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Cryo-Balloon Catheter Localization Based on a
Support-Vector-Machine Approach

Tanja Kurzendorfer, Philip W. Mewes, Andreas Maier, Notl&trobel, and Alexander Brost

Abstract—Cryo-balloon catheters have attracted an increasing is the electrical isolation of the four pulmonary veins (PVs
amount of interest in the medical community as they can redue  connected to the left atrium (LA), since triggers causingaht
patient risk during left atrial pulmonary vein ablation pro ce-  fipijjation predominantly reside inside the PVs. The céghe
dures. As cryo-balloon catheters are not equipped with elémdes, - . .
they cannot be localized automatically by electro-anatoncil ablation procedures are performed |r_1 eIectrophysmIoQ?).(E
mapping systems. As a consequence, X-ray fluoroscopy hagd@bs. A standard ablation procedure involves at least aiine
remained an important means for guidance during the procedeve. radio-frequency (RF) ablation catheter. With this cathete
Most recently, image guidance methods for fluoroscopy-bade point-by-point ablation around the ostium of the pulmonary
procedures have been proposed, but they provide only limit¢ \eing is performed to achieve signal block. Risk factors of

support for cryo-balloon catheters and require significant user thi h th | in st .
interaction. To improve this situation, we propose a novel rethod IS approach aré - among Others - puimonary vein stenosis

for automatic cryo-balloon catheter detection in fluoroscpic and esophageal fistulal[6].1[9]. To reduce these risks, cryo-
images by detecting the cryo-balloon catheter's built-in Xray  balloon catheter ablation techniques can be uked [L0], [11]
marker. Our approach is based on a blob detection algorithm 6  [12]. In fact, the most recent guidelines recommend cryo-
find possible X-ray marker candidates. Several of these cand 500 ablation as an alternative to the point-wise radio-
dates are then excluded using prior knowledge. For the remaing .

candidates, several catheter specific features are introded. They frequency catheter ablationI[S]. The SU(?CGSS of the cryo-
are processed using a machine learning approach to arrive at balloon catheter depends on the underlying anatomy of the
the final X-ray marker position. Our method was evaluated patient [13]. Cryo-balloon catheters isolate a pulmonainv

on 75 biplane fluoroscopy images from 40 patients, from two py freezing the tissue antrally around its ostium usingitiqu
sites, acquired with a biplane angiography system. The metd i qqen injected into the balloon devide [14]. At the timie o

yielded a success rate of 99.0% in plane A and 90.6% in thi it ¢ ball fi isial
plane B, respectively. The detection achieved an accuracyf o IS writing, two cryo-balloon generation were commeiigia

1.00mm=+ 0.82mm in plane A and 1.13mm+ 0.24 mm in plane @vailable, and the third cryo-balloon generation has rigen
B. The localization in 3-D was associated with an average esr been introduced. The first generation of the cryothermal bal

of 0.36 mm =+ 0.86 mm. loon catheter is shown in Figuié 1 (a). Two different balloon
Index Terms—Ablation, Atrial Fibrillation, Cryo-Balloon, De- ~ Sizes were and are still available, either with a diameter
tection, Electrophysiology, Fluoroscopy, Left Atrium. of 23mm or 28mm. The size of the balloon is chosen to

match the underlying patient anatomy. As no Achieve mapping
catheter was available together with the first cryo-balloon
catheter, a second transseptal puncture was required for a
HARMACOTHERAPY is often used to prevent atrialcircumferential mapping (lasso) catheter. The lasso tathe
fibrillation. However, this therapy may fail if drugs aremeasures the electrical signals coming from the PVs. After
not taken as prescribed, and it may be costly for young#re ablation with the cryo-balloon catheter, the lasso etath
patients. Therefore, minimally invasive catheter ablatiad is placed at a PV ostium to confirm the signal block through
been proposed as an alternative treatment option for atf®V isolation. As this is time consuming and associated with
fibrillation, in particular paroxysmal atrial fibrillatiofff], [2], a second transseptal puncture, the Achieve spiral mapping
[3]. Moreover, catheter ablation was recently upgradedney tcatheter was introduced together with the second generatio
European Society of Cardiology (ESC) to be considered a6 cryo-balloon catheter, see Figuré 1 (b) for an example.
a first line of treatment]4]. The American Heart Associatioithis catheter set allows for a single transseptal punctase,
(AHA) lists catheter ablation for paroxysmal AFib asCéass the mapping catheter can be inserted through the shaft of the
1 treatment option as well[5]. In the past decade, pulmonacyyothermal balloon catheter into the PV to monitor eleetri
vein isolation (PVI) by catheter ablation has proven to b&ignals. Furthermore, the second generation of cryo-tallo
a save and effective approach for dealing with paroxysmedtheter was found to reduce the procedure time as fewer
atrial fibrillation [5], [6], [7], [8]. The goal of this proacdure freezes are required to achieve PVI due to its better cooling
properties. Another advantage is that the electrical sigaa
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Fig. 1. (a) Fluoroscopic image showing a first generatiorodrglloon catheter, circumferential mapping catheter arwhtheter in the coronary sinus, the
so called CS catheter. The orange arrow points to the X-rakenaf the cryo-balloon catheter, which has to be detedtigdd Fluoroscopic image showing
a second generation cryothermal balloon catheter, wherdaso catheter has been inserted through the shaft of yheballoon catheter. Furthermore a
temperature probe, CS catheter and a lasso catheter aenipieghe fluoroscopic image. The orange arrow points to tha@yXmarker of the cryo-balloon
catheter, which has to be detected.

