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Abstract
Purpose: Cardiac radioablation has evolved as a potential treatment modality for therapy-refractory ventricular tachycardia. To
standardize cardiac radioablation treatments, promote accurate communication and target identification, and to assess toxicity, robust,
and reproducible methods for angulation and cardiac segmentation are paramount. In this study, we developed and evaluated a tool
for semiautomated angulation and segmentation according to the American Heart Association 17-segment model.
Methods and Materials: The semiautomated angulation and segmentation of the planning-computed tomography (CT) was based on
an in-house developed tool requiring placement of only 4 point-markers and a rotation matrix. For angulation, 2 markers defining the
cardiac long-axis were placed: at the cardiac apex and at the center of the mitral valve. A rotation matrix was derived that angulates the
CT volume, resulting in the cardiac short axis. Segmentation was subsequently performed based on marking the 2 left ventricular hinge
points. To evaluate reproducibility, 5 observers independently placed markers in planning CTs of 6 patients.
Results: The root mean square of the standard deviation for the angulation and segmentation marker positions were ≤0.5 cm. The 17
segments were subsequently generated and compared between the observers resulting in a median Dice coefficient of 0.8 (interquartile
range: 0.70-0.87) and a median of the mean Hausdorff distance of 0.09 cm (interquartile range: 0.05-0.17). The interquartile ranges of
Euler angles a and b, determined by the angulation markers, was less than 3 degrees for all patients except one. For the g angle,
determined by the hinge point markers, the interquartile range was up to 12 degrees.
Conclusions: In this study a method for semiautomatic angulation and segmentation of the heart for cardiac radioablation according
to the American Heart Association Segmented Model is presented and evaluated. Based on our results we believe that the segmentation
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is reproducible and that it can be used to promote communication between radiation oncology and cardiology, enables cardiology-
oriented targeting and permits focused toxicity evaluations.
© 2022 The Authors. Published by Elsevier Inc. on behalf of American Society for Radiation Oncology. This is an open access
article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
Introduction
Ventricular tachycardia (VT) is a life-threatening
malignant ventricular arrhythmia. In patients at high risk
for VT, an implantable cardioverter defibrillator is
implanted, which can treat ventricular arrhythmias if they
occur. To prevent VT, patients are treated with antiar-
rhythmic medication or invasive catheter ablation.1 How-
ever, VT may still recur despite these treatments, which
may have tremendous effect on quality of life, as well as
on morbidity and mortality.2,3

In recent years, cardiac radioablation (also known as
Stereotactic Arrhythmia Radiation therapy and stereotac-
tic ablative radiation therapy) has evolved as a potential
(bail out) treatment modality for patients with therapy-
refractory VT.4 The proarrhythmic cardiac region is first
determined and delineated, and subsequently “ablated”
with a single fraction radiation therapy dose of 25 Gy.
Experience with cardiac radioablation is still very limited
but steadily growing worldwide due to promising initial
efficacy and safety results.4 Besides the limited experience
with cardiac radioablation worldwide and uncertainties
about the underlying working mechanisms,4-6 the workup
and workflow for cardiac radioablation are still incom-
pletely defined. This includes defining the proarrhythmic
region as this may not be clearly visualized on cardiac
imaging. The target for treatment is thus based on aggre-
gating clinical and electro-anatomic information of sev-
eral modalities such as noninvasive electrophysiology
studies and cardiac imaging resulting in interobserver dif-
ferences in target definition and delineation.7 An impor-
tant aspect in the definition of this target is the different
anatomic orientation between cardiology-electrophysiol-
ogy and radiation oncology, and in cardiology the cardiac
axes determine nomenclature and deduction, in radiation
oncology the standard orthogonal axes are mainly used.
As a potential solution for this problem, the use of the
American Heart Association (AHA) 17-segment model
has previously been proposed as structured approach for
the identification and subsequent targeting and treatment
of the proarrhythmic regions.8

However, radiation therapy planning systems do not
yet have implemented tools available to angulate and seg-
ment the heart according to this AHA 17-segment model
statement.9 To standardize treatments and to promote
accurate communication and identification of the target
for cardiac radioablation, a robust and reproducible
method for the angulation and generation of the segments
is of clear importance. Moreover, also cardiac toxicity of
cardiac radioablation might be more easily assessable
using cardiac oriented dose-calculations.

