detector coverage, corre-
sponding to 32 axial image slices. The diaphragm and chest
wall are the two in-built points used to drive respiratory
motion in the XCAT phantom. The patient measured res-
piratory trace was used as a displacement signal for both
points, where the chest wall displacement was less than the
diaphragm displacement ratio of 0.41 chest/diaphragm [54].
Cardiac motion due to respiration was also driven by the
same patient measured respiratory traces in a ratio to 0.44
respiratory induced cardiac displacement/diaphragm [55].

The cardiac phase, used to drive the XCAT cardiac-
induced heart motion, was determined from the retrospec-
tively detected ECG signal where the time between adjacent
R-Peaks was considered a complete cardiac cycle. The real-
time cardiac phase, Jc, was used to determine the points
of acquisition, whereas the retrospective cardiac phase was
used as a more robust measure to drive the motion of the
XCAT phantom.
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Table 1 Respiratory and

. : Signal name
cardiac signal metrics for

Resp. cycle time (s)

Resp. Displacement Baseline varia- Cardiac cycle

. . . peak inhale-peak tion (cm) time (s)

19 patients in the Comblneq exhale (cm)

Electrocardiograph, Breathing

and Seismocardiogram database Mean Std Mean Std Drift Mean Std
MO001 32 0.8 0.4 0.2 0.1 0.9 0.1
MO002 34 0.4 1.1 0.2 -02 0.9 0.1
MO003 34 0.3 1 0.2 0 0.9 0
MO004 3.1 0.4 1.5 0.4 0 0.9 0.1
MO005 3.7 0.6 1 0.3 0 0.9 0.2
MO006 42 1.3 0.7 0.4 -0.1 1 0.1
MO007 4.8 1.8 0.5 0.5 0.1 1.1 0.1
MO008 3 0.8 0.6 0.1 0 0.6 0.1
MO009 5.1 32 0.7 0.3 -0.3 0.9 0.1
MO10 37 0.5 0.8 0.2 0.1 1 0
MO11 32 0.7 1.2 0.3 0 0.8 0
MO12 2.6 04 0.9 0.1 0.1 0.8 0.1
MO13 32 0.7 0.8 0.1 -0.1 0.8 0.1
MO014 42 0.9 04 0.4 0 0.9 0.1
MO15 32 0.5 0.9 0.1 0 0.9 0.1
MO16 35 1.1 0.8 0.2 0.1 0.8 0.1
MO17 34 0.4 1.4 0.4 -0.2 0.9 0.2
MO18 44 2 0.7 04 0.1 0.7 0.1
MO19 29 0.6 1 0.2 0 0.9 0.1

Scanner and protocol parameters

Conventional 4D CT and CARE-CT protocols were simu-
lated with the following scanner parameters: gantry rota-
tion of 0.36 s, 20 mm couch translations, 12 couch posi-
tions, 32 detector rows with individual detector widths of
0.625 mm and 1 mm? transaxial resolution. For the conven-
tional 4D CT, ten respiratory bins (Br=10) were used. For
the CARE-CT acquisitions, ten respiratory bins (Br=10)
were acquired during cardiac diastole (60%—80% through
the cardiac cycle). Initially, as this is a proof-of-principle
simulation study, only a single cardiac bin was selected to
acquire all respiratory bins for the CARE-CT acquisition,
where Bc=35 and acquisition occurred for bc=4. Cardiac
diastole was chosen to encompass the heart at its largest left
ventricular volume [56].

Artifact quantification

The effects of respiratory and cardiac motion on image
quality present as anatomical variations between adjacent
axial slices, most notably at the junction between couch
positions. Such variations, known as artifacts, can mani-
fest in a number of ways, including duplication, overlap-
ping (double structure discontinuities or elongation) or as
incomplete structures [18]. The following three methods
were chosen to detect artifacts of this nature and were
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calculated for 10 thoracic and cardiac structures seg-
mented through intensity thresholding (Fig. 3).

