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Abstract

Cardiac radioablation is a promising treatment for cardiac arrhythmias, but accurate dose delivery can be affected by
heart motion. For this reason, real-time cardiac motion monitoring during radioablation is of paramount importance. Real-
time ultrasound (US) guidance can be a solution. The US-guided cardiac radioablation workflow can be simplified by the
simultaneous US and planning computed tomography (CT) acquisition, which can result in US transducer-induced metal
artifacts on the planning CT scans. To reduce the impact of these artifacts, a new metal artifact reduction (MAR) algorithm
(named: Combined Clustered Scan-based MAR [CCS-MAR]) has been developed and compared with iMAR (Siemens),
O-MAR (Philips) and MDT (ReVision Radiology) algorithms. CCS-MAR is a fully automated sinogram inpainting-based
MAR algorithm, which uses a two-stage correction process based on a normalized MAR method. The second stage aims
to correct errors remaining from the first stage to create an artifact-free combined clustered scan for the process of metal
artifact reduction. To evaluate the robustness of CCS-MAR, conventional CT scans and/or dual-energy CT scans from three
anthropomorphic phantoms and transducers with different sizes were used. The performance of CCS-MAR for metal artifact
reduction was compared with other algorithms through visual comparison, image quality metrics analysis, and HU value
restoration evaluation. The results of this study show that CCS-MAR effectively reduced the US transducer-induced metal
artifacts and that it improved HU value accuracy more or comparably to other MAR algorithms. These promising results
justify future research into US transducer-induced metal artifact reduction for the US-guided cardiac radioablation purposes.

Keywords Cardiac arrhythmias - Metal artifact reduction - Computed tomography - Ultrasound guidance - And cardiac
radioablation

Introduction

Cardiac arrhythmias are a major global health concern and it
has been predicted that atrial fibrillation, which is the most
common type of cardiac arrhythmia, will affect 6-12 mil-
lion people in the USA by 2050 and 17.9 million people
in Europe by 2060 [1]. Among currently available curative
treatment methods for cardiac arrhythmias, catheter ablation
is the most widely used [2]. However, catheter ablation is
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an invasive procedure which can have a long treatment time,
and its success rate can be low due to the inaccessibility of
some arrhythmogenic tissues [3].

Cardiac radioablation is a promising treatment method
that could potentially overcome the limitations faced by
catheter ablation. The primary aim of cardiac radioabla-
tion is to treat arrhythmias by noninvasively delivering a
radiation dose to the arrhythmogenic tissues using external
beam radiation therapy. Among the external-beam radiation
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therapy, photon and proton beams are investigated for car-
diac radioablation in pre-clinical [4-9] and clinical [10-16]
research studies.

A cardiac radioablation workflow typically consists of a
simulation stage, where the treatment is planned, and of a
treatment delivery stage. At the simulation stage, planning
computed tomography (CT) scans are acquired and subse-
quently used to delineate the treatment target (arrhythmo-
genic tissue), and organs-at-risk (OARs). Then, the electron
density information derived from the CT Hounsfield units
(HU) is used for the calculation of the radiation dose distri-
butions inside the delineated structures [17]. At the treat-
ment delivery stage, the external beam delivers the treatment
dose to the arrhythmogenic tissue, while sparing the OARs
as much as possible. However, intra-fractional motion which
occurs during the treatment delivery, due to heartbeat and
respiration may negatively impact the accuracy of the dose
delivery [18, 19]. This makes real-time monitoring of both
cardiac and respiratory motion during the treatment of para-
mount importance.

Ultrasound (US) imaging is a non-ionizing radiation
based real-time imaging modality which is clinically used
for treatment guidance in radiation therapy of oncological
targets [20-22]. US-based treatment guidance is currently
being investigated for cardiac radioablation, where it has
potential for dose delivery accuracy improvement [23-25].
This type of image guidance relies on US imaging of the
cardiac tissue position during the radiation dose delivery
in order to compare this position with the corresponding
position at the simulation stage based on which the treat-
ment was planned. To reduce the number of workflow steps
and the time needed during the simulation stage, the US
scan could be acquired simultaneously with the planning CT
scans. The presence of the US transducer when the CT scan
is acquired, though, can result in transducer-induced metal
artifacts on the planning CT scans, which are caused by
metal components located inside the US transducer [26, 27].

To reduce the negative impacts of this type of artifacts
induced by metal, Metal Artifact Reduction (MAR) algo-
rithms have been investigated and/or proposed in the litera-
ture, mainly focusing on the artifacts generated by implanted
metal structures. Some of these algorithms are commercially
available, and some are only research-based [28]. Many of
these algorithms use the principle of sinogram inpainting
technique [29]. Sinograms, or in other words projection data,
are acquired during the CT scan acquisition and consist of
the attenuation profiles of X-ray respective to an angle of the
X-ray beam. During the sinogram inpainting technique, the
projection data which are affected by metal components are
treated as missing values. This technique uses interpolation
methods, typically linear interpolation, to “paint” the miss-
ing values from surrogate data. When surrogate data are near
to metal components or consist of high contrast structures,
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especially bone, the direct interpolation of a sinogram tends
to induce new artifacts [30]. To minimize or avoid the cre-
ation of new artifacts, a normalization step is introduced
during the sinogram interpolation in the normalized MAR
(NMAR) method [31]. NMAR requires information on the
regions corrupted by metal artifacts for the artifact reduc-
tion. For this, tissue types in the CT scan which are cor-
rupted by metal artifacts (CT,,,) are classified into different
clusters to create a clustered scan. The clustered scan has
similar content as the CT,,, scan, but it has less or even no
metal artifacts. After generation of the clustered scan, it is
forward projected to the sinogram space and used to nor-
malize the sinogram of the CT,, scan for the interpolation
of missing values. The performance of the NMAR method
depends on the quality of clustered scan, which is often
affected by the number of metal artifacts.

In general, the application of a MAR algorithm on a CT,,
scan results in an artifact-corrected CT (CT,,) scan. The
commercially available MAR algorithms of Orthopaedics
Metal Artifact Reduction (O-MAR, Philips Health Sys-
tem, Cleveland, USA) and iterative Metal Artifact Reduc-
tion (iMAR, Siemens Healthcare, Forchheim, Germany)
were evaluated for photon and proton therapy applications
[32-40]. These phantom and clinical studies revealed that
the O-MAR and iMAR algorithms could be beneficial for
the improvement of therapy treatment planning either in
terms of image quality or dosimetric outcome. Research-
based MAR algorithms have also been evaluated for radio-
therapy applications. In particular the metal deletion tech-
nique (MDT) [41], MAR with hardware adaptation [42],
and ker MAR [43] have been investigated. It was shown that
these algorithms can be used to reduce the errors on photon
and proton range calculation during treatment planning [42,
44, 45].

Another possible approach for metal artifact reduction is
through the acquisition of a dual-energy CT (DECT) scan
instead of a single energy scan. In this method, two dis-
crete energy beams (typically 90 kVp and 140 kVp) are used
rather than a polychromatic X-ray beam (average energy of
120 kVp) of a conventional single energy CT (SECT) [46,
47]. The utilization of a discrete high energy beam reduces
the beam-hardening effect [48], which is one of the factors
that contributes to the creation of metal artifacts on CT scans
[49]. In literature, the application of a commercial MAR
algorithm, especially iMAR, on both SECT scans and DECT
scans was evaluated for metal artifact reduction. Generally,
the application of a MAR algorithm on DECT scans better
reduced the artifacts than the application of these algorithms
on SECT scans [50, 51].

To the best of our knowledge, none of the studies in litera-
ture proposed or investigated MAR algorithms for the reduc-
tion of US transducer-induced metal artifacts on planning
CT scans. Therefore, the aim of this work was to develop a
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specialized automatic MAR algorithm which can be used to
correct these US transducer-induced metal artifacts on SECT
and DECT scans. As O-MAR, iMAR and MDT have been
widely investigated for photon and proton therapy applica-
tions in the literature, the performance of the proposed MAR
algorithm has been compared with the performance of these
commercial and research-based MAR algorithms.