[12], [15], [16]. Since cryo-balloon catheters are not @eid support-vector-machine (SVM) to implement a classifiet iha
with electrodes or electromagnetic sensors unlike ti@diti able to accurately detect the X-ray marker attached to - cr
RF ablation catheters, they are invisible to electro-amatal balloon catheter, see Figl 1. To be more precise, the ddtecte
mapping systems (EAMS). EAMS either are impedance bas&alloon marker is a radio-opaque marker attached to the shaf
or they use an electro-magnetic field to localize cathetersaf the cryo-balloon catheter next to the injection-port loé t
3-D. Once devices have been localized, they can be visdaliziguid nitrogen, which is located in the first third of the ory
with respect to a 3-D representation of the LA. As currentlgalloon. As the previous method only supported monoplane
available navigation systems do not provide support foocryC-arm systems, we propose an extension to biplane systems
balloon catheters, the most commonly used navigation tashich enables the reconstruction of the cryo-balloon dathe
available to the physician remains X-ray imaging. Transnarker in 3-D.

esophageal-echo (TEE) is not routinely used during cathete

ablation procedures, due to the requirement of general anes [1. PREVIOUS WORK

thesia. In fact, TEE itself may also contribute to esophbhgea grgst etal.[Z1], [[22], [[28] proposed a method for 3-
injury [17]. Intra-cardiac echography (ICE) is anotherltt® p respiratory motion compensation during electrophysjglo
help during catheter positioning, but is most commonly Us?ﬁocedures using a 3-D lasso-catheter model and a biplane
to guide the transseptal puncture|[18]. Recently, ICE hasbec.arm system. The initialization of the lasso-catheter tead
employed to guide cryo-balloon ablation procedures. H@revhe done manually. Afterwards the lasso catheter was egttact
in the study by Su et al [18], venograms are still recomysing fast marching, and a 2-D ellipse was fitted to the result
mended to assess the position of the cryo-balloon cathefgy. hoth imaging planes. In the next step, the catheter was
Nevertheless, there are advantages of ICE, such as palpafi@:onstructed in 3-D knowing the biplane X-ray projections
monitoring and balloon positioning. Unfortunately, the&ka ang considering an elliptical shape of the lasso-cath@&tes

of reimbursement of ICE catheters in multiple countries ifodel was then used for tracking the respiratory motion. A
Eurppe is limiting its use. o similar work for respiratory motion compensation was pro-
During X-ray procedures, physicians try to keep the X-rgyosed by Ma etal[24]. Here the motion estimate was obtained
dose to a minimum. As a result, the c_ryo—ball_oon cathetgy; |ocalizing an electrode of the coronary sinus (CS) cathet
may be hard to see under fluoroscopy in certain c&s€s [194, detect the catheter electrodes a blob detection methed wa
Therefore, methods to detect and localize the cryothermaleq. A cost function was applied to distinguish the elefetso
balloon catheter are helpful to improve this procedure. 8tfirof the CS catheter from other catheter electrodes. For the
detection method of cryo-balloon catheters in fluoroscopigspiratory motion correction, the proximal electrode hué t
images using a simple blob detection was proposed_in [2@Js catheter was relied on. An extension of the two previous
However, only the characteristics directly derived frone thyescribed methods was proposed by Brost etal.[25]. In this
blob detection were exploited to make a decision about thgyrk a combined cardiac and respiratory motion compensatio
final catheter position. We used this approach as a startiggorithm for atrial fibrillation procedures was present@d
point for our current method and extended it using a novglis end, a joined approach of the two previous methods was
image-based feature. In addition, we introduced a kerastt applied. The CS catheter was used as a point of reference, if
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larger movements of the circumferential lasso catheteds hsuch information is readily available from the C-arm system
been detected. For example, when the catheter was moVé image processing steps afterwards are just performed on
from one pulmonary vein to another. The motion estimatbe region of interest. After the collimator removal we have
itself, was still derived from the lasso catheter. Howewaésp cropped image, denoted Bg:, v) € ZVN*M of size N x M. A

