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Abstract \
Background: The application of new imaging software for the reconstruction of left atrium (LA) geometry during atrial fibrillation
(AF) ablation has not been well investigated.

Methods: A total of 27 patients undergoing AF ablation using a CARTO Segmentation Module system were studied (phase |).
High-density LA mapping using PentaRay was merged with computed tomography-based geometry from the auto-segmentation
module. The spatial distortion between the two LA geometries was analyzed and compared using Registration Match View. The
associated contact force on the two LA shells was prospectively validated in 16 AF patients (phase II).

Results: Of the five LA regions, the roof area had the highest quality score between the two LA shells (1.7 + 0.6). In addition,
among the pulmonary veins (PVs), higher quality scores were observed in bilateral PV carinas (both 1.8 + 0.1, p < 0.05) than in the
anterior or posterior PV regions. Furthermore, surrounding the PV ostium, the on-surface points had a significantly higher contact
force when targeting the high-density fast anatomical mapping shell than for the auto-segmentation module (right superior pulmo-
nary vein, 20.7 + 5.8g vs 12.5 + 4.4 g; right inferior pulmonary vein, 19.3 + 6.8g vs 11.8 + 4.8 g; left superior pulmonary vein, 22.5
+ 7.3gvs 11.2 + 4.5¢; left inferior pulmonary vein, 15.7 + 6.9g vs 9.7 + 4.4 g, p < 0.05 for each group).

Conclusion: The CARTO Segmentation Module and Registration Match View provide better anatomic accuracy and less regional

distortion of the LA geometry, and this can prevent excessive contact and potential procedural complications.
Keywords: Atrial fibrillation; CARTO Segmentation Mapping; Fast anatomical mapping; Left atrium geometry

1. INTRODUCTION

Pulmonary vein (PV) isolation is the cornerstone procedure of
atrial fibrillation (AF) ablation, especially for individuals with
paroxysmal AF.! The reconstruction of left atrium (LA) geometry
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three-dimensional (3D) geometry is important for effective and
safe catheter ablation,? and the incorporation of LA geometry
and electroanatomic mapping can help to achieve a wide area
circumferential ablation with better outcomes® and reductions
in radiation exposure* and procedural duration.’ Clear visuali-
zation of the tissue interface is one of the keys to establish good
catheter tip-tissue surface contact,’” and successful ablation
and prevention of complications remain critically dependent on
appropriate catheter tip-tissue contact. Several methods have
been proposed to create the LA anatomic shell, including point-
by-point electroanatomic mapping, intracardiac echocardiogra-
phy, and fast anatomical mapping (FAM). Of these, FAM allows
for the rapid recreation of 3D chamber geometries by moving
sensor-based catheters placed in the LA. Furthermore, a recent
study demonstrated that the use of a multi-electrode catheter
could facilitate the detection of residual PV gaps and improve
ablation outcomes.® However, the creation of FAM using a
multi-electrode catheter may overestimate the size of LA geom-
etry and volume owing to distortion of the LA anatomy, which
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may then result in the delivery of ablation lesions away from the
intended anatomical targets.”!° On the other hand, contact force
ablation catheter-guided mapping has been reported to be bet-
ter at preventing anatomical distortion than conventional FAM
methods.!" However, the anatomic distortion can only be atten-
uated in regions with adequate contact points. Moreover, the
completion of adequate mapping points using a contact force
ablation catheter is time-consuming.'?

To address these issues, new imaging software, CARTO
Segmentation Module (Biosense Webster, Diamond Bar, CA,
USA), has recently been developed to improve the resolution
of LA geometry. However, the accuracy and applicability of
this technology have not been fully studied in clinical practice.
Therefore, the aims of this study were to: (1) clarify anatomic
differences between computed tomography (CT) geometry cre-
ated by the CARTO Segmentation Module and CT geometry
created manually; (2) investigate anatomical differences in LA
geometry derived from PentaRay-created FAM and CARTO
Segmentation module CT geometry; and (3) assess differences in
contact force based on surface contours generated by integrated
FAM and CT geometry derived from the CARTO Segmentation
Module in patients with AF.