1. The differential normalized cross correlation (ANCC),
applied by Pollock [57], and based on the normalized
cross correlation method by Cui. [58], was utilized. The
normalized cross correlation was determined for pixel
pairs across each adjacent axial slice using Eq. 5 where
bris the 3D image set for each respiratory phase, z is the
axial slice number, / is the pixel intensity and x,y denotes
each pixel location. This defines regions of either sim-
ilarity (+ 1) or dissimilarity (— 1) between slices. To
obtain a total artifact measure of the entire bin volume
(ANCC), the sum differences of the NCC at couch tran-
sition points, n, was taken as shown in Eq. 6.

Y 10, D1, 2+ 1)

et = 1, 2° bty O
\/ZX,}' ( r Z) X ZJc,y ( r’ < + )
ANCC(b,)
2 | NCC(b,,z, — 1) + NCC(b,,z, + 1) 6)

>

n=1

5 - NCC(b,,z,)

2. The mean squared error, comparing the structures in
the CARE-CT images to the corresponding ground
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truth images. The ground truth images were created by
determining the mean cardiac phase, which implicitly
determines the mean cardiac displacement, and respira-
tory displacement during acquisition for each patient
dataset and bin combination. As such, each 3D image
set, corresponding to a different respiratory phase bin,
has a unique ground truth image for comparison.

3. Sensitivity of each protocol in correctly imaging each
substructure, where the volume of overlapping regions
between the CARE-CT images and the ground truth
images (true positives, TP) was determined. Each over-
lapping volume was normalized in relation to the ground
truth (TP + false negative (FN)).

To test whether there was a larger number of artifacts
present in conventional 4D CT compared to CARE-CT, a
one-tailed Wilcoxon signed rank test was used for each arti-
fact metric.

Effect of CARE-CT on scan time

Each additional bin that is acquired, whether respiratory or
cardiac, is likely to lead to an increase in total scan time. To
investigate the CARE-CT protocol for both data acquisition
and imaging time, image-free CARE-CT simulations were
completed using a combination of cardiac and respiratory
bins. In this case, the simulations were conducted in real-
time and were subject to the same scanner parameters as
outlined earlier, however, the actual generation of XCAT
images was suppressed.

For the respiratory bins, three total bin numbers, Br=6,
Br=28 and Br=10 were simulated where all bins, br, were
acquired. For each of the total respiratory bins, a combina-
tion of cardiac bins from 1 to 5 were acquired where Bc=35.
This corresponded to a total of 15 scans for each patient
trace.

Results

An example of patient signals used to drive the XCAT phan-
tom during image simulations is shown in Fig. 4 for patient
signal sets M0O1, M009, and MO17. For each of the three
example patient signal sets, the corresponding XCAT images
for peak inhalation are shown in Fig. 5. The images are taken
from the 6 respiratory bin scans for both CARE-CT and
conventional 4D CT.

Normalized cross correlation
ANCC values for each thoracic structure can be found

in Fig. 6. Overall, CARE-CT significantly reduced the
pooled mean ANCC at couch transition points, compared

to conventional 4D CT, by 21% (p=0.01, determined by
a one-tailed Wilcoxon signed rank test). The CARE-CT
approach reduced ANCC for each of the cardiac cham-
bers (range: 24% to 36%), the whole heart by 30%, the
coronary arteries and veins by 17% and 24% respectively
and increased the ANCC for the esophagus by 1% and the
left and right lungs by 9% and 7% respectively. Focus-
ing on the individual respiratory phase bins, the mean
ANCC, pooled across each trace and thoracic structure,
was reduced for all bins except for peak inhale (br=10)
which was increased by 1%. Peak exhale (br=4) saw a
reduction of 29%. The greatest reduction of 32% was for
br=35 and 6, where the equivalent conventional 4D CT
bins had the largest ANCC of any phase bin. CARE-CT
reduced ANCC for 18 of 19 patient traces.

