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Abstract 

Background:  Although myocardial thickness is an important variable for therapeutic catheter ablation of cardiac 
arrhythmias, quantification of wall thickness has been overlooked. We developed a software (AMBER) that measures 
3D-myocardial thickness using a cardiac computed tomogram (CT) image, verified its accuracy, and tested its clinical 
feasibility.

Methods:  We generated 3D-thickness maps by calculating wall thickness (WT) from the CT images of 120 patients’ 
hearts and a 3D-phantom model (PhM). The initial vector field of the Laplace equation was oriented to calculate WT 
with the field lines derived from the 3D mesh. We demonstrate the robustness of the Laplace WT algorithm by com‑
paring with the real thickness of 3D-PhM, echocardiographically measured left ventricular (LV) WT, and regional left 
atrial (LA) WT reported from previous studies. We conducted a pilot case of catheter ablation for atrial fibrillation (AF) 
utilizing real-time LAWT map-guided radiofrequency (RF) energy titration.

Results:  AMBER 3D-WT had excellent correlations with the real thickness of the PhM (R = 0.968, p < 0.001) and echo‑
cardiographically measured LVWT in 10 patients (R = 0.656, p = 0.007). AMBER 3D-LAWT (n = 120) showed a relatively 
good match with 12 previously reported regional LAWT. We successfully conducted pilot AF ablation utilizing AMBER 
3D-LAWT map-guided real-time RF energy titration.

Conclusion:  We developed and verified an AMBER 3D-cardiac thickness map measured by cardiac CT images for 
LAWT and LVWT, and tested its feasibility for RF energy titration during clinical catheter ablation.
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Introduction
Heart size, bumpiness, curvature, and wall thick-
ness (WT) are known to play important roles in the 
mechanisms of cardiac arrhythmias [1]. Cardiac com-
puted tomogram (CT) imaging is an efficient, safe, and 
clinically validated diagnostic method for assessing 
the anatomic and histologic properties of the heart. 

Nevertheless, the evaluation of WT on CT images has 
not been commercialized. This is mainly due to spa-
tial resolution issues involving the segmentation of CT 
density corresponding to the myocardium and techni-
cal limitations of evaluating the thickness of complex 
and bumpy heart structures on a CT image acquired in 
the transverse section [2]. With improvements in the 
spatiotemporal resolution of CT images and increases 
in computing speed using graphic processing units, we 
developed a useful software to compute cardiac WT 
from CT images [3]. Compared to WT measured by 
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echocardiogram, CT-based 3D-cardiac WT maps pro-
vide accurate anatomic localization and have no blind 
spots or foreshortening problems. It also provides 
advantages for various clinical uses, including arrhyth-
mia interventions.

In this study, we developed software to measure car-
diac WT using the Laplace equation and verified in 
CT images of a 3D-phantom model [4]. Both left atrial 
(LA) WT and left ventricular (LV) WT were measured 
at about 50,000 or more nodes after segmenting the 
cardiac wall based on Hounsfield units (HU) of cardiac 
CT images, and the entire chamber WT and regional 
WT were validated. Lastly, the LAWT color map was 
displayed on a 3D-electroanatomic map during atrial 
fibrillation (AF) catheter ablation, and we tested 
the feasibility of radiofrequency (RF) energy dosing 
according to local LAWT.

Methods
Study design
The study protocol adhered to the Declaration of Helsinki 
and was approved by the Institutional Review Board. 
Written informed consent was obtained from all patients 
(ClinicalTrials.gov; NCT 02176616).

AMBER software algorithm for cardiac WT measurement
The myocardial WT calculation consists of three steps 
(Fig.  1). In the first step, the threshold for each tissue 
automatically calculated on the histogram of the cardiac 
CT (64 Channel, LightSpeed Volume CT, Philips, Bril-
liance 63, Amsterdam, The Netherlands), and the investi-
gator draws the guidelines for the basis of the myocardial 
wall extraction by semi-automatically. The second stage 
extracted the myocardial wall region, and the third stage 
solved the Laplace equation to calculate a myocardial 
WT.

