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Abstract

Purpose

Catheter ablation is a common treatment option for
atrial fibrillation (AF). Interventional C-arm X-ray sys-
tems are used for guiding AF procedures, employing
standard view positions. Since the projection angles are
not adapted to the individual patient anatomy, stan-
dard projections do not necessarily offer the best views
of important anatomical structures. Using a pre-
procedural 3-D data set acquired with MRI or CT, suit-
able ablation sites (lines) can be identified in advance so
an ablation plan can be superimposed on fluoroscopic
images to guide the procedure.

Methods

A method was developed to estimate optimized pro-
jection views for biplane X-ray C-arm systems based
on planning data for AF ablation procedures. The es-
timated viewing angles were compared to standard an-
gulations using an objective quality metric, the length
of the planned ablation line as seen under X-ray. This
method was tested using 35 clinical datasets annotated
with planned ablation lines for ipsilateral pulmonary
vein isolation.
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M. Koch - M. Hoffmann - J. Hornegger

Pattern Recognition Lab, Friedrich-Alexander-Universitat
Erlangen-Niirnberg, Martensstr. 3, 91058 Erlangen, Ger-
many,

E-mail: Martin.Koch@cs.fau.de

J. Hornegger

Erlangen Graduate School in Advanced Optical Tech-
nologies (SAOT), Friedrich-Alexander-Universitat Erlangen-
Niirnberg, Paul-Gordan-Str. 6, 91058 Erlangen, Germany

M. Pfister - N. Strobel
Siemens AG, Healthcare Sector, Siemensstr. 1, 91301 Forch-
heim, Germany

The optimized views computed using the new method
yielded 28 % less foreshortening of pre-planned abla-
tion lines on average. In one case, anatomy-based view
calculation lead to a 69 % reduction in foreshortening,.
Conclusion

The commonly used standard views provide reasonable
a priori choices and some improvement is possible by
switching among common angulations depending on
the treatment region. Further gains are possible by us-
ing anatomy-optimized biplane C-arm angulations.

Keywords Electrophysiology, Fluoroscopic projec-
tion, Pulmonary vein isolation, Treatment planning

1 Introduction

Radiofrequency catheter ablation is a common method
for the treatment for heart arrhythmias [18]. These pro-
cedures involve a C-arm fluoroscopy system. Currently,
procedures are usually performed using standard C-arm
angulations. Common angulations are anterior-posterior
(AP), 30° —45° right anterior oblique (RAO), and 45° —
60° left anterior oblique (LAO). For electrophysiology
ablation procedures, the C-arms are usually not angled
toward the head or the feet, i.e., in cranial (CRAN) or
caudal (CAUD) orientation. Commonly used combina-~
tions of viewing angles for biplane C-arm systems are
shown in Table 1. The C-arm view angles ap and Sa
refer to primary and secondary angle of the A-plane, re-
spectively. The view orientations ap and g define the
corresponding rotations of the B-plane. Typical C-arm
view angles ap for monoplane C-arm systems are 30°
RAO, 60° LAO, 45° RAO, 45° LAO or AP direction.
In the remainder of the paper, we focus on atrial
fibrillation, the most common heart arrhythmia. The
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Table 1 Commonly used angulations for biplane C-arm X-
ray systems during AF ablation procedures.

aa Ba ap BB
Stdl | 30° RAO | 0° CRAN | 60° LAO | 0° CRAN
Std2 | 45° RAO | 0° CRAN | 45° LAO | 0° CRAN
Std3 0° RAO 0° CRAN | 90° LAO | 0° CRAN

main goal during ablative treatment for atrial fibrilla-
tion is the isolation of the pulmonary veins (PVs) [9].
In this context, Tang et al. investigated the orientation
of pulmonary vein ostia in atrial fibrillation patients as
seen under X-ray. During their study of optimal fluo-
roscopic projections for pulmonary vein angiographies,
they found that there is a different optimal projection
angle for every pulmonary vein ostium [17].

For atrial fibrillation, automatic planning methods
have been proposed [11,13]. Based on a particular pa-
tient anatomy, e.g. extracted from pre-procedural 3-D
imaging, such as CT or MRI, appropriate ablation lines
can be computed. They may be superimposed on X-ray
images during the procedure to obtain additional infor-
mation for catheter navigation [4,1]. We can use these
planned ablation lines, usually placed around the ipsi-
lateral pulmonary veins, to optimize C-arm projection
angles. Taking into account the actual treatment plan
when setting up the X-ray view directions may provide
the physician with valuable insights which he may miss
out on otherwise.

Estimation of optimal views for interventional X-ray
systems has been investigated widely for coronary an-
giography [3,5,6,7,12]. The work by Dumay et al. and
Chen et al. is particularly relevant for our approach,
because both used foreshortening as an optimization
criterion. They modeled coronaries as vectors. Optimal-
ity was defined as minimal foreshortening of a selected
vessel structure of interest. This is achieved in so-called
triple optimal views. Here, the vessel segment is paral-
lel to both imaging planes, and the two C-arm views
are orthogonal to each other. For objects that can be
described by a vector, triple optimal views can be ob-
tained for a variety of angle combinations. In [5], the
user may choose one rotation angle freely. Then, the re-
maining angles are calculated to satisfy the optimality
constraints. Chen et al. proposed an objective function
to measure the foreshortening of vessel segments [3].
Besides vessel foreshortening, vessel overlap is also eval-
uated with focus on bifurcations of the coronary tree.

In this paper, we propose a new method to esti-
mate optimal viewing directions. Unlike in [5] and [3],
who considered (1-D) vessel segments, we are estimat-
ing optimal views on 2-D structures such as ellipses or
planes. Our method allows for different optimality cri-
teria depending on physicians’ preferences or use cases.

—— Detector

Patient table

LAO A
X

Feet

X-ray source

Fig. 1 Schematic drawing of an interventional C-arm mono-
plane X-ray system. The dashed arrows a and § depict the
primary and secondary rotation angle of the C-arm. LAO and
RAO are labels for primary angle rotations: left-/ right- an-
terior oblique. CRAN and CAUD describe rotations around
the secondary angle, toward the patient’s head or feet, respec-
tively. The origin of the world coordinate system coincides
with the isocenter of the X-ray system.

We evaluated our approach in terms of overall optimal-
ity, as well as constrained optimality due to mechanical
system limitations. Depending on how an X-ray device
is built, not all viewing directions are achievable. The
quality metric applied is based on best visibility of abla-
tion target sites characterized by minimal foreshorten-
ing. Our approach was evaluated on 35 clinical datasets
of atrial fibrillation procedures augmented with profes-
sionally planned ablation lines.

