Fastsegmentatiorof the Left Atrial Appendagan
3-D Transesophage&chocardiographicmages

Pedro Morais, Sandro QuégpPieter De Meester, Werner Budts, Jo&o L. Vilaga, Jodo Manuel R. S. Tavares,
Jan D’hooge

Abstract— Left atrial appendage (LAA) has been generally the LAA with an average accuracy of~0.9 mm. Moreover, a per-
described as “our most lethal attachment”, being considered the formance comparable to the inter-observer variability was found.
major source of thromboembolism in patients with non-valvular  Finally, the advantages of the segmented model were evaluated
atrial fibrillation. Currently, LAA occlusion can be offered as  while semi-automatically extracting the clinical measurements
a treatment for these patients, obstructing the LAA through for device selection, showing a similar accuracy but with a
a percutaneously delivered device. Nevertheless, correct devicehigher reproducibility when compared to the current practice.
sizing is not straightforward, requiring the manual analysis Overall, the proposed segmentation method shows potential for
of peri-procedural images. This approach is sub-optimal, time an improved planning of LAA occlusion, demonstrating its added
demanding and highly variable between experts, which can value for normal clinical practice.
result in lengthy procedures and excess manipulations. In this
article, a semi-automatic LAA segmentation technique for 3D
transesophageal echocardiography (TEE) images is presented.C
Specifically, the proposed technique relies on a novel segmenta-
tion pipeline where a curvilinear blind-ended model is optimized
through a double stage strategy: 1) fast contour evolution using |. INTRODUCTION
global terms and 2) contour refinement based on regional . . .
energies. To reduce its computational cost, and thus make it L eft_amal appe”dage_ is the remnant of the embryonic left
more attractive to real interventions, the B-spline Explicit Active atrium (LA) and it is commonly described as a long
Surface framework was used. This novel method was evaluated in tubular, trabeculated blind-ended structure attached to the LA
a clinical database of 20 patients. Manual analysis performed by phody (Fig. 1) [1]-[3]. High variability in LAA shape and
two observers was used as ground truth. The 3D segmentation morphology is expected between subjects and different size

results corroborated the accuracy, robustness to the variation d | lti-lobul truct Alth h
of the parameters and computationally attractiveness of the and complex mult-lobular structures are common. oug

proposed method, taking approximately 14 seconds to segmentdoubts remain about its real function [4], some recent studies
proved that the LAA is the source of thromboembolism in
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with global descriptors followed by a refined image segmen-
tation step with regional terms. The segmentation methaosl wa
implemented based on the B-spline Explicit Active Surface
framework (BEAS), extending its current formulation by pre
senting a novel curvilinear blind-ended BEAS model.
Hereupon, the current work introduces two novelties: 1)
a novel LAA segmentation technique for 3D-TEE images
based on the evolution of a curvilinear blind-ended BEAS
model; and 2) a clinical validation of the proposed method,
on detailed pre-procedural datiee(, CT) [12], [14], [15], the by comparing its performance against the traditional manua
majority of the interventionists still performs this stagsing practice in terms of segmentation accuracy and reliabdfty
peri-procedural imaging. Indeed, since the CT data is @edui the extracted clinical measurements.
before the intervention, anatomical variations can oaghich  The article is structured as follows. In section Il, a teclhi
may influence the selected device [16]. For this reasonnguridescription of the segmentation pipeline is presented nitiai
the real intervention, the experts perform multiple imagexplanation of the curvilinear blind-ended BEAS model is
acquisitions (both fluoroscopy and TEE) and visually assesgvided, being afterward described the different steps of
the resulting images to identify the device [17]. Howeverhs the proposed LAA segmentation pipeline. In Section Il and
approach still presents several disadvantages, namelyisl) Section IV, the validation experiments and the results are
time-consuming, requiring several minutes to correctgniify  presented, respectively. Section V evaluates and dissulkse
the optimal device; 2) the correct identification of the 3DA.A performance of the proposed method. Finally, the conahssio
shape through peri-procedural data is not straightfornamnd of the work are presented in Section VI.
3) the clinical analysis is totally manual, lacking intraada
inter-observer reproducibility [8]. Il. METHODS

Recently, a few studies focusing on novel planning tech-, yhis section, a description of the LAA segmentation

niques for LAA occlusion were presented [8], [9], [18]. Theyineline is presented. We start by explaining the basic eptsc
majority of them rely on 3D-printed models. More specifigall ;¢ ho BEAS framework (section 1I-A), later expanding its

the LAA anatomy is extracted from CT [9] or TEE iM-¢qmjation to a curvilinear blind-ended model (sectiorB),
ages [18], being subsequently edited and physically ge&gtera, ;g it suitable to capture the particularities of the LAA
through 3D-printers. The accurate model is then provided 1@ iomy Finally, a detailed description of the novel deubl

the phys_|C|anfprr]|or to thﬁ mterve(zjn_t(ljon, _?Ilovx_/mg ? (r:]orrerc-t stage LAA segmentation framework applied to optimize the
terpretation of the LAA shape and identification of the oglim ¢, vjjinear surface is presented (section 11-C).