Fig. 1  Process flowchart of AMBER software. a The thresholds automatically calculated by the multi-Otsu algorithm on the histogram of cardiac 
CT, and the investigator draws the guideline for the basis of the myocardial extraction. b The process of myocardial extraction to the atrium and 
ventricle. c Solving the Laplace equations
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Myocardium boundary segmentation in cardiac CT
AMBER software was designed to automatically calculate 
the optimal endocardial boundary based on the edge pro-
truding through the Sobel filter after removing noise with 
the median filter (Fig.  2a). While manually drawing the 
boundary line in the CT image, the multi-Otsu thresh-
old algorithm [5] is applied in parallel to calculate the HU 
threshold for the density of each tissue. We assumed that 
cardiac CT will focus on the heart, and there will be four 
tissues with the highest frequency in the histogram of 
the HU (bone and blood pool, muscle tissue, fat, and air). 
Therefore, the multi-Otsu algorithm computes the his-
togram of the HU and the three thresholds that classify 
the four groups. While checking the results of the screen, 
the investigator selects one of the four tissue groups for 
detailed adjustment. For computational efficiency, all tis-
sues of CT images were divided into 4 groups to calculate 
the automatically performed threshold by an independ-
ent thread running in parallel.

Extraction of myocardium wall
Extraction of cardiac wall was performed from the 
heart boundary line. From the boundary of endo- and 
epicardial surfaces obtained by the previous step, 

cross-overlaps with the HU of the myocardial tissue 
were extracted to the myocardial wall. In this process, 
two approaches were used for atrial WT and ventricu-
lar WT (Fig.  1b). For atrial WT measurement, cardiac 
wall was extracted by overlapping with the HU thresh-
old of the myocardium while gradually expanding 
( expanding coeff = max

(

2/Pixel Spacing, 8
)

 ) through 
morphological dilation from the endocardial boundary 
line (Fig. 2b). Since it progresses from the endocardium to 
the epicardium, the initial vector fields state for Laplace 
solve was determined to be 10,000 for the endocardium, 
0 for the epicardium, and 5000 for the crossing area. In 
contrast, for ventricular WT measurement, the ventric-
ular wall was defined from the epicardial boundary line 
to the endocardial surface because the ventricular endo-
cardial surface is highly irregular due to papillary muscle 
and trabeculations. Since it is calculated in the opposite 
direction to the LA, the initial state for the Laplace solve 
was determined to be 10,000 at the epicardium, 0 at the 
endocardium, and 5000 at the intersection.

Laplace equation to solve wall thickness
The Laplace equation was applied to measure accu-
rate cardiac WT in 3D space (Fig. 1c). The myocardial 

Fig. 2  The detailed procedure for each stage. a The HU thresholds were automatically calculated by the multi-Otsu algorithm. At the same time, 
the investigator draws the basic guidelines after image processing. b The myocardial wall extracted based on the morphological dilation and 
threshold overlap. And the final thickness was calculated by the Laplace equation and Euler methods. c The commutative property of the points P 
and P’ by orthogonal projection distances were not suitable in the cardiac CT
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region was assumed to be topologically spherical. The 
orthogonal projection distance of all specific points 
P → P′ did not match P′ → P (Fig. 2c). Therefore, curves 
were connected to satisfy mutuality between the two 
points P and P′. The myocardial region was represented 
as the area for solving the differential equation. A vec-
tor field was formed containing a tangent vector along 
the field line connecting the initial vector field values 
set based on the boundary between the endocardium 
and epicardium. The Laplace equation stops when 
E = 10−5 or 400 iterations are met to generate an equi-
potential vector field. Finally, a differential equation for 
thickness calculation was performed by applying the 
Euler method of the vector field at all voxel points of 
the epicardium or endocardium (dt = 0.01).

Validation of AMBER in 3D phantom model
A 3D-phantom model was designed using FreeCAD 
(0.18.4) and produced with a 3D printer (output equip-
ment: Veltz-600H, material: ABS-like, stacking thick-
ness: 0.1  mm) (Fig.  3a). The 3D-phantom model was 
designed to reflect the thickness of the atrium and ven-
tricle. Two half dome regions were divided into sections 
with 4 different WTs each and configured with different 
thicknesses accounting for bidirectional measurement 
from inside to outside and outside to inside. Contrast 
enhancement is evenly distributed along the inner sur-
face of the atrium, while ventricles have various protrud-
ing structures along the inner surface. Therefore, it was 
derived to measure each WT based on a uniform surface. 
After acquiring CT images of the 3D-phantom model 
(Fig. 3b), AMBER-measured 3D-WT and the computer-
aided design (CAD)-generated real WT were compared. 