Mean square error

MSE values for each thoracic structure, averaged across
phase bin, can be found in Fig. 7. Overall, CARE-CT sig-
nificantly reduced the pooled mean MSE, compared to
conventional 4D CT, by 36% (p=0.002, determined by
a one-tailed Wilcoxon signed rank test). The CARE-CT
approach reduced MSE for each of the cardiac chambers
(range: 46%—57%), the whole heart by 47%, the coronary
arteries and veins by 30% and 39% respectively, the left
and right lungs by 8% and 9% respectively and increased
the MSE for the esophagus by 3%. Focusing on the indi-
vidual respiratory phase bins, the mean MSE, pooled
across each trace and thoracic structure, was reduced by
26% for peak inhale (br=10) and 46% for peak exhale
(br=4). CARE-CT reduced MSE for all 19 patient traces.

Overlapping volume

Overall, the structures in CARE-CT images were more
closely overlapping with the ground truth compared to
conventional 4D CT images (88% coverage versus 82%
covered averaged across all structures considered), show-
ing a significant difference of p=0.02 (determined by a
one-tailed Wilcoxon signed rank test). The results of the
individual structures can be found in Fig. 8. CARE-CT
showed an increase in coverage compared to conventional
4D CT for 6/10 thoracic structures and afforded the same
coverage for 3/10 structures being the left and right lung
and the esophagus. CARE-CT provided 2% less coverage
compared to conventional 4D CT for the left ventricle.
The greatest improvement was seen for the coronary veins
where 21% more coverage was provided in the CARE-CT
protocol. CARE-CT saw better structure overlap for all 19
patient traces.
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Fig.4 Example of three patient
measured respiratory displace-
ment and electrocardiogram sig-
nal used to drive the extended
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The average scan times for the XCAT simulations (1 cardiac
bin) can be seen in Fig. 9. Overall, the average total scan
time was increased from 1.8 +0.5 min in the conventional
4D CT scans to 7.5 +2.2 min for the CARE-CT scans, where
16/19 scans were below 10 min.

The results of totals scan times for an increasing number
of cardiac bins can be seen in Fig. 9. Increasing the num-
ber of cardiac bins led to an increase in scan times but at a
decreasing rate.
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Beam on time

The average beam on times for the XCAT simulation scans
can be found in Fig. 10. Overall, the average beam on time
was reduced from 98.3 +28.1 s in the conventional 4D CT
scans to 45 s for the CARE-CT scans, representing more
efficient use of the imaging dose. The beam on time when
acquiring for an increasing number of cardiac bins can be
found in Fig. 10. This resulted in a linear increase per extra
bin of 27 s for the 6 respiratory bin scans, 36 s for the 8 res-
piratory bin scans and 45 s for the 10 respiratory bin scans.
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Fig.5 Coronal view of XCAT
phantom for patient signal set

Example of simulated XCAT images

MO001, M009, and M017 during
peak inhale. Image artifacts

are highlighted by the orange
arrows and can be seen in both
the lungs and heart. Artifacts
may continue along the same
horizonal slice and can occur

in multiple structures. Thoracic
substructures were assigned
individual and high intensity
values for segmentation and are
not representative of clinical CT
values
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Discussion

In this proof of principal study, we have demonstrated
that combined cardiac and respiratory CT imaging can be
achieved, providing a reduction in image artifacts for com-
mon thoracic OARs, particularly the cardiac substructures.

In radiation therapy, the whole heart is commonly deline-
ated to encompass the cardiac structures and is used to help
drive treatment planning. Currently, cardiac substructures
individually are not a core guiding factor in cancer radiation
therapy planning. Given recent studies linking chamber dose

to toxicity [59-63], improved non-contrast semi-automatic
and automatic chamber delineation techniques [2, 64—69]
and the shift towards higher dose rate treatments, the cardiac
chambers may become a higher priority in thoracic cancer
radiation therapy planning. For techniques such as non-inva-
sive cardiac radioablation where the heart itself is the target,
dose to cardiac substructures is unavoidable and concerns
over substructure toxicity will play a major role in treatment
planning. As such, this study presents a promising basis to
improve CT imaging for thoracic cancer and arrhythmic
patients, where currently cardiac motion is unaccounted for.
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Fig.6 A comparison of the difference in normalized cross correla- Values closer to zero denote fewer artifacts. Each box plot contains 19
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in both conventional 4D CT and 10 respiratory bin CARE-CT scans. aged across respiratory phase bins)
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Overlapping Volumes: Sensitivity
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Fig.8 A comparison of the structure volumes overlapping the ground
truth in 10 thoracic substructures for conventional 4DCT and 10 res-
piratory bin CARE-CT scans. A value of 1 denotes 100% structure

overlap with the ground truth structures. Each box plot contains 19
data points, each representing the results for each patient trace (aver-
aged across respiratory phase bins)