Materials and methods
CCS-MAR algorithm design
CCS-MAR is a sinogram inpainting-based MAR algo-

rithm which combines image processing strategies with the
NMAR method [31] to replace artifact corrupted areas in

CT scans. The NMAR method requires a CT scan which
is clustered according to tissue types as input. The cluster-
ing approach utilized in this work was inspired by the stud-
ies conducted by Wu et al. [52] and Luzhbin and Wu [53].
These studies utilized the k-means clustering algorithm [54],
which is an unsupervised iterative method being used for
classification tasks, for the creation of clustered CT scans.
As the performance of the NMAR method depends on the
quality of the clustered CT scan, the creation of the clus-
tered scan without metal artifacts is crucial. Therefore, the
key step of the CCS-MAR algorithm is the creation of an
artifact-free clustered CT scan from the CT,,, scan.

The CCS-MAR algorithm was implemented using Mat-
Lab (version 9.7, The MathWorks Inc, Natick, MA, USA),
and its workflow is shown in Fig. 1. It is a fully automatic
algorithm which does not require any manual contouring of
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Fig.1 Scheme of the CCS-MAR algorithm and its two-stages. The
first and the second correction stages are indicated using black lines
and dotted black lines, respectively. Starting from the metal segmen-
tation and tissue clustering, CCS-MAR produces the original, the
metal, and the clustered sinograms. Then, NMAR method which is
in the blue box is applied to create the first corrected scan. The clus-
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tered scan with spatial relationships is created from the first corrected
scan and then a combined clustered scan is generated. The NMAR
method is applied again to the combined clustered sinogram to create
the second corrected scan. From the first and second corrected scans,
the corrected scan is created, and then noise texture is added to gener-
ate the final corrected scan
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artifact-corrupted areas. CCS-MAR utilizes a two-stage cor-
rection process for metal artifact reduction. The first stage of
correction process and the second stage correction process
is indicated using black, and dotted black arrows in Fig. 1,
respectively. The input of the algorithm is the planning CT,,
scan, which will be referred to as ‘original’ scan in the rest
of this section. During the first correction process of the
algorithm’s workflow, HU value thresholds of 2000 HU and
-950 HU are used to identify and segment the metal compo-
nent (see Fig. 1) and air region, respectively. A fixed thresh-
old value of 2000 HU has been chosen for the metal segmen-
tation based on previous studies published in the literature
[55, 56]. However, a slight change in the HU value threshold
from 2000 to 2500 HU for the metal segmentation also has
been checked. In order to create an initial clustered scan, the
k-means clustering algorithm is applied to the original scan
after the metal and air segmentation. As the original scan is
acquired of the thoracic region, this scan primarily consists
of soft tissue, bone, and lung tissue. By considering these
three tissue types, a total of three clusters are chosen during
the k-means clustering. After the clustering, the segmented
air region from the first step is added to the clustered scan.
Subsequently, the original scan, the metal component, and
the clustered scan are forward projected to generate their
respective sinograms.

The metal sinogram is then modified through the applica-
tion of both dilation with a disk structuring element [57] and
smoothing through Gaussian filtering. Since the exact HU
value of the metal component in the transducer is unknown,
dilation is applied to inflate the metal data to minimize the
dependency on the 2000 HU value threshold. The smooth-
ing is applied to remove statistical photon noise which may
cause streak artifacts during the reconstruction of CT scans.

In the next step of the algorithm, the NMAR method
[31] is applied to the created sinograms (see the blue box
in Fig. 1). The main steps of NMAR are normalization,
interpolation, and denormalization of the sinograms. In the
normalization step, the original sinogram is divided by the
clustered sinogram and a normalized sinogram is created.
Then, the dilated and smoothed metal sinogram is used as
a mask to identify the metal region in the normalized sino-
gram for the linear interpolation. Subsequently, the inter-
polated normalized sinogram is multiplied by the clustered
sinogram during the denormalization step resulting in a cor-
rected sinogram. Filtered back projection is finally used to
reconstruct the first corrected CT scan from the corrected
sinogram.

Even though most of the artifacts are reduced in the first
corrected scan, typically the intense dark streaks which are
in the region close to the transducer remain unchanged.
Also, the HU value of this region becomes lower than
the HU value of the corresponding region on the original
scan, because the intense dark streaks are modelled as lung
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tissue in the clustered scan. Therefore, further correction is
required, for this, the second stage which is the final cor-
rection process is incorporated to reduce the errors in the
first corrected scan. In the beginning of the second correc-
tion process, the pixel-wise absolute difference between the
original scan and the first corrected scan is calculated. An
empirically chosen threshold value of 200 HU is used to
identify the pixels which are in the region with the dark
streaks. Subsequently, those pixels are identified on the first
corrected scan, and they are replaced with a 0 HU value. A
value of the threshold in the range of 150 HU to 200 HU is
suitable for the HU value replacement. Indeed, it was found
that the threshold value below 150 HU will replace the HU
values of pixels which do not have metal artifacts on the
first corrected scan. This contributes to the generation of an
inaccurate second clustered scan. On the other hand, a value
above 200 HU will not contribute to the artifact-free com-
bined clustered scan. The region with intense dark streaks
may cause a wrong classification during k-means cluster-
ing. Thus, spatial relationships [52] are incorporated with
k-means clustering, calculated as:

Ci=arg{max(|Pan’)},j=1,...k )

where P denotes a set of pixels covered by a 3 X3 mask
centred around pixel i, and |.| is the number of members
in the set after the k-means clustering. C; and k are the G
cluster and the total number of clusters, respectively. During
this procedure, pixel i is reassigned to the cluster C; that has
the maximum number of members within the mask. With
this method, the clustered scan with spatial relationships
is created, and then the air region which was segmented
in the first step is added. For the mask size, the minimum
size of 3 x 3 produced the best result for incorporating spa-
tial relationships. On the other hand, the mask with a larger
size smeared the clustered scan, which would then produce
the second corrected scan with induced secondary artifacts.
Even though incorporating spatial relationships allows
to reduce the inaccuracies in clustering, especially in the
artifact regions, it may also induce errors in pixel reassign-
ment in the artifact-free regions. For this reason, during the
initial k-means clustering, the spatial relationships are not
incorporated.

In the next step, the clustered scans which are created
with and without incorporating the spatial relationship are
combined to generate the artifact-free combined clustered
scan. For the combination, the absolute difference between
those scans is calculated and the difference is added to the
initial clustered scan to reduce the intense dark streaks in
the region close to the US transducer. Afterwards, the com-
bined clustered scan is forward projected to generate the
combined clustered sinogram. Utilizing the combined clus-
tered sinogram, the original sinogram, and the smoothed
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Table 1 Details of utilized CT scanners, clinical site, scan types (SECT, single energy CT; DECT, dual-energy CT), anthropomorphic phantoms,

US transducers and CT scanning parameters

Siemens CT
(SOMATOM definition AS)

CT scanner (model)

Philips CT
(brilliance big bore)

Siemens PET-CT
(biograph 128)

Clinical site Kantonnspital Aarau, Aarau, Swit-

zerland
Scan type SECT and DECT
Phantom ART

US transducer Single-plane phased array,

Bi-plane phased array

Tube current 120 kVp (SECT)
80 kVp/140 kVp (DECT)
Field of view (FOV) 500 mm
Slice thickness 1 mm
Scan dimension 512x512
Pitch factor 1
Reconstruction kernel Body (Br38f)

Single-plane phased array,
Bi-plane phased array

Geneva University Hospital, Geneva, Herston Imaging Research

Switzerland Facility (HIRF), Brisbane,
Australia
SECT SECT
ATOM® CT torso

Linear volume array

120 kVp 120 kVp
600 mm 500 mm

1 mm 2 mm
512x512 512x512

1 1

Sharp (C) Body (B31f)

metal sinogram, the second corrected scan is reconstructed
using filtered back projection after the NMAR method. The
dilation of the metal sinogram may cause over interpola-
tion or blurring especially in the region which is adjacent to
the US transducer in the second corrected scan. In order to
balance this effect, during the creation of second corrected
scan, only smoothing and no dilation is applied to the metal
sinogram. The corrected scan is an average of the first and
second corrected scans. To preserve the noise texture, the
result from the application of a high-pass filter on the origi-
nal scan is added to the corrected scan for the creation of the
final corrected scan (CT,_, scan).

cor

CT scan data collection for performance evaluation

CT scanning and acquisition parameters are summarized in
Table 1. In total, three types of adult anthropomorphic phan-
toms were used: a Model ART-211 male phantom (ART,
Radiology Support Devices, Long Beach, CA, USA), an
ATOM® male phantom (CIRS, Model-701, Norfolk, VA,
USA), and a CT torso phantom (CT Torso, Model CTU-41,
Kyoto Kagaku Ltd, Japan). The phantoms were positioned
on the CT table in a head-first position (Fig. 2) and scanned
first without, and then with US transducers in place. As can
be seen in Table 1, three different CT scanners from Philips
and Siemens were used for CT scanning.

