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Introduction
Pulmonary vein isolation (PVI) is the foundation of atrial 

fibrillation (AF) ablation. This procedure is frequently performed 
using radiofrequency (RF) energy, delivered through the tip of a 
special catheter. Using a point-by-point approach, small lesions are 
delivered around the pulmonary vein (PV) ostia. The aim is to achieve 
transmural, durable and continuous lesion sets: this improves outcomes 
1. Conversely, the presence and size of gaps in the lesion sets (conduction 
gaps) is highly predictive of long term recurrences 2.

Experimental data suggests that the size of the RF lesion is 
dependent on several parameters, including: RF delivery time, 
catheter contact force (CF), power delivered, and tissue impedance. 

Unfortunately, monitoring these simple parameters has limited 
accuracy in predicting lesion quality and achieving durable lesion. 
As a result, two manufacturers (Biosense Webster and Abbott) have 
developed integrated ablation parameters: 1. the Ablation Index (AI) 
(Biosense Webster), which incorporates CF, time and RF power; and 
2. The Lesion-Size Index (LSI) (Abbott), which incorporates CF, time, 
impedance, and RF power. There are important difference between 
the two manufacturers both in terms of catheter technology (Smart 
Touch vs Tacticath, respectively), data collection and computational 
formulae (reviewed in 3) so results published for one technology are 
not transferable to the other. An additional parameter common to both 
manufacturers is the Force-Time Integral (FTI).

For the Tacticath catheter, experimental studies have shown that 
LSI has better predictive value compared with FTI in assessing lesion 
quality 4, while clinical studies suggested that LSI correlates better than 
FTI with acute PVI and absence of conduction gaps 5. However, data 
on target LSI values is limited. Retrospective data from TOCCASTAR 
study and 2 other small non-randomised studies suggested that average 
LSI values >5 (in combination with FTI >400gs and CF >20g) 6, 
LSI >5.3 regardless of location 7, or empirical differential target LSI 
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Abstract
Background: Lesion-size index (LSI) is a new ablation parameter used to guide pulmonary vein (PV) isolation procedures. This retrospective, 

observational study aims to define threshold values of LSI able to predict persistent long-term scarring at PV antral regions. 

Methods: We analysed ablation data in 120 PV segments from 11 patients who had 2 consecutive ablation procedures performed using 
the same 3D mapping system. In the first procedure, we measured average contact force (CF), radiofrequency (RF) power, impedance drop 
during RF, and LSI, at left and right antral PV anterior/roof and posterior/inferior segments, respectively. In the redo procedures, we identified 
presence and location of gaps in the ablation line using strict voltage criteria. 

Results: LSI was the only predictor of absence of gaps after ablation, while CF, RF power and impedance drop were not. An average LSI 
of ≥5.3 for left PV anterior/roof segments had >90% specificity in predicting absence of gaps for left PV segments; while an LSI of ≥4.2 for 
posterior/inferior segments had >80% specificity in predicting absence of gaps for both left and right segments. An optimal cutoff value 
for right anterior/roof segments was not found in this small study cohort. In all segments, an LSI ≤3 predicted gaps with a 100% accuracy.

Conclusions: LSI predicts durable scarring and absence of conduction gaps after PV isolation procedures. Target LSI should be ≥5.3 on left 
anterior/roof PV antral segments, and ≥4.2 for left and right posterior/inferior PV antral segments, while average LSI ≤3 should be avoided. 
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Figure 1: Case example of first and redo procedure

A modified posterior view of the reconstructed three dimensional left atrium geometry and bipolar voltage map is displayed. 
Upper panel – ablation lesion sets around the pulmonary vein ostia are displayed (blue and grey spheres – the colour of the sphere represents the average LSI for that lesion set). Yellow dots mark the 
pulmonary vein antral segments. The black line marks the ablation line.
Lower panel – The bipolar voltage map during the redo procedure allows identification of scar and conduction gaps in the ablation line. Dense scar is identified as grey areas in the voltage map showing 
a bipolar voltage of ≤0.2mV and absence of near-field atrial signals (white-border insets), while conduction gaps are identified as areas showing lack of one of the previous 2 characteristics (red-border 
insets). Green dots mark the pulmonary vein antral segments. The black line marks the ablation line from the index procedure. There is an additional roof scar secondary to a roof ablation line performed 
during the first procedure (lesions not shown) which was not considered for this analysis. 