Total Scan Time for an Increasing Number of Cardiac Bins
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Fig.9 The effect of accounting for an increasing number of cardiac
bins for the CARE-CT protocol on total scan time. The results display
the average and standard deviation over all 19 traces. Total scan times
for Conventional 4D CT (10 respiratory bins, O cardiac bins) are pre-

The CARE-CT method additionally offers a potential sav-
ing in imaging dose compared to conventional respiratory
4D CT techniques. The reduction in beam-on time is due to

sented as a pink diamond. Total scans times for the CARE-CT XCAT
simulations (10 respiratory bins, 1 cardiac bin) are presented as the
first green square data point

the prospective selection of the cardiac and respiratory bins
in the CARE-CT protocol compared to oversampling and
retrospectively sorting data in conventional cases. Currently,
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Beam On Time for an Increasing Number of Cardiac Bins
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Fig. 10 The effect of accounting for an increasing number of cardiac
bins for the CARE-CT protocol on beam on time. The results display
the average over all 19 traces. Each cardiac and respiratory bin com-
bination for the CARE-CT scans will have the same beam on time

CARE-CT does not share data across phase bins and as such,
any increase in the number of bins (respiratory or cardiac)
acquired will lead to an increase in the beam on time. In the
current study, combinations up to 6 respiratory bins and 3
cardiac bins afforded less beam on time, on average, than
conventional 4D CT, but reductions could be seen in indi-
vidual cases with combinations of up to 6 respiratory bins
and 5 cardiac bins, suggesting that scan times are heavily
dependent on individual patient signals.

The current CARE-CT protocol has been designed with
radiation therapy in mind where long 4D scan times are
common, and contrast is rarely used. In this scenario CARE-
CT is likely to be a good fit with deep learning based car-
diac segmentation techniques to identify the radiation dose
delivered to cardiac substructures. Additionally, as radiation
therapy treatments take place over minutes, not seconds, a
longer planning scan has the potential to better capture the
representative motion of the patient during the subsequent
treatment. However, for applications requiring the adminis-
tration of a contrast agent, scan time reduction techniques
will be needed.

We envisage the CARE-CT technique having the great-
est impact if followed by a dual-gated treatment. Although,
even for free-breathing radiotherapy, clear heart structures
have the potential to provide a better basis for determining
dose to structures close to or within the heart. However,
systemic errors of the position of the structures could result
in a misleading indication of structural dose. While the

@ Springer

across all 19 patient traces. Beam on times for Conventional 4D CT
(10 respiratory bins, 0 cardiac bins) are presented as a pink diamond.
Beam on times for the CARE-CT XCAT simulations (10 respiratory
bins, 1 cardiac bin) are presented as the first green square data point

impact of cardiac induced image artifacts on radiotherapy
treatment has not been widely studied, the impact of respira-
tory induced image artifacts on free-breathing radiotherapy
treatment is known [20]. Given CARE-CT reduces artifacts
in the cardiac region, it may allow for improved target and
organ at risk internal target volumes (ITV), particular in
stereotactic arrhythmic radiotherapy treatments where the
radiation beam is aimed at the heart itself.