occluding device. Although this valuable approach haseghin
recently, particular at_tention, it is complex, time demiagd A B-spline Explicit Active Surfaces
(several hours to print the 3D model) and not automated,
requiring user-interaction at multiple stages. Otheraes®ers . . . . :
developed image processing techniques to segment the ta ecF mt_erface as an exphqt funct!on described as aahne_
anatomy, particularly for CT datasets, using simple imagg- m_bl_natlon .of.B-spIme ba§|s functlon§ [22]'. Tha_nks tasthi
based techniques [8], deformable models [19] or machil%pl'c't de;crlptlon, ar(_aductlop of the_d|men5|onahzty3f thg
learning strategies [20], [21]. Interestingly, the imdwpsed segmehtatlon problgm is possible, being one of th.e coaebna
technique from Song et al. [8] was also applied in TEE imaged the interface pointsx = {x1, 2, ""x;"}’ described as a
extracting realistic LAA shapes but being extremely timef-unCt_Ion of the remaining ones:, :_w(x ) = (2, ..., Tn).
demanding due to the high number of manual correctioH%th'S sense, the explicit functiog is defined as:
required. Indeed, taking into consideration the statéief-
art, efficient and automated strategies to segment the LAA o o a X
in TEE images were, to the authors’ best knowledge, not ' = (o2 o) = D, ok (h _k)’ @
described, particularly due to: 1) the complex curvilinaad
tubular anatomical shape of the LAA; 2) the high anatomicathere 3¢ (.) is the uniform symmetricr{-1)-dimensional B-
variability of this structure; and 3) the low image quality.  spline of degreel. The knots of the B-splines are located on
In this article, a novel strategy is proposed to accuratety aa grid defined on a specific coordinate system, with a spacing
quickly segment the LAA anatomy in 3D-TEE images, whickepresented by.. c[k] represents the B-spline coefficients.
can ease the interpretation of peri-procedural ultrasalatd ~ The evolution model is controlled by a regional-based
and ultimately has the potential to simplify LAA occlusiorenergy ), defined as:
planning. The novel strategy captures all the anatomiadilcpa
ularities of the LAA by applying a double stage segmentation E = 5¢(x)/ B(x,y).F(y)0yox, (2)
process focused on the evolution of a curvilinear blindeshd Q Q
model. In detail, a standard model is initially generated byhere x,y represents independent spatial locations in the
manually defining its centerline, being then refined to thenage domain(). ¢, is the Dirac function andf(y) is an
patient anatomy through a fast contour evolution approathage criteria (e.g., local Chan-Vese, [23B(x,y) is a local

Fig. 1. (A-B) Orthogonal 2D views and (C) 3D representatidrihe LAA.

The key concept of the BEAS framework is to represent an
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mask function where the regional parameters that drive the
contour evolution are estimated and it is defined as a set of r=v(pr,pc) = V(X*), (6)
pointsy along the normal directiorf) of x whose distance is with,
lower thanp [23]:

pL{ s if s < sSmaz and 0

. N Psrmraw if s = SMaz
1, ify=x+mxFt,me[—p;p|

B(xy) = { 0, otherwise ’ ©) pc =19, (8)

o . . . where s, defines thes level interface between the cylin-
The energy minimization is performed using a gradler\({JYrical and spherical components. Additionalty,c [0; 2]
descent approach through the computation of the ene P P ' ' $aml

r .
derivatives with respect to each B-spline coefficiejd: g\é 105 $araa| @Nd @5, € [i’ﬁ['

Finally, the current 3D model is evolved using a discretized
OF . x* . surface grid with sizeng +n,) x n,,. The termsn, and
aclk] /Fg(x )8 (h _k> (x"), (4) n, express the sizee(of theWZ:yIindricaI and spherical grid
component at the longitudinal direction, respectively.rep-
Z kY =IM _Reg (yx resents the size of the grid at the circumferential directio
90) =g 70 + g X, ®) Therefore, each point of the grid is describedxég m) =
¢(x) is a level-set like function representing the region insidg; ,,,, pr,, pc,,], With i € [0;n, +n,[, m € [O;n,. [ It
the interfacel’ (¢(x) = I'(x*) — x;) and g’ (x*) is the might be noted that the original grid can be independently
first derivative of F'(y) (e.qg. first derivative of the local Chan-separated into the cylindrical and spherical components as
Vese [23]). In order to reduce the sensibility of the model ¢, (i,m) (with i € [0;ng]) and Xgpn(i,m) (with ¢ €
local minima, a shape-based regularization tgfiff (x*) (e.g. [ns; Ns + N [), respectively.
curvature-based regularization) is included in the finatdees
map g(x*). « is a positive hyperparameter that balances tgﬁ

image-based and regularization terms. It must be spedyfic . . . " :
g g pedyf ace regions is required. Indeed, at these position, points

defined based on the selected terms (e.g. regularizataiegyr in the 3D Cartesian space can be described by multiple

used). For further details on the BEAS mathematical forma . , . S .
ism, the reader is kindly directed to [22]. coordinatesxcy; (i, m) in the cylindrical space, which could

result in intersections or folding portions along the final
N . surface. Therefore, a hard regularization term is appl@ed t
B. Curvilinear blind-ended model preserve the surface shape (Fig.2b). This term relies on

1) Description: In order to capture the particularities ofa map,r*"® (defined in the cylindrical space only), rep-
the LAA shape, a novel BEAS model is proposed. Hereto,rg@senting the nearest possible intersection or foldingi rad
description of the tubular blind-ended LAA shape is preséntposition (described as/72"%) for each specific coordinate
as a combination of both cylindrical and spherical spacd®ir (si,0x). In detail, for each 4;,6,,) (green arrows in
Moreover, in order to take into account the LAA anatomiFig. 2a), the hard limit is computed by intersecting a line
cal variability (allowing straight and non-straight shapea (denoted as a set of poindr”, s;, 0,,],vr* € R*}) with
cylindrical system defined along a pre-defined curved axisdsset of planes representing the remainingevels of the
used [24], [25]. cylindrical model (exemplified as dark lines in Fig.2b and