Fig. 3  Validation of Laplace wall thickness by 3D-printed phantom model. a The 3D Phantom model designed in CAD software. b The CT images 
of the 3D phantom model. c The reconstructed thickness of the phantom models, including atrium and ventricle. d Analysis of CAD thickness value 
and AMBER-measured atrial thickness. e Analysis of CAD thickness value and AMBER-measured ventricular thickness
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The AMBER-WT maps were analyzed except for borders 
where thicknesses crossed each other because these are 
difficult to compare between the equipotential distance 
of the Laplace equation and orthogonal projection dis-
tance (Fig. 3c).

Validation of AMBER‑measured atrial WT
Since it is impossible to measure real atrial WT in a liv-
ing human atrium, LAWT measured by AMBER in 120 
patients with AF was compared with regional LAWT 
in 12 previously published studies (Fig.  4) [6–17]. The 
LAWT was measured using the Laplace equation and 
Euler method described above using a 3D-AMBER map 
composed of about 90,000 nodes. To measure by region, 
the LA mesh was created using the marching cube algo-
rithm for the AMBER segmentation information. LA 
was divided into 8 regions based on criteria that were 
previously used in CT imaging [18]. Using custom made 
software (CUVIA, Model: SH01, ver. 2.0; Laonmed Inc., 
Seoul, Korea), the dividing lines of the regions were dis-
played on the surface of the LA mesh [18, 19]. Based on 
these lines, a search algorithm was used to assign the 
number of each LA section to each node, and a quanti-
tative thickness result corresponding to each region was 
exported (Fig. 4a–c). In the previous research on human 
LAWT, 516 studies were found based on the search key-
words “human, atrium, and wall thickness,” and the data 
were collected by selecting 12 papers that presented 
human LAWTs by region. If the category by region of LA 
was different from this study, the location of the region 
presented in the paper was evaluated and the LAWT 

value of the region most similar was selected. The overall 
distribution of regional LAWT presented in a total of 12 
studies and 120 AF patients in this study was compared 
(Fig. 4d).

Validation of AMBER‑measured ventricular WT
The robustness of the new software was demonstrated by 
comparing AMBER-measured LVWT with WT meas-
ured by echocardiogram. The LVWTs in 16 standard seg-
ments [20] were evaluated and compared in 10 patients 
with both cardiac CT images and standard echocardio-
graphic images (Fig.  5a). Echocardiographic parameters 
were obtained according to the American Society of 
Echocardiography guidelines [21]. For AMBER-meas-
ured LVWT analysis, a regional LV mesh model was gen-
erated by fitting CT images of each patient to 16 standard 
segments of echocardiogram at the QRS gating state. The 
output of AMBER-measured LVWT for 16 segments was 
compared with echocardiographically measured LVWTs 
of each segment.

Feasibility test for AMBER‑WT map in clinical AF catheter 
ablation
We tried to verify clinical feasibility of AMBER-meas-
ured WT map during AF catheter ablation procedure 
for a patient. Electrophysiological mapping and radi-
ofrequency catheter ablation have been described previ-
ously. Briefly, an open irrigated-tip catheter (Smart-touch 
[Johnson & Johnson Inc., Diamond Bar, CA, USA]; 
30–35  W, 47  °C, contact force > 10–20  g) was used to 
deliver radiofrequency energy for the ablation under 3D 

Fig. 4  Comparison analysis with 12 previously published studies. a The cardiac CT of 120 patients. b The mesh of LA segmented into 8 regions. c 
The LAWT map divided regionally. d The box plot of regional left atrial wall thickness of 120 patients
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electroanatomic mapping (CARTO3, Johnson & Johnson 
Inc. USA.) merged with 3D spiral CT. During circumfer-
ential pulmonary vein isolation (CPVI), the LAWT color 
map displayed in real-time on the 3D-mapping screen 
to confirm whether radiofrequency energy titration was 
possible by titrating the ablation index [22] depending on 
the local LAWT of the corresponding ablation site. After 
CPVI, bidirectional block was confirmed. The procedure 
was completed when there was no immediate recurrence 
of AF after cardioversion with an isoproterenol infusion 
(5–10  μg/min depending on ß-blocker use, target sinus 
heart rate 120 bpm).