Note: LAA, left atrial appendage; LSPV, left superior pulmonary vein; LIPV, left inferior pulmonary vein; RSPV, right superior pulmonary vein; RIPV, right inferior pulmonary vein; The displayed pulmonary 
vein antral segments are posterior-superior (PS), posterior-medial (PM), and posterior-inferior (PI) for both left and right pulmonary veins and the roof segment for right pulmonary vein.
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values of 5.5 to 6 on anterior wall and 5 to 5.5 on posterior wall 8 may 
improve 1 year AF-free survival post ablation compared with non-
LSI guided ablation protocols. However, these studies did not provide 
data on long-term lesion quality, nor did they assess the relationship 
between LSI values and lesion quality at different PV antral regions. 
This maybe important, as tissue thickness and ease of RF ablation varies 
according to position around PV ostia, with conduction gaps occurring 
predominantly at specific sites 9. Thus, identification of targeted ablation 
parameters (FTI, LSI) according to PV antral regions maybe needed, 
but this has not yet been performed 10. 

This retrospective, observational study aims to define the threshold of 
FTI and LSI able to predict persistent long-term scarring and absence 
of conduction gaps at predefined PV antral regions. 

Methods
 

We retrospectively analysed all patients (n = 12) who have had 2 
consecutive ablation procedures using NavX Precision System (Abbott) 
in our Centre, between January 2018 and March 2021. One patient 
was excluded due to incomplete mapping around the PV ostia. Thus, 
the study population consisted of 11 patients. 

The study was developed as a Service Improvement Project, was 
reviewed by the Joint Study Review Committee at Swansea Bay 
University Health Board, and complies with the Swansea Bay 
University Health Board Information Governance policies.

Ablation procedure
Three operators were involved in performing all procedures. In 9/11 

cases (82%), the same operator performed both the first and the redo 
procedure. AF ablation procedures were performed following current 
guidelines (11). The procedure was performed through right femoral 
vein access. A deflectable decapolar diagnostic catheter was positioned 
into the coronary sinus in a stable position. This catheter was used as 
a geometric reference for the NavX Precision system. Next, an SL0 
sheath and a deflectable Agillis sheath were positioned into the left 
atrium (LA) after transeptal puncture and systemic anticoagulation 
with Heparin. 

The 3D LA geometry was then reconstructed using a circular 
duodecapolar electrophysiology catheter (Inquiry™ AFocus II™; or 
Advisor VL; Abbott, MN, USA) which was advanced and rotated into 
all PVs and through the entire LA cavity. Great care was taken to define 
the geometry of the PV ostia and “Coumadin” ridge. In first procedures, 
LA voltage data was collected together with the geometrical data to 
assess electrical substrate alterations, if the patient was in sinus rhythm. 
In redo procedures, LA voltage data was collected regardless of the 
rhythm to assess potential sites of PV reconnections (i.e. conduction 
gaps in the previous ablation lines).

Next, ablation was performed using Tacticath Quartz or Tacticath 
SE irrigated ablation catheter with the following targets: RF energy 
on anterior wall and roof – 30-40W; RF energy on posterior wall and 
inferior segments – 25-30W; RF duration - 30sec / point; CF - 10-20g; 
impedance drop - 10-15 ohms. The aim was to deliver closely spaced 
lesions sets, without visible gaps between lesions, around the PV ostia 

(in the PV antrum) until complete, bidirectional PVI was achieved, 
and the local LA electrogram along the ablation line disappeared. 
Adenosine was not routinely given.

The 3D geometry, electroanatomical maps and lesions set parameters 
used in our Centre were as follows: interpolation 7mm, lesion diameter 
4mm, automated real-time lesion tagging (AutoMark) with fixed 
settings: minimum AutoMark time: 3 sec, AutoMark spacing (minimal 
distance between the centre of 2 tagged lesions): 3 mm, “away-time” 
(time required for the position of the catheter to change before a new 
lesion is tagged): 8 sec. 