Therefore, in this study we developed and evaluated a
method for semiautomated angulation and segmentation
of the heart according to the AHA 17-segment model for
cardiac radioablation.
Methods and Materials
First, we present the methodology for semiautomated
angulation and segmentation. Subsequently, we present the
methods for the evaluation of this semiautomated method.
Patients and CT scans

Computed tomography (CT) scans of the 6 consecutive
participants of the prospective Stereotactic Arrhythmia
Radiotherapy in the Netherlands no. 1 (STARNL-1) trial
(Netherlands Trial Register: NL7510) were used. These
patients were included with therapy refractory VT with
recurrences even after (multiple) VT ablations, and high
doses of class 1, 2, and 3 antiarrhythmic drugs. For the CT
scans, patients were positioned supine using a knee support
and with the arms raised over the head using a thorax sup-
port (Thorax support, MacroMedics). Patients received
intravenous contrast and the 3-dimensional (3D) CT scans
were acquired in free breathing with slice thickness 2.5 mm
at 120 kVp (Revolution CT, GE Medical Systems).

Study related investigations and treatment were per-
formed after written informed consent and approved by
the institutional ethics committee. As follow-up of this
trial is ongoing, efficacy and safety results are not part of
the present study.
Angulation and segmentation of the heart

Marker placement and angulation
A CT scan acquires axial slices, perpendicular to the

long axis of the body (Fig 1A). In cardiology, however,
the cardiac planes are widely used. In these cardiac planes,
the heart is displayed in planes perpendicular to the car-
diac long axis (Fig 1B). The cardiac long axis is defined as
the axis that transects the apex and the center of the
mitral valve plane.9 The cardiac planes can be generated
from body planes by means of angulation. This angulation
can be performed manually,8 but may also be performed
semiautomated.

http://creativecommons.org/licenses/by-nc-nd/4.0/


Fig. 1 Volume rendering technique computed tomography images of the chest. (A) Anterior view of the thorax in the
coronal plane in which the thorax is transected in the short-axis (SA) plane perpendicular to the cardiac long axis. This
long-axis of the heart is defined by the line between the apex and the center of the mitral valve plane (D) by means of
angulation the short-axis view of the heart is generated.
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For this, CT scans were imported in Velocity
(Velocity 4.1, Varian Medical Systems) and 2 markers
were positioned in the standard orthogonal planes. In
Fig 2, the placement of these markers is described in
detail. This was also the instruction that the observers
received. The markers are placed at (1) the apex of the
heart, and at (2) the center of the mitral valve plane.
Subsequently, angulation was performed using an in-
house developed tool (described in detail in the text of
section 3 of Supplementary E1). Shortly, from the
positions of these markers, which define the cardiac
long axis, a rotation matrix was derived that angulates
the CT volume, resulting in the short axis view of the
heart (Fig 3A).

Seventeen segments
The standardized myocardial segmentation into 17

segments has previously been described.9 After angula-
tion, the LV myocardium was contoured with the use
of standard techniques in the short-axis view (Fig 3A).
After contouring, the center of the LV was identified
in the short-axis view and in the long-axis view
(Fig 3A). In the short axis view, 2 markers were set
indicating the left ventricular hinge points (ie, the 2
points where the right ventricle and LV fuse;
Fig 3B.1). The scan was rotated so that the hinge point
markers are perpendicularly above each other
(Fig 3B.2). Based on the LV contour and the 2 LV
hinge point markers, the coordinate system for the 17
segments was constructed as illustrated in Fig. 3B.2.
The LV contour excluding the apical cap, the most
inferior part of the left ventricular wall with no visible
blood pool, was divided into 3 regions of equal length:
the basal, midventricular and apical regions. The 17
segments were subsequently constructed as described
in Fig 3 using an in-house developed tool described in
detail in the text of section 3 of Supplementary Mate-
rial E1. In Supplementary Material E2, the 17 seg-
ments are shown in all slices of the CT scan of a
patient.
Validation of marker placements

To evaluate the reproducibility of the marker place-
ments, 5 observers independently placed markers in the
CT scans of the 6 patients (Velocity). The group of
observers consisted of a radiologist with cardiac expertise
(RP), an imaging cardiologist (SB), a cardiologist-electro-
physiologist (PP), an electrophysiology research fellow
(MR), and a radiation-oncologist (BB).