2. METHODS
2.1. Study design and population

2.1.1. Phase I study

This retrospective study enrolled 27 patients who underwent
ablation for drug-refractory and symptomatic paroxysmal or
persistent AF using the CARTO 3.0 mapping system version 4.3
(Biosense Webster, Diamond Bar, CA, USA) at Taipei Veterans
General Hospital. The patients underwent 12-lead electrocar-
diography, 24-hour Holter monitoring, echocardiography, and
CT angiography of the PVs prior to the procedure. 3D cham-
ber geometry was created by manual CT segmentation and the
CARTO Segmentation Module software (Biosense Webster,
Diamond Bar, CA, USA). LA parameters including longitudinal
diameter and transverse diameter, and PV parameters including
cross-sectional area and the diameter were compared between
the two geometry shells. All parameters were measured as previ-
ously described.!>!*

We also evaluated regional discrepancies between the geom-
etry shells derived from FAM using a 1-mm electrode spacing
multi-electrode mapping catheter (PentaRay, Biosense Webster,
Diamond Bar, CA, USA) and the CARTO Segmentation Module.

2.1.2 . Phase II study

In the phase II study, we prospectively enrolled 16 patients with
symptomatic AF who underwent catheter ablation between
August 2018 and November 2018. The image processing was
performed in a manner similar to that in the phase I study.
ThermoCool SmartTouch catheters (Biosense Webster) were
used for ablation. To create ablation lesions on the FAM geome-
try, the ablation was guided by the FAM anatomic shells. We then
graded the contact force of each ablation lesion on the area with
a quality score of 1 or >1. This study was conducted at Taipei
Veterans General Hospital in Taiwan and was approved by the
Institutional Review Board of Taipei Veterans General Hospital
(IRB: 2019-04-001CC) and the Department of Health, Taiwan.
Written informed consent was obtained from all patients.

2.2. Cardiac computed tomography imaging

All patients underwent multi-detector computed tomography
(MDCT) to reconstruct PV and LA anatomy. MDCT was per-
formed on a Siemens Somatom Definition system with a 64-slice
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dual-source configuration (Siemens AG, Healthcare Sector,
Erlangen, Germany) within 24 hours before the ablation pro-
cedure to avoid significant variations in LA anatomy and vol-
ume secondary to changes in preload and afterload conditions.
Retrospective electrocardiogram-gated spiral scanning was per-
formed with collimation of 1.2 mm during injection of 80 mL of
contrast medium (Iomeron 400 mg I/mL, Bracco, Milan, Italy) at
a flow rate of 4mL/s. The cardiac telediastolic phase was auto-
matically determined in patients with sinus rhythm, while manual
determination was performed in patients with AF to minimize
motion artifacts. The images were then acquired during the end-
expiratory phase. Multi-planar reconstruction, maximum inten-
sity projection, and volume rendering were used to define and
describe the LA anatomy. LA volume was measured using dedi-
cated volume analysis software (Syngo VE32B Volume, software
version 1.0, 2008, Siemens AG). The LA was manually outlined
on axial images using a 3-mm thickness sequence. MDCT images
(slice thickness 1.5 mm, position increment 0.7mm) were then
stored on a CD and data were loaded into the image integra-
tion module of the mapping system (CARTOMERGER Module,
Biosense Webster). Segmentation of the MDCT images was then
performed as previously described,*!> and the LA contours were
semi-automatically reconstructed and the volume was calcu-
lated. Ostial PV diameters, LA anterior—posterior, lateral-septal,
and superior—inferior diameters were also manually measured.
Isolated LA and PVs after 3D reconstruction were then exported
to the mapping system for subsequent mapping and integration
processes.