Fig. 2a presents an illustrative schematic of the proposewpressed ag[r”,s; j.;,07],v{r" € R*,07[0; 2x[} }, with
model. Each coordinate of the 3D surface is described inj € {[i —v;i +v](N[0;n,]}). Please note that by intersecting
terms of its longitudinal; ) and circumferential coordinates@ specific line with a particulas level, one obtains a local
(pc) plus its respective orthogonal distaneé {o the curved estimation of the maximum radii value where no folding
centerline axisi.e., x = {r,pz,pc}. Two independent spacesregions are found. Moreover, since multiple intersectiosip
are used to describe the target model: 1) the tubular bodyeof tions can occur along a specific line (particularly, if calesed
LAA is defined based on a cylindrical space with a curved axige intersection between the line and all the remaining
(i.e, pr. andpc described as the distaneealong the axis and levels), the final hard boundary positidn;/ %", s;,6,,] is
azimuth#, respectively) and the LAA tip through a sphericafléfined as the intersection position with minimal radii (red
coordinate Systemi_e_ pr, and pc described as e|evatiom dots in Fig. 2b). Finally, to limit the influence of too far ples
and azimuthy, respectively). Considering a long-axis view a§n & particular position, which would drastically restribe
presented in Fig.2a, a set pf, coordinates with different model and make the method computationally demanding, only
positions and orientations, which were defined based on ¢ nearest planes are considered for each line (Fig. 2b).
model centerline and the tangent to each position, is usedAdditionally, in order to reduce the search region and agsgm
generate the curvilinear tubular surface (green line in Z&y. @ given maximum size for the target object, a maximum radii
Then, at the final portion of the cylindrical model, a halfeph 3 was considered.
is positioned by defining the, coordinate according to a In order to regularize the surface model throughout the
spherical space (blue line in Fig. 2a), ultimately genaati €volution process, we included the following feature:
the blind-ended LAA model. In order to describe this model
with the BEAS framework, Equation 1 is now rewritten as: ghed(x*) = —H (X* — rH‘”’d) , 9)

2) Hard Regularization: Due to the curvilinear nature of
e proposed model, a strategy to prevent folding of sur-
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Fig. 2. (A) Schematic of the curvilinear blind-ended model) Hard regularization strategy; (C) Axis recenter approach

with H representing a Heaviside operator. As such, at possibt@ume using three orthogonal planes. Two evolution stages
folding positions {.e., x* — rfferd > ), high penalization is are subsequently applied: 1) a fast evolution based on a BEAS
locally applied at the surface, preventing therefore isagh threshold approach to capture the global shape of the LAA;
and ultimately avoiding surface folding. In the oppositseca and 2) refinement to the patient anatomy by applying a BEAS-
(i.e, x* —rHard < (), no regularization is applied. Since thissegmentation technique with regional/local energies.

regularization term is only locally applied during a fewrde

. . 1) Fast contour growing: Due to the sensitivity of model-
tions to keep the LAA shape coherent (presenting a value l?eflsed segmentation approaches to the initialization ategly

£€ro i.” thg remaining s:iyuatio.ns and not influencing the de?o compensate for sub-optimal initializations is preseéniéne
m .
optimization), no specific tuning of the hyperparametaras current method uses global terms and large evolution steps t

performed. Thereforey = 1 was used in our experiments. quickly evolve the LAA model, allowing to recover the global
3) Axis Recenter: Since the proposed model is optimizednd non-refined LAA shape. No energies are used to control
based on an initial fixed axis, a highly curved or complethis stage, requiring simple decision strategies (nantéky,
surface not representing the particularities of the p#siennumber of iterations) to stop the process.
anatomy is expected after a few iterations, requiring floeee ~ The global model is evolved using two independent terms:
multiple hard boundaries to prevent folding regions. Thaos, 1) direct image content through a fixed threshold value, and
order to minimize the influence of the hard regularizatiomte 2) a global edge map estimated using phase-based filters [26]
throughout the optimization, a strategy to correct a highBoth terms are computed based on a set of image prdfiles
curved axis is applied. By correcting these points of thes axilefined radially with respect to the centerline (yellow argan
(Fig. 2c), not only the influence of the hard boundaries drig. 4a). Regarding the first term, the threshold is computed
the final result is reduced, but also increase the potetitiwli assuming a Gaussian mixture model with 3 independent re-
of the model to capture more particularities of the anatomgions .e. lumen, LAA trabeculae and cardiac wall). Then, an
Specifically, for each iteration, points on the curved axihhw Expectation-Maximization algorithm is applied to estimgte
high curvature are identified as regions with a hard boundasptimal location of each Gaussian, and the mean value of the
radii lower than the pre-defined maximum valde Then, second Gaussian model used as thresh@iyl (n its turn, the
a novel axis (Fig.2c) is estimated by fitting a spline tedge transitions (for eacR) are estimated by evaluating the
all other points of the original axis. Note that the extremeven and odd responses of each image profile by applying
positions of the centerline are always kept during this @ss¢ Riesz filters [27] and a band-pass zero-DC filter (which
working as anchor positions and allowing a reconstructioa o attenuates undesirable frequencies), followed by thechizay
novel axis centered on the target anatomy. Finally, takig i of asymmetry positions in the image's spectrum (Fig. 4b).
consideration the novel axis, the entire surfdae, (cylindrical This method was selected due to its theoretical intensity-
and half sphere) is resampled accordingly. invariance, making it suitable for the low-contrast andsgoi
TEE images [28], [29]. In order to increase the method’s
robustness to image noise (particularly at the lumen), the
signed version (focusing on dark-to-bright transitioregantly
Taking into account the previous description of the cunvili proposed by [30] is applied in the current study to obtain a
ear blind-ended model, an explanation of the LAA segmentaugh estimation of the LAA shape. Moreover, for eakh
tion methodology is now presented (Fig. 3). A constant modehly the position with maximum asymmetry was considered
is initialized, by manually defining a centerline using i as a valid edge (Fig. 4c). Please note that, by combining both
more sequential clicks along the LAA. The different clicke a edge-based and image-based terms, the method robustness is
provided in the 3D space, by freely navigating through theotably increased. Indeed, the edge term constrains thelmod

C. Framework Overview



Fast contour growing Segmentation
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a specific representation of the target transititwe. (dark-
to-bright) into the functional energy, improving theredoits
robustness to noise and image artifacts.