Agreement in marker placement
The observers placed the angulation markers in the CT

scans. The placement of the ventricular hinge point markers
was performed in angulated scans based on the angulation
markers of one observer (XX). To determine the agreement
on hinge point markers placement alone, the observers
placed the ventricular hinge point markers in the same CT
slice in the short-axis view of the heart (Fig 3B.1). The effect
of ventricular hinge point CT slice selection, as well as hinge
point marker placement, was evaluated during the



Fig. 2 A computed tomography scan displaying the body in the planes perpendicular to the long axis of the body: axial
plane (ABCD), sagittal plane (F), and coronal plane (G). To set a marker in the center of the mitral valve plane, visualize
the heart and identify a slice in which there is an “open” connection between the left atrium (LA) and left ventricle (LV).
(A) Subsequently identify the inferior border of the mitral valve plane, this is defined as the first slice in which there is no
‘open’ connection between the LA and the LV (orange circle) (B) repeat this for the superior border of the mitral valve
plane (orange circle). (C) Count the number of slices between the superior and inferior borders of the mitral valve plane
and divide this number by 2. From inferior or superior, scroll the calculated number of slices up or down to determine the
slice exactly in the middle of the mitral valve plane. Set a marker in the center of the mitral valve plane (orange dot). To
set the apical marker (red dot), identify the most ventral and caudal part of the heart in the axial (D), sagittal (E), and cor-
onal (F) planes.
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comparison of the generated segments. To evaluate observer
differences in the position of the angulation- and ventricular
hinge point markers, the standard deviations of the X, Y,
and Z coordinates of the marker positions were calculated
for each patient. For the angulation markers X, Y, and Z
refer to the right-to-left, anterior-to-posterior, and caudal-
to-cranial direction, respectively, and for the hinge points X
and Y are the coordinates in the plane of the short axis view.
Differences in the marker positions were summarized by cal-
culating the root mean square (RMS) of the standard devia-
tions over all patients.
Effect of individual marker placements on
segmentation

As the segments are generated based on 2 separate sets
of markers, the effect on segment generation due to differ-
ences in angulation marker placement and subsequent
ventricular hinge point CT slice selection and marker
placement was evaluated. Based on the placement of the
angulation markers of the observers (see the section Agree-
ment in Marker Placement), the scans of the 6 patients
were angulated. Thereafter, the observers selected the CT
slice visualizing the center of the heart, and the ventricular
hinge point markers were placed in their angulated scans.
The LV contour was delineated in one angulated scan for
each patient. For every patient, this LV contour was propa-
gated to the angulated scans of the other observers. In case
the propagation resulted in an LV contour that was not
closed at the basal part, this was manually corrected. The
17 segments were generated as described earlier, and for
each observer the generated segments were propagated
back to the original nonangulated CT scan, together with
the LV contour, which enabled comparison between
observers. The nonangulated CT scan and all delineations
were imported in RayStation (RayStation v8.99, Ray-
Search). The segments and LV contour were compared by
calculating the Dice coefficients and mean and maximum



Fig. 3 (A) To set the ventricular hinge point markers, the center of the heart is identified in the transverse plane (short-
axis view), sagittal plane and the coronal plane of the angulated scans. (B.1) The 2 ventricular hinge point markers are
placed where the LV and RV fuse. (B.2) The scan is rotated so that the hinge point markers are perpendicularly above
each other. The coordinate system per slice is constructed based on the center of the LV and the line perpendicular to the
ventricular hinge point line (dotted orange line). (C) Illustration of the coordinate system and the generated 17 segments.
(C.1) Basal region (segment 1-6): the basal region is the most superior region of the heart above the midventricular region.
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Hausdorff distances, which are the distance to agreement,
for each combination of observers using a method in the
scripting interface of RayStation.10 A Dice coefficient of 0
indicates no overlap in volumes, and a value of 1 indicates
complete overlap. The lower the Hausdorff distance, the
smaller the distance between the segments; a Hausdorff
distance of 0 indicates complete overlap. To visualize dif-
ferences, heat maps with percentage agreement per voxel
between the observers were generated.
Interobserver variation evaluation by Euler
angles and angles between rotation axes