AF ablation measurements
Eight segments of the PV ostia were defined for each PV pair (left, 

and right, respectively), as previously described 12, regardless of whether 
the ipsilateral PVs had separate ostia or jointed into a common trunk. 
These 8 segments were: superior, inferior, anterior, posterior, anterior-
superior, anterior-inferior, posterior-superior, and posterior-inferior. 
The carina was excluded from the analysis. Particular care was taken to 
ensure that segment assignment was similar in both procedures, using 
the following steps: 1. the roof segments were identified and tagged 
from a strict cranial view; 2. the inferior segments were identified and 
tagged from a strict caudal view; 3. Posterior segments were identified 
and tagged by dividing the line uniting the posterior border of the 
roof and inferior segments, respectively, into 3 equal parts; 4. Anterior 
segments were identified and tagged by dividing the line uniting the 

Table 1: Patients’ characteristics

Gender (men); n (%) 8 (73%)

Age (years); mean (SD) 57.7 (10.0)

Body mass index; mean (SD) 27.2 (5.9)

Echocardiography data; mean (SD)

LVEF (%) 48.9% (9.4%)

LA diameter (cm) 4.0 (0.6)

LA Volume (ml) 76 (40)

Time between ablations (months); mean (SD) 9.6 (5.8)

Prior medical history; n (%)

Diabetes 1 (9%)

Hypertension 2 (18%)

TIA / Stroke 2 (18%)

Heart failure 5 (46%)

Type of arrhythmia; n (%)

Paroxysmal AF 3 (27%)

Persistent AF 6 (55%)

Atrial tachycardia 2 (18%)

Medication; n (%)

Betablocker 4 (36%)

Sotalol 3 (36%)

Flecanide 2 (18%)

Amiodarone 1 (9%)

New oral anticoagulants 8 (73%)

SD, standard deviation; LVEF, let ventricular ejection fraction; LA, left atrium, AF, atrial fibrillation.
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anterior border of the roof and inferior segments, respectively, into 3 
equal parts (Figure 1). 

In first procedures, for each PV antral segment, we only considered 
the ablation lesions that are located within 6mm either side of the 
theoretical ablation line drawn around the PV antrum by the operator. 
In each segment, we collected data on:

Table 2: Procedural data

First procedure Redo procedure P value

General anaesthesia, n (%) 1 (9%) 5 (45%) 0.15

Procedural time (min); mean (SD) 187 (56) 248 (163) 0.26

Xray time (min); mean (SD) 22.8 (10.8) 33.4 (15.7) 0.10

Number of points used for voltage map; 
mean (SD)

3039 (1210) 2787 (980) 0.60

SD, standard deviation

- segment length along the ablation line;
- number of lesions;
- total and maximal inter-lesion distance (ILD) (measured from 

edge-to-edge, in mm);
- average CF (g);
- average RF power (W);
- average impedance drop during RF (ohms);
- average and minimum FTI (g*s);
- average and minimum LSI; 
In redo procedures, conduction gaps were defined as discontinuation 

in the presence of dense scar tissue along the ablation line, indicated by 
color coding of the LA voltage map at the PV ostia and confirmed by 
manually checking each 3D surface point containing geometrical and 
voltage data (Figure 1). Conduction gaps were additionally confirmed 
by ablation resulting in PVI, where feasible. Exit and entrance block 
were checked in all PVs at the end of procedure. We defined dense 
scarred tissue (i.e. adequate ablation lesion) as PV antral areas fulfilling 

Figure 2: Receiver-operating characteristic (ROC) of lesion-size index (LSI) values able to discriminate between presence and absence of 
conduction gaps in the ablation line after pulmonary vein ablation.

PV, pulmonary vein; Ss, sensitivity; Sp, specificity; AUC, area under the curve; CI, confidence interval; LSI, lesion size index. 
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to sinus rhythm). Mapping during redo procedure was performed in 
sinus rhythm in 5 patients, in atrial fibrillation in 4 patients, and in 
atrial tachycardia in 2 patients. 

During first procedure RF power, LSI, and minimum LSI were 
significantly higher in segments without conduction gaps compared 
with segments with conduction gaps as documented during the redo 
procedure, while all other ablation parameters were not different (Table 
3). The weakest link in the ablation line (total and maximal ILD) did 
not predict the presence of post-ablation conduction gaps (Table 3). 
Left posterior/inferior segments were smaller in length compared 
with other regions resulting in fewer ablation lesions in these segments 
(Table 4). Interestingly, LSI at right anterior/roof regions was higher 
compared with the other segments (Table 4). 