The size of an US transducer influences the amount and
the appearance of metal artifacts on CT scans [26]. To inves-
tigate this effect, a total of three US transducers with vari-
ous sizes were used: (1) single-plane phased array: Telemed
P5-1S15-A6 from Telemed (UAB, Vilnius, Lithuania); (2)
bi-plane phased array: Terason XY mini from Teratech Cor-
poration (Burlington, MA, USA); and (3) linear volumetric

array: Philips VL13-5 from Philips Healthcare (Andover,
MA, USA). The maximum width of the metal part inside
the transducers as measured on CT scans of above transduc-
ers were 4 cm, 2 cm, and 6 cm, respectively. To fix the US
transducer on the phantoms, custom-built transducer holders
(consisting of 3D printed plastic parts and elastic straps)
which were developed in collaboration with Usono (Eind-
hoven, the Netherlands) were used.

For each phantom, first a CT scan was acquired without
the transducer on the phantom, which resulted in a reference
artifact-free CT (CT,,) scan. Then, without changing the
position of the phantom, an US transducer was placed into
the transducer holder and a CT scan with the US transducer-
induced metal artifacts (CT,,,) was acquired. The transducers
were placed in a position considered to be suitable for imag-
ing the heart. For all CT scans, a CT thorax protocol was
utilized, and the scanning parameters are given in Table 1.

The commercial MAR algorithms iMAR and O-MAR
were applied during the CT scan reconstruction on the scan-
ner, as these algorithms are available on Siemens and Philips
scanners, respectively. iMAR was not applied to the Siemens
PET-CT scans, because it was not available on this particular
scanner. In addition to the application of these commercial
MAR algorithms, MDT and CCS-MAR algorithms were
also applied to all CT,,, scans.

Image quality metrics analysis

In order to evaluate the effectiveness of a MAR algorithm
for metal artifact reduction, image quality metrics includ-
ing, structural similarity (SSIM) index, root mean square
error (RMSE) of the HU values, and peak signal-to-noise
ratio (PSNR) [58, 59] were calculated between the CT,;
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Fig. 2 Positioning of the
anthropomorphic phantoms for
CT scanning and their respec-
tive CT scans. a ART phantom
with the transducer holder in
place. b ATOM® phantom, and
¢ CT torso phantom with a US
transducer positioned into the
transducer holder. Respective
CT scans resulting from CT
scanning the setups as shown
in a, b and c are given in d, e,
and f

scan and corresponding CT,, and CT_, scans. To not bias
these image quality metric results, pixels containing the
details of the US transducer on CT,,, scans were copied
and transferred to the corresponding CT,.; scans. Higher
SSIM which ranges from 0 to 1, and higher values of
PSNR indicate better image quality. On the other hand, the
calculated RMSE values should be low for better artifact
reduction. In the end, mean values of these image quality
metrics calculated for all the CT,,, and CT,, scans were

used for analysis.

HU value restoration evaluation

Quantitative comparisons were performed to evaluate HU
values on the CT,, and CT_,, scans in comparison with the
CT,. scan. Initially, through visual inspection, axial CT
slices, which were affected by metal artifacts were chosen
from each CT,, scan. Then, the corresponding axial CT
slices were selected from the CT,; and CT,,, scans. Regions
of interest (ROI) were defined as elliptical areas of = 0.5 cm?
and the ROI-based HU values of pixels were extracted from
the regions of the heart, lung, and bone from those selected
CT slices. Figures 3, 4 and 5 shows the ROI placements. A
paired sample t-test was used to compare the ROI-based HU
value measurements of pixels on both CT,; and CT_ with
CT, slice at a significance level of 0.05.

@ Springer

Results
Visual comparison of the CT scans
Single-plane phased array transducer

Figure 3 shows an example of 2D slices from the SECT (a)
and DECT (b) scans of the ART phantom, and SECT scans
of the ATOM® phantom (c) with and without the single-
plane phased array transducer in place. Overall, the applica-
tion of MAR algorithms reduced the metal artifacts on the
corresponding CT_ . scans. However, residual artifacts were
observed on CT_, scans after the application of iMAR and
O-MAR (see red arrows in Fig. 3). In addition, a modifica-
tion in the edges of soft tissues and bone can be seen on the
corresponding absolute differences of the CT,, scan after

the application of MDT and CCS-MAR algorithms (see blue
arrows in Fig. 3).

Bi-plane phased array transducer

For the bi-plane phased array transducer, the application of
MAR algorithms on SECT and DECT scans of the ART
phantom, and SECT scans of the ATOM® phantom are
shown in Fig. 4. Due to its smaller size, the bi-plane phased
array transducer produced fewer metal artifacts than the
single-plane phased array transducer (see previous section).
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ART Phantom (SECT Scan)

Reference

ART Phantom (DECT Scan)

Reference

ATOM® Phantom (SECT Scan)

N

Reference

Fig.3 SECT (a) and DECT (b) scans of the ART phantom, and
SECT scans of the ATOM® phantom (c¢) with and without the sin-
gle-plane phased array transducer placed into the transducer holder.
In a, b and c, the upper images from left to right show: the CT scan
with the US transducer in place (original CT,, scan), and the artifact
corrected (CT,,,) scans after iMAR (a and b), O-MAR (c¢), MDT,

and CCS-MAR application, respectively [Window level/ width: 50/
350]. The scan on the very left-hand side is the reference (CT,,;) scan

Original iMAR

CCS-MAR

@"m

without a US transducer, but with a transducer holder in place. The
bottom images show: the absolute difference between the upper CT
scans and the CT,; scan [window level/ width: -200/ 200]. The posi-
tions of the ROI (1: heart, 2: lung, 3: bone) for the HU value meas-
urements are shown in CT,, scan, and in the respective CT,,, scans.
The red arrows indicate induced secondary artifacts, while the blue
arrows indicate edge modifications
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ART Phantom (SECT Scan)

Reference

ART Phantom (DECT Scan)

Reference

ATOM® Phantom (SECT Scan)

Original

Reference

Fig.4 SECT (a) and DECT (b) scans of the ART phantom, and
SECT scans of the ATOM® phantom (c¢) with and without the bi-
plane phased array transducer placed into the transducer holder. In a,
b and ¢, the upper images from left to right show: the CT scan with
the US transducer in place (original CT,,, scan), and the artifact cor-
rected (CT,,,) scans after iMAR (a and b), O-MAR (c¢), MDT, and
CCS-MAR application, respectively [Window level/ width: 50/ 350].
The scan on the very left-hand side is the reference (CT,) scan
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(c)

without a US transducer, but with a transducer holder in place. The
bottom images show: the absolute difference between the upper CT
scans and the CT,; scan [window level/ width: -200/ 200]. The posi-
tions of the ROI (1: heart, 2: lung, 3: bone) for the HU value meas-
urements are shown in CT,,, scan, and in the respective CT,, scans.
The red arrows in a and b shows bone details, and in ¢ indicate
induced secondary artifacts while the blue arrows indicate edge modi-
fications
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Reference

Fig.5 CT scans of the CT torso phantom with and without the linear
volume array transducer placed into the transducer holder. The upper
images from left to right show: the CT scan with the US transducer

in place (original CT,, scan), and the artifact corrected (CT,,,) scans

after MDT, and CCS-MAR application, respectively [Window level/
width: 50/ 350]. The scan on the very left-hand side is the reference

In addition, CCS-MAR better preserved the bone details
than the iMAR and MDT algorithms (see red arrows in ‘b’
Fig. 4). However, the application of CCS-MAR and MDT
and algorithms slightly modified the edges of soft tissues
and bones (see blue arrows in ‘c’ Fig. 4).