The set of markers for angulation and the set of
ventricular hinge point markers on the resulting
angulated CT scan together define a rotation matrix.
Rotations around a fixed coordinate system can be
described using 3 angles, the Euler angles (a, b,
and g). Euler angle a and b are determined by the
angulation markers and g by the hinge point markers.
The Euler angles were compared between the observ-
ers. The description of the angles, methods and the
results are explained in detail in the text and figures
of section 1 of Supplementary Material E1. Further-
more, for each combination of 2 observers the differ-
ence between the rotation matrices was quantified.
This analysis and the results are also described in
detail in the text and figures of section 1 of Supple-
mentary Material E1.
Statistical analysis

Statistical analysis of the data was performed with SPSS
Statistics (version 26.0, IBM Corporation, Armonk, NY)
and using R (R Core Team, 2019. R: A language and envi-
ronment for statistical computing, R Foundation for Sta-
tistical Computing, Vienna, Austria). Distribution of the
continuous data was evaluated using histograms and Q-Q
plots. In case of normal distribution, a mean § standard
deviation is presented; otherwise the median [interquar-
tile range] is shown.
The segments of the basal region comprise of 6 equal parts of 6
midventricular region is the middle region of the heart between
tricular region also comprise of 6 equal parts of 60 degrees. In
hinge points, based on which the coordinate system is constru
The apical region is the most inferior region of the heart above t
of 4 equal parts of 90 degrees. (C.4) Apical cap (segment 17): Th
circumferential left ventricular wall until the first slice in which
thickness, the apical cap may be comprised of a few slices only. N
anteroseptal; 3 = basal inferoseptal; 4 = basal inferior; 5 = bas
8 = mid anteroseptal; 9 = mid inferoseptal; 10 = mid inferior; 1
anterior; 14 = apical septal; 15 = apical inferior; 16 = apical later
Results
Agreement in marker placement

The RMS of standard deviation of the marker positions
were ≤0.5 cm, indicating good anatomic agreement in
marker positions between the observers in (Table 1).
Effect of individual marker placements on
segmentation

The propagation of the LV contour to the angulated
scans of the different observers caused slight differences in
LV contour volumes as indicated by a median Dice coeffi-
cient of 0.95 (interquartile range: 0.94-0.96), a median of
the mean Hausdorff distance of 0.03 (0.02; 0.03) cm and a
median maximum Hausdorff distance of 0.52 (interquartile
range: 0.39-0.66) cm. The 17 segments were generated and
compared between the observers resulting in a median
Dice coefficient of 0.8 (interquartile range: 0.70-0.87), a
median of the mean Hausdorff distance of 0.09 (interquar-
tile range: 0.05-0.17) cm and a median maximum Haus-
dorff distance of 0.66 (interquartile range: 0.43-1 .05) cm.
In Table 2, the Dice coefficient and Hausdorff distances are
presented, in supplemental Table E1 the results are pre-
sented per segment. The results for the basal, midventricu-
lar and apical regions were similar by means of Dice
indices (0.78-0.83) and median of the mean Hausdorff dis-
tances (0.07-0.10 cm). The agreement between the observ-
ers for the true apex was lower (Table 2). In Fig 4 the
observer agreement is visualized with heat maps indicating
the percentage agreement between the observers per voxel
for one patient.
Interobserver variation evaluation by Euler
angles

The interquartile ranges of Euler angle a and b, deter-
mined by the angulation markers, was less than 3 degrees
for all patients except one, in which the interquartile
0 degrees. (C.2) Midventricular region (segment 7-12): the
the apical and basal region. The segments of the midven-
orange, the hinge points and the line perpendicular to the
cted, are illustrated. (C.3) Apical region (segment 13-16):
he apical cap. The segments of the apical region comprises
e apical cap, which is the true apex, comprises the inferior
the blood pool is visible. Depending on the myocardium
omenclature of the segments: 1 = basal anterior; 2 = basal
al inferolateral; 6 = basal anterolateral; 7 = mid anterior;
1 = mid inferolateral; 12 = mid anterolateral; 13 = apical
al; 17 = Apical cap, which is the true apex.