LSI tended to correlate better than RF power with scar length after 
ablation (LSI: r = 0.40; p <0.001; RF power: r = 0.25; p = 0.012; Fischer 
R-to-Z transform p = 0.13). All other ablation parameters did not 
correlate with scar length after ablation. 

LSI during first procedure was the only predictor of absence of 
conduction gaps after ablation. Best LSI cutoff values for predicting 
absence of conduction gaps were similar in right and left PV segments 
(Figure 2). However, for left PVs, LSI cut-off values were higher for 
anterior/roof segments compared with posterior/inferior segments 
(Figure 2). A cutoff value for right anterior/roof segments was not 
found in this small study cohort. In all segments, conduction gaps 
were always present if the average LSI was ≤3. For clinical application, 
an average LSI of ≥5.3 for left PV anterior/roof segments had >90% 
specificity in predicting absence of conduction gaps for left PV 
segments; while an LSI of ≥4.2 for posterior/inferior segments had 
>80% specificity in predicting absence of conduction gaps for both left 
and right segments (Figure 2).

Discussion
Our data suggest that LSI may be the best predictor of durable 

scarring and absence of conduction gaps after PVI, while other 
ablation parameters (CF, RF power, impedance drop, FTI, minimum 
FTI), and total and maximal gap between ablation lesions did not 
accurately predict conduction gaps. A threshold average LSI ≥5.3for  
left anterior/roof PV antral ablation, and LSI ≥4.2 for left and right 
posterior/inferior PV antral ablation may have high specificity (>80%)
in achieving durable lesion sets, while average LSI ≤3 does not provide 
an effective, durable lesion and should not be accepted. 

The role of AI in predicting PVI has been evaluated using the Smart 
Touch ablation catheter, but most studies have assessed whether AI can 
predict acute PVI. Yazaki et al. 17 found that min AI was significantly 
lower in segments with reconnections than in those without. Mulder 
et al 18found that acutely reconnected PV segments had greater local 
atrial wall thickness (as assessed by cardiac CT), both in anterior/roof 
and posterior/inferior segments, but ablation parameters (minimum 
and average AI, FTI, CF, ablation duration, power, and impedance 
drop) were not associated with acute reconnection at any site. However, 
minimum AI adjusted to local wall thickness was able to predict acutely 
reconnected segments (AUC = 0.78; p < 0.01). 

both of the following criteria:
- a bipolar voltage of ≤0.2mV in SR or AF13-16. This strict cut-off 

value avoids underestimating gap length; and
- absence of near-field / local electrogram.
For each PV segment, we measured:
- dense scar length (in mm) along the ablation line;
- Scar ratio (Gap%) as dense scar length divided by segment length.

Statistical analysis
Statistical analysis was performed with SPSS software (version 20, 

Chicago, Illinois). Categorical variables are reported as counts and 
percentages. Continuous variables are reported as mean ± standard 
deviation. The independent-samples T test was used to compare 
continuous variables. Receiver-operating curve (ROC) analysis was 
used to determine cut-off values and their sensitivity and specificity to 
predict absence of gaps. A two-tailed p value ≤0.05 was considered to 
indicate statistical significance.

Results
Baseline characteristics of the study group are displayed in Table 1. 

Procedural data is shown in Table 2. 

In the 11 included patients, RF lesions were applied in 123 out of 176 
total segments (70%). The reason for lack of RF application in the other 
segments included 2 patients with poor tolerance during conscious 
sedation, and another patient with micro reentrant atrial tachycardia 
confined to the Coumadin ridge following a previous PVI ablation 
performed in another Centre: this was treated with RF ablation 
confined only to the left anterior-superior and anterior segments. Of 
the 123 segments with RF data, 3 were further excluded due to poor 
voltage data density, restricting the final analysis to 120 segments (69 
left PVs segments, and 51 right PVs segments, respectively). During the 
first procedure, ablation was performed in sinus rhythm in 5 patients, 
in AF in 4 patients (all requiring electrical cardioversion at the end of 
procedure), and in atrial tachycardia in 2 patients (successfully ablated 