Linear volume array transducer

Figure 5 shows the CT scans of the torso phantom with and
without the volume array transducer. A commercial MAR
algorithm was not applied to reduce the metal artifacts on
this torso phantom scans since it was not available on the
particular CT scanner used for CT scanning.

Image quality metrics
Single-plane phased array transducer

For the single-plane phased array transducer, the image
quality metrics SSIM, RMSE and PSNR were calculated
for the CT scans of the ART and the ATOM® phantom (see
Table 2). Overall, the application of MAR algorithms on the
CT,,; scans improved SSIM and PSNR, while reducing the
RMSE values. This shows that the metal artifact reduction
had the desired effect on the improvement of image quality
and HU values,

(CT,p) scan without a US transducer. The bottom images show: the
absolute difference between the upper CT scans and the CT,; scan
[Window level/ width: -200/ 200]. The positions of the ROI (1: heart,
2: lung, 3: bone) for the HU value measurements are shown in the

CT,, scan, and in the respective CT_, scans

For the CT scans of ART phantom and ATOM® phan-
tom, the calculated mean SSIM values were well improved
after the application of CCS-MAR algorithm. The mean
RMSE values for the CT,,, scans of the SECT and DECT
scans of ART phantom, and the ATOM® phantom scans
were 87.94, 85.27, and 112.90, respectively, and these values
were reduced to the lowest after the application of CCS-
MAR (31.21) and iMAR (32.06) and the MDT (57.62) algo-
rithms, respectively. The highest mean PSNR (dB) values
were observed for the CT,, scans after the application of

CCS-MAR for both SECT and DECT scans of the Atom
phantoms.

Bi-plane phased array transducer

Table 3. shows the image quality metrics for the ART and
the ATOM® phantom scans with the bi-plane phased array
transducer. On the ATOM® phantom scans, the CT,., after
the application of CCS-MAR (29.96) had lower mean
RMSE values than the CT,,, scans after the application of
0O-MAR (42.52) and MDT (32.33) algorithms. For the same
phantom, the mean PSNR (dB) value for the CT,,, scan was
19.02 and it improved to 29.02, 31.03 and 31.38 after the
application of O-MAR, MDT, and CCS-MAR algorithms,

respectively.
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Table 2 Mean values of SSIM,

Image quality metrics Phantom (scan) Original iMAR O-MAR MDT CCS-MAR
RMSE, and PSNR for the
SECT and DECT scans of Mean
the ART phantom and SECT
scans of the ATOM phantom® SSIM ART (SECT) 0.65 0.85 N/A 0.85 0.86
with the single-plane phased ART (DECT) 0.67 0.87 N/A 0.87 0.87
array transducer in place. ATOM® 0.61 N/A 0.83 0.84 0.84
Better values are highlighted RMSE ART (SECT) 87.94 3348  N/A 3297 3121
in bold ART (DECT) 8527 3206 NA 3334 3222
ATOM® 112.90 N/A 59.08 57.62  58.73
PSNR (dB) ART (SECT) 16.41 24.99 N/A 25.11 25.60
ART (DECT) 18.84 28.27 N/A 28.27 28.41
ATOM® 18.56 N/A 26.12 26.74 26.31

SECT single energy computed tomography, DECT dual-energy computed tomography, N/A not applicable

Table 3 Mean values of SSIM,

Image quality metrics Phantom (scan) Original iMAR O-MAR MDT CCS-MAR
RMSE and PSNR for the SECT
and DECT scans of the ART Mean
phantom and SECT scans of
the ATOM phantom® with the SSIM ART (SECT) 0.73 0.90 N/A 0.91 0.91
bi-plane phased array transducer ART (DECT) 0.74 0.85 N/A 0.83 0.85
in place. Better values are ATOM® 0.71 N/A 0.86 0.95 0.94
highlighted in bold RMSE ART (SECT) 63.18 3493 NA 33.17  32.65
ART (DECT) 61.84 31.28 N/A 32.01 31.67
ATOM® 73.80 N/A 42.52 32.33 29.96
PSNR (dB) ART (SECT) 19.47 28.27 N/A 28.77 28.76
ART (DECT) 21.34 31.88 N/A 32.63 32.11
ATOM® 19.02 N/A 29.02 31.03 31.38

SECT single energy computed tomography, DECT dual-energy computed tomography, N/A not applicable

Table 4 Mean values of SSIM, RMSE and PSNR for the SECT and
DECT scans of the ART phantom and SECT scans of the ATOM
phantom® with the linear volume array transducer in place. Bet-
ter values are highlighted in bold

Image quality metrics Original MDT CCS-MAR
Mean
SSIM 0.60 0.81 0.84
RMSE 114.12 63.72 55.67
PSNR (dB) 18.56 26.31 26.74

Linear volume array transducer

The calculated image quality metrics for the torso phantom
scans with the volume array transducer in place are shown
in Table 4. The application of the CCS-MAR on the CT,,
scans improved the mean SSIM and PSNR values better than
the MDT algorithm while reducing the mean RMSE values.
The mean RMSE value for the CT,,, scan was 114.12 and it
was reduced to 63.72 and 55.67 after the application of MDT
and CCS-MAR algorithms, respectively.

@ Springer

HU value restoration evaluation
Single-plane phased array transducer

The ability of a MAR algorithm to restore the HU value on
the ART and ATOM® phantom scans is given in Table 5.
Even though the MAR algorithms improved the ROI-based
mean HU value measurements on the phantom scans, signifi-
cant differences (p < 0.05) were still identified, especially in
ROI 1 and ROI 3 between the CT,,, scan and the CT,; scan.

In the case of the ATOM® phantom scans, for the ROI
1, the application of CCS-MAR algorithm better reduced
the difference between the HU value measurement on
CT,.; and CT_,, scans. For these scans, the measured HU
value (mean+ STD) on CT,,, scan was -179.40+77 HU
and it improved to -63.20+ 56 HU, -54.04 + 35 HU, and
-49.37 +34 HU on the CT_, scan after the application of
O-MAR, MDT and CCS-MAR, respectively, while it was
25.08 +16 HU on the corresponding CT,,; scan. The analysis
of HU in the ROI 3 depicted that the application of MDT
on both the SECT and DECT scans of the ART phantom,
and the application of CCS-MAR on the ATOM® phantom

scans performed well in terms of HU value restoration.
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Table 5 The ROI-based mean (+ STD) Hounsfield unit value measurements on SECT and DECT scans of the ART phantom and SECT scans of
the ATOM phantom® without and with the single-plane phased array transducer in place

ROI  Phantom (scan) Reference Original iMAR O-MAR MDT CCS-MAR
Mean (+STD) HU

1 ART (SECT) —20.96 (+19) — 186.36 (+78) — 100.49 (=29) N/A —97.67 (+£26) —92.51 (+27)
ART (DECT) —-2044 (+14) — 142.75 (£85) —83.51 (+26) N/A —100.97 (+34) —87.50 (£33.41)
ATOM® 25.08 (£ 16) — 17940 (£77) N/A —63.20 (£56) —54.04 (£35) —49.37(+ 34)

2 ART (SECT) —605.58 (+x20) —614.87(x£33) —619.70(£36)* N/A —610.85 (£29)* —610.07 (+29)*
ART (DECT) —611.34 (£18) —624.79 (+25) —612.26 (£25)* N/A —612.35(£19)* —612.05 (+21)*
ATOM® —796.07 (£17) —789.45(£26) N/A —796.24 (+22)* —797.17 (£14)* —795.50 (= 18)*

3 ART (SECT) 138.96 (+56) 111.21 (57) 120.18 (+59) N/A 123.69 (+57) 122.07 (=54)
ART (DECT) 124.23 (+59) 79.88 (+61) 123.00 (£ 63)* N/A 125.07 (+62)* 123.08 (=61)*
ATOM® 786.53 (+38) 771.06 (+48) N/A 775.60 (+43) 775.14 (+38) 777.51 (+41)