Statistical analysis
Because the trial was conducted as a pilot study, the sam-
ple size was driven by the computation time and feasibil-
ity of recruiting patients. Patient enrollment was open for 
6 months for other clinical trials of computational mod-
eling (CUVIA-AF2, clinical trial.gov. NCT 02558699). 
Results are expressed as mean values ± standard devia-
tion for continuous variables, and absolute number and 
percentages for categorical variables. Continuous vari-
ables were compared using Student’s t test, and categori-
cal variables were compared using either Chi-square 

test or Fisher’s exact test as appropriate. Comparisons 
of AMBER-measured WT and real WT or echocardio-
graphically measured WT were evaluated by linear cor-
relation methods. A p value of < 0.05 was considered 
statistically significant. All statistical analyses were per-
formed using SPSS version 18.0 software (SPSS Inc., Chi-
cago, IL, USA) and the R package (3.1.0, R Foundation for 
Statistical Computing, Boston, Massachusetts, United 
States).

Results
Validation of WT map in a 3D‑phantom model
The 3D-phantom model produced by 3D-printing after 
computer-aided design (CAD) was used as the first veri-
fication step of the AMBER-WT software. The real thick-
ness of the 3D-phantom model and the virtual thickness 
obtained with the AMBER-WT map from acquired CT 
images were compared at 53,715 points. The CAD-based 
3D phantom model was made into a hemispherical shape 
of atrial WT area (1.5–3.0 mm) and ventricular WT area 
(5.1–15.9  mm), and each hemisphere was divided into 
four sections of different thickness (Fig. 3a). After acquir-
ing the 3D mesh of the phantom model, it segmented 
into 8 regions (Fig. 3b), and then a regionally divided WT 

Fig. 5  The comparison results of LVWT measured by echocardiography and AMBER in 10 patients. a The echocardiography and LVWT were 
evaluated by splitting into a 16-segment model of the left ventricle (without apical cap). b LVWT positively correlated with echocardiography, and 
the lines represent the linear regression analysis. c–e Box plot evaluated divided into Basal, Mid-ventricular, and Apical segments
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map reconstructed as shown in Fig. 3c. AMBER quanti-
fied virtual WT at the atrial area of the phantom model 
(23,178 points) showed a good correlation with the real 
thickness of the phantom model (R = 0.911, p < 0.0001, 
Fig.  3d). The AMBER calculated WT of the ventricular 
area phantom model also showed a relatively good cor-
relation with real WT (30,537 points, WT R = 0.943, 
p < 0.0001, Fig. 3e).

Validation of AMBER‑measured regional LAWT compared 
with previous reports
LAWT measured by AMBER in 120 patients with AF 
(male 68.3%, 60.0 ± 10.9  years old, Table  1) was com-
pared with LA regional WT in 12 previously published 
studies. The LAWT measured in cardiac CT images of 
120 patients was 2.10 ± 0.36 mm, and the distribution at 
8 different regions of LA was between 1.80 and 2.67 mm 
(35,559 ± 5646 points in each patient, Fig. 4). The overall 
LAWT distribution tended to be very similar to those of 
the previous 12 studies (Table 2). LAWT around the pul-
monary vein area was thicker than that reported in a pre-
viously published study, but this is presumed to be due to 
differences in measuring sites depending on the distance 
from the pulmonary vein ostial level. 

Validation of AMBER‑measured regional LVWT compared 
with echocardiogram
Echocardiographically measured LVWT and AMBER 
quantified LVWT were compared in 16 segments 
of each LV in 10 patients (all AF patients, 70% male, 
59.82 ± 8.26 years old) (Fig. 5a). Because the endocardial 
side of the LV includes rugged structures such as papillary 
muscles and trabeculations, we measured LVWT based 
on the epicardial surface of the CT image as a reference. 
The LVWT of 16 segments measured at QRS gated tim-
ing showed a significant correlation between AMBER-
CT and echocardiogram overall (R = 0.656, p = 0.007, 
Fig.  5b). In general, AMBER-measured regional LVWT 
tended to be thicker than echocardiographically meas-
ured LVWT. This difference was more pronounced in the 
thicker segments of the LV those included papillary mus-
cle (Fig.  5b). As shown in Fig.  5c–e, AMBER-measured 
LVWT was relatively thinner in the basal to mid inferior 
wall segments that did not include papillary muscle than 
in another areas.