Table 3: Ablation parameters in relation to presence of conduction gaps

Gaps absent Gaps present P value

Ablation parameters during first procedure

Contact Force (g); mean (SD) 12.8 (6.2) 11.6 (5.9) 0.36

Impedance drop (ohms); mean (SD) 13.9 (4.0) 13.7 (4.5) 0.75

Power (Watts); mean (SD) 31.5 (5.0) 26.7 (7.3) <0.001

FTI (g*s); mean (SD) 158 (80) 142 (95) 0.37

Minimum FTI (g*s); mean (SD) 83 (70) 142 (95) 0.91

LSI; mean (SD) 4.5 (0.7) 3.9 (1.0) <0.001

Minimum LSI; mean (SD) 3.8 (0.8) 3.4 (1.1) 0.044

Segment length (mm)†; mean (SD) 16.1 (4.8) 15.4 (4.3) 0.36

Number of lesions / segment†; mean (SD) 4.3 (4.1) 3.9 (3.3) 0.55

Total ILD (mm); mean (SD) 5.6 (4.3) 5.0 (3.6) 0.47

Maximal ILD (mm); mean (SD) 3.9 (3.1) 3.4 (2.8) 0.45

Scar and conduction gap assessment during 
redo procedure

Segmental postablation scar length (mm) †; 
mean (SD)

15.8 (4.6) 5.7 (4.7) <0.001

SD, standard deviation; FTI, force-time integral; LSI, lesion size index; ILD, inter-lesion distance. 
†segments are defined according to the 8 segment/PV antral region model (see Methods)
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absence of conduction gaps, while LSI seems to be the best tool to guide 
ablation acutely in order to achieve durable PVI. Our data provides 
insight on why previously suggested cut-off values of LSI of 5 – 5.3 
resulted in better long-term outcome, but we also suggest that these 
cut-offs can be adjusted according to the ablated segments (cut-off 5.3 
for anterior/roof segments and 4.2 for posterior/inferior segments). 
We also found that an average LSI ≤3 was always associated with 
conduction gaps, and should be avoided. 

Overall however, LSI performs only moderately well in achieving 
this aim, and poorly at right PV anterior/roof segments. This can 
be explained by: 1. Geometrical and stability assumptions made by 
the mapping system which may not accurately take into account the 
movement of the heart wall in relation to the ablation points throughout 
energy delivery time; 2. Inaccuracies in chamber reconstruction and 
small shift of reference points during ablation; 3. Variable baseline 
tissue electrical impedance along PV segments. Indeed, lesion size 
is dependent on current delivery at a particular impedance, so that 
similar RF power delivery generates different lesions depending on the 
baseline tissue impedance 20. In this study we did not assess whether 
there are potential differences in baseline tissue impedance between 
PV segments, but this is a question which could be addressed in future 
studies. It is worth mentioning however, that the LSI formula takes 
into account current (Amp), as compared with AI which only takes into 
account RF power (W); whether this difference translates in different 
lesion quality by the 2 technologies remains to be established.

The poor predictive power of LSI for durable lesions at the right PV 
anterior/roof region merits further investigation. In addition to the 3 
potential explanations discussed above, the anatomical characteristics 
of this region may also be important. Indeed, while ablating the PV 
anterior/roof segments, the ablation line passes through the left side 

Das et al 19 evaluated 40 patients in whom a redo LA mapping 
procedure was performed 2 months after the index RF ablation in 
order to assess for PV reconnections and whether ablation parameters 
(average AI, minimal AI, average FTI, minimum FTI, and impedance 
drop) where able to predict long-term scarring. Reconnected segments 
had lower AI and FTI compared with non-reconnected segments, 
and cut-off values for both AI and FTI were found to have acceptable 
sensitivity, specificity and positive predictive values for lack of segmental 
reconnections (sensitivity: anterior/roof segments >65%, posterior/
inferior segments >52%; specificity: anterior/roof segments >72%, 
posterior/inferior >88%, positive predictive value:>96% regardless of 
location). 

