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Abstract: (1) Background: The modified anterior line (MAL) has been described as an alternative to
the mitral isthmus line. Despite better ablation results, achieving a bidirectional line block can be
challenging. We aimed to investigate the ablation parameters that determine a persistent scar on
late-gadolinium enhancement magnet resonance imaging (LGE-MRI) as a surrogate parameter for
successful ablation 3 months after MAL ablation. (2) Methods: Twenty-four consecutive patients
who underwent a MAL ablation have been included. The indication for MAL was perimitral flutter
(n = 5) or substrate ablation in the diffuse anterior left atrial (LA) low-voltage area in persistent atrial
fibrillation (AF) (n = 19). The MAL was divided into three segments: segment 1 (S1) from mitral
annulus to height of lower region of left atrial appendage (LAA) antrum; segment 2 (S2) height of
lower region of LAA antrum to end of upper LAA antrum; segment 3 (S3) from end of upper LAA
antrum to left superior pulmonary vein. Ablation was performed using a contact force irrigated
catheter with a power of 40 Watt and guided by automated lesion tagging and the Ablation Index (AI).
The AI target was left to the operator’s choice. An inter-lesion distance of ≤6 mm was recommended.
The bidirectional block was systematically evaluated using stimulation maneuvers at the end of
procedure. All patients underwent LGE-MRI imaging at 3 months, regardless of symptoms, to
identify myocardial lesions (scars). (3) Results: Bidirectional MAL block was achieved in all patients.
LGE-MRI imaging revealed scarring in 45 of 72 (63%) segments. In all three segments of MAL,
ablation time and AI were significantly higher in scarred areas compared with non-scar areas. The
mean AI value to detect a durable scar was 514.2 in S1, 486.7 in S2 and 485.9 in S3. The mean ablation
time to detect a scar was 20.4 s in S1, 22.1 s in S2 and 20.2 s in S3. Mean contact force and impedance
drop were not significantly different between scar and non-scar areas. (4) Conclusions: Targeting
optimal AI values is crucial to determine persistent left atrial scars on an LGE-MRI scan 3 months
after ablation. AI guided linear left atrial ablation seems to be effective in producing durable lesions.

Keywords: cardiac arrhythmias; atrial fibrillation; catheter ablation

1. Introduction

Perimitral flutter is a common macro-re-entrant arrhythmia during and after left
atrial ablation procedures in patients with atrial fibrillation (AF) [1,2]. In addition, a linear
ablation approach has been proposed for substrate modification in patients with diffuse low-
voltage-areas [3]. The modified anterior line (MAL), deployed between the anterolateral
mitral annulus (MA) and the left superior pulmonary vein (LSPV), has been described as an
alternative to the lateral mitral isthmus line [4]. Radiofrequency (RF) is the dominant energy
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source used for catheter ablation outside the pulmonary veins (PV) [5]. Several factors
determine the size and depth of RF lesions: power, impedance, temperature, duration and
contact force (CF) [6,7]. Ablation parameters such as CF, ablation time, catheter stability and
impedance drop can be monitored simultaneously by electroanatomical mapping systems.
The Ablation Index (AI) (CARTO 3® V6, Biosense Webster, Inc., Diamond Bar, CA, USA)
incorporates CF, time and power in a weighted formula, and has been introduced as a
marker for ablation lesion quality.

Late gadolinium enhancement magnetic resonance imaging (LGE-MRI) has become
increasingly evident in cardiac electrophysiology and can play a role in identifying abla-
tion lesions and localizing ablation [8–10]. A previous study has reported ablation time
and Force-Time Integral (FTI) values as important parameters for the determination of
permanent atrial scarring in LGE-MRI [11]. However, as FTI is limited by the exclusion of
power delivery, AI seems to be a more accurate parameter for predicting ablation lesion.
The aim of this study was to identify the optimal ablation parameters that result in durable
left atrial scarring during LGE-MRI after deploying a MAL.