LAWT map‑guided AF catheter ablation
We used AMBER-measured 3D LAWT color map 
for clinical AF catheter ablation in a patient. The pre-
obtained cardiac CT scan was used to analyze the 
AMBER 3D LAWT map in advance the day before the 
procedure (processing time 20–30  min). During the 
procedure, a 3D electroanatomic map was generated by 
endocardial bipolar electrograms (> 500 points) acquired 
with a multi-electrode catheter, and the spatiotemporal 
information of each electrogram was merged with a pre-
viously analyzed LAWT map (merging time 15 min). The 
operator performed circumferential pulmonary vein iso-
lation on the AMBER-LAWT-merged electroanatomic 
map and titrated the radiofrequency power or energy 
delivery duration on each ablation point depending on 
regional LAWT (Fig. 6). Utilization of the AMBER-meas-
ured LAWT map during ablation is expected to help with 
effective transmural radiofrequency lesion formation 
while avoiding unnecessary ablation and reducing the 
risk of complications.

Discussion
Main findings
In this study, we developed an algorithm to measure car-
diac WT from CT images using Laplace equations and 
image processing techniques. The accuracy of this algo-
rithm for WT measurement was verified by compar-
ing with the 3D-phantom model. In addition, regional 
LAWTs acquired from 120 patients with AF were com-
pared with the results of previous studies. The regional 
LVWTs of 10 patients were compared with the WT 

Table 1  Baseline clinical characteristics

AAD, antiarrhythmic drug; LA, left atrium; LV, left ventricle; E/Em, mitral inflow 
velocity/mitral annulus tissue velocity

Overall
(N = 120)

Age, years 60.0 ± 10.9

Male, n (%) 82 (68.3)

AF duration, median (IQR) 24 (12–48.5)

Comorbidities, n (%)

 Heart failure 26 (21.7)

 Hypertension 62 (51.7)

 Diabetes mellitus 25 (20.8)

 Stroke 15 (12.5)

 Vascular disease 7 (5.8)

 CHA2DS2-VASc score 1.97 ± 1.6

AAD use prior to the ablation, n (%)

 Class Ic 54 (45.0)

 Class III 64 (53.3)

Echocardiographic parameters

 LA dimension, mm 44.09 ± 5.6

 LA volume index, ml/m2 42.00 ± 11.9

 LV ejection fraction, % 60.52 ± 7.3

 E/Em 10.06 ± 4.7
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Table 2  Comparison of regional left atrial wall thickness and 12 previously reported studies

LA overall Anterior wall Septum LA 
Appendage

Left lateral 
isthmus area

Posterior wall Posterior 
inferior wall

Right antral 
area

Left antral 
area

Histology-
based LAWT​

 Hall et al. [8] 
(n = 34)

– 1.86 ± 0.59 2.20 ± 0.82 – 1.60 ± 0.48 1.06 ± 0.49 1.40 ± 0.46 – –

 Platonov 
et al. [15] 
(n = 59)

– – – – – 2.60 ± 1.00 – – –

 Yen Ho 
et al. [17] 
(n = 26)

– 3.30 ± 1.20 4.50 ± 0.60 – 3.90 ± 0.70 – 4.10 ± 0.70 – –

CT image-
based LAWT​

 Imada 
et al. [11] 
(n = 17)

– 2.60 – – – – – – –

 Hoffmeister 
et al. [10] 
(n = 42)

2.40 ± 0.50 – – – – – – – –

 Pan et al. [14] 
(n = 57)

– 2.50 ± 0.70 – – – 1.50 ± 0.30 – – –

 Nakamura 
et al. [13] 
(n = 62)

2.40 ± 0.20 – – – – – – – –

 Dewland 
et al. [7] 
(n = 98)

0.70 – – – – – – – –

 Beinart et al. 
[6] (n = 64)

– – – – 2.10 ± 0.63i 1.43 ± 0.44ii 1.81 ± 0.44iii – –

 Hayashi et al. 
[9] (n = 17)