This study is purely a proof-of-concept and as such,
CARE-CT has not been optimized to specific conditions or
end points (scan time v dose v image quality). In a clini-
cal setting, optimization between the amount of acquired
imaging data and total scan time will need to be explored
and is likely to differ on an application-to-application basis.
The combination of a high frequency cardiac cycle with low
frequency respiratory cycle provides fewer opportunities
for dual-gated acquisition and becomes more challenging
with the inclusion of patient-specific signal variations. An
increase in scan time was demonstrated not only when com-
paring CARE-CT to conventional 4D CT, but within CARE-
CT itself where 6 respiratory bins and one cardiac bin was
four times shorter than 10 respiratory bins and 5 cardiac
bins. The scan time may be reduced through multi-segment
or half-rotation reconstruction techniques (often used in
cardiac imaging), allowing multiple cardiac phases to be
captured within each acquisition. Specialized hardware such
as dual-source CT scanners additionally reduce the effec-
tive gantry rotation time [70-72], increasing the number of
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cardiac phases that can be completely captured in a single
rotation for a larger range of heart rates. These techniques
have the added benefit of reducing blur artifacts often pre-
sent in the cardiac region when large or fast cardiac motion
is present during the finite gantry rotation/acquisition time.
Such motion has long been a limitation of cardiac imaging,
particularly for patients with a high heart rate where systolic
phases in the cardiac cycle may be complete within a frac-
tion of the time taken for an acquisition of > 360 ms.

A limitation of this study is the simulation of instanta-
neous acquisition, chosen to remove the added uncertainty
from various reconstruction techniques and parameters,
leading to blur-free slices in both the CARE-CT and con-
ventional 4D CT cases. As such, the results presented in
this study represent an upper limit in the achievable image
quality improvement of dual respiratory and cardiac motion
corrected CT image acquisition.

Our data source was limited to 19 patients which may
not represent the full variation observed clinically. The
XCAT phantom was anatomically the same across all scans
with the same motion models and correlation between
diaphragm:chest wall and diaphragm:cardiac motion (respir-
atory component) used for each simulation. Due to the lack
of synchronously acquired ECG and respiratory motion data-
bases, the current study uses signals from healthy patients.
Before clinical implementation, further research and devel-
opment should be made into determining the accuracy of
CARE-CT in unhealthy patients where greater variations in
both signals are more likely to occur. For example, this study
uses a rudimentary R-peak detection method that works well
for the current example but may struggle in accuracy with
the introduction of arrhythmic cycles, likely to occur in
patients being treated with non-invasive stereotactic radioa-
blation. Conversely, the respiratory signal uses a rigorously
tested phase prediction method by Ruan et al. [48] but fails
to account for large variations in the patient’s breathing sig-
nal, likely to occur in thoracic cancer patients who struggle
to breath with ease. To an extent, the effects of respiratory
variations on artifacts can already be seen in the results of
this study. The first, is the consistent underperformance of
CARE-CT to significantly reduce artifacts in the lungs com-
pared to cardiac substructures, where the lungs, as a large
structure, will feel greater effects of respiration over car-
diac function. The second, is the deviation in results when
comparing peak inhale to peak exhale, where peak inhale,
known for its instability across respiratory cycles, displayed
a lower reduction in artifacts compared to peak exhale. In
both cases, respiratory signal changes are likely to induce
image artifacts. As CARE-CT is a prospective gating pro-
tocol, it may be possible to avoid breathing irregularities by
pausing imaging until such irregularities or variations pass,
as implemented in the REACT software73,74. Increased
beam pausing will likely result in increased scan times, to

the extent of which will be patient dependent. Should this
method be adopted, optimization between signal irregu-
larity compensation and total scan times will need to be
investigated.

While the CARE-CT protocol requires further testing and
development to demonstrate the viability for clinical transla-
tion, this study has demonstrated the feasibility of reducing
motion artifacts through prospectively gating combined car-
diac and free breathing respiratory signals. Efforts should be
made to evaluate the efficacy of CARE-CT for application
specific conditions, as well as reduce the total scan time
while maintaining image quality, and where reduction in
scan time cannot be achieved, patient tolerance should be
assessed. CARE-CT has the added possibility of imaging
dose reduction and with its similarity to current 4D CT set
up and acquisition, CARE-CT should allow for relatively
easy adoption into the clinical workflow.

Conclusion

A method to prospectively account for combined cardiac
and respiratory motion during pre-treatment CT imaging
to reduce motion artifacts, called CARE-CT, has been pro-
posed. During a digital phantom proof-of-concept study,
CARE-CT demonstrated a significant reduction in image
artifacts in cardiac substructures and reduced the beam on
time when compared to conventional respiratory 4D CT.
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