2.3. Cardiac computed tomography imaging and
sub-segmentation of LA geometry

The CARTO Segmentation Module software was also used to
create another LA geometry. The segmentation reconstruction
was a combination of the two main methods: the first was inten-
sity, using the scan data of 4,096 possible values, and the second
was model-based. The combination of these two methods could
yield the best segmentation results for both sides of the heart
with high required accuracy. The workflow using the module
has been described in a previous study.'

The LA body was divided into five sub-segments including
roof, posterior wall, septum, anterior wall, and left lateral wall.!!
Fig. 1 illustrates an example of the LA sub-segments. The PVs
were divided separately into three sub-segments per side, includ-
ing anterior, posterior and carina.

2.4. Creation of Fast Anatomical Map (FAM)-based LA
and PV Images

The creation of FAM-based LA and PV geometry has been
described in previous studies.!”>'® A high-density mapping cath-
eter (PentaRay, Biosense-Webster) was used in all cases for the
generation of FAM. The average mapping sites in the left atria
included more than 1800 points for each patient.

2.5. Comparison of FAM-based and CARTO
Segmentation-derived 3D LA Geometries

The reconstructed CT data sets were merged with the geom-
etries via three registration processes. Visual alignment was
performed with the use of landmark pairs, that is, landmarks
of the right PV carina, established on the FAM images, and
corresponding sites on the reconstructed CT image."” After
surface registration,?®*' a manual iterative process was used to
minimize differences in individual PV positions and overall LA
geometry.”? The spatial distortion between the two LA geom-
etries was analyzed and compared to Registration Match View.
The quality score was used to define the concordance of the
two geometries, and quality scores of 1, 2, and 3 were defined
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Fig. 1 The LA body was divided into five sub-segments, including the roof, posterior wall, septum, anterior wall, and left lateral wall. (A—E) Examples of the LA
sub-segments. (F,G) Examples of three sub-segments of the pulmonary veins, including anterior PV antrum, carina and posterior PV antrum.

as distances between the two anatomical shells of <5mm,
5-10mm, and >10 mm, respectively (Fig. 2). The average qual-
ity score was calculated for each sub-segmentation of LA and
PVs. We defined a quality score of 1 as regions having “per-
fect” matching and >1 for the remaining regions. To validate
the quality score method, the inter-observer coefficient was cal-
culated by two blinded operators.

2.6. Comparison of Contact Force between Regions with
Different Quality Scores

Wide area circumferential ablation of the PVs was based on the
FAM-derived geometry, and the ablation lesion was intended to
target the FAM anatomic shell. During ablation, automatic abla-
tion lesion tagging with simultaneous contact force recording
was used. After ablation, the contact force of each ablation lesion
was compared between perfectly matched (quality score = 1)
and imperfectly matched (quality score > 1) regions.

2.7. Statistics and analysis

Data are expressed as mean = standard deviation for normally
distributed continuous variables and proportions for categori-
cal variables. The parameters of geometries derived from dif-
ferent methods were compared using the Wilcoxon signed-rank
test. The quality score between different sub-segmentations
was analyzed using one-way ANOVA with post hoc paired
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comparisons. The contact force of the ablation lesions between
different matched regions was analyzed using a two-tailed #-test.
All statistical analyses were performed using SPSS version 22.0
(IBM Corporation, Armonk, NY, USA), and a p value <0.05 was
considered to be statistically significant.

3. RESULTS
3.1. Phase | study

3.1.1. Patient characteristics

A total of 27 patients who underwent AF ablation (24 male, mean
age 53.6 = 8.0 years) were studied, including 22 (81.5%) with
paroxysmal AF and five (18.5%) with persistent AF. With regards
to the structural assessments, the mean left ventricular ejection
fraction was 57.9 = 8.2% and LA diameter was 39.7 = 5.3 mm.
Table 1 shows the baseline characteristics of the study population.