This energy is integrated into the segmentation model by
considering the following image criteria at Equation 2:

Edgemap

Profile position

F(y) = Win Uy — Vg, (13)

N

Profile position

and using its derivative to identify the local minima, thgbu

Fig. 4. Fast contour initialization strategy: (A) Image plesi(yellow arrows) _ _

are used to estimate the edge positions and the threshold; @y Edge M I(X*) —u,  I(X*) — v,

estimation through a phase-based technique and (C) reseltige positions. g (X ) = Win A + A ’ (14)
u v

evolution compensating for sub-optimal threshold valued awhereu, andv, are the mean intensities inside and outside of
making the strategy less sensitive to the number of itaratiothe evolving interface at poin, calculated using mask. w;,,
used. Moreover, due to the signed strategy, image noiseisaf scalar weight applied to the inner region aig and A,

the lumen is easily surpassed. Finally, the combination mpresent the area of the inner and outer region, resphctive
both terms improved the method’s performance to distirfguit might be noted that due to presence of trabeculae at the

between LAA trabeculae and wall. LAA body (being darker than the wall and brighter than the
The current methodology was embedded into the segméumen), a correct setting af;,, is required to intrinsically
tation technique, by modifying Equation 5 as: modify the equilibrium position between both inner and oute
regions [31]. Moreover, due to the high performance typycal
g™ (x*) = gt (x*) 4 gP9e(x*), (10) found by the signed local Yezzi in ultrasound imaging, and
_ contrary to section 1I-C1, no edge term is now applied.
_Th (y* 1 if I(x*) <th
g X ):{ —1 otherwise (11)

D. Implementation Details

gEdge(x*) —H (rEdge — x*) - H (x* — rEdge) . (12) In order to increase the method’s robustness to the initial-
ization and to improve its performance at the initial partio
of the LAA (i.e, interface between left atrium and LAA),
a sequential segmentation scheme (section 11-C2) is applie
namely: 1) initial estimation of the optimal contour positi
using a regionB with large profiles f ~ 6mm); and 2) result
finement using narrowing region8 with more regional
profiles (p ~ 2mm). Note that, since the walls around the
LAA are typically thicker, the application of the current
£I§uble-stage strategy improves the method’s performamce t
Identify the optimal boundary, without drastically incsézg
the risk of segmenting an outer structure.

2) Segmentation: The rough model is refined to the patient A total of 40 x 48 points were used to represent the surface
anatomy using a segmentation process with regional-baggd (i.e., n, = 32, n, = 8 andny = 48), with h = 2 (for
energies. The optimization process is guided by a local iYermoth coordinate®; and pc). Moreover,w;, was set to 0.7
energy [31], which estimates the optimal contour’s positig for all the experiments. The feature map presented in eguati
the maximum contrast point between inner and outer regiolsis post-processed to prevent too large and local evolution
Moreover, since the LAA walls are brighter than the lumen, steps caused by noisy regions or artifacts during the ierat
signed version of this energy is used, explicitly embeddingocess and to increase the stability of the segmentation

with rEs¢ being a map representing the edge radfi ¢)
for each image profileP (described as a function ’q&Li
and pc, ). I(x*) is the image value at position = {z; =
P(X*), za, ..., v, }. Of note, the terng©99¢ is always attracting
the contour to the nearest edge, pushing it outward and ehw:
when the contour is insidd.¢ x* — r49¢ < () or outside
of the LAA blood pool {.e. x* — rfd9¢ > (), respectively. It
might be noted that, since both terms use a similar range (
-1 or 1), no weight hyperparameter is required in equation
to balance the influence of the different feature maps.



process. Specifically, when the maximum value of the mapistom non-commercial software, Speqle3D [33], using the
(in absolute) is higher than 1, the entire map is normalizédllowing strategy: 1) manual definition of the LAA cen-
(keeping it in the range of [-1;1]), dividing it by the maximu terline by providing three clicks along the anatomy; 2) 2D
value. No post-processing is applied in the opposite sitnat delineation of multiple LAA short-axis (SAx) views (30-40)
(i.e. maximum value lower than 1). The fast initializationgdefined perpendicular to the centerline; 3) 2D delineatibn o
based on BEAS-threshold and an edge term, was appliadltiple LAA long-axis (LAX) views (2-5); and 4) 3D surface
throughout 20 iterations and each profithad a length of reconstruction using the obtained points along the differe
~ Tmm. For the phase-based edge term, a band-pass zero-84x and LAx views. Moreover, one of the observers repeated
Difference-of-Gaussians filter was used. The two Gaussiahe analysis two weeks later, allowing the assessment of the
were set with a sigma of approximately 2.3 mm and 3.2 mrimtra-observer variability. In order to assess the infleené
respectively. Finally, regarding the hard regularizatierm, the initialization on the final result, each observer perfed

the maximum search regio) was set to 20 mm with a total the analysis using independent LAA centerlines (hencedaiw

of 5 neighboring planesv§. In Section IlI-C, the influence referred as “Different axis” situation). Later, one observ
of the selected terms and parameters is addressed andrépeated the segmentation process using the centerlimedefi

influence of their variation explored. by the other observer (termed as “Same axis” scenario).
Next, each observer manually extracted the relevant alinic
I1l. EXPERIMENTS measurements (defined @bsl and Obs2), namely: diameter