2 Materials and Methods

Interventional C-arm X-ray systems can rotate the X-
ray tube and detector to obtain different viewing an-
gles during an interventional procedure. A schematic
drawing of a single C-arm explaining the primary and
secondary rotation angles a and [ is presented in Fig-
ure 1. The system is shown in the initial position, with
both rotation angles equal to zero. In case of a biplane
C-arm system, the initial position of the second plane
(B-plane) is at a = 90°. Typical angulations for a bi-
plane system during atrial fibrillation ablation proce-
dures are listed in Table 1. Note that positive view
angles for the primary angle, «, are associated with
left anterior (LAO) views. Negative view angles, on the
other hand, describe projections taken from a right an-
terior (RAO) view position. Positive/negative angles for
the secondary angle, (8, denote cranial/caudal views,
respectively. A common goal when taking projection
images is to position the X-ray system such that it ac-
quires views representing the anatomy of interest as ac-
curately as possible, i.e., with minimal foreshortening.
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In the case of pulmonary vein isolation, the areas of  tem via standard trigonometry functions:
interest are t}.le (i.psilate%“al) pulmon@ry vein ostia. For arctan(2) if ny # 0,
enhanced navigation during the ablation procedure, de- Ny
— s M

sirable ablation lines can be added to a graphical rep- “=193 if ng > 0, (2)
resentation (model) of the patient’s left atrium. The -3 if n, <0,

resulting graphical scene can then be fused with live X- B = arcsin(n.) (3)

ray images [1]. Each ablation line approximately forms
an ellipse. To see the treatment region with minimal
foreshortening, the imaging system has to be positioned
such that a frontal (straight) view onto the ablation line
can be obtained. To optimize view directions, the 2-D
structure, in our case an ellipse, is approximated as a
plane. In an ideal case, the angle between the view-
ing direction, represented by the X-ray central beam,
and the plane normal vector should either be 0° for a
frontal view or 90° for a sagittal view onto the object,
respectively. With real systems, we can try to approach
these conditions, but there are limitations as further
explained below.

2.1 Plane Fitting

For actual patient data, planned ablation lines are un-
likely to lie completely within a plane. To estimate a
plane that best fits the corresponding planning data,
the ablation line is equidistantly sampled. Sample points
are labeled x;, with ¢ = 0... N. The plane is estimated
to minimize the squared distance of the sample points
x;. To compute the plane normal vector mn, first the
eigenvectors of the point cloud described by the sample
points are calculated using singular value decomposi-
tion. The cross product of the eigenvectors e, es, cor-
responding to the two main eigenvalues, produces the
orthogonal vector n.

n =e1 X ey (1)

The normal vector is oriented such that it directs away
from the antrum toward the pulmonary veins. Since the
plane estimation can be applied to any point clouds
around a plane-like structure, it is easy to apply our
method to use cases beyond atrial fibrillation.

2.2 Optimal Viewing Direction

The optimal viewing direction is defined by a normal
vector in 3-D space. The normal vector n = (n,, n,,n.)
can easily be transferred into corresponding primary
and secondary angles of an unconstrained C-arm sys-

A schematic drawing of the C-arm system as well as
the corresponding angles can be seen in Figure 1.

To compute the C-arm viewing direction v(c«, )
based on the primary and secondary angle, the two ro-
tations R, and Rg are applied. The rotation matrix for
the primary angle rotation is described as

cosa —sina
sina cosa 0 4)
0 0 1

Ry =

For the secondary angle rotation, the corresponding ro-
tation matrix can be computed based on the Rodrigues
formula with the rotation axis u = R,ug. The vector
ug is set to [—1 0 0]”, the initial position of the rotation
axis. The rotation matrix for the secondary rotation is
described as

Rg = cos(B)I + (1 — cos(B))unu + sin(B)[u]«, (5)
with
0 —u, uy
[ulx = | us 0 —uy|. (6)
—Uy Uy O

The C-arm viewing direction can then be computed as
v(a, B) = RgRyvo. (7)

If we multiply both matrices Rg and R,, they simplify
due to trigonometric identities, and we obtain:

Rop = RgR,
cos(a)

= sin(a)
sin(a) sin(B) cos(«)

—sin(a) cos(B) — sin(a) sin(B3)
cos(a) cos(B)  cos(a)sin(B) | . (8)

—sin(B) cos(B)

Unfortunately, not all angulations can be reached by
a conventional C-arm system. Due to mechanical con-
straints, primary and secondary angles can only vary
within a certain range. The domain of possible angula-
tions differs for A-plane and B-plane, respectively. We
want to estimate a mechanically feasible angulation of
the C-arm that is as close to the optimal view as pos-
sible. This similarity is expressed by the scalar product
of the plane’s normal vector, n, and the viewing direc-
tion of the C-arm system wv(a, 3). In other words, for
optimized frontal/sagittal view directions, we want to
maximize/minimize the magnitude of the scalar prod-
uct within the given mechanical C-arm constraints.

In case of a monoplane C-arm system, only one
viewing direction (for the A-plane) has to be optimized.
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For a good frontal view onto the planned ablation line,
the problem can be formulated as constrained maxi-
mization problem:

argmax v (aa, Ba) o n|
aa,Ba
9)

t QA min < QA < QA mazx
BA,min < BA < ﬂA,mar

The angles aa, 84 define the viewing direction v (aa, Ba)

of the A‘plane7 while QA min, XA maz, BA,mirm BA,maw
define the boundaries of the applicable range for each
angle separately.

In case of biplane C-arm systems, both viewing di-
rections, for A-plane and B-plane, should be optimized
together. In this case, vg(ag, fp) defines the view di-
rection of the B-plane. Similar to the constraints on the
A-plane angles, there are mechanical limitations for the
B-plane, expressed as AB,min, OB,max, BB,mirm 6B,maac-
They define the range of possible view directions for
the B-plane C-arm. Additional constraints have to be
taken into account between the two viewing directions
of the A-plane C-arm and the B-plane C-arm, respec-
tively. The angle yo B describes the angle between the
two viewing directions va and vg. The joint optimiza-
tion can be formulated as follows:

argmax (Aa - |va(aa, Ba)on|
aa,Ba,aB,0B

+ A - |vs(as,Be) on|) (10)

QA min < QA < QA mazx
BA,min S ﬁA S BA,maz
s.t. QB,min < OB < OB maz (11)

BB,min S ﬂB S 6B,maw

YA, B,min < Y < YA,B,mazx

The factors Ay and A are constant weighting terms.
The vectors va and vp are normalized to length 1. To
actually solve the constrained optimization problem, a
sequential quadratic programming (SQP) approach was
used [14]. This involves transforming the problem as
stated in Egs. (10) and (11) into standard form. Unlike
written above, SQP requires the objective function to
be minimized. Hence, the negative objective function is
minimized:

argmin  {—(Aa - |[va(aa, fa) on|
aa,Ba,as,8B

+ A - |v(as, Be) on|)} (12)

Table 2 Constraints for A-plane geometry.