2. Methods
2.1. Patient Population

This observational study comprised 24 consecutive patients who underwent RF
catheter ablation from March 2018 to September 2019. Patients were included if a MAL was
deployed during the procedure. The indication for a MAL was perimitral flutter in 5 cases
and substrate ablation for diffuse anterior low-voltage areas in persistent atrial fibrillation
in 19 patients. Baseline characteristics are shown in Table 1.

Table 1. Baseline characteristics. (Plus-minus values are means ± SD; LA, left atrium; LVEF, left.
ventricular ejection fraction).

Patient Characteristics (n = 24)

Age, years 72 ± 9.3

Male, % 45.8

CHA2DSVASc Score 3.1 ± 1.1

Body mass index, kg/m2 30.5 ± 5.9

LA-diameter, mm 51.9 ± 7.2

LVEF, % 57.1 ± 12.4

Time of LGE-CMR after ablation, days 97.5 ± 14.6

2.2. Ablation Procedure

All patients signed a written informed consent form. A transoesophageal echocar-
diography was performed before the procedure to rule out left atrial thrombus formation.
The procedure was carried out in a fasting state under analgo-sedation (fentanyl sodium
and propofol), and heparin was injected to maintain an activated clotting time of >300 s.
Ablation was supported by the CARTO3® V6 system. First, the left and right pulmonary
veins (PV) were isolated. After, a MAL was deployed as previously described (4). The
anterolateral mitral annulus and the ostium of the left superior PV were then connected
(Figure 1).
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Figure 1. Three segments of a MAL. Voltage map of the left atrium. Violet areas reflect normal
voltage (>0.5 mV), red areas a voltage <0.1 mV. VisiTags colour-coded by AI value. S1, segment 1;
S2, segment 2; S3 segment 3.

Irrigated RF energy was delivered using the CF-sensing THERMOCOOL SMARTTOUCH®

SF catheter with a default power setting of 40 W and an irrigation of 17 mL/min. The
ablation catheter was introduced in a steerable sheath (Agilis®, Abbott). The line was
performed with counter clock rotation and progressive release of the sheath curve. Ablation
lesions were deployed in a point-by-point setting guided by AI. The operator designated
the AI target. Automated lesion tagging (CARTO VISITAG Module™, Biosense Webster,
Inc., Diamond Bar, CA, USA) was used to mark the location of each lesion. The AI threshold
for VisiTags to turn red was 500. An inter-lesion distance of ≤6 mm was recommended.
The following VisiTag settings were used: catheter position stability: minimum time 3 s,
maximum range 2.5 mm; force over time: time 25%, minimum force 3 g; lesion tag size:
2 mm. It was left to the operator to stop an ablation or not; however, most ablations were
continued until local EGM elimination.

Bidirectional block was confirmed in sinus rhythm using the aforementioned differen-
tial pacing technique (2). For a short time the ablation catheter was placed septally to the
line and, during left atrial appendage (LAA) pacing with a circular mapping catheter, the
activation sequence on the anterior and septal left atrial (LA) wall was assessed. In the case
of a complete block, activation was expected to be septal to lateral. In contrast, a complete
block was assumed when, pacing directly and septally to the MAL, the LAA activation
occurred later than distal CS activation. If the interval to LAA activation was longer, pacing
was performed close to the line. Further evidence of blockages to the line was provided by
the presence of double potentials along the MAL during pacing from the LAA.