In each case the CT scan resulting in the smallest difference in ROI-based HU value measurement compared with the reference CT scan is high-
lighted in bold. Insignificant p-values (>0.05) are indicated by asterisks (*). Note that insignificant p-values indicate better performance

ROI region of interest, SECT single energy computed tomography, DECT dual-energy computed tomography, S7D standard deviation, N/A not

applicable

Table 6 The ROI-based mean (+STD) Hounsfield unit value measurements on SECT and DECT scans of the ART phantom and SECT scans of
the ATOM phantom® without and with the single-plane phased array transducer in place

ROI  Phantom (scan) Reference Original iMAR O-MAR MDT CCS-MAR
Mean (+STD) HU

1 ART (SECT) —20.55 (+16) —8.30 (+24) —22.00 (=15)* N/A — 21.80 (+ 11)* - 1833 (x11)*
ART (DECT) —20.38 (x12) —3.59 (+20) — 2147 (x14)* N/A — 1893 (x11)* —19.13 (£ 12)*
ATOM® 25.94 (+16) —32.52(x43) N/A 5.04 (+28) 27.36 (= 17)* 24.78 (+16)*

2 ART (SECT) —605.28 (+20) —582.93 (+43) —594.45(+21) N/A —607.17 (£23)* —607.34 (+14)*
ART (DECT) —611.43 (£18) —59321(x11) —-61257(17)* NA —611.8 (x21)* —610.61 (+13)*
ATOM® —795.55 (x13) —792.52(x16) N/A — 79550 (£15)* —793.89 (+x13)* —794.81 (+12)*

3 ART (SECT) 135.74 (=54) 130.15 (+58) 134.08 (+56)* N/A 136.06 (+55)* 134.62 (= 54)*
ART (DECT) 122.37 (+59) 117.02 (57) 121.59 (+58)* N/A 122.55(+ 58)* 121.68 (+57)*
ATOM® 749.49 (+36) 744.81 (£53) N/A 748.34 (+40)* 750.06 (£ 35)* 748.95 (+33)*

In each case the CT scan resulting in the smallest difference in ROI-based HU value measurement compared with the reference CT scan is high-
lighted in bold. Insignificant p-values (> 0.05) are indicated by asterisks (*). Note that insignificant p-values indicate better performance

ROI region of interest, SECT single energy computed tomography, DECT dual-energy computed tomography, STD standard deviation, N/A not

applicable

Bi-plane phased array transducer

Table 6 summarises the comparison of the ROI-based
mean HU values of the ART and the ATOM® phantom
scans with and without the bi-plane phased array trans-
ducer. In this study, ROI 1 was placed in the heart region
and therefore it was assumed to be the target. On the other
hand, ROI 2 and ROI 3 were placed in lung and bone
regions, respectively. For all ROI measurements on the
SECT and DECT scans of the ART phantom, the MDT and
CCS-MAR algorithms brought the mean HU value closer
(p>0.05) to the mean HU values on the CT, scan. In
ROI 1 on ATOM® phantom scans, significant differences
(p <0.05) were identified on the HU value measurements
on CT_, after the application of the O-MAR algorithm

(5.04 £28 HU, [mean + STD]), compared to the CT, scan
(25.94 + 16 HU, [mean + STD]).

Linear volume array transducer

The comparison of ROI-based HU values on the CT scans
of the torso phantom with and without the linear volume
array transducer is given in the Table 7. Even though MDT
and CCS-MAR improved the ROI-based mean HU value
on the CT,,, scan compared to the CT,,, scan, significant
differences (p <0.05) in HU value measurements were still
observed between the CT,,, and CT, scans, especially in
ROI 1 and ROI 3. However, in ROI 2, the mean HU value
(mean + STD) was improved after the application of MDT
(-927.43+120 HU) and CCS-MAR (-928.09 + 116 HU), and
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Table 7 The ROI-based mean

. ROI Reference Original MDT CCS-MAR
(£ STD) Hounsfield unit value
measurements on the CT scans Mean (+ STD) HU
of the Atom® phantom without = 42.44 (+ 10) —265.11 (+61) — 12027 (+23) — 97.80 (+11)
and with the linear volume array )
transducer in place 2 —926.02 (£119) —942.63 (+130) —927.43 (+ 120)* —928.09 (+116)*
3 378.37 (+32) 268.42 (+90) 326.65 (£ 39) 319.56 (+40)

In each case the CT scan resulting in the smallest difference in ROI-based HU value measurement com-
pared with the reference CT scan is highlighted in bold. Insignificant p-values (>0.05) are indicated by
asterisks (*). Note that insignificant p-values indicate better performance

ROI region of interest, STD standard deviation

significant differences were not identified with the measure-
ment on the CT,; scan (-926.02 + 119 HU).

Overall, the application of the CCS-MAR algorithm on
the CT,,, scans effectively reduced the metal artifacts and
improved the SSIM and PSNR values for all phantoms
scans. Also, CCS-MAR better improved the HU values com-
pared to the other MAR algorithms in most of the scenarios.
HU value threshold for the metal segmentation is crucial for
the performance of a MAR algorithm. For CCS-MAR, it has
been verified that slight changes (range 2000-2500 HU) in
the HU threshold value did not affect its performance for the
metal artifact reduction. Since CCS-MAR does not utilize
many iterations during the artifact reduction, for the inves-
tigated CT scans which included severe metal artifacts, the
algorithm written in MatLab took an average of 1.5 min per
CT slice on a i7-8665U, 2.11 GHz CPU. Therefore, for an
average of 40 CT,, slices, CCS-MAR is estimated to take
about an hour to perform the artifact reduction task on a
standard personal computer.

Discussion

In this work, a fully automated algorithm (CCS-MAR) was
proposed which can potentially be used to reduce the nega-
tive impact of metal artifacts appearing on planning CT
scans used during US-guided cardiac radioablation. Fur-
thermore, the performance of the CCS-MAR algorithm for
metal artifact reduction and HU value restoration has been
compared to other commonly used commercial and research-
based MAR algorithms.

In order to check the robustness of the CCS-MAR algo-
rithm, this study utilized CT scans of different anthropomor-
phic phantoms. These phantoms were scanned with multiple
types of CT scanners while US transducers with various
sizes were or were not in place during the acquisition. The
presented results show that, the CCS-MAR algorithm effec-
tively improved the image quality metrics SSIM and PSNR
and that it improved the ROI-based HU values accuracy
more or comparably to other MAR algorithms. Also, the
application of CCS-MAR induced fewer secondary metal

@ Springer

artifacts on CT_,, scan than the application of O-MAR,
iMAR and MDT (see Figs. 3, 4). However, slight modifica-
tion of the edges of the bone and soft tissues were identi-
fied on CT_,, scan after the application of the CCS-MAR
algorithm (see Figs. 3, 4, and 5). CCS-MAR utilizes a CT,,
scan to generate the original sinogram for the metal artifact
reduction, while commercial MAR algorithms typically use
the original sinogram directly from the CT scanner. This is
a possible reason for these edge modifications.

The mean absolute differences of torso phantom scans
show notable differences (Fig. 5), especially in the edges of
the bone and soft tissues. These differences might be due to
the large number of metal artifacts produced from the linear
volume array transducer, or phantom movement between
the acquisition of CT,; and CT, scans. A lot of effort was
put into not moving the phantom during CT scan acquisi-
tion; however, the occurrence of a small motion cannot be
excluded. It has to be noted that the same phenomena were
not observed or to a lesser extent for the other phantoms
scans (Figs. 3, 4). Therefore, we hypothesize that it is more
likely that the differences originate from the large number of
artifacts. In order to draw final conclusion, additional evalu-
ation is required.

It has been shown in literature that the size of a US trans-
ducer influences the creation of the metal artifacts [26]. In
our case, the CT scans with the single-plane phased array
transducer had higher calculated RMSE than the bi-plane
phased array transducer. This strengthens the recommenda-
tion to use the smallest US transducer possible and subse-
quently apply an MAR algorithm to reduce the artifacts.