Constraint set QA min QXA mazx 5A,min ﬁA,maz )\A
Optl -90 0 -10 10 1
Opt2 -90 0 0 0 1
Opt3 -90 0 -10 10 1
Opt4 -90 0 -10 10 1
Optb -90 0 -10 10 1
Opt6 -90 0 0 0 1
Opt7 -90 0 -10 10 1
Opt8 -90 0 0 0 1

Table 3 Constraints for B-plane geometry.

Constraint set QAB,min QB max ﬁB,min BB,maw AB
Optl 0 120 -10 10 1
Opt2 0 120 0 0 1
Opt3 0 120 -10 10 -1
Opt4 0 120 -10 10 1
Optb 0 120 -10 10 1
Opt6 0 120 0 0 1
Opt7 0 120 -10 10 1
Opt8 0 120 0 0 1

Table 4 Constraints for angle between A-plane and B-plane,
and optimization domain. Estimation of C-arm angulations
for each ablation site separately or combined for all ablation
sites per dataset.

Con- Optimization for

straint individual both ablation
set YA,B,min | YA,B,max ablation line | lines together

Optl 60 120 x

Opt2 60 120 X

Opt3 60 120 X

Opt4 60 120 X

Optb 90 90 X

Opt6 90 90 X

Opt7 90 90 x

Opt8 90 90 X

A — QA maz <
—OA + QA min <
Ba — Ba,maz <
—Ba + Ba,min <
s.t. OB ~ OBmaz =
—aB + OB min <0

BB — BB,max <
—BB + BB,min <
lva o vB| — cos(VA Bimaz) <

<

_|UA o UB' + COS(’YA,B,min)

Initialization was performed with the following biplane
C-arm angulations: ay = —45, B = 0, ag = 45 and
Be = 0.
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(a) Anterior view.

(b) Double oblique view.

Fig. 2 Left atrium mesh model with ipsilateral ablation planning lines (dataset C5). The right sided planning line is colored
green, the left sided blue, respectively. a) Anterior view under which the right sided planning line almost degenerates to a line
under the chosen viewing direction. b) Double oblique viewing angle (49° LAO, 10° CAUD) onto the surface model. The right
sided planning line (green) is seen far less foreshortened now, but the foreshortening of the blue ablation line has increased.

Table 5 Plane normal vectors for corresponding ablation lines and estimated optimal viewing angles for monoplane system
and biplane system under constraints ’Optl’ and 'Opt2’, respectively. In both cases, viewing directions are optimized to be as
orthogonal as possible to the area of interest. For ’Opt2’ no rotation in CRAN/CAUD direction was allowed. All values are in
C-arm rotation angles.

Plane normal Monoplane Optl Opt2
Case | Site aa Ba aa Ba aa Ba aB BB YA,B oA Ba aB BB | 7A.B
C1 RPV -115.1 | 20.1 64.9 | -10.0 -84.6 10.0 34.4 -10.0 | 120.0 -85.1 | 0.0 34.9 0.0 | 120.0
C1 LPV 122.6 42.6 -57.6 | -10.0 -26.9 | -10.0 92.1 10.0 120.0 -27.4 | 0.0 92.6 0.0 | 120.0
C2 RPV -135.8 | 20.5 44.2 | -10.0 0.0 -10.0 61.0 -10.0 60.0 0.0 0.0 60.0 0.0 60.0
C2 LPV 144.9 20.4 -35.1 | -10.0 -61.0 | -10.0 0.0 -10.0 60.0 -60.0 | 0.0 0.0 0.0 60.0
C3 RPV -100.6 4.9 79.4 -4.9 -70.5 4.4 49.3 -4.1 120.0 -70.6 | 0.0 49.4 0.0 | 120.0
C3 LPV 135.6 33.3 -44.4 | -10.0 -61.0 | -10.0 0.0 -10.0 60.0 -60.0 | 0.0 -0.0 0.0 60.0
C4 RPV -110.1 3.3 69.4 -3.3 -80.0 3.0 39.9 -2.7 120.0 -80.0 | 0.0 40.0 0.0 | 120.0
C4 LPV 133.0 11.7 -47.4 | -10.0 -16.5 | -10.0 | 102.5 10.0 120.0 -17.8 | 0.0 | 102.2 | 0.0 | 120.0
C5 RPV -100.8 | 15.6 79.2 | -10.0 -70.3 10.0 48.7 -10.0 | 120.0 -70.8 | 0.0 49.2 0.0 | 120.0
C5 LPV 141.9 59.0 -38.1 | -10.0 -61.0 | -10.0 0.0 -10.0 60.0 -60.0 | 0.0 0.0 0.0 60.0
C6 RPV -94.8 19.1 80.0 | -10.0 -64.3 10.0 54.6 -10.0 | 120.0 -64.8 | 0.0 55.2 0.0 | 120.0
C6 LPV 115.5 43.7 -64.5 | -10.0 -34.0 | -10.0 85.0 10.0 120.0 -34.5 | 0.0 85.5 0.0 | 120.0
Cc7 RPV -108.3 | 26.2 71.7 | -10.0 -77.8 10.0 41.2 -10.0 | 120.0 -78.3 | 0.0 41.7 0.0 | 120.0
C7 LPV 114.0 | 27.7 || -66.0 | -10.0 || -35.5 | -10.0 | 83.5 10.0 | 120.0 || -36.0 | 0.0 | 84.0 | 0.0 | 120.0
C8 RPV -114.8 | -0.5 65.3 0.5 -84.8 -0.5 35.2 0.4 120.0 -84.9 | 0.0 35.1 0.0 | 120.0
C8 LPV 144.3 | 23.7 || -35.7 | -10.0 || -61.0 | -10.0 0.0 -10.0 | 60.0 -60.0 | 0.0 0.0 0.0 | 60.0
C9 RPV -96.6 20.2 80.0 | -10.0 -66.1 10.0 52.9 -10.0 | 120.0 -66.6 | 0.0 53.4 0.0 | 120.0
C9 LPV 104.5 | 45.7 || -75.4 | -10.0 || -45.0 | -10.0 | 74.0 10.0 | 120.0 || -45.5 | 0.0 | 74.5 | 0.0 | 120.0
C10 RPV -109.7 | 33.5 70.3 | -10.0 -79.2 10.0 39.8 -10.0 | 120.0 -79.7 | 0.0 40.3 0.0 | 120.0
C10 | LPV 122.0 | 32.0 || -58.0 | -10.0 || -27.5 | -10.0 | 91.5 10.0 | 120.0 || -28.0 | 0.0 | 92.0 | 0.0 | 120.0

3 Evaluation

To evaluate our approach, the method was applied to
35 clinical datasets. Each dataset comprised a 3-D mesh
model of the left atrium, segmented from a 3-D MRI
image, as well as ablation planning lines associated with
the mesh. All of the patients provided their informed
consent for the analysis of their clinical data. The 3-D
models were obtained using syngo InSpace EP (Siemens
Healthcare, Forchheim, Germany). Wide-area circum-

ferential ablation (WACA) lines were planned around
the pulmonary vein ostia to guide ipsilateral pulmonary
vein isolation. An example dataset with right- and left-
sided ablation planning lines is shown in Figure 2.