Three different experiments were set to evaluate the perféf the ostium and landing zone and length of LAA, as
mance of the method: 1) influence of the different parametetgscribed in [2], [8], [12]. Both observers performed tfzisk
on the final method’s accuracy; 2) evaluation of the segmentadependently, allowing the measurement of the reprodecib
tion error against manual analysis; and 3) differences &etw ity between them. For that, the user freely navigated albeg t

automated and manual analysis for the estimation of tR® image using 3 orthogonal planes or resliced the data along
clinical measurements for the p|anning of a LAA occ|usion_the LAA centerline. The ostium and Iandlng zone were defined

by selecting the respective optimal image planes, and nignua
A. Data Description delineating their boundaries. Then, area-derived diammete
. were extracted for each case based on the 2D contours. The

A tOtaI. of 20 TI.EE dataset_s were retrospechvely.s.electef_ A depth was computed as the distance between the LAA
frotr;: lchmca:)l ?ra(.::';e’ mcluldmg fatlents :;V'thbSUSp'Cl'm tip (selected by the user in a LAx view) and the centroid of the
pathology but with normal- anatomy and abnormai cas ding zone. In order to assess the inter-observer vétjabi
(mainly at the left atria). Due to the s_h_ape variability tatly caused by the 2D delineation process only, the second ayserv
fg;nd S: t.h? L’:‘ﬁ‘ ]?Tle e_xpert classmte(:_ ea'Chh.CT(SG bgsed r%rbeated the manual delineation at the ostium/landing zone
[ 0]’ obtaning .e oflowing repr;asen ation: ¢ !C €N B8 jefined by the first observer (henceforward referreQBs2R).
45% (9 patients); windsock - 20% (4 patients); cauliflower For the LAA depth, the second observer selected the LAA tip

20% (4 cases); and cactus - 15% (3 cases). : : : :
S . using the LAXx view defined by the first observer.
The acquisitions were performed using a 3D TEE probe g y

with different ultrasound scanners, namely: GE Vivid E9QE(G

Vingmed, Horten, Norway), Philips IE33 (Philips Ultrasalyn C. Parameter Tuning

Bothell, USA) and Philips Epiq 7. No modification to the |, e cyrrent experiment, an evaluation of the method's
normal clinical routine was required throughout the daltasg,jtivity to its parameters is performed. The following
acquisition. Specifically, an electrocardiogram (ECGleda arameters were assessed: number of iterations used in the

acquisition was performed in mid-esophageal positiongiSiy ag threshold stage (section II-C1), the influence of the

zoom mode and acquiring the LAA body, part of the mitr%m weight, the impact of the scaling ternh)( and the

valve, left atrium and pulmonary veins [32]. The resultingyq,ence of the threshold valugh in the final result. For each
image presented a resolution and size that varied from 0.20se *the nearest values to the selected one were evaluated.

t0 0.45 mm and126 x 122 x 117 10 357 x 413 x 208  Tho4p term was evaluated by summing/subtracting a fixed
voxels, respectively. The datasets were initially storedai value (5%, 10%, 15% and 20% of the intensity range of the

raw-data form and subsequently exported to a workstatithn W ijage) to the automatically estimated one. In order to

EchoPac (GE HealthCare, Horten, Norway) or QLab (Philingeent over-tuning, a total of 10 cases were randomly tedec

Ultrasound, Bothell, USA). Then, each case was anonymizgg, yhe clinical database. Moreover, the automated method
exp_orted Into an exterr)ally—readab!e format and convetted, . jnitialized using the same centerline used throughwait t
an isotropic voxel spacing. The entire dataset was cortstn‘ucmanual segmentation bgbsl

using the resources of the Qniversity Hospital Leuven with The influence of each parameter was assessed in terms of the
approval of the Ethics Committee (S59406). point-to-surface error (P2S error), by comparing the aatteh
] segmentation result (for a specific parameter) against e m
B. Ground Truth Generation ual result. An analysis of variance (ANOVA) was applied to
Two observers manually delineated the 3D surface of tleach parameter to check for statistically significant déffees
LAA for each patient, allowing the evaluation of the inter{p < 0.05). Moreover, a two-tailed paired t-tegt £ 0.05) was
observer variability. The delineation was performed using applied between each parameter and the optimal one.



14 ANOVA: p = 0.86 14 ANOVA: p=0.90 14 ANOVA: p = 0.98 1.4 ANOVA: p=0.24 15 ANOVA: p = 0.26

HHHHHHH

4 0s 4 4

c.
-

-

e €
-

-

e

2

P2S error (mm)
o =
© o
P2S error (mm)
o =
© o
P2S error (mm)
S R ot %
© o i
P2S error (mm)
o a4 a
o o
P2S error (mm)
= s

0.0
e @ b N v > Nl ol b © A > > N ¥ o® £ = o = =® = =
N\ o - ® & o o o P ¢ g L85 86 5% g
hy, hy, number of iterations Win th

* - p<0.05, two-tailed paired t-test between all pairs;

Fig. 5. Influence of the different segmentation parameteralgsio the longitudinal,, and circumferentiah, . directions, the number of iterations in
section 1I-C1, thew;,,) and the thresholdh value in the final accuracy of the proposed pipeline.