2.3. Late Gadolinium Enhancement Magnetic Resonance Imaging

LGE-MRI was performed during a routine clinical procedure for all patients 3 months
after the ablation. LGE-MRI exams were performed on a 3 T Verio clinical MRI (Siemens
Medical Solutions, Erlangen, Germany) using a TIM phased-array receiver coil. The
scan was acquired in 15 min following contrast agent injection (0.1 mmol/kg, Dotarem
(Guerbet)) using a three-dimensional inversion recovery, respiration navigated, electro-
cardiogram (ECG)-gated, gradient echo pulse sequence. Typical acquisition parameters
were: free-breathing using navigator gating, a transverse imaging volume with voxel
size = 1.25 × 1.25 × 2.5 mm (reconstructed to 0.625 × 0.625 × 1.25 mm), Repetition time
(TR)/Echo time (TE) = 5.4/2.3 ms, inversion time (TI) = 270−310 ms. GRAPPA Gen-
eRalized Autocalibrating Partial Parallel Acquisition) had R = 2 and 46 reference lines.
Electrocardiogram gating was used to acquire a small subset of phase encoding views
during the diastolic phase of the left atrium (LA) cardiac cycle. The time interval between
the R-peak of the ECG and the start of data acquisition was defined using the cine images
of the LA. Fat saturation was used to suppress fat signals. The TE of the scan (2.3 ms) was
chosen such that fat and water were out of phase and the signal intensity of partial volume
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fat-tissue voxels reduced, allowing improved delineation of the LA wall boundary. The TI
value for the LGE-MRI scan was identified using a scout scan. Typical scan time for the
LGE-MRI study was 5–10 min depending on subject respiration and heart rate.

To assess the severity of LA late-gadolinium enhancement, post-processing of the
LGE-MRI was performed at Merisight Services’ core image-processing center (Merisight,
Salt Lake City, UT, USA). The calculation of LA LGE was obtained using LA segmentation
and quantification protocols using high-resolution ECG-gated MRA and LGE image stacks,
as described previously [12]. In brief, LA wall volumes were carefully obtained through
semi-automated and manual segmentation protocols using the subtraction of epicardial and
endocardial segmentation, and tailored to exclude the mitral valve and pulmonary veins.
The final LA segmentation included the 3D extent of both the LA wall and the pulmonary
vein antra. Severity of LA LGE was quantified using a threshold-based algorithm. The
number of voxels in the LA wall segmentation with values above the intensity threshold
were divided by the total number of voxels in the LA wall segmentation to derive the
percentage of LA LGE. LA LGE was categorized based on stages of severity, as described
previously.

2.4. Analysis of Scar

The MAL was divided into three segments: segment 1 (S1) from mitral annulus to
height of lower begin of left atrial appendage (LAA) antrum; segment 2 (S2) height of lower
begin of LAA antrum to end of upper LAA antrum; segment 3 (S3) from end of upper LAA
antrum to left superior pulmonary vein (Figure 1). The patients were divided into two
groups depending on whether or not scar tissue was detectable using LGE-MRI.

2.5. Statistical Analysis

All statistical analyses were performed using SPSS (version 23, IBM Corp. Armonk,
NY, USA). Continuous variables were presented as median (first quartile to third quartile)
and compared using the Mann-Whitney U test. Receiver-operator characteristic (ROC)
curves were calculated for setting 1 to set the best threshold and dichotomize the ablation
time and the ablation index as a predictor of permanent scar lesion. The area under the
curve (AUC) was calculated afterward. A p-value of <0.05 was considered statistically
significant.

3. Results
3.1. Acute Results

The MAL was deployed effectively in all patients. The mean AI and CF was 453.9 ± 70.9
and 17.1 ± 5.1 g, respectively. The total number of VisiTag tags was 859 (260 in S1, 277 in
S2 and 322 in S3 of MAL), with a mean of 35.8 ± 18.9 per patient for MAL.

In four out of five patients with perimitral flutter, the tachycardia terminated during
ablation. In one patient a cardioversion was performed and ablation was continued in
sinus rhythm until line of block was confirmed. All patients with persistent AF had a
cardioversion. At the end of the procedure, a bidirectional block could be confirmed in all
patients. No complications occurred.

3.2. LGE-MRI Results

Three months after ablation, LGE-MRI detected durable scars in 45 of 72 segments
(Figure 2).
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Figure 2. Three-dimensional model of the left atrium. Blue reflects healthy LA tissue, whereas scar
areas are shown in red (Merisight TM).