– – – – 2.38 ± 0.36iv 1.44 ± 0.17v 1.64 ± 0.25vi – –

 Takahashi 
et al. [16] 
(n = 50)

– 1.65 ± 0.44 1.17 ± 0.29 1.14 ± 0.40 – 1.61 ± 0.31 – 0.66 ± 0.12vii 0.65 ± 0.16viii

 Inoue et al. 
[12] 
(n = 86)

1.50 ± 0.50 – – – – – 1.60 ± 0.50ix 1.60 ± 0.50x 1.40 ± 0.50xi

AMBER-based 
LAWT​

Overall 120 
patients

 Bipolar Volt‑
age, mV

1.96 ± 0.70 1.73 ± 0.81 1.65 ± 0.67 2.51 ± 1.10 1.49 ± 0.86 2.22 ± 1.13 1.84 ± 0.81 – –

 LAWT, mm 2.10 ± 0.36 2.08 ± 0.36 2.67 ± 0.50 2.30 ± 0.39 2.57 ± 0.58 2.40 ± 0.67 1.80 ± 0.42 2.01 ± 0.47 2.40 ± 0.59

PeAF (n = 69)

 Bipolar Volt‑
age, mV

1.93 ± 0.72 1.76 ± 0.86 1.61 ± 0.68 2.49 ± 1.13 1.49 ± 0.88 2.15 ± 1.06 1.70 ± 0.83 – –

 LAWT, mm 2.12 ± 0.37 2.10 ± 0.38 2.67 ± 0.50 2.33 ± 0.42 2.59 ± 0.61 2.42 ± 0.69 1.78 ± 0.38 1.98 ± 0.48 2.39 ± 0.57

PeAF & PAF 
(n = 38)

 Bipolar Volt‑
age, mV

2.01 ± 0.65 1.69 ± 0.75 1.72 ± 0.64 2.53 ± 0.99 1.46 ± 0.83 2.38 ± 1.18 2.05 ± 0.75 – –

 LAWT, mm 2.06 ± 0.36 2.04 ± 0.36 2.65 ± 0.47 2.23 ± 0.35 2.51 ± 0.57 2.32 ± 0.67 1.81 ± 0.47 2.05 ± 0.48 2.40 ± 0.64

PAF (n = 9)

 Bipolar Volt‑
age, mV

2.08 ± 0.69 1.79 ± 0.58 1.84 ± 0.69 2.73 ± 1.23 1.41 ± 0.72 2.46 ± 1.37 1.99 ± 0.70 – –

 LAWT, mm 2.21 ± 0.21 2.24 ± 0.18 2.88 ± 0.46 2.41 ± 0.21 2.74 ± 0.35 2.58 ± 0.53 2.09 ± 0.33 2.03 ± 0.31 2.62 ± 0.44
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measured by echocardiography to evaluate the potential 
for clinical applications. Finally, in a case of AF catheter 
ablation, the AMBER-LAWT map was displayed in real-
time during CPVI to test its applicability in radiofre-
quency energy titration.

Role of myocardial wall thickness in arrhythmogenesis
Various animal experiments have proven that myocar-
dium thickness affects electrical conduction and arrhyth-
mia generation [23, 24]. The association between risk 
of ventricular hypertrophy and sudden death has also 
been demonstrated in human hearts [25]. In particu-
lar, the mid-myocardial layer of the ventricle has a long 
refractory period, which causes dispersion of repolari-
zation [26]. In disease conditions, endo-epicardial dis-
sociation and transmural reentry play an important role 

in the initiation and maintenance of ventricular arrhyth-
mias, such as phase 2 reentry of Brugada syndrome, 
arrhythmogenic right ventricular cardiomyopathy, or 
non-ischemic VT.