D. Segmentation Accuracy TABLE |
. . . SEGMENTATION ERRORS OF THE PROPOSED AUTOMATED TECHNIQUE
The accuracy of the proposed segmentation technique is ad-
dressed throughout this experiment. In contrast to theiquev P2S (mm) Dice (%) 95th HS (mm)
experiment, the entire database (20 cases) is now used. Auto3D 0.88:020 825:3.68°  249£0.7F

The difference (referred asuto3D) between automated inter-observer variability ~ 0.914+0.18 84.3+5.2° 2.20+0.64
and manual analysi€psl), inter-observer and intra-observer_Intra-observer variability  0.53-0.15  89.4:2.8 1.42£0.45
variability were assessed in terms of P2S, Dice value andBoth manual and autometed approaches were initialized witlsame axis;
95 percentile of the Hausdorff distance (95HS). Similarly ; » < 0-05, two tailed paired t-test against the inter-observer iy,
to section IlI-A, the automated method was evaluated in two p < 0.05, two tailed paired t-test against the intra-observer \élitg;
scenarios: 1) considering the influence of the initial@matiby 31 Ina-Observer Varibily [ Fastgrowing [ Segmentation (=6 mm)
initializing the automated method with a centerline difier =] erovserervanaiy . =, Fioposed melhod
than the one used by the manual analysis; and 2) assum® ] —/——— () :
an equal centerline for the automated and to the mant E* é é

0.

analysis. In order to check for statistically significantfet- gm % é
. . . w
ences between each grouipe(automated, inter- and intra- 2 os % —
observer), a two-tailed paired t-tegt € 0.05) between each SameAxis ! Different Axis T B3 ==
. . - 0.0 0
pair was computed. Moreover, in order to validate the Prefos - _ ;25 wo-aied pared ttest between all pairs; ® - p<0.05, two-tailed paired ttest between consecutive

pipeline, the influence of each stage was assessed in terms v steps of the method,

P2S error. Finally, the computational time of the automategl . (A) The accuracy of the proposed segmentation appraaing the
method was compared with the time required by a manusime and a different centerline; (B) P2S error throughoutlifierent stages
analysis. All results were computed using MATLAB code (ngf the proposed method.

parallelization) on a common personal laptop with Intel (R) o o
i7 CPU at 2.8 GHz and 16 GB of RAM. t-test and F-test were used to detect statistically sigmific

differences § < 0.05) in the biases and LOAs, respectively.

¥

IS

»

P2S Error (mm)

E. Clinical Measurements IV. RESULTS

Similar to experiment 11l-D, the accuracy of the proposeﬂ Parameter Tuning

automated method was compared with the manual analysis . he infl £ the diff
for the semi-automatic extraction of the relevant clinical F19- > depicts the influence of the different parameters on

measurements. Specifically for the automated method, method’s accuracy. The results corroborated the misthod

3D LAA surface was clipped using the manually defineEPbUStness’ showing no statistically significant diffeesnfor

ostium and landing zone planes (independently selected B Majority of the tested parameters (exceptugr).

each observer), and the final clinical value estimated as an ]
area-derived diameter (termed Astol and Auto2 for Obsl B. Segmentation Accuracy
andObs2 levels, respectively). Regarding the automated LAA Table | indicates the differences between the automated and
depth, it was computed as a distance between: 1) the centnmidnual analysis in terms of P2S error, Dice and 95HS error (at
of the automated landing zone; and 2) the resulting posititime “Same Axis” scenario). A similar performance was found
from the intersection between a line (manually defined hwhen comparing théuto3D error against the inter-observer
the observer by providing one click at the LAA tip and theariability, with statistically significant differencegainst the
centroid of its landing zone) and the 3D LAA surface. intra-observer variability. In terms of P2S error, a meawrer
The differences in clinical measurements between autower than 1 mm was obtained for all the scenarios. The
mated and manual results were evaluated in terms of b&s (influence of the centerline axis was also addressed, showing
mean error of the differences), and limits of agreement (LOAo significant differences when modifying it (Fig. 6a). Féd.
given as 1.96 times the standard deviation). The same amalydso evaluates the method’s performance at each step of the
was performed to compare the difference between observpipeline, showing a reduction (with statistically signéfitt
(Obs1—-0bs2) and even to evaluate the 2D delineation repradifferences) between consecutive steps. Representadiye s
ducibility (Obsl—Obs2R). For each pair, a two-tailed pairedmentation results are shown in Fig. 7. The proposed method
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Fig. 7. Semi-automatic segmentation results correspondirtiget¢a) 10", (b) 36", (c) 50, (d) 70" and (e) 90" percentile of the P2S error.

TABLE Il
required14.0 + 4.8 seconds (excluding initial centerline defi-  AGREEMENT(IN MM) FOR AREA-DERIVED DIAMETER BETWEEN

nition, WhICh tOOkN 45 SeCOﬂdS per case), Whl|e the manua| MANUAL ANALYSIS AND AUTOMATED DERIVED MEASUREMENTS
analysis {.e. 3D delineation) took~ 40 minutes per case.

