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ABSTRACT
Objectives To determine the association between left 
atrial epicardial conduction time (LAECT), fibrosis and atrial 
fibrillation (AF) recurrence after thoracoscopic surgical 
ablation of persistent AF.
Setting Single tertiary care centre in the Netherlands.
Participants Patients with persistent AF from the 
randomised Atrial Fibrillation Ablation and Autonomic 
Modulation via Thoracoscopic Surgery (AFACT)- trial were 
included. Patients eligible for thoracoscopic AF ablation 
were included, full inclusion and exclusion criteria were 
previously published. All patients underwent thoracoscopic 
ablation, encompassing pulmonary vein isolation with 
an additional roof and trigone lesion. In patients with 
conduction block across the roof and trigone lesion, LAECT 
was measured. LAECT was defined as the time to local 
activation at one side of the roofline on pacing from the 
opposite side. Collagen fibre density was quantified from 
left atrial appendage histology.
Outcome measures Primary outcome: AF recurrence 
during 2 years of follow- up.
Results 121 patients were included, of whom 35(29%) 
were women, age was 60.4±7.8 and 51% (62) had at 
least one AF recurrence during 2 years of follow- up. LAECT 
was longer in patients with versus without AF recurrence 
(182±43 ms vs 147±29 ms, p<0.001). LAECT was longer 
in older patients, in patients with a higher body mass index 
(BMI) and in patients using class IC antiarrhythmic drugs. 
LAECT was shorter in patients with higher collagen fibre 
density. A previously failed catheter ablation, LAECT and 
BMI were independently associated with AF recurrence.
Conclusion LAECT is correlated with collagen fibre 
density and BMI and is independently associated with AF 
recurrence in patients with persistent AF. In these patients, 
LAECT appears to reflect substrate characteristics beyond 
clinical AF type and left atrial volume.
Trial registration number NCT01091389.

INTRODUCTION
Atrial fibrillation (AF) is the most common 
cardiac arrhythmia, affecting 2–4% of 

adults worldwide.1 2 Patients with AF have 
an increased risk of stroke, heart failure, 
dementia and a reduced quality of life.2 3 
While the prevalence of AF increases, mainly 
due to ageing of the population,4 the effec-
tiveness of AF treatment is still suboptimal. 
Especially persistent AF, that is not self- 
terminating and lasting longer than 7 days, is 
hard to treat and recurrences are common.5 
When symptoms of AF recur despite antiar-
rhythmic drug (AAD) therapy, thoracoscopic 
ablation may be indicated.6 In this sub study 
of the AFACT trial, the indication for under-
going thoracoscopic ablation was advanced 
AF (usually persistent AF with enlarged left 
atrium or previously failed catheter abla-
tion).7 The cornerstone of AF ablation is 
pulmonary vein isolation (PVI). Additional 
ablation targets have been pursued to reduce 
AF recurrences after ablation, but the optimal 
treatment strategy remains unclear.

Recurrence of AF after ablation is a multi-
factorial process. Individual and AF charac-
teristics such as age, body mass index (BMI), 

Strengths and limitations of this study

 ► Unique combination of demographic, electrophys-
iological and histological data from a randomised 
controlled trial with standardised 2- year follow- up.

 ► Conclusions are based on differences in activation 
time rather than conduction velocity, as distance and 
fibre direction are not available.

 ► Per study design, left atrial epicardial conduction 
time measurement was only possible in patients 
with conduction block over the roofline.

 ► Short asymptomatic atrial fibrillation episodes may 
have been missed with 24- hour holter monitoring 
follow- up.
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left atrial volume and duration of persistent AF may affect 
outcome after the procedure.8 Inflammation,9 abnormal 
calcium handling,10 possibly affected by sarco(endo) 
plasmatic reticulum ATPase expression10 and autonomic 
dysfunction11 may play a role in recurrence of AF as well 
as the quality of the procedure. Several ablation targets 
have been pursued to improve outcome after ablation.