3.1 Optimization Constraints

To study different use cases for our target application,
atrial fibrillation treatment by PV isolation, different
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(c) Opt2 |

Fig. 3 Fluoro overlay image of dataset C5 as seen under different C-arm angulations. The contour of the 3-D surface model
with right sided planning line is shown according to the chosen C-arm angulation. On the left in each image, we see the A-plane
C-arm view, while the B-plane C-arm view is shown on the right. a) C-arm angulation according to standard view ’Std1’. b)
Estimated optimal view under constraint set ’Optl’ (aa = —70, Sa = 10, ag = 49, B = —10). ¢) Estimated optimal view
under constraint set ’Opt2’ (apa = —71, Bao =0, ag =49, g = 0).
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(b) Opts

Fig. 4 Fluoro overlay image of dataset C6 as seen under different C-arm angulations. The left sided planning line is shown.
The corresponding angulations are listed in Table 5 and Table 6. a) Estimated optimal view under constraint set ’Opt1’ (LPV).

b) Estimated optimal view under constraint set ’Opt3’ (LPV).

optimization constraints were applied. For the first set
of constraints, labeled ’Optl’, both C-arm viewing di-
rections were optimized such that both have a mostly
frontal view on the plane of interest. This was obtained
by setting Ay = Agp = 1. The applicable domain for the
C-arm rotation angles was set to ay € [—90,0], Sa €
[—10,10], ap € [0,120] and B € [—10,10]. The angle
between the viewing directions of both C-arms was con-
straint to ya g € [60,120]. The chosen angular domains
also ensure that we always obtain one LAO and one
RAO viewing direction. This set of constraints incor-
porates mechanical limitations of the C-arm gantry as
well as application-specific constraints. In fact, many
EP physicians prefer to limit the secondary angle to
zero degrees to keep good patient access and to retain
the possibility of moving the detector as close to the

patient as possible. This is reflected in constraint set
’Opt2’. ’Opt2’ has the same constraints as 'Optl’ ex-
cept that the secondary angles are limited to zero de-
gree: fao =0, g = 0.

The configuration labeled ’Opt3’ optimizes the C-
arm viewing directions such that one imaging plane

shows a frontal view on the ablation planning line, whereas

the other imaging plane shows a sagittal view on the
planning line. In the sagittal case, the ablation line, ap-
proximately an ellipse, may degenerate to (almost) a
single line. The assignment of frontal and sagittal view
to the imaging planes A and B is dynamic, i.e., either
the A-plane or the B-plane may be used to obtain a
frontal or a sagittal view, respectively. Both options
were evaluated, and the configuration with the higher
quality metric was chosen. The optimization goal of
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(b) Opt4

Fig. 5 Fluoro overlay image of dataset C5 as seen under different C-arm angulations. Right and left sided planning lines are
shown. The corresponding angulations are listed in Table 7. a) C-arm angulation according to standard view ’Std1’ (both
PVs). b) Estimated optimal view under constraint set ’Opt4’ (both PVs). Since one side is treated at a time during an actual
ablation case, the other planned ablation line can be hidden. This way overlap of graphical objects can be avoided.

'Opt3’ is reflected by the weights Ay =1 and A\g = —1
in the objective function Eq. (10). The domain for the
C-arm rotation angles is identical to ’Opt1’. C-arm view
configurations obtained by using ’Opt3’ could, e.g., be
applied to cryoballoon (or other single-shot) ablation
procedures to verify correct device placement [16]. Fur-
ther details are discussed in Section 5. Constraint set
"Optd’ is conceptually similar to ’Optl’, however, op-
timal viewing angles are optimized for both ablation
planning lines, right- and left-sided, at the same time.
This is why only one set of optimal viewing angles is
estimated, which will provide the best possible views
on both planned ablation lines.

In addition to ’Opt1’ to ’Opt4’, we also wanted to in-
vestigate which optimized view configurations are pos-
sible for a fixes angle ya g = 90°. 'Opt5’ and ’Opt6’

allowed for independent optimization based on right-
and left-sided planning lines (either with or without sec-
ondary angle). In addition, ’Opt7” and *Opt8’ estimated
C-arm angulations per case, similar to 'Opt4’ (again ei-
ther with or without secondary angle). A summary of
all constraint parameters can be seen in Tables 2, 3
and 4 for A-plane, B-plane, and combined constraints,
respectively. To simulate a monoplane system compris-
ing only an A-plane, we employed the following angu-
lar constraints, ay € [—80,80], 5o € [—10,10]. These
sets comprise commonly used angulations for mono-
plane systems.
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Table 6 Optimized viewing angles for biplane systems as obtained for ’Opt3’ constraints. Unlike in the previous settings, the
viewing directions are optimized to provide one (mostly) frontal view and one (approximately) sagittal view on the planning
structure for the given optimization constraints. All angles are in degrees.

Mono-
plane Opt3
Case | Site aA aa Ba ap BB | 7a.B

C1 RPV 64.9 -276 | -6.8 | 64.9 | -10.0 | 91.3
C1 LPV -57.6 -57.4 | -10.0 | 384 | -6.2 94.6
C2 RPV 44.2 -45.6 0.2 44.7 | -10.0 | 90.3
C2 LPV -35.1 -35.9 | -10.0 | 53.0 3.0 89.4
C3 RPV 79.4 -10.9 | -3.7 | 794 | -4.9 90.0
C3 LPV -44.4 -44.8 | -10.0 | 454 0.3 90.3
C4 RPV 69.4 -20.2 | -1.6 | 699 | -34 90.0
C4 LPV -47.4 -47.8 | -10.0 | 42.3 | -0.5 90.0
C5 RPV 79.2 -13.2 | -8.8 | 79.2 | -10.0 | 90.9
C5 LPV -38.1 -38.1 | -10.0 | 46.8 3.0 85.6
C6 RPV 80.0 -7.6 -8.0 | 85.2 | -10.0 | 91.3
C6 LPV -64.5 -64.5 | -10.0 | 33.1 | -7.8 96.0
Cr RPV 71.7 -21.1 | -5.8 | 71.7 | -10.0 | 91.8
C7 LPV -66.0 -66.0 | -10.0 | 28.8 | -9.1 93.1
C8 RPV 65.3 -24.7 0.2 65.3 0.5 90.0
C8 LPV -35.7 -34.2 | -10.0 | 54.0 4.1 88.9
C9 RPV 80.0 -9.4 -7.6 | 83.4 | -10.0 | 91.4
C9 LPV -75.4 -75.4 | -10.0 | 9.5 4.9 85.8
C10 | RPV 70.3 -22.7 | -44 | 70.3 | -10.0 | 92.1
C10 | LPV -58.0 -57.8 | -10.0 | 36.0 | -5.9 92.7

Table 7 Optimized viewing angles for biplane systems as obtained for ’Opt4’ constraint. In this case one angulation was
estimated. As a consequence, only one optimized view on both planning structures (RPV, LPV) is available. All angles are in
degrees.