this method relied on initial manual catheter localization  histogram equalization is carried out to enhance the diffee
Hoffmann et al.[[26] proposed a semi-automatic cathetanrec between the cryo-balloon catheter and the surroundingetiss
struction workflow from two views. In this paper three differ The histogram equalization is applied to the cropped image
ent types of catheters were considered, the radio-frequemaly. In the next step, the histogram equalized image is
ablation catheter, the coronary sinus catheter and thamic processed with a blob detection algorithm. The blob detecto
ferential lasso catheter. The method required a seed-fmintis based on the Hessian matrix_[24]. The blob detector is
the localization of the catheter in the fluoroscopic imagesot multi-scale, because the X-ray marker of the cryo-loallo
Based on this starting point, a graph searched was ingidlia catheter has always the same size, no matter which type of
detect the rest of the catheter shaft. In case of biplaneeésjaghe cryo-balloon catheter is used. For the Hessian matrix
correspondences were selected and used for the 3-D cath@ttersecond derivatives of the imadiet, v) are required. As
reconstruction. fluoroscopic images are prone to noise, additional Gaussian
Almost all of the presented methods heavily rely on manuamoothing is used. The standard deviationf the Gaussian
user initialization and they have not yet considered a ¢t filter kernel is matched to the diameter of the X-ray marker
mal balloon catheter. To the best of our knowledge, the fifsbm the cryothermal balloon catheter. As the width of the
solution for cryo-balloon catheter localization in fluotopic marker is known and the pixel spacing is available, either
images was proposed by Kurzendorfer efall [20]. The radifstem DICOM information or C-arm parameters, the standard
opaque marker of the cryo-balloon catheter was detected usidleviation o of the Gaussian can be adjusted accordingly.
a blob based method in combination with a cost function. Thiduring our experiments, we found out, however, that a fixed
prior work is used as reference to highlight the improvermenwidth is sufficient as long as the device is used within a

made with the novel approach presented in this paper. limited region in 3-D space. For our application, this is acp
around the biplane C-arm system'’s iso-center with a diamete
I1l. M ETHODS of 30 mm to 40 mm (average size of a left atrium). Smoothing

Depending on the patient size, the C-arm view angle, aﬂad taking deri\_/atives can be performed in_one f_iIter_ing
the X-ray dose settings, the cryothermal balloon itself rhay step by co_nvolvmg the image W't.h Fhe second derivatives
hard to see in fluoroscopic images. The X-ray marker attach fd"f‘ G_au53|an. Due to the isotropic filter ke”?e" the second
to the shaft of the cryo-balloon catheter on the other hamnd c; erivativesG., .and Gy are equal. When the |mag_féu,_v)
be easier to find. This is why we consider it a good alternative convolyed W.Ith the second order Gaussian derivative, for
for detecting the cryo-balloon catheter in the ﬂuoroscopﬁf(ample in u-direction, we gdt. (u, v) as
images, in particular when combining detection and impdove Lo (11, 0) = (11, v) * G (11, 0) 1)
visualization. Our approach comprises four steps. First, a e ’ AT
Hessian blob-detection is performed to detect potentig-Cr Simjlar definitions apply forl,, (u,v) and L, (u,v). Next,
balloon X-ray marker candidates which have a round shagg eigenvalues of the Hessian matiiku,v) € R?>*? are
and are attached to the shaft of the cryo-balloon cathetanyM calculated by
of them are already excluded by applying standard criteria
using prior knowledge. In the second step, additional festu
are calculated for the remaining marker candidates. In the
third step, these features are classified by a SVM and theheren, (u,v) € R andn.(u,v) € R denote the eigenvalues
result of this classification is further processed to arat& of the Hessian matrix. For the blob detection we look
final position estimate for the A-plane image of a biplane Gor the highest eigenvalues and define them as candidates for
arm system, i. e., the right-anterior-oblique (RAO) vievings the cryo-balloon catheter marker. Currently, the 300 gfesh
a typical biplane view setup. In the fourth step, the cryaigenvalues, blobb; = (u;,v;) are considered as candidates
balloon X-ray marker is detected in the B-plane image , i. €or the X-ray marker of the cryo-balloon catheter. From this
the left-anterior-oblique (LAO) view using a typical bipla initial set, candidates that are close to the image boueslari
view setup. This can either be achieved by the same thrge excluded as well as candidates that occur only sparsely i
steps or using just the first step and epipolar constraints g@egion, or clustered blobs. Below, we explain how to idgnti
find the corresponding marker position in plane B. Once, thige correct X-ray marker.

2-D position of the X-ray marker is known in the RAO plane
(A plane) and the LAO plane (B plane), the position in 3-D
is computed. B. Feature Computation

()10 = qu+1wi\/<1uu+lv2u)2f4(1w-1w -12.) 7 @

. In the next step, the following features are computed for
A. Blob Detection each X-ray marker candidate. The first featufe is the
First, the information about the collimators from the Dleigenvalue of the blobf; = 7:(b;) € R. For the second
COM header is used to crop the image. In a real-time set dpature f,, the average image intensity in a small regian
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Fig. 2. Example images for the feature describing the crcgradient environment around a X-ray marker candidate M@ker candidate set on the
actual X-ray marker of the cryo-balloon catheter. (d) Margandidate on a coronary sinus catheter. (a) and (d): Imaghsa set of gradient circles, where
r, = r5. (b) and (e): Gradient distribution around each markepldiged as the average of the functibfp (0, r)) for all radii 5, where (b) corresponds to
the cryo-balloon marker and (e) to the coronary sinus mackedidate. (c) and (f): Average sampled functidp(6, v )) after shifting the function values
to the most prominent gradient location to achieve invaato rotation, with an interval size of= 14, where (c) corresponds to the cryo-balloon marker
and (f) to the coronary sinus marker candidate.