Table 1 Marker position differences between observers evaluated by the root mean square of the standard deviation

X (right-left) Y (anterior-posterior) Z (caudal-cranial)

Apical marker, RMS of the SD (cm) 0.5 0.4 0.3

Basal marker, RMS of the SD (cm) 0.3 0.2 0.3

Anterior ventricular hinge point, RMS of the SD (cm) 0.5 0.2 n.a.*

Posterior ventricular hinge point, RMS of the SD (cm) 0.2 0.3 n.a.*

Abbreviations: n.a. = not applicable; RMS = root mean square; SD = standard deviation.
* See section “Agreement in Marker Placement” of the Methods. For this analysis, slice selection in the caudal-cranial direction was forced to evalu-
ate only the difference in hinge point marker placement.
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range of the b-angle was 7 degrees. For the g angle, deter-
mined by the hinge point markers, the interquartile range
was larger and up to 12 degrees. In the Figs A4-6 of Sup-
plementary Material E1, boxplots for the 3 Euler angle are
presented per patient. The results for the comparison of
the rotation matrices for each combination of 2 observers
are also presented in Figs A7-8 of Supplementary Mate-
rial E1.
Discussion
In this study, a method for semiautomated angulation
and segmentation of the heart for cardiac radioablation
according to the AHA 17-segment model is presented
and evaluated. The results of this study show this semiau-
tomated method is reproducible as indicated by high
marker placement agreement and low segment variability
between observers. The proposed method and these find-
ings may have important clinical relevance as we will
explain below.

Cardiac radioablation is a complex multidisciplinary
treatment involving different medical specialties. A cardiac
radioablation team usually consists of a cardiologist-electro-
physiologist, radiation-oncologist, radiologist, and medical
physicist. Every medical specialty involved has its own
expertise and herewith routines and workflow approaches.
Especially for imaging, differences exist in terms of anatomic
orientation. Most medical specialties are used to the ana-
tomic planes that are determined by the long axis of the
Table 2 Dice coefficients and Hausdorff distances per LV regio

Region Dice coefficient Mean Hausdorf

LV contour 0.95 [0.94-0.96] 0.03 [0.02-0.03]

All segments 0.80 [0.70-0.87] 0.09 [0.05-0.17]

Basal 0.78 [0.68-0.84] 0.10 [0.06-0.20]

Midventricular 0.80 [0.69-0.87] 0.10 [0.06-0.21]

Apical 0.83 [0.74-0.88] 0.07 [0.05-0.13]

True apex 0.70 [0.54-0.78] 0.07 [0.04-0.14]

Abbreviations: LV = left ventricle
The results are presented as median [interquartile range].
body. In contrast, in cardiology the cardiac planes that are
determined by the long axis of heart are used. To collaborate
effectively, uniform communication on the anatomy of the
heart and the VT target for cardiac radioablation is of utter
importance. For this reason, the 17-segment model has pre-
viously been proposed.8 Previously, angulation from the
long axis of the body to the cardiac long axis could be per-
formed by means of several manual rotation steps. After
angulation, the 17 segments were manually delineated
according to the 17-segment model definitions.9 Both the
manual angulation and segmentation are labor-intensive
and efficiency may thus be improved by a semiautomated
approach. Also, the manual rotation steps and the subse-
quent manual segmentation may introduce variability and
herewith reduces reproducibility. Consequently, this may
result in differences per center, which is undesirable. The
clinical effect of this variability in terms of targeting, treat-
ment plans and efficacy and safety has not been explored
but any effect in a new and rapidly evolving field such as car-
diac radioablation should be prevented when possible. To
minimize variability due to manual angulation and segmen-
tation, we present a semiautomated method for both steps.
This method is based on the placement of 4 anatomic
markers that are well-defined and easy to place for both
experts of the cardiac anatomy (ie, cardiac radiologist or
imaging cardiologist), as well as by the inexperienced (ie,
radiation oncologist). To explain our method for segmenta-
tion of the 17 segments we used contrast enhanced 3D-CT
scans. The delineated segments can be used to guide the tar-
get delineation for cardiac radioablation. After registration
n of the 6 patients

f distance (cm) Maximum Hausdorff distance (cm)