Monoplane RPV || Monoplane LPV Opt4
Case || aa Ba aA Ba aA Ba ap Bs YA,B
C1 64.9 -10.0 -57.6 -10.0 -59.5 | -10.0 | 59.4 | 10.0 | 120.0
C2 44.2 -10.0 -35.1 -10.0 -26.0 | -10.0 | 35.0 | -10.0 60.0
C3 79.4 -4.9 -44.4 -10.0 -75.2 | -10.0 | 26.8 | -10.0 99.8
C4 69.4 -3.3 -47.4 -10.0 -49.0 -4.2 70.8 4.5 120.0
C5 79.2 -10.0 -38.1 -10.0 -78.4 | -10.0 | 44.8 | -10.0 | 120.0
C6 80.0 -10.0 -64.5 -10.0 -51.2 | -10.0 | 67.8 | 10.0 | 120.0
Cc7 717 -10.0 -66.0 -10.0 -57.3 | -0.7 62.7 0.7 120.0
C8 65.3 0.5 -35.7 -10.0 -77.4 | -10.0 | 17.8 | -10.0 93.2
C9 80.0 -10.0 -75.4 -10.0 -57.2 | -10.0 | 61.8 | 10.0 | 120.0
C10 70.3 -10.0 -58.0 -10.0 -53.6 0.7 66.4 | -0.7 120.0
3.2 Quality Metric the same ablation line, it may be difficult to clearly

distinguish between neighboring ablation targets. As a
consequence, we decided to use the overall length (cir-
cumference) of the ablation path as seen in the pro-
jection image as quality metric. For easier comparison,
the length of the projected closed curve is normalized
to the scale of 0 to 1. The lower bound corresponds to
the minimal possible length and the upper bound to
the maximal possible length, respectively. Both limits
are determined per ablation line. A schematic draw-
ing of minimal and maximal circumference of an ellipse
projection is shown in Figure 6. The length of the ab-
lation line as seen under X-ray is minimal for a sagittal
view when the viewing direction is collinear to the ma-
jor axis of the ellipse. The maximal length occurs when

To compare different viewing directions of a C-arm sys-
tem for a planned ablation line, an objective quality
metric is needed. As described before, planned abla-
tion lines should appear with minimal foreshortening
in the fluoroscopic projection images. Examples for pro-
jections from different viewing angles are shown in Fig-
ure 3 through Figure 5. Since the catheter has to be
repositioned along the planned ablation line and con-
tiguous ablation points have to be placed during a ra-
diofrequency catheter ablation procedure, a maximal
extent of the planning path in the projection image
should make it easier to approach each ablation point
as distinctly and accurately as possible. Otherwise, i.e.,
in case of foreshortening or overlap of certain parts of
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Table 8 Optimized viewing angles for biplane systems under constraints ’Opt5’ and ’Opt6’. The angle between both viewing
directions ya g is fixed to 90° in these cases. All angles are in degrees.

Monoplane Optb Opt6
Case | Site aa Ba oA Ba aB BB YA,B aa Ba | aB | BB | 7A,B
C1 RPV 64.9 | -10.0 || -69.2 10.0 19.0 | -10.0 | 90.0 -70.1 | 0.0 | 19.9 | 0.0 | 90.0
C1 LPV -57.6 | -10.0 || -11.7 | -10.0 | 76.5 10.0 90.0 -124 | 0.0 | 77.6 | 0.0 | 90.0
C2 RPV 44.2 | -10.0 -1.6 -10.0 | 90.2 | -10.0 | 90.0 -0.8 0.0 | 89.2 | 0.0 | 90.0
C2 LPV -35.1 | -10.0 || -81.0 | -10.0 | 10.8 | -10.0 | 90.0 -80.1 | 0.0 9.9 0.0 | 90.0
C3 RPV 79.4 -4.9 -55.5 3.6 34.3 -3.3 90.0 -55.6 | 0.0 | 34.4 | 0.0 | 90.0
C3 LPV -44.4 | -10.0 || -90.0 | -10.0 1.8 -10.0 | 90.0 -89.4 | 0.0 0.6 0.0 | 90.0
C4 RPV 69.4 -3.3 -65.0 2.4 24.9 -2.3 90.0 -65.1 | 0.0 | 249 | 0.0 | 90.0
C4 LPV -47.4 | -10.0 -1.5 -8.2 87.3 8.2 90.0 -2.0 0.0 | 88.0 | 0.0 | 90.0
C5 RPV 79.2 | -10.0 || -54.9 10.0 | 33.3 | -10.0 | 90.0 -55.8 | 0.0 | 34.2 | 0.0 | 90.0
C5 LPV -38.1 | -10.0 || -84.0 | -10.0 7.8 -10.0 | 90.0 -83.1 | 0.0 6.9 0.0 | 90.0
C6 RPV 80.0 | -10.0 || -49.0 10.0 | 39.3 | -10.0 | 90.0 -49.8 | 0.0 | 40.2 | 0.0 | 90.0
C6 LPV || -64.5 | -10.0 || -18.6 | -10.0 | 69.6 | 10.0 90.0 -19.5 | 0.0 | 70.5 | 0.0 | 90.0
C7 RPV 71.7 | -10.0 || -62.4 10.0 | 25.8 | -10.0 | 90.0 -63.3 | 0.0 | 26.7 | 0.0 | 90.0
c7 LPV || -66.0 | -10.0 || -20.1 | -10.0 | 68.1 10.0 90.0 -21.0 | 0.0 | 69.0 | 0.0 | 90.0
C8 RPV 65.3 0.5 -69.8 -0.4 20.2 0.4 90.0 -69.7 | 0.0 | 20.3 | 0.0 | 90.0
C8 LPV || -35.7 | -10.0 || -80.1 | -10.0 | 11.7 | -10.0 | 90.0 -80.7 | 0.0 | 9.3 | 0.0 | 90.0
C9 RPV 80.0 | -10.0 || -50.7 | 10.0 | 37.5 | -10.0 | 90.0 -51.9 | 0.0 | 38.1 | 0.0 | 90.0
c9 LPV || -75.4 | -10.0 || -29.6 | -10.0 | 58.6 | 10.0 90.0 -30.5 | 0.0 | 59.5 | 0.0 | 90.0
C10 | RPV 70.3 | -10.0 || -63.9 10.0 | 24.3 | -10.0 | 90.0 -64.7 | 0.0 | 25.3 | 0.0 | 90.0
C10 | LPV || -58.0 | -10.0 || -11.9 | -10.0 | 76.3 | 10.0 90.0 -12.8 | 0.0 | 77.2 | 0.0 | 90.0