around the marker candidate is computed as follows, present in the fluoroscopic images as well. For these cathete
T the electrodes are placed at the end of the catheter or in a
fo = ma(b;) = Z Z L(u,v) ©) circular arrangement. Unfortunately, the electrodes efs¢éh
- K3 - ) )

catheters also have a prominent blob-like structure. These
. _ catheter properties lead us to design a feature that describ

with f> € R. The area should contain only dark values, as the presence and spatial arrangements of catheters indhe ar
area’s size is set to the size of the actual catheter marler. &4 \nd each possible markisy. See Fig[2 (a) and (d) for an

a third featurefs, we use a larger regiof, to compute the j,stration. In particular, we evaluate the circular distition

average intensity, of gradients around a potential cryo-balloon X-ray marker.

u=b,, —81 v=by, =41

butd2  by+da Feature computation comprises the following steps. First,
fs=ma(bi)= > > I(uv), (4) for each possible markes; five circles with different radii
u=by, — 62 v=by —02 r, = 15 € {20,40,60,80,100} (in pixels) are defined. In

with f5 € R. This region should contain more bright pixels af1€ Parametric form, these circles are expressed as a set of
the inflated balloon catheter is less dense than the surm:gmcf’o'ntSp(o’T’“),: (e, v) such thatue = u; + 74 cos§ and
blood. The fourth featurg, is the difference of the bright area¥s = Vi T 7& sinf with 6 ¢ [0727]' The C'rCIeSI(p_(G’T’“))
mn(b;) and the dark areauy(b;). This feature differentiates can bg mterpreted as a one-dimensional .funct|0n of gray-
the radio-opaque marker of the cryo-balloon catheter frioen gScale Intensities. Exampl_es can be seen in Hg. 2 (_b) and
other possible candidates. The inflated balloon appeagbteri (€)- The circlel(p(t, 7x)) is subsequently smoothed with a
in the fluoroscopic image as it displaces the surroundingdlo ©N€-dimensional Gaussian ker&|p (o, p(t, 7)) with a

As density of nitrogen is lower compared to blood, the X-ra§¢ — 0'5_t° ellmmatg-; remaining image noise. Then,_lt IS con-
attenuation is lower for the cryo-balloon. The X-ray marke?’OIVeOI with a one-d|men5|onal Logar.|thr.n-0f-Gau55|an @fm
however, is made of very dense material to appear opaq%lerD(_UL’p(e’rk))_ with o, = 0.8 to highlight areas of rapid

in the image. Therefore the difference of these two areas'KeNSity change, i. e. edges. The resulting function reges

a unique feature regarding the cryothermal balloon cathetf€ circular distribution of edges around a possible makker
The cryo-catheter marker is attached beyond the balloorl8€ resulting functions of each circle are averaged over;all
center, towards the distal third of the cryo-balloon. Aldwre gnd the resulltlng averaged function is sub-sampleduﬁiolfl

is a guide-wire or lasso-catheter which continues past tHH'er\,’"?‘I_S' This d_ecreases thg_n number of features, Iq\helst
marker. This differentiates a cryo-balloon catheter frotineo sensitivity to noise, and facilitates a faster computatiore.
catheters such as ablation or mapping catheters that can bAs the catheters may occur in the image in arbitrary
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(C) (b)

Fig. 3. Example for cryo-balloon catheter detection. (a3uReof our cryo-balloon catheter detection for plane A.Zlopmed-in version of (a). Our detection
result is shown in red and the gold-standard annotation eergr

orientation, the features need to be invariant to rotai{l®f.[ b4
To this end, the 14 intervals are shifted such that the iaterv
associated with the highest filter response is always at the
first position, which are declared as featurgsto fi5. See
Fig. 2 (c) and (f) for an illustration. The 14 intervafs to

f1s along with the eigenvalue of the blof, the average of P
the small regionfs, the average of the larger regigh, the

difference of the regiong, are all used as features for the  oj %
SVM classification explained next.

Epipolar Plane

op

. Fig. 4. The epipolar geometry with the two optical centersré} sources)

C. Feature Classification o4 andop for each image plane. The translation vedtdrom image plane
. A to image plane B. Poinp is the 2-D image point in image A and is
For each of then potential markersb;, the 18 features the 2-D image point in image B and the associated 3-D poinvisl; is

previously described are computed. A kernel-SVM with the epipolarline in image A and the corresponding epipole;isly is the
radial basis function kernel is used to classify the mark&pPolarine inimage B with the corresponding epipele
candidates[[28]. The result of the classification for oné tes

image is a ranking:(b;) and class-prediction(b;) € R for

each candidate;. As multiple b; within one image might be D. Catheter Localization in 3-D