The atrium has relatively thin myocardial WT com-
pared to the ventricle, so the role of atrial WT on the 
mechanism of arrhythmia was considered negligible. 
However, epicardial structures such as the ligament of 
Marshall were shown to play a significant role in AF gen-
eration with electrical dissociation to the endocardium 
[27]. Recently, activation differences between epicardial 
breakthrough and endocardial activation were reported 
in surgical mapping of AF patients with structural heart 
diseases [28]. Anatomic and functional transmural dis-
sociations of electrical activation and intramural reen-
try were demonstrated as a mechanism of AF by explant 

Table 2  (continued)
LA, left atrium; CT, computed tomography; LAWT, left atrial wall thickness; AF, atrial fibrillation; PeAF, persistent atrial fibrillation; PAF, paroxysmal atrial fibrillation

In the previous study, if the region was divided into sub-regions, a similar region was selected. The selected regions are as follows: (i) Left lateral ridge; (ii) Middle-
superior posterior; (iii) Middle floor; (iv) Mitral Isthmus; (v) Middle Posterior; (vi) Middle floor; (vii) Posterior right superior PV-LA junction; (viii) Anterior left superior; 
PV-LA junction; (ix) Right floor; (x) right low anterior PV antrum; (xi) Left low anterior PV antrum

Fig. 6  During the ablation procedure, LAWT was displayed on the CARTO system. The 3D LAWT map calculated with the AMBER software (bottom) 
was displayed on the CARTO system (top)
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heart optical mapping [29] and simultaneous endo- and 
epicardial high density mapping in the area of thick atrial 
WT [30]. However, since most atrial transmural map-
ping studies have been conducted in the appendage area, 
which has many trabeculations, it is unclear how much 
atrial WT affects the mechanism of AF. In this study, we 
developed and validated a software algorithm that recon-
structs atrial and ventricular WTs in three dimensions 
by reconstructing cardiac CT images. It is expected to 
be used in various ways in human arrhythmia research in 
the future.

Potential clinical usefulness of cardiac CT‑based WT map
The AMBER-WT map has the potential for various clini-
cally: a calculation of ventricular mass, surgical planning 
for myomectomy for obstructive cardiomyopathy, tar-
geting of papillary muscle VT, and 3D distance meas-
urement between epicardial mapping site and closest 
endocardial points at the LV summit. The development 
of various ablation technologies, including irrigated-tip 
catheters, has made effective ablation lesion formation 
possible. However, it is practically impossible to create 
transmural ablation lesions on thick ventricles during VT 
ablation procedures [31]. Epicardial mapping and abla-
tion techniques have been developed and used for this 
reason [32], but these techniques involve risks of damag-
ing coronary arteries or phrenic nerves, pericarditis, and 
bleeding. Ablation energy delivery is also less efficient in 
epicardial ablation than endocardial ablation [33]. Esti-
mation of the LVWT of epicardial target sites using a 3D 
thickness map aids in decision-making regarding epicar-
dial ablation or endocardial ablation.

WT maps are expected to be more useful during AF 
catheter ablation procedures. Recent new technologies, 
such as high power short duration ablation, contact force 
monitoring, ablation index, lesion index, and one-shot 
balloon PVI (cryoballoon and LASER balloon), have been 
applied in AF catheter ablation. Although these updated 
technologies may overcome operator-dependent vari-
ation, patient factors including local atrial WT are not 
considered during the procedure. Transmural ablation 
lesion formation plays a significant role in autonomic 
modulation as well as long-lasting permanent CPVI [34, 
35]. In contrast, excessively high dose energy delivery 
carries a potential risk of collateral damage or PV steno-
sis because the atrial wall is thin. Therefore, energy dos-
ing or titration according to LAWT may be used for more 
effective and safer AF ablation. In this study, we demon-
strated that real-time monitoring with a LAWT map and 
RF energy titration are possible during CPVI procedures. 
And clinical RCT for RF energy dosing based on LAWT 
map is expected to begin soon (UTMOST trial, clinical 
trials.gov NCT 03912324).

Study limitations
This study had several limitations. During CT segmen-
tation, WT measurements may be inaccurate in areas 
where cardiac structures are folded or contact extra-
cardiac tissue with similar or overlapping HU. Because 
the heart is a dynamic structure, local WT can change 
drastically with systolic and diastolic phases. Although 
WT was measured after ECG gating, there is a limita-
tion in standardizing WT in arrhythmia states. Hemo-
dynamic status or cardiac chamber pressure may affect 
WT, but the timing of CT imaging differs from that of 
echocardiography. The accuracy of WT measurements 
may deteriorate around regions where WT changes 
abruptly or around a prominently protruding structure.

Conclusion
We developed and verified an AMBER 3D-cardiac 
thickness map measured by cardiac CT images for 
LAWT and LVWT, and tested its feasibility for RF 
energy titration during clinical catheter ablation.
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