Table 9 Optimized viewing angles for biplane systems under constraints ’Opt7’ and ’Opt8’. Similar to ’Opt6’ and ’Opt7’, the
angle between both viewing directions is fixed to 90°. However, only one angulation is estimated to provide an optimized view
on both planning structures (RPV, LPV). All angles are in degrees.

Monoplane RPV || Monoplane LPV Opt7 Opt8
Case || aa Ba ap Ba TN Ba aB BB YA,B ap Ba | aB | BB | 7A,B
C1 64.9 -10.0 -57.6 -10.0 -44.3 -9.0 44.2 9.0 90.0 -45.1 | 0.0 | 44.9 | 0.0 90.0
C2 44.2 -10.0 -35.1 -10.0 -41.8 | -10.0 | 50.0 | -10.0 90.0 -40.5 | 0.0 | 49.5 | 0.0 90.0
C3 79.4 -4.9 -44.4 -10.0 -71.6 | -10.0 | 20.2 | -10.0 90.0 -71.0 | 0.0 | 19.0 | 0.0 90.0
C4 69.4 -3.3 -47.4 -10.0 -34.2 -3.3 55.6 3.6 90.0 -33.9 | 0.0 | 56.1 | 0.0 90.0
C5 79.2 -10.0 -38.1 -10.0 -65.9 | -10.0 | 25.9 | -10.0 90.0 -65.2 | 0.0 | 24.8 | 0.0 90.0
C6 80.0 -10.0 -64.5 -10.0 -36.1 -8.4 52.5 9.5 90.0 -36.7 | 0.0 | 53.3 | 0.0 90.0
Cc7 71.7 -10.0 -66.0 -10.0 -42.3 | -0.5 | 47.7 0.5 90.0 -42.3 | 0.0 | 47.7 | 0.0 | 90.0
C8 65.3 0.5 -35.7 -10.0 -75.1 | -10.0 | 16.6 | -10.0 90.0 -75.0 | 0.0 | 15.0 | 0.0 90.0
Cc9 80.0 -10.0 -75.4 -10.0 -41.9 | -9.0 | 46.6 9.4 90.0 -42.8 | 0.0 | 47.2 | 0.0 | 90.0
C10 70.3 -10.0 -58.0 -10.0 -38.6 0.4 51.4 -0.4 90.0 -38.6 | 0.0 | 51.4 | 0.0 90.0

the viewing direction is orthogonal to the plane defined
by the major and minor axis of the ellipse.

3.3 Comparison to Standard Angulations

There are established standard C-arm view angles for
electrophysiology ablation procedures. Common primary
and secondary angles for A-plane and B-plane are listed
in Table 1. Associated views were computed over all test
data for each set of optimization criteria. The results are
shown in Tables 11 and 12. The reported values serve as
reference for our optimized C-arm viewing directions.

4 Results

The results of our evaluations are shown in Table 5
to Table 12. Table 5 through Table 9 lists estimated

optimal view angulations for constraint set 'Optl’ to
"Opt8’, respectively. Only values for the first 10 datasets
are listed. Due to mechanical C-arm system constraints,
the plane normal vectors as well as the angulations for
a monoplane system are not necessarily reachable. In
Table 6 estimated angulations for ’Opt3’ are presented
along with monoplane angulations. Note that the an-
gulation of the imaging plane representing the frontal
view, which can either be the A-plane or the B-plane,
is similar to the respective monoplane angulation. The
slight differences found for some cases are due to the
optimization constraints. Table 10 lists the overall esti-
mated angles for each constraint set and imaging plane.
The numbers reported in Table 11 and Table 12 repre-
sent the outcome of our quality metric. They were av-
eraged over all evaluated datasets. For monoplane sys-
tems, only one C-arm viewing direction, the so-called
A-plane view, is available. Since constraints due to the
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Table 10 Average optimized viewing direction for C-arm system in degree (mean + std). Values are computed based on all

35 datasets.

Site

aa Ba ap BB VA,B
Plane normal | RPV -108.3 £ 9.0 16.7 + 8.9
Plane normal | LPV 129.6 £ 12.0 | 37.9 + 11.8
Monoplane RPV 71.1 £ 8.4 -89 £+ 2.6
Monoplane LPV -50.4 £ 12.0 | -10.0 £ 0.0
Optl RPV || -74.7 &£ 15.0 8.2 £ 4.2 42.8 £ 8.0 | -8.7 £ 2.8 | 1183 £ 10.1
Optl LPV -38.2 £ 17.9 | -10.0 £ 0.0 | 61.0 =44.9 | 3.1 £ 9.6 99.4 + 28.9
Opt2 RPV || -75.1 &£ 15.0 0.0 £ 0.0 43.2 £ 7.9 0.0 £0.0 | 118.3 &+ 10.1
Opt2 LPV -38.2 £ 17.2 0.0 + 0.0 61.3 +£45.2 | 0.0+ 0.0 99.4 + 28.9
Opt3 RPV -20.1 + 8.6 -5.5 £ 2.9 71.7 £9.0 | -89+ 26 90.8 £ 0.7
Opt3 LPV -48.5 + 13.9 -9.4 + 34 43.3 £14.9 | -1.1 £ 4.9 91.5 + 4.5
Opt4 both -60.9 £+ 13.3 -8.0 £ 3.2 52.1 + 19.1 1.6 £ 8.9 112.8 £ 13.3
Optb RPV || -60.1 + 12.8 7.9 + 4.2 28.6 £ 13.2 | -84 £ 2.9 90.0 £+ 0.0
Optbh LPV -35.9 + 35.7 -9.9 + 0.3 53.5 £34.0 | 3.1 £9.6 90.0 + 0.0
Opt6 RPV || -60.7 & 13.0 0.0 + 0.0 29.3 £ 13.0 | 0.0 £ 0.0 90.0 &+ 0.0
Opt6 LPV -36.2 + 35.0 0.0 + 0.0 53.8 £ 35.0 | 0.0 £ 0.0 90.0 + 0.0
Opt7 both -49.8 + 16.1 -7.5 + 3.2 40.1 £15.2 | 1.1 £ 8.6 90.0 + 0.0
Opt8 both -49.9 + 11.8 0.0 + 0.0 40.1 + 15.8 | 0.0 £ 0.0 90.0 + 0.0

image plane 1

focal spot 2

image plane 2

focal spot 1

Table 11 Average scalar product of estimated viewing di-
rection and optimal viewing direction. Values are computed
based on all 35 datasets.