Linear left atrial lesions in addition to PVI have been 
suggested to increase the efficacy of AF ablation.12 13 Left 
atrial lesions such as a posterior box or mitral isthmus 
line may preclude macroreentrant circuits after isola-
tion of the pulmonary veins (PV’s) and may thereby 
decrease the risk of arrhythmia recurrences.14 Moreover, 
left atrial lesions may compartmentalise the left atrium 
reducing the volume of left atrium available for fibril-
lation. However, in 2015, Verma et al showed in a large 
randomised controlled trial in patients with persistent 
AF that PVI alone was equally effective to additional left 
atrial lesions or additional ablation of complex fraction-
ated atrial electrograms.15 More insight in the nature and 
extent of the arrhythmogenic left atrial substrate may 
increase our understanding of the mechanism of disease 
and contribute to improved selection of patients for inva-
sive therapeutic strategies in AF.

Atrial fibrosis is the hallmark of atrial arrhythmogenic 
remodelling. Inflammation, fatty infiltration and fibro-
blast activity affect the distribution of extracellular matrix 
and thereby the electrical and mechanical function of 
the atria. Such structural remodelling leads to electrical 
dissociation of myocyte fibres and conduction inhomo-
geneity within the atrial wall.16 While locally longitu-
dinal conduction velocity may increase due to fibrosis,17 
slow conduction within low- voltage areas and heteroge-
neous rather than homogeneous activation patterns may 
increase total activation time of the atrium. Most attention 
regarding the clinical electrophysiological characteristics 
of electrical remodelling has been given to electrogram 
characteristics: low voltage of fragmented local atrial 
electrograms.18 19 However, the conduction velocity of 
the activation wave front is an important determinant 
for arrhythmogenesis and may be independent of local 
electrogram characteristics. Indeed, increased P- wave 
duration as a measure of prolonged atrial conduction 
time has been associated with AF recurrence in patients 
undergoing cryoablation.20 Intra- atrial conduction time, 
however, can only be measured invasively. Despite that 
limitation, left atrial conduction time may provide addi-
tional insight into disease severity and prognosis beyond 
clinically relevant risk factors such as left atrial volume 
and AF type, and may carry important prognostic infor-
mation regarding the arrhythmogenic substrate and the 
recurrence of AF.

We, therefore, performed a proof of principle study 
assessing left atrial conduction times as a measure for 
conduction velocity and hypothesised that periprocedur-
ally measured left atrial conduction characteristics reflect 
atrial remodelling and are associated with AF recur-
rence after thoracoscopic ablation. Left atrial epicardial 

conduction time (LAECT) was defined as the time to 
local activation at one side of the roofline on pacing from 
the opposite side with proven conduction block, the roof-
line forces the activation front to detour around the left 
atrium. We investigated the relation between LAECT and 
AF recurrence. In the same patients, we assessed the rela-
tion between LAECT and atrial fibrosis in the excised 
left atrial appendage (LAA). As a secondary outcome, we 
investigated the effects of incomplete conduction block 
across one of the ablation lines on AF recurrence.

METHODS
Patient selection and procedure
The AFACT trial was a single centre, prospective, 
randomised controlled trial in which patients with 
advanced AF (usually persistent AF, with enlarged left atria 
or previously failed catheter ablation) were randomised 
to ganglion plexus (GP) ablation versus no GP ablation 
in addition to thoracoscopic ablation. The atrial lesion set 
consisted of PVI, and a roof line and trigone line (Dallas 
lesion set)21 in patients with persistent AF. The LAA was 
excised in all patients. The study was approved by the 
institutional review board of the Amsterdam University 
Medical Centers. All patients provided written informed 
consent. The inclusion and exclusion criteria have been 
published previously.7 In short, the study included 240 
patients (38–76 year old) with advanced (paroxysmal and 
persistent) AF undergoing thoracoscopic surgical abla-
tion. Main exclusion criteria were prior catheter ablation 
within the preceding 4 months, New York Heart Associ-
aion (NYHA) class IV heart failure symptoms, a history of 
radiation therapy on the thorax, longstanding persistent 
AF and a left ventricular ejection fraction (LVEF) 
of <35%. In the current analysis, we selected patients with 
persistent AF in whom a roofline and a trigone line was 
constructed. Conduction block across all lesions was eval-
uated through differential pacing by an electrophysiolo-
gist during surgery as described previously.22