3.1.2. Comparison of LA derived from the CARTO
Segmentation Module and manual segmentation of CT
geometry

The longitudinal and transverse diameters of the LA calculated
by manual segmentation were longer than those derived from
the CARTO Segmentation Module (65.2 = 5.6mm vs. 62.0
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Fig. 2 Two anatomic shells derived from fast anatomical map (FAM) and CARTO segmentation-merged 3D CT geometries were analyzed and compared by
Registration Match View. Quality scores of 1, 2, and 3 were defined as differences in regional contours between the two anatomical shells of <5mm, 5-10mm,
and >10mm, respectively. The average quality score was calculated and used for each sub-segmentation of the LA and PVs. The red, yellow, and green colors
represent quality scores of 3, 2, and 1, respectively. The average quality score was calculated if two different quality scores were seen in one anatomic region.
(A—-C) Examples of different quality scores. A, the quality scores of the posterior wall and roof were 1; B, the quality scores of the posterior wall and roof were 2
and 1.5, respectively; C, the quality scores of the roof and posterior wall were 2.5 and 1.5, respectively.

= 14.0mm, p < 0.01 and 58.1 = 6.7mm vs. 56.3 = 7.0mm,
p < 0.001, respectively; Table 2). Furthermore, a larger cross-
sectional area and longer diameters of each PV were observed
in the LA calculated by manual segmentation (p < 0.01 for each
PV, Table 2).

3.1.3. Comparison of geometries derived from the
CARTO Segmentation Module and FAM

Among the five sub-segmentations of the LA body, the obtained
quality score in the roof area (1.7 = 0.6) after merging the two
geometry shells was significantly higher than those in the other
regions. LA anterior wall (1.1 = 0.2) and posterior wall (1.0 = 0.2)
had the lowest quality score between the two geometries
(Fig. 3A). Furthermore, among the sub-segmentation surround-
ing the PVs, the highest quality scores were observed surround-
ing the bilateral PV carinas (both 1.8 = 0.1) (Fig. 3B).

3.2. Phase Il study

3.2.1. Patient characteristics

Of the 16 patients who underwent AF ablation (10 males, mean
age 58.6 = 6.7 years), paroxysmal and persistent AF was identi-
fied in 15 (93.8%) and one (6.3%) of the patients, respectively.
The left ventricular ejection fraction was 59.4 = 4.6% and the
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LA diameter was 37.8 = 4.5mm. Table 1 shows the baseline
characteristics of the study population.

3.2.2. Validation of contact force between regions with
different quality scores

A total of 926 ablation lesions were acquired for validation of
the contact force between regions with different quality scores,
including 801 at regions with a quality score of 1 and 125 at
regions with a quality score of >1. The contact force at areas
with a quality score > 1 was significantly higher than that at
areas with a quality score of 1 (19.9 = 7.0g vs 11.3 = 4.7g,
p <0.05; Fig. 4A). The higher contact force at the areas with a
quality score >1 was consistent in each PV (RSPV: 20.7 = 5.8¢g
vs. 12.5 + 4.4¢g; RIPV: 19.3 = 6.8g vs. 11.8 = 4.8g; LSPV: 22.5
x73gvs. 11.2 = 4.5g; LIPV, 15.7 £ 6.9g vs. 9.7 = 4.4g,p <
0.05 for each group; Fig. 4B). Regions with a quality score of >1
had more ablation lesions with a contact force >20 g comparing
to those with a quality score of 1 (32.0% vs. 5.0%, p < 0.05;
Fig. 4C).