A-plane B-plane mean
Monoplane | 0.92 + 0.09
Optl 0.81 + 0.07 | 0.80 + 0.09 | 0.81 4+ 0.08
Opt2 0.75 £ 0.11 | 0.74 £ 0.12 | 0.74 + 0.11
Opt3 0.92 + 0.09 0.0 + 0.0 0.46 + 0.05
Opt4 0.70 £ 0.06 | 0.64 £ 0.08 | 0.67 &+ 0.05
Optb 0.67 £ 0.05 | 0.67 £ 0.05 | 0.67 + 0.05
Opt6 0.61 £ 0.09 | 0.61 £ 0.09 | 0.61 + 0.09
Opt7 0.61 £ 0.10 | 0.56 £ 0.05 | 0.58 &+ 0.06
Opt8 0.59 £ 0.09 | 0.53 £ 0.06 | 0.56 + 0.06
Std1l 0.46 £ 0.28 | 0.59 £+ 0.34 | 0.52 + 0.08
Std2 0.59 £0.21 | 049 £ 0.36 | 0.54 + 0.11
Std3 0.39 £ 0.18 | 0.73 £ 0.18 | 0.56 + 0.08

Fig. 6 2-D projection images of a 3-D ellipse from two differ-
ent viewing directions. Viewing direction v, is collinear with
the major axis of the ellipse. In this case, the length of the
ellipse as seen under perspective projection is minimal. View-
ing direction v is orthogonal to major and minor axis of the
ellipse. The circumference of the projected line is maximal.

B-plane C-arm system need not be taken into account,
better view angles can be achieved. This is why we con-
sider the results for the monoplane system as a bench-
mark to show what could be possible without the con-
straints due to a second imaging plane. The main ben-
efit of a biplane C-arm system, beyond saving contrast
agent during angiography examinations, is that 3-D in-
formation of the scene can be recovered by combining
information from both planes [2].

For the constraint sets ’Optl’ and ’Opt2’, the op-
timization yields similar results. On average, a scalar
product of 0.81 could be achieved between the esti-
mated and optimal viewing direction for constraint set
‘Optl’, as reported in Table 11. The average scalar
product for ’Opt2” was 0.74. The corresponding angles
between the plane normal and the view orientation are

Table 12 Average relative length of projected ablation lines,
scaled to [0, 1] domain. Values are computed based on all 35

datasets.
A-plane B-plane mean
Monoplane | 0.90 + 0.12
Optl 0.82 + 0.11 | 0.82 + 0.09 | 0.82 4+ 0.09
Opt2 0.75 + 0.16 | 0.74 + 0.12 | 0.75 + 0.13
Opt3 0.90 + 0.12 | 0.48 + 0.16 | 0.69 4+ 0.10
Opt4 0.74 + 0.08 | 0.74 + 0.09 | 0.74 + 0.07
Optb 0.72 + 0.10 | 0.73 +0.09 | 0.72 4+ 0.09
Opt6 0.67 £ 0.14 | 0.66 + 0.12 | 0.66 + 0.11
Opt7 0.68 + 0.11 | 0.68 + 0.10 | 0.68 4+ 0.09
Opt8 0.63 + 0.12 | 0.67 + 0.11 | 0.65 4 0.09
Std1l 0.55 + 0.20 | 0.74 + 0.19 | 0.64 + 0.11
Std2 0.62 + 0.16 | 0.69 + 0.17 | 0.65 + 0.11
Std3 0.51 + 0.19 | 0.78 + 0.16 | 0.65 + 0.11

35.9° and 42.3°, respectively. In the optimal case, when
estimated and optimal viewing direction are collinear,
the scalar product is 1. Fluoroscopy projection images
with C-arm angulations estimated based on these con-
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straint sets are shown in Figure 3, Figure 4 and Fig-
ure 5.

Which of the two C-arms to use when computing
the frontal and sagittal views in ’Opt3’ depended on
the planning line under consideration. The goal was to
always have one LAO view and one RAO view. There-
fore, the analysis of evaluation results was performed
per view, i.e., frontal and sagittal view, instead of A-
plane and B-plane. For easier comparison with the other
constraint sets in Table 11 and Table 12, the result for
frontal view was listed under the A-plane column, and
the result for the sagittal view was written into the B-
plane column.

The average relative lengths of the ablation plan-
ning lines under optimized angulations are shown in
Table 12. The numbers reported are scaled from 0 to 1,
representing minimum and maximum possible length
for the respective planning line, as explained above.
The results are consistent with the ones reported in Ta-
ble 11. The average maximum length of the projected
ablation line is obtained in the monoplane case with
0.90 (for the A-plane). Comparing the results for "'Opt1’
with the best standard view ’Std1’ in more detail, we
observed a maximal improvement of 69 % for the RPV
of dataset C10. The relative length of the planning line
increased from 0.45 to 0.76. The individual numbers are
not listed for every dataset; however, the aggregated
mean and standard deviation are reported in Table 12.
Overall, the average relative length increased from 0.64
to 0.82, which reflects an improvement of about 28 %.

5 Discussion

We described a method for optimizing view directions
based on ablation planning lines for AF procedures per-
formed on interventional C-arm systems. We put spe-
cial focus on biplane systems and accounted for their
mechanical constraints, i.e., mechanically feasible rota-
tion angles as well as the minimum angular separation
between both C-arms. Furthermore, we evaluated dif-
ferent optimization strategies to meet the needs of dif-
ferent clinical applications. We benchmarked individu-
ally estimated view directions against commonly used
standard angulations. Comparing the results for con-
straint set ’Opt1” and ’Opt2’ nicely shows the benefit of
permitting additional rotation in CRAN/CAUD direc-
tion. For both constraint sets, the range of feasible pri-
mary angles was identical (LAO/RAQ). The only dif-
ference was in the domain of secondary rotation angles,
which was limited to zero degrees for 'Opt2’. Compar-
ing the optimized rotation angles for 'Optl” and "Opt2’,
as presented in Table 5, we see that the primary angles

are almost identical in both cases. Preventing any rota-
tion in CRAN/CAUD direction impacts a view’s per-
formance metrics, i.e., the average scalar product and
relative length of the projected planning lines suffer.
This is why the optimization for ’Opt3” and ’Opt4’ was
performed including some secondary angle rotation, to
achieve better results showing less foreshortening.