In vitro studies using the Tacticath ablation catheter have shown that 
LSI has better predictive value compared with FTI in assessing lesion 
quality 4. Clinically, data from the EFFICAS II study suggested that 
LSI correlates better than FTI with presence of acute PVI and absence 
of conduction gaps 5. However, data on optimal target LSI values is 
limited. In the TOCCASTAR study, achieving an LSI >5 combined 
with FTI >400gs, and CF >20g had the best PVI success rate (80% 
when all criteria were met vs 46% when none was met, p = 0.004)6. Also, 
in a study including 37 patients with AF, Dello-Rosso et al. suggested 
that an average LSI value >5.3 can be a good predictor of AF freedom 
at 1-year follow-up 7. In a small study, LSI-guided PVI (target LSI 5.5 
to 6 on anterior segments, 5 to 5.5 on posterior segments) improved 
1-year AF-free outcomes compared with non-LSI guided standard 
ablation 8. Crucially however, none of these studies provided data on 
long-term lesion quality. 

Our results are compatible with the above studies. We confirm that 
simple RF parameters perform poorly in predicting durable PVI and 

Table 3: Anatomical and RF lesion characteristics

Left anterior 
+ roof (LAR)

Left posterior 
+ inferior (LPI)

Right anterior 
+ roof (RAR)

Right posterior 
+ inferior (RPI)

P value (ANOVA with Bonferroni correction) 

(LAR vs LPI) (LAR vs RAR) (RAR vs RPI) (LPI vs RPI)

Ablation parameters during first procedure

Contact Force (g); mean (SD) 11.1 (5.0) 11.1 (6.3) 14.1 (6.0) 14.5 (7.6) 1.0 0.27 1.0 0.29

Impedance drop (ohms); mean (SD) 14.8 (4.1) 13.9 (4.1) 13.7 (4.1) 14.3 (5.2) 1.0 1.0 1.0 1.0

Power (Watts); mean (SD) 31.1 (7.1) 29.0 (6.7) 32.9 (5.0) 27.5 (6.9) 1.0 1.0 0.01 1.0

FTI(g*s); mean (SD) 166 (95) 110 (68) 182 (77) 165 (102) 0.07 1.0 1.0 0.11

Minimum FTI (g*s); mean (SD) 115 (106) 84 (67) 65 (40) 77 (74) 0.67 0.06 1.0 1.0

LSI; mean (SD) 4.2 (0.9) 3.9 (1.0) 4.8 (0.7) 4.3 (0.9) 1.0 0.046 0.19 0.64

Minimum LSI; mean (SD) 3.6 (1.1) 3.6 (1.0) 3.9 (0.8) 3.7 (1.0) 1.0 1.0 1.0 1.0

Segment length (mm) †; mean (SD) 16.3 (4.8) 13.1 (3.6) 16.7 (4.5) 16.6 (5.3) 0.008 1.0 1.0 0.003

Number of lesions / segment†; mean (SD) 5.5 (5.1) 2.6 (2.1) 4.8 (3.3) 3.9 (4.6) 0.01 1.0 1.0 1.0

Total ILD (mm); mean (SD) 4.7 (3.4) 5.6 (4.2) 5.8 (4.4) 5.1 (3.1) 1.0 1.0 1.0 1.0

Maximal ILD (mm); mean (SD) 3.2 (2.4) 4.1 (3.1) 3.6 (2.9) 3.2 (2.8) 1.0 1.0 1.0 1.0

Scar and conduction gap assessment during redo procedure

Segmental postablation scar length (mm) †; mean (SD) 10.2 (7.8) 9.0 (6.3) 14.2 (5.1) 13.1 (6.4) 0.13 1.0 1.0 0.07

Number of segments with postablationconduction gaps†; n 
(%)

18/36 (50%) 20/39 (51%) 8/26 (31%) 11/25 (44%) 1.0 1.0 1.0 1.0

Scar ratio (Gap%)†; mean (SD) 0.44 (0.46) 0.36 (0.41) 0.43 (0.46) 0.50 (0.45) 1.0 1.0 1.0 0.90

SD, standard deviation; FTI, force-time integral; LSI, lesion size index; ILD, inter-lesion distance.
†segments are defined according to the 8 segment/PV antral region model (see Methods). 
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associated with conduction gaps. 
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