The mean AI to create a permanent scar detected using LGE-MRI was 514.2 (471.1–605.6)
for S1, 486.7 (446.1–603.7) S2 and 485.9 (396.1–563.7) S3 (Figure 3).
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Figure 3. Median AI values for each of the 3 MAL segments for detecting a scar.

The ablation time per VisiTag and AI values were significantly higher when a scar
was detected. There was no significant difference in mean CF, which was approximately
17 g in both non-scar and scar groups. Impedance drop was similar between both groups.
These results were reproducible when considering each segment of the MAL (Table 2). The
boxplots of AI values for total MAL and each segment are depicted in Figure 4.

Table 2. Ablation parameters compared non-scar vs. scar (continuous variables presented as median
(first to third quartile) and compared using Mann-Whitney U Test).

Non-Scar Scar p Value

Total MAL

N 295 564

AI 413.19 (326.84–446.97) 502.1 (450.2–583.4) <0.0001

Impedance drop, ohms 4.8 (3.4–6.3) 5.6 (3.8–6.8) 0.118

Force, g 17.9 (11.9–19.9) 17.1 (13.9–19.3) 0.986

Time, s 15.5 (12.2–18.8) 19.5 (16.6–26.3) <0.0001
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Table 2. Cont.

Non-Scar Scar p Value

S1

N 88 172

AI 432.1 (395.3–474.8) 514.2 (471.1–605.6) 0.001

Impedance drop, ohms 4.5 (3.1–6.6) 5.7 (3.7–6.7) 0.391

Force, g 18.5 (14.8–26.9) 17.6 (13.7–21.2) 0.668

Time, s 15.8 (13.2–17.5) 20.4 (17.8–23.9) 0.012

S2

N 92 185

AI 422.4 (352.1–481.6) 486.7 (446.1–603.7) 0.020

Impedance drop, ohms 5.2 (4.0–6.9) 5.6 (4.0–6.5) 1.000

Force, g 18.1 (15.1–19.4) 15.6 (13.8–19.6) 0.519

Time, s 15.4 (12.1–19.1) 22.1 (17.8–28.7) 0.018

S3

N 115 207

AI 336.8 (272.2–402.5) 485.9 (396.1–563.7) 0.006

Impedance drop, ohms 3.9 (3.2–5.7) 6.1 (4.5–8.9) 0.089

Force, g 13.8 (9.6–19.4) 16.8 (14.1–18.1) 0.482

Time, s 13.9 (9.1–19.1) 20.2 (14.6–27.7) 0.026

AI, ablation index; MAL, modified anterior line; N, number of ablation tags; S, segment of MAL).
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Figure 5. Receiver-operating curves (ROC) for ablation index, ablation time and contact force. AI had
the highest accuracy to predict scar (AUC 0.816; p < 0.001) with a cut-off value of 421 (sensitivity 0.87;
specificity 0.63). Additionally, ablation time showed a high accuracy for predicting scar (AUC 0.784;
p < 0.001). The point on the ROC curve associated with the greatest discriminatory potential was
14.7 s (sensitivity 0.867; specificity 0.44). CF did not predict scarring, with an AUC of 0.501.
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4. Discussion
4.1. Main Findings

The main findings of this study are (1) that AI and ablation time were significant
discriminators between the emergence and non-emergence of a chronic ablation (the mean
CF did not seem to play a significant role) and (2) ROC curves showed that AI and ablation
time had a high accuracy in predicting a chronic scar.

RF is effective for PVI. Recent advances in technology, in particular development
of ablation index, have shown improvement of ablation outcome [13,14]. Nevertheless,
arrhythmia recurrences after catheter ablation are still a clinical reality. Individualized
ablation concepts integrating relevant parameters such as the wall thickness could help
create durable scar lesions and predict favorable long-term outcomes [15]. As the LA wall
has a variable thickness, a general stringent setting would result in over- or undertherapy,
leading to a higher risk of complications or ineffective ablation [16,17].