classified as the cryo-marketgn(w(b;)) = 41, an additional

step needs to be performed to make a final decision on therhe detected cryo-balloon catheter marker is denotebl as
predicted cryo-marker position in the image. To this end, & the cryo-balloon catheter localization is performechgsi
binary map, based orsign(w(b;)) = +1, of the same size piplane images as input, the blob has to be detected in plane A
as the original image is computed. On this binary map (RAO view) and plane B (LAO view). There are two possible
4-connectivity search is performed for all marker candidatways to find the corresponding X-ray marker of the cryo-
resulting in connected groupd, with k& = 1,...,n, where palloon catheter in plane B. Either the whole cryo-balloon
ngy is the number of groups, which varies from image teatheter detection is performed for both planes resulting i
image. Each group is assigned a score that is based on#h)eandbg. Or the X-ray marker in plane B can be found by
classification ranks:(b;) of all b; geometrically related to a looking for the closest corresponding pointiq in the set

group A, by of possible X-ray marker candidatés; ; using the epipolar
5 — 1 x(by) ) constraints [[29]. The sebg; contains all possible X-ray
i Ng L ‘ marker candidates after the exclusion of blobs with a aertai
i k

margin to the image boundary in plane B.
The groupA; with the highest scorey, is considered to be the In general, the epipolar constraint exists between any two
actual cryo-balloon X-ray marker, where the geometric @entcamera systems. Consider the case of two cameras depicted
of Ay is the position of the cryo-marker in the image, referreith Fig.[4. Letos € R? be the optical center of camera A and
to asb. An example of our catheter detection for plane ARA®@ 5 <€ R? the optical center of camera B. Given a 3-D point
view is displayed in Fig]3. w € R? and its 2-D projectionp andq € R? both points are
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projection matrices can be obtained analytically, assgraim
ideal geometric model of the C-arm, or by calibration, takin
into account the non-ideal behavior of the C-arm system’s
projection geometry[[29],[132]. Modern C-arm systems are
calibrated, such their matrices are knownl[33].

The projection geometry of a C-arm system is similar to the
geometry of a pinhole camera, thus a perspective projeigion
considered. For a more detailed description of the praacti
geometry of a C-arm system, see Brost efal. [34].

This means a 3-D pointv € R3 can be projected onto the
image plane, resulting ip € R? knowing the projection
matrix P € R3*4, by

p = Pw = K[RJt]W, ®)

where the™ denotes the homogeneous coordinates of the
points, K € R3*3 is the intrinsic camera matridR € R3*3

the rotation matrix of the camera artde R? the translation
vector of the camera. As a biplane system is considered, the
projection matrices are denoted R, for plane A andPp

for plane B, respectively.

Having the 2-D cryo-balloon X-ray marker in plane A, denoted

Fig. 5. The projection geometry of a biplane C-arm systenth\Wie two asb, and the projection matri¥ 4 for plane A the equation

optical centerso, and op for each image plane and the corresponding@n b€ rewritten as

direction vectord 4 and dg. Knowing the projection matrixP and the ~ -

two 2-D cryo-balloon X-ray markeb, and b, the 3-D pointw can be bs = KA(RA ‘W + tA)- (9)
computed. The optical centers do not represent their troatitms but have . . . . .

been put on the outside of the tube collimator covers for gsef illustration. As the image poinb 4 is given in homogeneous coordinates,

the exact coordinates of the points are known up to a scaling
factor A € R. This fact can be used to construct a line through
related to a projective transform given as the 2-D image point and the point in 3-D. A point along this
line is described b
sp =Pw (6) y

ra(\) =X -R;'K;'ba — R, - ta. (10)

where s is a scale factor an®® € R3*“ is the projection
matrix [30]. Substituting the point of the origiay = —R4~!- t4 and the
The epipolar geometry defines the geometry between the tdisectionds = R4~! Ka~! b, Eq. [I0) can be rewritten
cameras (in our case X-ray sources) creating a stereoscasic

system. Given a point € R? and its 2-D projectionp andq ra(A) =04+ A-da. (1)
€ R?on bc_)th 'mage planes, thg three points deﬁpe the ep'DOE{ven the two 2-D cryo-balloon marker in plane B,, and
plane, which intersects both images at the epipolar lires

andl, € R3, as shown in Figll4. Moreover, the intersectiongIane B’b.B’ two ray _equ_atlons can be computeq. Due to
. : . . . errors during the localization of the cryo-balloon tip inD2-
of all epipolar lines define an epipole on both image planes

denoted bye, andes € R?, For a more detailed Olescripﬂonpt’ojections associated with the same 3-D object, the lires d

: . not necessarily intersect. As both rays, andrpg, represent
of the Qplpolar geometry pleasg see Ar-mangue eial. [31]'.the same point in 3-D. The final point in 3-D is computed by
The epipolar geometry is required to find the corresponding
blob by to by from the setbp ;. To do so, the epipolarline

1, is computed for the tip estimate,. Given the sebg ; and

the epipolarlind,, the tip estimatéb is determined by whereji is the scaling parameter fo;, equivalent to\ for r 4.
@ The scaling parameters were estimated from the intergectio
of the two rays using singular value decomposition. See

However, if the first localization in plane A is wrong, the9- [§ for an illustration of the 3-D projection geometry of

detection of the radio-opaque marker in plane B using epipoP biplane C-arm system. For details of the point localizatio
constraints will be also wrong. This is why it is a good ide§€€ Brost etall[32].

to start with the image which has the better image quality.