0.52 [0.39-0.66]

0.66 [0.43-1.05]

0.70 [0.52-1.11]

0.67 [0.45-1.09]

0.55 [0.39; 0.99]

0.47 [0.21-0.74]



Fig. 4 Heat maps of the generated segments indicating the percentage agreement per voxel between the observers. (A)
Segment 3, (B) segment 8, (C) segment 16, and (D) segment 17.
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with a phase of the 4-dimensional (4D)-CT the target delin-
eation can be propagated to this phase after which an inter-
nal target volume can be created using the other phases of
the 4D-CT. Alternatively, if a contrast enhanced 4D-CT is
acquired, a phase of the 4D-CT can be used for segmenta-
tion of the 17 segments, thereby avoiding the registration
error of the registration of the 3D-CT with a phase of the
4D-CT. With regards to the Dice index of the segments, it is
important to mention that differences in Dice coefficient
already existed due to propagation of the LV contours to the
different scan (Dice coefficient of 0.95 [0.94; 0.96]), this
should be considered when interpreting the results for the
segments. Furthermore, cardiac segments are small volumes,
for which slight differences in position result in considerable
reduction of the Dice coefficient. Also, in our study the slice
thickness of the CT was 2.5 mm and the angulation angles
were large, causing inevitable delineation errors when the
segments were propagated to the unangulated scans and
resulting in a reduced Dice coefficient. For the Euler angles,
larger differences were seen for the g-angle determined by
the hinge point markers. This is explained by the fact that
the angulation markers determining Euler angle a and b

were set in the same CT scan for each observer, and the
hinge point markers were set in angulated CT scans that
were different for each observer. Although it is important to
minimize inter- and intraobserver variability, even in daily
clinical practice it will always exist to some degree and
remaining observer variability can be incorporated in the
planning target volume margin.10,11 It remains to be eluci-
dated whether the remaining differences after this semiauto-
mated process are an issue of concern for radioablation
treatment given the spatiotemporal uncertainties introduced
by cardiorespiratory motion. In the future, ECG triggered
CT or MRI scans for planning and treatment purposes may
improve image quality potentially further reducing intraob-
server variability.

It is important to acknowledge that patient’s anatomy
may differ widely, especially in patients with structural
heart disease. For example, in patients qualifying for car-
diac radioablation with an ischemic cardiomyopathy, car-
diac anatomy may be altered by for example LV
aneurysmata.12 We believe that the effect of these altera-
tions may be minimized using a systematic approach such
as in the method proposed. From the patients presented
in the manuscript, the sixth patient had an extensive api-
cal aneurysm after an anterior wall myocardial infarction.
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This altered anatomy did not result in a larger variability
in marker settings. Therefore, even in anatomically more
difficult patients, angulation and subsequent segmenta-
tion can be reproducibly performed. Unmistakably, the
patient’s individual anatomy should be considered when
determining and delineating the treatment target.

Presently, none of the current treatment planning soft-
ware systems have implemented tools for angulation and
segmentation. Therefore, an in-house developed tool was
used which functions outside the planning software sys-
tems. It important to mention that this tool was not vali-
dated for clinical use and in our center, we only used it as
guidance for target delineation and additional research
purposes. Still, from the Supplementary Materials, this
tool can easily be implemented by other centers. Future
commercial treatment planning software packages should
incorporate angulation and segmentation tools to further
improve cardiac radioablation therapy.
Conclusions
In this study a method for semiautomatic angulation
and segmentation of the heart for cardiac radioablation
according to the American Heart Association Segmented
Model is presented and evaluated. Based on our results
we believe that the segmentation is reproducible and that
it can be used to promote communication between radia-
tion oncology and cardiology, help guide cardiology-ori-
ented targeting and permits focused toxicity evaluations.
Supplementary materials
Supplementary material associated with this article can
be found in the online version at doi:10.1016/j.adro.2022.
100928.
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