In our study, we retrospectively attempted to find the ablation settings which predict a
durable scar on MAL. We found no significant difference between the mean CF in scar and
non-scar areas. It was of note that ablation lesions with a CF of less than 3 g were not tagged.
Previous studies reported that CF could be well-used to mark good catheter tissue contact in
atrial ablation. Importantly, in post-ablation LGE-MRI, there was no difference in ablation
lesion size whether the force was 8 or 23 g [18,19]. It could also be shown that lesions could
be created, even with minimal force, as long as there is good contact [20]. Accordingly,
in our study the CF magnitude appeared not to play a main role in predicting a chronic
scar provided good contact was established. Incidentally, we regularly used a steerable
sheath, enabling better and more continuous tissue contact than with a non-steerable one.
This might have precluded measuring the impact of contact force. However, these clinical
data are not in line with in vitro studies, showing a strong correlation of contact force and
lesion size [17,21]. This could be explained by limited resolution of LGE-MRI or by other
factors influencing ablation lesion and reducing accuracy of force measurements, such as
catheter orientation and electrode coverage [22]. Of note, impedance decrease during RF
application, which is known as a reliable parameter of lesion formation [14,23], was not
an independent predictor of chronic scarring in our study. Thus, we could show that only
ablation time and, as a result, the AI were the most relevant parameters in predicting a
durable scar. This finding could easily be translated to clinical practice.

Importantly, our results could only be assigned to a conventional low-power (30–40 W),
long duration (20–30 s.) approach. Recently, high-power, short-duration (HPSD) ablation
for AF treatment emerged as an alternative. The potential advantages of HPSD ablation
include less tissue oedema and collateral tissue damage, a reduction in procedural time
and improved lesion-to-lesion uniformity, linear contiguity and transmurality [24–26]). At
present, there is no consensus in definition for what constitutes HPSD ablation, which
varied from 50 to 90 W. This variation is also reflected in lesion geometry [27]. Even if
the focus of the recent study from Zanchi et al. centred on acute ablation success, and
the difference of the power setting was lower compared with our study, they could still
show that AI-guided high-power (50 W) ablation, targeting AI 500, seems to be a feasible
technique with high first pass block rate for anterior line ablation [28]. However, AI is
not validated for HPSD and more clinical data are required for line ablation with HPSD,
especially with regard to long-term results.

In our study, we used the LGE-MRI to assess lesion formation. This technique was
recently introduced as a non-invasive method to visualize the effects of the ablation pro-
cedure [12]. Badger et al. demonstrated that LGE-MRI can accurately define scar lesions
after AF ablation. [29]. In this earlier study, all patients demonstrated similar distribution
in the extent and location of low voltage tissue on electroanatomical maps and scar tissue
on LGE-MRI. Recent studies show that the formation of novel fibrosis post-ablation and
subsequent LGE-MRI could provide accurate guidance for redo-procedures and might act
as a marker for long-term outcomes [30,31]. Nonetheless, larger studies would have to
evaluate the predicted value and the clinical impact of detecting scar tissue using LGE-MRI.
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4.2. Limitation

First, this study was a single center study including a relatively small group of patients.
However, almost 900 ablation tags were assessed, which allowed us to perform a robust
statistical analysis. Second, important parameters influencing ablation lesion, such as
wall thickness along the line, could not be measured. Third, we did not perform an
electrophysiological study in all patients to provide a correlation between scar and line
of block. Finally, LGE-MRI has a number of imitating factors that can affect imaging
quality and its significance. However, using standardized protocols, several authors could
reproduce similar results after PVI, showing a correlation between post ablation scar tissue
detected by LGE-MRI and low voltage areas in anatomical mapping [29,30]. Our study is
the first evaluating this technique in left atrial linear lesions.

5. Conclusions

Targeting optimal AI values is crucial in determining left atrial scar tissue using LGE-
MRI 3 months after ablation. AI-guided linear left atrial ablation seems to be effective at
producing durable lesions.
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