3.2.3. Reproducibility

The inter-observer agreement in measurement of anatomic
parameters and quality score yielded intra-class correlation
coefficients of 0.79 and 0.98, respectively (95% confidence
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The baseline characteristics of patients in Phase | and Phase Il
Phase | (N = 27) Phase Il (N = 16)

Age, years 53.6 +8.0 58.6 +6.7
Male 24.0 (88.9%) 10.0 (62.5%)
SBP, mmHg 126.0 + 15.6 1289 +13.7
HR, bpm 79.7+19.6 716 +10.5
BMI 257+29 24.0+29
eGFR, ml/min/1.73 m? 743 +15.0 73.6+14.6
AF characteristics
Paroxysmal AF 22.0 (81.5%) 15.0 (93.8%)
Persistent AF 5.0 (18.5%) 1.0 (6.3%)
Comorbidity
Hypertension 11.0 (40.7%) 5.0 (31.3%)
Diabetes mellitus 1.0 (3.7%) 0 (0%)
Coronary artery disease 4.0 (14.8%) 2.0 (12.5%)
Congestive heart failure 3.0(11.1%) 1.0 (6.3%)
Stroke 2.0 (7.4%) 0 (0%)
CHA,DS, VAS score 09+038 1.4+1.1
Echocardiography
LA diameter, mm 39.7+53 37.8+45
LA volume index, mL/m? 27.3+4.0 27.0+4.0
LVEF, % 57.9+82 59.4+ 4.6

SBP = systolic blood pressure; HR = heart rate; bpm: beats per minute; BMI = body mass index;
eGFR = estimated Glomerular filtration rate; AF = atrial fibrillation; LA = left atrium; LVEF = left
ventricular ejection fraction.

The parameters of PV and LA between the 3D geometry shells
created by manual CT segmentation and CARTO Segmentation
Module software

LA shell by manual LA shell by Carto

CT segmentation segmentation
(n=27) (n=27) p
RSPV diameter (mm) 199+29 185+29 <0.01
RSPV CSA (mm?) 3109+6.7 268.6 +6.5 <0.01
LSPV diameter (mm) 211+£35 20135 <0.01
LSPV CSA (mm?) 349.8 +95 3179+96 <0.01
RIPV diameter (mm) 18.4 + 31 16.9+ 3.0 <0.01
RIPV CSA (mm?) 2659+7.6 2252 +6.9 <0.01
LIPV diameter (mm) 17.0+ 3.5 154+ 3.0 <0.01
LIPV CSA (mm?) 226.9+98 1872 +6.9 <0.01
LA longitudinal diameter (mm) 65.2+56 62.0+140  <0.01
LA transverse diameter (mm) 58.1+6.7 56.3+7.0 <0.01

CSA = cross-sectional area; LA = left atrium; LIPV = left inferior pulmonary vein; LSPV = left superior
pulmonary vein; RIPV = right inferior pulmonary vein; RSPV = right superior pulmonary vein.

interval: 0.56 to 0.90, p < 0.01, and 95% CI: 0.97 to 0.99,
p < 0.01; respectively).

4. DISCUSSION

4.1. Major findings

To the best of our knowledge, this is the first study to evalu-
ate the impact of local LA distortion based on 3D-CARTO
segmentation-derived geometries during AF ablation. There are
several important findings in this study. First, there were longer
LA diameters and larger cross-sectional areas of each PV created
by manual segmentation than those derived from the CARTO
Segmentation Module. Second, the CARTO Segmentation
Module and Registration Match View provided better anatomic
accuracy and less regional distortion of LA geometry. Third, the
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roof area and bilateral PV carinas had the highest spatial distor-
tion. Therefore, avoiding excessive contact force when manip-
ulating the catheter or performing ablation surrounding these
regions is mandatory.

Electroanatomic mapping systems are widely used for AF
ablation.? Merging the reconstructed LA created by a cath-
eter with pre-procedural CT images has been shown to further
improve the efficacy and safety of AF ablation, and thereby
leading to better outcomes.'>?* The new CARTO Segmentation
Module provides higher spatial resolution and more accurate PV
visualization, which cannot be achieved using previous images
derived by merging CT with 3D electroanatomic mapping.
When performing LA segmentation of CT images, separation
of the LA from each PV, especially for the LA-PV junction, is
important given that the influence of anatomical and positional
variations of the PV structure should be avoided. The applica-
tion of the CARTO Segmentation Module allows for a precise
understanding of the anatomic accuracy and facilitates success-
ful AF ablation.