Generally, the application of the MAR algorithms on the
DECT scans of the ART phantom with the bi-plane phased
array transducer better reduced the RMSE value and better
restored the HU value than the application of MAR algo-
rithms on SECT scans of the ART phantom. These results
align with the work conducted by Kovacs et al. [51] in which
they reported that the application of MAR algorithms on
DECT scans is the preferred choice to reduce the metal arti-
facts, especially for the metal artifacts created by dental,
and hip implants, for radiotherapy applications. Thus, to
further reduce the metal artifacts which are created by the
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smallest US transducer, the acquisition of DECT scan is
recommended over the acquisition of a SECT scan.

This work has a few limitations which are related to the
use of CT phantoms for the MAR algorithm evaluation.
These phantoms are just simulations of human anatomies
and therefore do not contain structures which are specific
for cardiology patients, such as pacemakers and cardioverter
defibrillators (ICDs). These implantable cardiac electronic
devices often consist of metal parts, and therefore they also
can produce metal artifacts on CT scans. This study focused
solely on the artifacts produced by the US transducer and
did not take into account the metal artifacts produced by the
implantable cardiac devices itself. In addition, the phantoms
used in this work could not be imaged with US. For this rea-
son, the positioning location and angle of the US transducers
on the phantoms was chosen based on educated guess. In
order to draw final conclusions regarding the performance
of the proposed MAR algorithm, further evaluation of the
algorithm using clinical data is required.

This study primarily investigated the impacts of MAR
algorithms on HU value restoration on planning CT scans
affected by metal artifacts. In addition to HU value restora-
tion, the dosimetric impact of metal artifact reduction on the
target (arrhythmogenic tissue) and OARs during the treat-
ment planning is also crucial. Future work may therefore
include an evaluation of the dosimetric impacts of the CCS-
MAR algorithm.

Cone-Beam Computed Tomography (CBCT) is often
used in radiation therapy, especially in the image-guided
radiation therapy for patient positioning prior to the treat-
ment [60]. This positioning is performed by matching the
CBCT scans to the planning CT scan. Instead, or in addition
to simultaneous acquisition of the planning CT scan and US
images, simultaneous acquisition of CBCT scans and US
images may be another way to implement US-based image
guidance for cardiac radioablation. Therefore, the perfor-
mance of the CCS-MAR algorithm should also be evaluated
for transducer-induced metal artifact reduction on CBCT
scans.

The application of deep learning for the metal artifact
reduction on CT scans for the radiotherapy applications
gained significant interest and has been actively studied in
recent years [61-64]. These studies have shown promising
results for the metal artifact reduction and claimed that the
deep learning algorithms are powerful in handling the com-
plex metal artifacts patterns, while preserving the anatomical
features. Further, it was found that these algorithms often
work on the image domain and thus create fewer number
of secondary artifact and/or image blurring. Therefore, the
potential application of deep learning for the reduction of
the US transducer induced metal artifacts on CT scans for
radiation therapy applications may be beneficial and worth
exploring.

Conclusion

The purpose of this work was to propose and evaluate an
MAR algorithm which can be used to reduce metal arti-
facts resulting from the presence of a US transducer dur-
ing CT scan acquisition. Visual comparison of CT scans,
analysis of image quality metrics, and evaluation of the
HU value restoration have shown that the proposed MAR
algorithm, CCS-MAR, effectively reduces the negative
impacts of US transducer-induced metal artifacts on plan-
ning CT scans of CT phantoms. These promising results
justify further research into US transducer-induced MAR
on CBCT scans as well as extensive (dosimetric) evalua-
tions using clinical CT scans.

Acknowledgements We thank F. Edward Boas, MD, Ph.D. for pro-
viding the MDT algorithm. We also thank Giovanna Dipasquale and
Nikolaos Koutsouvelis from the Division of Radiation Oncology at the
Geneva University Hospital as well as Nicoletta Lomax and Roger Hilg
from Aarau Kantonspital for their support during the data acquisition of
the ART and ATOM® phantoms for this study. Further, we thank Peta
Gray from the Herston Medical Research Institute (HIRF) for providing
support to collect data from the CT torso phantom.

Funding Open Access funding enabled and organized by CAUL and
its Member Institutions. This publication is part of a project that has
received funding from the European Union’s Horizon 2020 research
and innovation program under grant agreement No. 954783. The data
acquisition at the Geneva University Hospital, Geneva, Switzerland,
was supported by Innosuisse Project No. 40854.1 INNO-LS. Data col-
lection at HIRF, Queensland, Australia was funded by a grant under the
HIRF Project Support Scheme 2020.

Declarations

Conflict of interest The authors have no relevant financial or non-fi-
nancial interests to disclose.

Open Access This article is licensed under a Creative Commons Attri-
bution 4.0 International License, which permits use, sharing, adapta-
tion, distribution and reproduction in any medium or format, as long
as you give appropriate credit to the original author(s) and the source,
provide a link to the Creative Commons licence, and indicate if changes
were made. The images or other third party material in this article are
included in the article's Creative Commons licence, unless indicated
otherwise in a credit line to the material. If material is not included in
the article's Creative Commons licence and your intended use is not
permitted by statutory regulation or exceeds the permitted use, you will
need to obtain permission directly from the copyright holder. To view a
copy of this licence, visit http://creativecommons.org/licenses/by/4.0/.

References

1. Lloyd-Jones D, Adams RJ, Brown TM, Carnethon M, Dai S, De
Simone G et al (2010) Executive summary: heart disease and
stroke statistics—2010 update: a report from the American Heart
Association. Circulation 121(7):948-954

@ Springer


http://creativecommons.org/licenses/by/4.0/

1286

Physical and Engineering Sciences in Medicine (2022) 45:1273-1287

10.

11.

12.

13.

14.

15.

16.

17.

18.

Haegeli LM, Calkins H (2014) Catheter ablation of atrial fibril-
lation: an update. Eur Heart J 35(36):2454-2459. https://doi.
org/10.1093/eurheartj/ehu291

Cronin EM, Bogun FM, Maury P, Peichl P, Chen M, Nam-
boodiri N et al (2020) 2019 HRS/EHRA/APHRS/LAHRS
expert consensus statement on catheter ablation of ventricular
arrhythmias. Hear Rhythm 17(1):e2—e154. https://doi.org/10.
1016/j.hrthm.2019.03.002

Suzuki A, Deisher AJ, Rettmann ME, Lehmann HI, Hohmann
S, Wang S et al (2020) Catheter-free arrhythmia ablation using
scanned proton beams: electrophysiologic outcomes, biophys-
ics, and characterization of lesion formation in a porcine model.
Circ Arrhythm Electrophysiol 13(10):e008838

Hohmann S, Deisher AJ, Suzuki A, Konishi H, Rettmann ME,
Merrell KW et al (2019) Left ventricular function after nonin-
vasive cardiac ablation using proton beam therapy in a porcine
model. Hear Rhythm 16(11):1710-1719

Richter D, Lehmann HI, Eichhorn A, Constantinescu AM,
Kaderka R, Prall M et al (2017) ECG-based 4D-dose reconstruc-
tion of cardiac arrhythmia ablation with carbon ion beams: appli-
cation in a porcine model. Phys Med Biol 62(17):6869-6883.
https://doi.org/10.1088/1361-6560/aa7b67

Lehmann HI, Deisher AJ, Takami M, Kruse JJ, Song L, Anderson
SE et al (2017) External arrhythmia ablation using photon beams.
Circ Arrhythmia Electrophysiol 10(4):1-8

Sharma A, Wong D, Weidlich G, Fogarty T, Jack A, Sumanaweera
T et al (2010) Noninvasive stereotactic radiosurgery (CyberHeart)
for creation of ablation lesions in the atrium. Hear Rhythm
7(6):802-810. https://doi.org/10.1016/j.hrthm.2010.02.010

Zei PC, Wong D, Gardner E, Fogarty T, Maguire P (2018) Safety
and efficacy of stereotactic radioablation targeting pulmonary vein
tissues in an experimental model. Hear Rhythm 15(9):1420-1427
Widesott L, Dionisi F, Fracchiolla F, Tommasino F, Centonze
M, Amichetti M et al (2020) Proton or photon radiosurgery for
cardiac ablation of ventricular tachycardia? Breath and ECG gated
robust optimization. Phys Medica 78:15-31

Goddu SM, Hilliard J, Knutson N, Zhao T, Hugo GD, Mutic S
et al (2018) Feasibility of noninvasive cardiac ablation utilizing
intensity modulated proton therapy to treat ventricular tachy-
cardia. Int J Radiat Oncol 102(3):S58. https://doi.org/10.1016/j.
ijrobp.2018.06.166

Neuwirth R, Cvek J, Knybel L, Jiravsky O, Molenda L, Kodaj M
et al (2019) Stereotactic radiosurgery for ablation of ventricular
tachycardia. Europace 21(7):1088-1095

Gianni C, Rivera D, Burkhardt JD, Pollard B, Gardner E, Maguire
P et al (2020) Stereotactic arrhythmia radioablation for refractory
scar-related ventricular tachycardia. Hear Rhythm 1-17.