Constraint set ’Opt3’, on the other hand, could be
applied during procedures where a sagittal view on the
structure of interest is important. This applies, e.g., to
cryoballoon ablation procedures [19]. Table 6 reveals
that one C-arm of the biplane system always moved
into a frontal view. This can been seen by comparing
the biplane views to the monoplane projection angle.
The other C-arm of the biplane system moved to an
almost perpendicular position, as shown by ya B, pro-
viding the desired sagittal view. For cryoballoon proce-
dures, a side view on the pulmonary vein ostia is needed
to verify that the device was placed properly. This is
further inspected by injecting contrast agent from the
tip of the catheter into the pulmonary vein and con-
firming that there is a seal. No contrast must bypass
the cryoballoon to ensure that a freeze can be obtained
that leads to a durable circumferential lesion. Taking
a closer look at the entries in Table 6, we notice that
many of them somewhat resemble standard views as
stated in Table 1.

The average length of the projected planned abla-
tion lines onto the B-plane in ’Opt3’ is rather high con-
sidering the low scalar product for this configuration.
This is due to the chosen quality metric and the scaling
involved. The length measurement was designed to pro-
vide good separation of different viewing angles close to
an orthogonal view. However, in case of sagittal views,
we look parallel onto an (almost) elliptical structure.
This introduces ambiguities as ellipses have a major
and minor axis. Dependent on the viewing direction
being close to the major or minor axis, the length may
differ considerably, even though both views are parallel
to the structure. The relative length of 0 corresponds
to a parallel view on the planning line along the major
axis of the ellipse. Since our results were around 0.48,
we conclude that most of our views were taken along
the minor axis.

When working with ’Opt1’ to ’Opt3’, optimal view-
ing angles were calculated for each planning line sepa-
rately. Such a strategy leads to two sets of angulations
per case. In this case, the C-arms have to be moved
from one position to another when treating the left PVs
or the right PVs, respectively. In ’Opt4’, on the other
hand, only one set of optimized angles was calculated,
providing a fixed view on both planning lines. As ex-
pected, results in terms of average scalar product and
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length of projected ablation lines are lower compared
to results for ’Opt1” and ’Opt2’. This reflects the trade-
off between repositioning the C-arm for each ablation
site in contrast to positioning it only once per case.
However, the results for ’Opt4’ are, on average, still
better than the standard angulations 'Std1’ to 'Std3’.
This shows that adapting views to patients’ anatomies
outperforms the use of standard views in terms of fore-
shortening of planned ablation lines.

When optimizing view orientations under 'Opt5’ to
"Opt8’ the angle between both C-arms was fixed to 90°,
as used by the standard angulations. The price to pay
for introducing this additional constraint was less flex-
ibility in view optimization as, e.g., expressed in lower
quality metrics. Interestingly, the estimated average an-
gles for A-plane and B-plane for these cases were about
60° RAO (o = —60) and 30° LAO (a = 30) for right-
sided planning lines, and about (35° RAO, 55° LAO)
for left-sided planning lines. Note that the second set of
view angles is very close to the standard view directions
(30° RAO, 60° LAO). If no further information about
a patient’s anatomy is taken into account, our results,
therefore, suggest that one could use a (60° RAO, 30°
LAO) view configuration when treating the RPVs and a
(30° RAO, 60° LAO) setup when working on the LPVs,
respectively. Put differently, instead of using only one
fixed biplane C-arm view setup throughout the whole
case, the C-arms should be repositioned from a configu-
ration that is preferable for treating the left PVs into a
second view setup that is more advantageous for ablat-
ing the right PVs. When one angulation was estimated
for both planning lines, the average angles for A-plane
and B-plane were about (50° RAO, 40° LAO), respec-
tively. Interestingly, this is also close to the (45° RAO,
45° LAO) standard view configuration. This shows that
the standard view angles are reasonable a priori choices.
However, we also learned that they are not necessarily
well adapted to individual patient anatomies. The large
standard deviation especially for the LPV angulations
confirms this.

Overall, the best values in terms of minimal fore-
shortening were achieved with ’Optl’ when estimat-
ing optimized views for right- and left-sided planning
lines separately. The average angulations estimated for
‘Optl’ for right-sided planning lines were about 75°
RAO, 8° CRAN, and 43° LAO, 9° CAUD for A-plane
and B-plane, respectively. For left-sided planning lines,
the average estimated angulations were about 38° RAO,
10° CAUD, and 61° LAO, 3° CRAN for A-plane and
B-plane, respectively.

Note that our proposed method is not limited to
EP procedures. It could also be used for other applica-
tions such as closure of the left atrial appendage (LAA).

The placement of the Watchman device is carried out
under fluoroscopy and transesophageal echocardiogra-
phy [15]. If a 3-D model of the left atrium was available,
then planning could be performed and be used to esti-
mate optimal fluoroscopic views for the procedure. The
PASS device release criterion could easily be verified
in a sagittal view on the LAA ostium. This criterion
states that the Watchman device has to be distal to or
at the ostium of the LAA [10]. Another application is
transcatheter aortic valve implantation (TAVI). During
this procedure, an optimal sagittal fluoroscopic view is
important for successful placement of the valve [8]. The
targeted optimal view can be determined by three land-
marks, the base of the aortic valve cusps, which form a
triangle. In an optimal fluoroscopic view, these points
lie on a plane perpendicular to the imaging plane [8].

6 Conclusions

We presented a method for estimating optimized view
angulations for C-arm fluoroscopy system based on pre-
procedural planning data. The method can accommo-
date individual constraints on the feasible projection
angles for each fluoroscopy view individually as well as
in relation to each other in case of biplane systems.
Optimization for frontal or sagittal view directions is
possible, depending on the application at hand. Our
method was evaluated on clinical datasets, where plan-
ning lines were added to guide ipsilateral pulmonary
vein isolation. Optimal C-arm angulations were com-
puted for each ablation planning line and compared to
standard angulations. Depending on the available de-
grees of freedom for optimizing the C-arm views and
the patient anatomy, improvements of up to 69 % in
terms of foreshortening of pre-planned ablation lines
were found. On average, 28 % less foreshortening could
be achieved when using constraint set ’Opt1’ for the se-
lection of biplane X-ray views. We also found that the
standard view options provide very reasonable a priori
choices. Their use is attractive, because physicians are
already familiar with them. They should, however, be
chosen judiciously depending on the selected treatment
region and the therapy task at hand, e.g., using the
method proposed in this paper.
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