Ostium Landing Zone LAA depth
Bias LOA Bias LOA Bias LOA
C. Clinical Measurements Autol-Obsl 0.38 [-1.31;2.07] -0.42[-2.09;1.24} -0.35 [-2.65;1.85]

Table Il presents the differences between automated anf}!02-Obs2 0.32 [1.452.08] -0.05 [-1.88;1.78] 0.26-1.55,247f
P Obs1-Obs? 0.02 [2.34:2.39] 057 [213.327] 08(-2.53.4.12]

manual analysis for each of the relevant clinical measunésne pyi01-aAuto2 0.08 [-1.73;1.90] 0.20 [-1.38;1.78]0.01 [-1.96;2.00

It might be noted that a centroid error (computed assumiag th—, : , : : ;
54 1.29(1.21 + 0.70 d a diff p < 0.05, two-_talled paired t-test against ;p < 0.05, two-talle_d

2D contours) ofl.55 +1.29]1. -(U ' mm and a dirrerence paired t-test against Obs1-Obs2;p < 0.05, two-tailed F-test against

in terms of plane orientation of0.15 4+ 5.05°(8.04 4+ 4.27° Obs1-Obs2; LOA - Limits of agreement (given ast 1.96v).
were found between both observers for the osfianting
zone planes, respectively. Globally, a similar perfornganc TABLE IIl

was found between automated and manua| approaches fépREEMENT(IN MM)BETWEEN AUTOMATED AND MANUAL ANALYSIS

. . .. . . . WHEN AT THE SAME LEVELS
the ostium, but with statistically significant differences
the landing zone and LAA depth. The worst performance Ostium Landing Zone LAA depth
in terms of automated and even inter-observer variability Bias LOA  Bias LOA Bias LOA
was fognq for the LAA de_pth. Low blas_es were fou_nq foT s to1-0bs2R 0.18 [1.63:1.98] 052[1.22:2.27] -0.05 [2.53:2.42]
the majority of the comparisons, presenting only sta@$ffic  obs1-Obs2R -0.20 [-1.80;1.40] 0.95[-1.13;3.03] 0.30 [-2.11:2.72]
significant dlf_ferences OmUtOJ'__Ob_S?L at the landing zone @ p < 0.05, two-tailed paired t-test against 0;p < 0.05, two-tailed
and for the inter-observer variability for the LAA depth. F-test against Obs1-Obs2R;p < 0.05, two-tailed F-test against Obs1-
Interestingly, the automated analysis versus a manual one‘OszFfl:dd p < 0.05, two-tailed F-test2 gggnst A_ut_ol-(?bsi;p < 0.05,
always obtained narrower LOAs compared to the differences EAS";tii 9'2;;33t against Autol-Auto2; LOA - Limits of agneent (given
between observers. A second study was conducted where only

the influence of the 2D delineation stage was evaluated €Ta . — z

[1). High similarity (in terms of bias and LOAS) was obtathe \ )

between the automated method and the observer varialitity @ \ -‘~

all the measurements. Finally, Fig. 8 shows manual traci 4

and automated segmentation results at the ostium and &nd doses = 48 dopss = 16.0mm doge: =22.9mm  dopsy =211
zone. All tracings were contoured at the same SAXx pla
showing accurate delineations for all the levels. Of ndte, t
manual analysis took approximately 3 minutes (identifarati

of the 3 measurements) per patient.

dopsy =12.8mm

V. DISCUSSION
Fig. 8. Manual tracing (Obs1: yellow, Obs2R: green) and mated segmen-

In this article, a novel semi-automatic methodology for LAAation result (red) at ostium (1st line) and landing zoned(ine) levels.
segmentation of peri-procedural data is proposed. The pro-
posed method is initialized by a manually defined centerlirend feasibility of the proposed method, showing its pognti
along the LAA, which is subsequently corrected throughotibr normal clinical practice, by generating a realistic 3D
the segmentation process, minimizing the influence of the adnatomical model that eases the interpretation of the TEE
server’s input and experience. Then, global and regioasétd images. Moreover, it also simplifies the identification oé th
stages are applied to roughly estimate the LAA boundariedA shape and can even be used for an accurate planning of
and to refine the contour to the real anatomy, respectivebAA occlusion intervention by semi-automatically extriact
Globally, the experimental findings corroborate the acoyrathe relevant measurements for the selection of the optimal



device. Finally, due to its low computational time, which islong the longitudinal direction of the initial axis will salt
approximately 100 times faster than the manual segmentatin different opening planes, and therefore in large diffess
the potential and interest of the proposed methodology hetween surfaces. Additionally, at this plane, specifidipos
enlarged. Additionally, thanks to the current method aisd ibf the lumen-wall interface can be missed due to the limited
low computational cost (less than 20 seconds), 3D evaluatifield of the TEE acquisition, hampering the evolution of the
of the LAA anatomy throughout the peri-procedural stageroximal LAA model. The second is explained by the low
(which typically requires several minutes) is now possdatel contrast found at the LAA tip, as previously reported in [8].
feasible, adding relevant anatomical information and mpoteStatistically significant differences were found when camp
tially improving the current interventional practice. ing the automated result with the intra-observer varighili

In contrast to other LAA segmentation techniques appliethis result demonstrated the high robustness of the manual
on CT images [19], [20], the proposed method, to the best d@élineation approach when performed by the same observer,
our knowledge, is the first directly applied on peri-proaadlu showing a significant worst result when considering therinte
TEE data. Although previous studies compared both CT- anbserver variability. The automated method clearly impsov
3D TEE-based planning of LAA occlusion [12]-[14], [16],this scenario, making the method less dependent on the user.
[17], [34], suggesting a superior performance of the firdfloreover, the automated method is much faster than manual
one [13]-[15], this is still sub-optimal due to the possiblanalysis, making it an attractive solution for the cliniogahge.
anatomical variations after the pre-operative acquisitmd Regarding the influence of the different model parameters
even the radiation exposure required [16]. Since one of tffeig. 5), the results showed high robustness to their variat
major limitations of the 3D TEE-based planning is the cdrreobtaining non-statistically significant differences foetmajor-
interpretation of the images, showing high variabilityveeen ity of the situations. Only a careful selection of thg, weight
observers, automated tools to facilitate this task are e€isp is required to compensate the presence of trabeculae bretwee
interest [8]. Thus, by applying the proposed solution in 30the LAA blood pool and the wall. The influence of the manual
TEE data, an exact evaluation of the patient's anatomy irstialization was also addressed, by evaluating the ndho
allowed, ultimately improving the current planning sceéoar performance using a second independent axis (Fig.6a). A
Of note, although the proposed method is described as the falgghtly worst result was obtained when compared with the
automated approach for segmentation of LAA in 3D TEERnitial study, but with no statistically significant diffences. It
a previous work [8] applied interactive and time-demandinghould be noticed that since the axis is constantly corecte
strategiesj.e. threshold selection followed by manual correcthroughout the proposed pipeline, the influence of subAugdti
tion, to obtain the 3D surface. initializations is minimized throughout the optimizatiqmo-