Qian PC, Azpiri JR, Assad J, Gonzales Aceves EN, Cardona
Ibarra CE, de la Pena C et al (2020) Noninvasive stereotactic
radioablation for the treatment of atrial fibrillation: first-in-man
experience. J Arrhythmia 36(1):67-74

Cuculich PS, Schill MR, Kashani R, Mutic S, Lang A, Cooper D
et al (2017) Noninvasive cardiac radiation for ablation of ventricu-
lar tachycardia. N Engl J Med 377(24):2325-2336

Bhaskaran A, Downar E, Chauhan VS, Lindsay P, Nair K, Ha
A et al (2019) Electroanatomical mapping—guided stereotactic
radiotherapy for right ventricular tachycardia storm. Hear Case
Rep 5(12):590-592. https://doi.org/10.1016/j.hrcr.2019.09.007
Vythuis MAL, Onyeuku N, Diwanji T, Mossahebi S, Amin NP,
Badiyan SN et al (2018) Advances in proton therapy in lung can-
cer. Ther Adv Respir Dis 12:1-16

Guzhva L, Flampouri S, Mendenhall NP, Morris CG, Hoppe
BS (2019) Intrafractional displacement of cardiac substructures
among patients with mediastinal lymphoma or lung cancer. Adv
Radiat Oncol 4(3):500-506

@ Springer

19.

20.

21.

22.

23.

24.

25.

26.

217.

28.

29.

30.

31.

32.

33.

34.

35.

Dusi V, Russo G, Forte GI, De Ferrari GM (2020) Non-invasive
ablation of cardiac arrhythmia. Is proton radiation therapy a step
forward? Int J Cardiol 313:64-66

Fontanarosa D, Van Der Meer S, Bamber J, Harris E, O’Shea
T, Verhaegen F (2015) Review of ultrasound image guidance
in external beam radiotherapy: I. Treatment planning and inter-
fraction motion management. Phys Med Biol 60(3):R77-114
Camps SM, Fontanarosa D, de With PHN, Verhaegen F, Vanneste
BGL (2018) The Use of ultrasound imaging in the external beam
radiotherapy workflow of prostate cancer patients. Biomed Res
Int 2018:7569590

O’Shea T, Bamber J, Fontanarosa D, Van Der Meer S, Verhaegen
F, Harris E (2016) Review of ultrasound image guidance in exter-
nal beam radiotherapy part II: Intra-fraction motion management
and novel applications. Phys Med Biol 61(8):R90-137. https://doi.
org/10.1088/0031-9155/61/8/R90

Blanck O, Ipsen S, Chan MK, Bauer R, Kerl M, Jacobi V, et al
(2016) Treatment planning considerations for robotic guided car-
diac radiosurgery for atrial fibrillation. Cureus 8(7).

Casula M, Dusi V, Camps S, Gringet J, Benoit T, Garonna A et al
(2022) Feasibility of an automatic ultrasonographic image acqui-
sition system associated with an artificial intelligence algorithm
for real-time monitoring of cardiac motion during cardiac radio-
ablation. Front Cardiovasc Med. https://doi.org/10.3389/fcvm.
2022.849234

Perrin R, Maguire P, Garonna A, Weidlich G, Bulling S, Fargier-
Voiron M et al (2022) Case report: treatment planning study to
demonstrate feasibility of transthoracic ultrasound guidance to
facilitate ventricular tachycardia ablation with protons. Front Car-
diovasc Med. https://doi.org/10.3389/fcvm.2022.849247

Ipsen S, Bruder R, Garcia-Vazquez V, Schweikard A, Ernst F
(2019) Assessment of 4D ultrasound systems for image-guided
radiation therapy - image quality, framerates and CT artifacts.
Curr Dir Biomed Eng 5(1):245-248

Schlosser J, Hristov D (2016) Radiolucent 4D ultrasound imaging:
system design and application to radiotherapy guidance. IEEE
Trans Med Imaging 35(10):2292-2300

Puvanasunthararajah S, Fontanarosa D, Wille ML, Camps SM
(2021) The application of metal artifact reduction methods on
computed tomography scans for radiotherapy applications: a lit-
erature review. J Appl Clin Med Phys 22(6):198-223

Bal M, Spies L (2006) Metal artifact reduction in CT using
tissue-class modeling and adaptive prefiltering. Med Phys
33(8):2852-2859

Miiller J, Buzug TM (2009) Spurious structures created by
interpolation-based CT metal artifact reduction. Med Imaging
7258:72581Y

Meyer E, Raupach R, Lell M, Schmidt B, Kachelrie M (2010)
Normalized metal artifact reduction (NMAR) in computed tomog-
raphy. Med Phys 37(10):5482-5493. https://doi.org/10.1118/1.
3484090

Andersson KM, Nowik P, Persliden J, Thunberg P, Norrman E
(2015) Metal artefact reduction in CT imaging of hip prostheses-
an evaluation of commercial techniques provided by four vendors.
BrJ Radiol 88(1052).

Andersson KM, Dahlgren CV, Reizenstein J, Cao Y, Ahnesjo A,
Thunberg P (2018) Evaluation of two commercial CT metal arti-
fact reduction algorithms for use in proton radiotherapy treatment
planning in the head and neck area. Med Phys 45(10):4329-4344
Axente M, Paidi A, Von Eyben R, Zeng C, Bani-Hashemi A,
Krauss A et al (2015) Clinical evaluation of the iterative metal
artifact reduction algorithm for CT simulation in radiotherapy.
Med Phys 42(3):1170-1183

Kwon H, Kim KS, Chun YM, Wu HG, Carlson JNK, Park JM
et al (2015) Evaluation of a commercial orthopaedic metal artefact


https://doi.org/10.1093/eurheartj/ehu291
https://doi.org/10.1093/eurheartj/ehu291
https://doi.org/10.1016/j.hrthm.2019.03.002
https://doi.org/10.1016/j.hrthm.2019.03.002
https://doi.org/10.1088/1361-6560/aa7b67
https://doi.org/10.1016/j.hrthm.2010.02.010
https://doi.org/10.1016/j.ijrobp.2018.06.166
https://doi.org/10.1016/j.ijrobp.2018.06.166
https://doi.org/10.1016/j.hrcr.2019.09.007
https://doi.org/10.1088/0031-9155/61/8/R90
https://doi.org/10.1088/0031-9155/61/8/R90
https://doi.org/10.3389/fcvm.2022.849234
https://doi.org/10.3389/fcvm.2022.849234
https://doi.org/10.3389/fcvm.2022.849247
https://doi.org/10.1118/1.3484090
https://doi.org/10.1118/1.3484090

Physical and Engineering Sciences in Medicine (2022) 45:1273-1287

1287

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

47.

48.

49.

50.