In addition, the CARTO Segmentation Module is easily
applicable, and image preparation is performed pre-procedur-
ally in less than 10 minutes.!® Manual catheter manipulation
may lead to inconsistent contact forces, which can distort the
virtual tissue surface and possibly increase the FAM-derived
volumes.??>?* This was demonstrated in a recent study using a
robotic navigation system, which demonstrated that a stronger
contact force resulted in greater distortion of the mapped vol-
ume.” The anatomic distortion in FAM and merged 3D CT
images may further lead to misinterpretation of the local fidu-
cial sites during mapping and ablation of complex anatomic
structures.

Our results clarified the extent of anatomic distortion of
3D maps obtained via FAM compared with the CARTO
Segmentation Module. Of note, the FAM-derived roof and
bilateral PV carina regions were relatively far away from the
corresponding locations created by the CARTO Segmentation
Module. This anatomic distortion should be taken into con-
sideration when mapping and ablation are guided by FAM. In
addition, minor distortions at locations with good contact can
occur due to LA wall stiffness, wall thickness, and the external
force against the LA/PV wall by the surrounding tissue. Hall
et al. reported that the LA roof was the thinnest region, and
that this could potentially contribute to over-estimation without
information on contact force, which is consistent with our find-
ings.?* Consequently, the distortion in FAM-derived maps and
merged 3D CT images could be misrepresented. Furthermore,
the current findings also emphasized the anatomic differences of
each PV carina. Therefore, when creating effective lesions in the
vicinity of the carina region, detailed assessment of the contact
force is necessary.?

The accuracy of the CARTO Segmentation Module is cur-
rently not known due to factors such as differences in heart
rate, rhythm, and volume status, which may result in nonuni-
form characteristics of the LA, particularly when CT acquisition
and mapping procedures are not performed simultaneously.?”
Nevertheless, we observed a tendency for the ablation points
located outside the 3D-merged CT surfaces to have a higher
contact force. Consequently, the phase II study was conducted
to validate the accuracy using the merged 3D images incorporat-
ing the information of contact force.

Another important factor is cardiac tamponade, which is
the most common and lethal complication in patients undergo-
ing AF ablation, with an incidence of around 1% to 3%.%%%
Radiofrequency lesions cause fibrosis with subsequent thinning
of the atrial myocardium. Therefore, a high contact force, par-
ticularly during ablation, might increase the risk of cardiac tam-
ponade.*® Recent studies have shown that contact force-guided
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circumferential PV isolation is safe during PV isolation proce-
dures.?'> However, a contact force catheter is expensive and not
affordable for every patient. Therefore, without the assistance of
contact force information during AF ablation, clinicians need to
avoid excessive force, particularly when manipulating catheters
or ablating at the LA roof or carina region.
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There are several limitations to this study. First, because CT
imaging was performed prior to the ablation procedures,
dynamic changes in rhythm, heart rate, contractility, or fluid
state could have contributed to changes in heart size and poten-
tial registration errors. To limit these changes, we performed
image registration and ablation procedures within 24 hours
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after the CT scan. Second, this study was conducted at a single
center, which may limit the generalizability of the results to the
other centers. The results may also have been confounded by
the operators’ experience and skill. Third, despite the “perfectly”
merged LA geometries, the absolute distances between the FAM
and CARTO segmentation-merged 3D CT geometries could not
be directly measured. Fourth, given the limited study popula-
tion, future investigations are warranted to validate the present
findings in large-scale studies

In conclusion, the CARTO Segmentation Module can help
to define the exact anatomic location of the LA and PVs more
accurately in AF patients, allowing for safer ablation. When the
AF ablation is guided by FAM, clinicians should avoid ablation
points located outside the LA surface derived from the CARTO
Segmentation Module, especially for the roof and PV carina
region. Our data revealed anatomic distortion of the LA shells
created by different methods, and shed light on improving the
safety and effectiveness of AF ablation.
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