In many cases, this is the image obtained with a view angle IV. EVALUATION AND RESULTS

closer to the posterior-anterior view direction, e3f); RAO. In this section we evaluate our proposed method. The
After the position of the X-ray marker is known in planggoal of the evaluation is to show that the detection in 2-
A and B, the 3-D position can be calculated. For this, tHe and the reconstruction in 3-D are satisfactory for clihica
projection geometry of the C-arm system has to be known. Thee. Our data comprised 150 monoplane images from 75

1 R
w' =2 (04 +Ada +op +judp), (12)

bg =arg min |11 -b;]|.
bijB,z" 2 ]|
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Fig. 6. (a) The cryo-balloon catheter detection in 2-D yéelcin average error of 1.00 mi#n0.82 mm with a total minimum of 0.00 mm and a total maximum
of 4.88mm in plane A (RAO view). The previous method yieldedawverage error of 1.03 mmt 1.08 mm with a total minimum of 0.17 mm and a total
maximum of 4.04 mm in plane A. (b) The cryo-balloon cathetetedtion in 2-D yielded an average error of 1.13 mn0.24 mm with a total minimum of
0.24mm and a total maximum of 4.10mm in plane B (LAO view) witle full detection algorithm. Applying epipolar constrairfor marker detection in
plane B, we obtained an average error of 1.18 ain®.99 mm and an overall maximum error of 4.75mm and an overadlinmum error of 0.00 mm. The
previous method yielded an average error of 0.98 ;.84 mm with a total minimum of 0.17 mm and a total maximum &33nm in plane B. Plane A
was at an angle of 30RAO, plane B had an angle of 8@_AO.

Detection Error in 2-D

Plane A Plane B
Our Approach [120] Our Approach  Epipolar Approach [][20]
Mean 1.00mm 1.03mm 1.13mm 1.18 mm 0.98 mm
Max 4.88mm 4.04mm 4.10mm 4.75mm 3.83mm
Success 99.0% 56.0% 90.6 % 89.3% 61.3%
TABLE |

COMPARISON OF THE DETECTION RATE AND ERROR OF OUR APPROACH TQHE PREVIOUS METHOD[@].

2-D Detection Variability for Different Radii r; in Plane A 2-D Detection Variability for Different Radii r in Plane B
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Fig. 7. Variability evaluation of different radii, where; € {20, 40, 60}, rs € {20, 40, 60, 80,100} andr; € {20, 40, 60, 80, 100, 120, 140}. (a) The
cryo-balloon detection for plane A achieved a detectioe ft99.0 % usings. For r3 we achieved a detection rate of 92.0 % andfgr86.7 %. The best
result was achieved using;. (b) The cryo-balloon detection for plane B achieved a diecate of 90.6 % usings. For r3 we achieved a detection rate
of 72.0% and forr; 69.3%. The evaluation shows, that adding or removing raelieribrates the accuracy of our proposed method. The bssit reas
achieved using's.

biplane sequences acquired over 40 different patients fimam the esophagus. All images were acquired on a Siemens Artis
clinical sites. The catheter setup for cryo-balloon prazed zee biplane system (Siemens Healthcare GmbH, Forchheim,
involved one circumferential mapping catheter, one catheGermany). For evaluation of our method, a gold-standard
in the coronary sinus and one cryo-balloon catheter. For thenotation of the radio-opaque marker was available, deali
evaluation, only data of procedures involving the first anldy an electrophysiologist. The evaluation itself was penfed
second generation cryo-balloon catheters were availablst by a leave-one-out cross validation, i.e. one sequence was
The cryothermal balloon catheter was placed at the ostilarcluded from training of the classifier and used for testing
of the pulmonary vein during image acquisition. The cathet&iven the gold-standard annotation, the Euclidean distanc
is usually firmly placed to ensure a good wall contact. Aetween our detection result and the gold-standard anootat
suboptimal wall contact may lead to incomplete pulmonaryas computed as 2-D detection error. As 5mm is mostly
vein isolation. Some images also show ECG leads that werged as a clinically acceptable threshold, our method has
attached to the skin of the patient or temperature probé&deinsa detection success rate of 99.0% in plane A (RAO). For



PUBLISHED IN: IEEE TRANSACTIONS ON MEDICAL IMAGING, VOL. 35 NO. 8, AUGUST 2016 8
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Fig. 8. \Variability evaluation for different interval sige of the gradient distribution around each possible markéan@ing the number of intervals,
automatically changes the number of features used for the.S®) The cryo-balloon detection for plane A achieved a ci&ia rate of 99.0 % using an
interval size ofc = 14. For . = 7 we achieved a detection rate of 84.0% and for 21 89.3%. Changing = 7 smooths the gardient distribution too
much, therefore the classification result is reduced. bsing. = 21 leads to an overestimate of the gradient distribution asd decreases the classification
result. The optimal result was achieved with an intervaé ©i£. = 14. (b) The cryo-balloon detection for plane B achieved a digeaate of 90.6 % using
an interval size of = 14. For. = 7 we achieved a detection rate of 73.3% and fet 21 70.3 %, respectively.