51.

reduction tool in radiation therapy of patients with head and neck
cancer. Br J Radiol 88(1052):13-22

Bir E, Schwahofer A, Kuchenbecker S, Hiring P (2015) Improv-
ing radiotherapy planning in patients with metallic implants using
the iterative metal artifact reduction (iMAR) algorithm. Biomed
Phys Eng Express 1(2):025206

Maerz M, Mittermair P, Krauss A, Koelbl O, Dobler B (2016)
Iterative Metallartefakt Reduktion verbessert die Genauigkeit der
Dosisberechnung: Phantomstudie mit Zahnimplantaten. Strahlen-
therapie und Onkol 192(6):403-413

Huang JY, Followill DS, Howell RM, Liu X, Mirkovic D, Stingo
FC et al (2016) Approaches to reducing photon dose calculation
errors near metal implants. Med Phys 43(9):5117-5130
Righetto R, Clemens LP, Lorentini S, Fracchiolla F, Algranati C,
Tommasino F et al (2019) Accurate proton treatment planning
for pencil beam crossing titanium fixation implants. Phys Medica
2020(70):28-38. https://doi.org/10.1016/j.ejmp.2020.01.003
Akdeniz Y, Yegingil I, Yegingil Z (2019) Effects of metal implants
and a metal artifact reduction tool on calculation accuracy
of AAA and Acuros XB algorithms in small fields. Med Phys
46(11):5326-5335

Boas FE, Fleischmann D (2011) Evaluation of two iterative tech-
niques for reducing metal artifacts in computed tomography. Radi-
ology 259(3):894-902

Jin Y, Giantsoudi D, Fu L, Verburg J, Gjesteby L, Wang G et al
(2018) Metal artifact reduction for radiation therapy: a simulation
study. Med Imaging 2018:25

Nielsen JS (2019) MR-based CT metal artifact reduction using
Bayesian modelling Magnetic resonance-based computed tomog-
raphy metal artifact reduction using Bayesian modelling. Phys
Med Biol 64:245012

Li X, Kantor M, Zhu X, Frank S, Sahoo N, Li H (2014) SU-E-
T-396: dosimetric accuracy of proton therapy for patients with
metal implants in CT scans using metal deletion technique (MDT)
artifacts reduction. Med Phys 41(6 Part 17):316

Nielsen JS, Van Leemput K, Edmund JM (2019) MR-based CT
metal artifact reduction for head-and-neck photon, electron, and
proton radiotherapy. Med Phys 46(10):4314—4323

Johnson TRC (2012) Dual-energy CT: general principles. AJR
Am J Roentgenol 199(5 Suppl):3-8

Omoumi P, Verdun FR, Guggenberger R, Andreisek G, Becce F
(2015) Dual-energy CT: basic principles, technical approaches,
and applications in musculoskeletal imaging (Part 2). Semin Mus-
culoskelet Radiol 19(5):438—445

Yadava GK, Pal D, Hsieh J (2014) Reduction of metal artifacts:
beam hardening and photon starvation effects. Med Imaging
9033:90332V

Wellenberg RHH, Donders JCE, Kloen P, Beenen LFM, Kleipool
RP, Maas M et al (2018) Exploring metal artifact reduction using
dual-energy CT with pre-metal and post-metal implant cadaver
comparison: are implant specific protocols needed? Skeletal
Radiol 47(6):839-845

Long Z, DeLone DR, Kotsenas AL, Lehman VT, Nagelschnei-
der AA, Michalak GIJ et al (2019) Clinical assessment of metal
artifact reduction methods in dual-energy CT examinations of
instrumented spines. Am J Roentgenol 212(2):395-401

Kovacs DG, Rechner LA, Appelt AL, Berthelsen AK, Costa JC,
Friborg J et al (2018) Metal artefact reduction for accurate tumour

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

delineation in radiotherapy. Radiother Oncol 126(3):479-486.
https://doi.org/10.1016/j.radonc.2017.09.029

Wu J, Shih CT, Chang SJ, Huang TC, Sun JY, Wu TH (2011)
Metal artifact reduction algorithm based on model images and
spatial information. Nucl Instrum Methods Phys Res Sect A
652(1):602-605. https://doi.org/10.1016/j.nima.2011.01.041
Luzhbin D, Wu J (2020) Model image-based metal artifact reduc-
tion for computed tomography. J Digit Imaging 33:71-82
Hartigan JA, Wong MA (1979) Algorithm AS 136: A K-means
clustering algorithm. J R Stat Soc Ser C 28(1):100-108

Hahn A, Knaup M, Brehm M, Sauppe S, Kachelrie M (2018)
Two methods for reducing moving metal artifacts in cone-beam
CT. Med Phys 45(8):3671-3680

Meyer E, Raupach R, Lell M, Schmidt B, Kachelrie M (2012)
Frequency split metal artifact reduction (FSMAR) in computed
tomography. Med Phys 39(4):1904-1916. https://doi.org/10.
1118/1.3691902

Rodriguez-Gallo Y, Orozco-Morales R, Pérez-Diaz M (2018)
Metal artifact reduction by morphological image filtering for
computed tomography BT—world congress on medical physics
and biomedical engineering. Springer, Singapore, pp 219-222
Wang Z, Bovik AC, Sheikh HR, Simoncelli EP (2004) Image
quality assessment: from error visibility to structural similarity.
IEEE Trans Image Process 13(4):600-612

Zhang Y, Yu H (2018) Convolutional neural network based metal
artifact reduction in X-ray computed tomography. IEEE Trans
Med Imaging 37(6):1370-1381

De Los SJ, Popple R, Agazaryan N, Bayouth JE, Bissonnette JP,
Bucci MK et al (2013) Image guided radiation therapy (IGRT)
technologies for radiation therapy localization and delivery. Int
J Radiat Oncol Biol Phys 87(1):33—-45. https://doi.org/10.1016/].
ijrobp.2013.02.021

Koike Y, Anetai Y, Takegawa H, Ohira S, Nakamura S, Tani-
gawa N (2020) Deep learning-based metal artifact reduction using
cycle-consistent adversarial network for intensity-modulated head
and neck radiation therapy treatment planning. Phys Medica 78:8—
14. https://doi.org/10.1016/j.ejmp.2020.08.018

Nakamura M, Nakao M, Imanishi K, Hirashima H, Tsuruta Y
(2021) Geometric and dosimetric impact of 3D generative adver-
sarial network-based metal artifact reduction algorithm on VMAT
and IMPT for the head and neck region. Radiat Oncol 16(1):96.
https://doi.org/10.1186/s13014-021-01827-0

Nakao M, Imanishi K, Ueda N, Imai Y, Kirita T, Matsuda T
(2020) Regularized three-dimensional generative adversarial nets
for unsupervised metal artifact reduction in head and neck CT
images. IEEE Access 8:109453-109465

Gjesteby L, Shan H, Yang Q, Xi Y, Jin Y, Giantsoudi D et al
(2019) A dual-stream deep convolutional network for reducing
metal streak artifacts in CT images. Phys Med Biol 64(23):235003

Publisher's Note Springer Nature remains neutral with regard to
jurisdictional claims in published maps and institutional affiliations.

@ Springer


https://doi.org/10.1016/j.ejmp.2020.01.003
https://doi.org/10.1016/j.radonc.2017.09.029
https://doi.org/10.1016/j.nima.2011.01.041
https://doi.org/10.1118/1.3691902
https://doi.org/10.1118/1.3691902
https://doi.org/10.1016/j.ijrobp.2013.02.021
https://doi.org/10.1016/j.ijrobp.2013.02.021
https://doi.org/10.1016/j.ejmp.2020.08.018
https://doi.org/10.1186/s13014-021-01827-0

	Combined clustered scan-based metal artifact reduction algorithm (CCS-MAR) for ultrasound-guided cardiac radioablation
	Abstract
	Introduction
	Materials and methods
	CCS-MAR algorithm design
	CT scan data collection for performance evaluation
	Image quality metrics analysis
	HU value restoration evaluation

	Results
	Visual comparison of the CT scans
	Single-plane phased array transducer
	Bi-plane phased array transducer
	Linear volume array transducer

	Image quality metrics
	Single-plane phased array transducer
	Bi-plane phased array transducer
	Linear volume array transducer

	HU value restoration evaluation
	Single-plane phased array transducer
	Bi-plane phased array transducer
	Linear volume array transducer


	Discussion
	Conclusion
	Acknowledgements 
	References