The proposed segmentation strategy is performed basedcess. The importance of each algorithm’s step was also eval-
a curvilinear blind-ended model embedded into the BEASated (Fig. 6b). A significant improvement of the method’s
framework (Fig.2 and 3). In contrast with previous BEASiccuracy was always observed between consecutive steps,
techniques applied to different cardiac chambers using walidating the proposed method. In fact, and as previously
dividual coordinate systems [24], [25], the current compledemonstrated by other studies [25], model initializatieing
model was constructed by combining two independent spacadast growing approach (section 11-C1) shows high feagybil
In order to prevent any type of artifacts at the transitionezo and robustness. Here, it should be highlighted the highstebu
between both coordinate systems, both models are simuliass of this fast growing strategy to the variation of the
neously optimized and combined into a unique grid of Bshowing a similar performance (statistically not signifiga
spline coefficients (see Fig.2 and 7). Moreover, due to tleen when modifying it using 20% of the full image intensity
curvilinear nature of the method, a regularization appnoacange (Fig. 5). Then, the rough shape (obtained during tte fa
was required to control the model shape (preventing foldinggrowing stage) is locally adapted using a double segmentati
which showed high performance in the current database (stage, where the method starts by globally identifying the
supplementary material I). Although the current blind-eshd optimal boundary (using a large search window) and refining
model was proposed and validated to segment the LAA, it algdhrough a small search window.
shows potential for other situations, such as the left veletr  In addition to the previous validation, the performance of
(LV) and LA. Indeed, recently, researchers [35] applied the proposed method in terms of semi-automatic extraction
similar concept i(e., fusion of different coordinate systems)of the relevant clinical measurements for occluding device
on an anatomical tracking of the LV. selection was evaluated. Table Il proved the high perfooean

In order to evaluate the proposed method, a comparisoh the automated method, obtaining narrow LOA for all
between the automated result and the traditional manual dee situations, even when compared with the inter-observer
lineation strategy was initially performed. The values able variability (with statistically significant differencesorf the
| proved the high accuracy~( 0.9 mm) of the automated landing zone and LAA depth). The advantages of the auto-
method, obtaining a performance similar to the one seemated results are corroborated when considering the mean
between observers (see also supplementary material 1i3. Tsize of each clinical measurement (ostiurg0-2 + 5.2 mm,
high performance is corroborated by Fig. 7. The highestgrrdanding zone -17.1 + 4.5 mm and LAA depth -20.5 + 7.5
were found at the opening region (transition between LA bodym, further details on supplementary material 11l). Moregv
and LAA) and the LAA tip. The first is easily explainedwhen compared to previous studies focused on the LAA
by the axis correction strategy. Indeed, small modificatiomcclusion intervention, notably narrower LOAs were ob¢alin
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[13], [16], [17]. Nevertheless, the majority of them focdseextreme, totally independent and large multi-lobular ctiees
on multi-modality validation studies, explaining thesegk are not suitable to be processed by the current methodology.
differences. Specifically for the ostium and landing zomhe, t Notwithstanding, the authors would like to emphasize that
current results corroborated the advantage of the proposs@n with the abovementioned slightly modified shapes, cor-
approach,i.e, estimating the relevant clinical measurement®ct extraction of the relevant clinical measurements ils st
based on a full 3D surface, when compared with the traditionaossible. Since the relevant measurements (namely, ostium
practice, where an expert traces a given 2D plane withcand landing zone) are typically extracted at the proximal
guaranteeing a 3D shape consistency. Indeed, this indepengbortion, which is usually tubular and free of large multbés,
approach is prone to errors (due to image artifacts) andyhighhe method’s applicability in these situations is not |l
dependent on the observer. In contrast, by extracting a ftdinforcing again the added-value of the proposed tecleniqu
3D surface, a realistic and continuous model with a certain
degree of smoothing is obtained, reducing the variabibitynid
when measuring the relevant indicator at nearby locations
(i.e, different planes selected by different observers). I, fac The proposed semi-automatic method proved its potential
similar observations were obtained by a previous studysedu for LAA segmentation, showing high accuracy, robustness
on a different cardiac structure [24]. and low computational time. Furthermore, by performing the
Assessing each measurement individually, the lowestsrrétanning of LAA occlusion intervention through the obtaine
were found at the level of the ostium while the largesiD model, it is expected that accurate and more reproducible
differences were registered for the LAA depth. This tengenéneasurements will be obtained, corroborating the addedva
is explained by the clear and well-contrasted image usuafij the proposed method for daily clinical practice.
found at the ostium (first line of Fig. 8) and the difficulties t
correctly visualize the LAA tip due to its anatomical positi ACKNOWLEDGMENT
in relation to the probe tip [8], respectively. Interesting
although constant differences in terms of delineationtegna
were found between observers, an intermediate result
always obtained by the automated method. The influence
the 2D measurement extraction at the same plane was also
assessed (Table Ill). A reduction of the inter-observei-var REFERENCES
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