plane B (LAO), we have a success rate of 90.6% whaman be explained mathematically. The most often used cryo-
applying the multi-step blob detection algorithm and a sssc balloon had a diameter of 28 mm. Knowing the pixel spacing
rate of 89.3% when applying epipolar constraints for thg, = 0.1725 of the fluoroscopic images and the diameter of the
detection. Excluding detection failures, our method yeeld cryo-balloon, it results in a length of 162 pixels. As theicad

a detection error of 1.00mm:- 0.82mm in plane A. The opaque marker of the cryo-balloon catheter is positiongden
results for plane A are shown in Figl 6 (a). In plane B wérst third of the balloon, we can make sure that we cover a
achieved a detection accuracy of 1.13mm0.24 mm using lot of the balloon, especially regarding the distal end. theo

the whole detection algorithm and 1.18 mim0.99 mm using parameter was the number of intervalsfor the gradient
the epipolar constraints. Fifll 6 (b) states the results ef tHistribution around each possible marker. An evaluatiothef
two detection methods for plane B. On the same data setpact for different interval sizesis given in Fig[8. Changing
our previous method [20] yielded a success rate of 56.0 %time number of intervals automatically changes the number of
plane A and of 61.3% in plane B. For plane A, it achievefkatures used for the SVM. The cryo-balloon detection for
an average error of 1.03mnt 1.08mm with an overall plane A achieved a detection rate of 99.0% using an interval
maximum error of 4.04mm and an overall minimum error ofize of . = 14. For . = 7 we achieved a detection rate of
0.17 mm. For plane B, an average error of 0.98 mi.84mm 84.0% and for. = 21 89.3%. For plane B we achieved a
with an overall maximum error of 3.83mm and an overatletection rate of 90.6 % using= 14. For. = 7 we achieved
minimum error of 0.17mm were achieved. Note that onlg detection rate of 73.3% and for= 21 70.7%. Changing
correctly detected radio-opaque markers were used for the- 7 smooths the gradient distribution too much, therefore
error computation. This is the reason why the errors of thke classification result is reduced. Increasing 21 leads to

two methods are similar, but the detection rates are diftefe an overestimate of the gradient distribution and also deag
direct comparison between the previous method and our notled classification result. The optimal result was achievétd w
approach is given in Tablé I. The main technical differenamn interval size of = 14.

between the proposed method and the previous meihad [20hs biplane sequences were available, localization in 3-D
is, that only a cost-function was used in the earlier meth@@uld be performed by triangulation. Unfortunately, anleva
to identify the cryo-balloon marker. Furthermore, the neark uation in 3-D would require additional 3-D ground truth. As
was only detected in a single plane, so no 3-D localizatigeither a 3-D data set nor 3-D information from an electro-
was possible. In this work, on the other hand, a machimgagnetic navigation system was available, only an estimate
learning approach was used to find the X-ray marker of thg the 3-D error could be calculated. To do so, we used the
cryo-balloon catheter gold-standard annotation provided by an electrophysistog
For the feature computation, several parameters were $gtperform a 3-D point localization based on the two 2-D
First, for each possible markdy; different sets of radii,.  ground truth annotations. To estimate the 3-D error of our
were defined. A comparison of different number of radipcalization method, we computed the Euclidean distanee be
7, and their impact on the results is given in Fig. 7, wergveen the gold-standard triangulation result and the iped|

r3 € {20,40,60}, rs € {20,40,60,80,100} and r7 € cryo-balloon marker in 3-D. On average, our method yielded a
{20, 40,60, 80,100, 120, 140}. The cryo-balloon detection for 3-D |ocalization error of 0.36 mrd- 0.86 mm, with an overall
plane A achieved a detection rate of 99.0% usiagFor s  maximum error of 4.97 mm and an overall minimum error of
we achieved a detection rate of 92.0% and fer86.7%. 0.03mm. Using the same 5mm threshold as for the detection
For plane B we achieved a detection rate of 90.6% usingthe marker on a single plane image, the localization ssce
r5. For r; we achieved a detection rate of 72.0% and fatte was found to be 97.3%. As the previous method achieved
r7 69.3%. The best results were achieved usigg This only a 3-D success rate of 56.0% and 61.3% a comparison
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(b)

(d) (e) ®)

Fig. 9. Example of the cryo-balloon localization in 3-D. (aput image of plane A. (b) Input image of plane B. (c) 3-D aog mesh of the left atrium.
(d) Result of our cryo-balloon catheter detection in imatgme A, overlayed with the 3-D surface mesh from (c). (e) Resfuthe detection in image plane
B, overlayed with the 3-D surface from (c). (f) Example foy@balloon localization in 3-D. Position of the automalligdocalized cryo-balloon catheter in
3-D with respect to a pre-planned position of the cryo-lmall@atheter using AFIT [35].

in 3-D was omitted. position in plane A, the correct marker position in imagengla
B cannot be found. This is a main drawback of the epipolar
V. DISCUSSION ANDCONCLUSIONS method. One could, however, consider changing the C-arm

Our new method clearly outperforms the previou\éieW angles tod5” and 457 in both RAO and LAO. Then
. ne could apply the multi-step blob detection in both views
method [20] with 2-D success rates of 9.0 % VS. 26.0%% aﬁﬂd pick the better result. Our method was evaluated using th
90.6% vs. .61'3 %, respectively. The results for image F?l"’meff?’st and second generation of cryo-balloon catheters. iRiyce
(bLAOti %retlr:jq[erliralfwc;rfﬁ ihaln foré) Igne A.E.RAOS'_Th'S cal third generation of cryo-balloon catheters was introduce
| et a I” u_et ? € ‘Fﬁ ? P a;e_ IS Pt(_)s' |(zjne| n atnr)no{}ﬁth a shorter tip. Since there is still a radio-opaque marke
ateral orientation, while piane A 1S positioned closer W &,qqq e cryo-balloon catheter, the catheter specifitufea

2nter|or-tposter|or| wgg\(l)oleree:gon.(ljn (l)ur Clén'ﬁa(lj set;Lma?e fcan again be calculated and our algorithm be applied. Some
was at an angle and piane ad an angi€ ol, o ameter changes may, however, be necessary.

60° LAO. As a consequence, both effective patient thickne biplane images were available, an estimate of the 3-

. . spect to a pre-operative data set of the left atrium as, e.g
1.0 % out of the 75 sequences for image plane A and in 9'41%ed for planning purposes [3€].]35]. The localized madéer

for 'mage plane B._We considered a detection result a fallutr cryo-balloon then facilitates the verification of théldan
if the Euclidean distance between the detected marker heter position as illustrated in FIg. 9 (f). Furthermarer

the gold-standard annotation was larger than 5.0mm. In t thod can be used to either initialize localization method

remaining frames, our method achieved a 2-D detection erar os a trackin ; ; ;
g method on its own [37] - either in 2-D or
of 1.00mm:t 0.82mm for plane A and 1.13mst 0.24mm even in 3-D, if the X-ray markers are detected in the images

for_ pla}ne B. An exgmple of our catheter detection for plalﬁ‘a":i'multaneously acquired on a biplane X-ray system.
A is displayed in FigLB. The automatic detection of the radio-opaque marker of the

The higher number of failures in image plane B using tht,eryo-balloon catheter can also be used as the initialiatio

epipolar-constraint to f_ind the correctmar.ker positiomirage goint for the method presented by Hoffmann etall [26]. From
plane B can be explained as follows. Given a wrong marker
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Fig. 10. Projection angles of the C-arm system. In our cih&et-up, plane
A was at an angle 030° RAO, depicted as the green ray and plane B had ar{g]
angle of60° LAO, represented by the yellow ray. As the amount of scatter i

related to the patient width in X-ray view direction, its iegt in the30° RAO

view direction is less than i60° LAO view direction. This is one important

reason why the A-plane image quality is better then its Bwplaounterpart.

10
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“2012 focused update of the ESC Guidelines for the manageiwfen
atrial fibrillation,” European Heart Journalvol. 33, no. 21, pp. 2719-
2747, August 2012.

C. T. January, L. S. Wann, J. S. Alpert, H. Calkins, J. Ega@ioa, and
J. C. Cleveland, “2014 AHA/ACC/HRS Guideline for the Managmt
of Patients With Atrial Fibrillation,”Journal of the American College of
Cardiology, vol. 64, no. 21, pp. el-e76, December 2014.

H. Calkins, K. H. Kuck, R. Cappato, J. Brugada, A. J. CanBA.
Chen, H. J. Crijns, R. J. Damiano, D. W. Davies, J. DiMastoal,,
“2012 HRS/EHRA/ECAS Expert Consensus Statement on Catheatd
Surgical Ablation of Atrial Fibrillation: Recommendatisrfor Patient
Selection, Procedural Techniques, Patient Managementathoiv-up,
Definitions, Endpoints, and Research Trial Desiggiropace vol. 14,
no. 4, pp. 528-606, March 2012.

[7] A. Natale, A. Raviele, A. AL-AHMAD, O. Alfieri, E. Aliot, J Al-

(8]

there we would get a 3-D model of the catheter shaft. Knowir%o]
the vector of the shaft, the 3-D position of the X-ray marker
and the diameter of the cryo-balloon, a 3-D model of the cryo-
balloon can be reconstructed and overlaid on the fluoroscopii]
images, see Figl19 (d) and (e) for an example. Several
studies have already been published explaining how cryo-

balloon ablation procedures can benefit from the visuatinat

of the balloon cathetef [38]. [39]. However, all the workflow[12]
presented so far all require manual user interaction.
In the course of this work it has been shown that the cryo-

balloon catheter detection in 2-D and the localization iB 3-

using a blob-based support-vector-machine is possible.
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