The surgical procedure has been described in detail 
previously.7 23 In short, bilateral video- assisted thoraco-
scopic surgery was used with unilateral ventilation of the 
contralateral lung. Trans- oesophageal echocardiography 
was used to exclude presence of a thrombus in the left 
atrium and LAA. After opening of the pericardium, the 
GPs were located with high- frequency stimulation and 
based on anatomical landmarks.23 If the patient was 
randomised to the additional GP ablation arm, GPs were 
subsequently ablated and ablation was validated with 
high- frequency stimulation. The right PVs were isolated 
using a bidirectional bipolar radiofrequency clamp (Atri-
cure, Mason, Ohio). During the right- sided thoracoscopy, 
the right side of the roof line (connecting the right and 
left isolated PV antrum) and the trigone line (connecting 
the roofline with the left fibrous trigone at the level of 
the sinus of Valsalva) were ablated (Atricure Isolator 
Transpolar pen or Coolrail). Conduction block across 
these lines (see below) was assessed. During the left- sided 
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thoracoscopy, the left PVs were isolated and the roofline 
was connected to the left PV antrum. PV isolation and 
conduction block of the left part of the roofline were 
assessed and the LAA was excised with a stapling device 
(Endo Gia stapler, Tyco Healthcare Group).

Assessment of conduction block
All mapping of the PVs and additional left atrial lines 
were performed with a custom- made bipolar electrode 
with seven (0.2 mm diameter) electrodes with an inte-
relectrode distance of 1 mm. The signals were fed into a 
mobile electrophysiological workstation (Bard Labsystem 
PRO 2.4A, C. R. Bard, Murray Hill, New Jersey).

During the right- sided thoracoscopy, conduction 
block across the partial roofline and the trigone line was 
assessed with differential pacing manoeuvres.22 The left 
atrium was paced unipolarly at a fixed position anterior 
of the roofline and rightward of the trigone line with a 
fixed temporary pacing wire (figure 1). The indifferent 
electrode was connected to the skin. Activation time was 
defined as the time between the pacing artefact and local 
atrial activation at the opposite side of the line: the first 
maximally negative downslope in the unipolar signal. 
Activation time was measured at two positions, one closest 
to (figure 1, position A) and one further away from the 
ablation line (figure 1, position B). The measurement was 
repeated at a position laterally along the roofline.

Consequently, with an intact roofline, the activation 
propagates around the PVs, from inferior to superior 
over the left atrial posterior wall towards the ablation line. 
Similarly, activation propagates through the intra- atrial 

septum around the aortic and mitral valve towards 
the intact trigone line. With intact lines, the activation 
time close to the line is longer than away from the line. 
Conversely, when the ablation line is not complete, acti-
vation propagates through the line and the area close to 
the line is activated earlier than the area away from the 
line (figure 1). In case of persistent conduction, addi-
tional ablation was applied to the area with the shortest 
activation time until conduction block was achieved or 
until surgical circumstances precluded further attempts 
to achieve conduction block. The initial construction of 
the roofline and trigone line typically lasted 30–45 min. 
This may have lasted for up to 1 hour in case of persistent 
conduction through one of the lines.

Left atrial epicardial conduction time
LAECT was defined as the time between the pacing arte-
fact and the local activation time, measured closest to the 
roofline (position A in figure 1). LAECT was (per defini-
tion) only assessed in patients with confirmed conduction 
block of both the roofline and the trigone line. If activa-
tion time measurements were performed at two parallel 
positions closest to the roofline, the longest activation 
time of the two was selected for analysis of LAECT.

Interstitial atrial fibrosis quantification
In 65 patients with intact roofline and trigone line, part of 
the excised LAA was fixed in 4% formalin and embedded 
in paraffin. Sections of 5 µm thickness were prepared and 
stained with Picrosirius red for interstitial collagen quan-
tification. Sections were digitized at 40× magnification 
(Philips IntelliSite Ultra Fast Scanner, 0.25 µm / pixel) 
and 20 non- overlapping fields (maximal 5000 by 5000 
pixels) from each patient were randomly selected for 
collagen quantification. Endocardial, epicardial and peri-
vascular fibrosis were manually excluded. An automated 
image analysis using Image J Software colour deconvolu-
tion was used to determine the area fraction of collagen 
of the combined area of cardiomyocytes and collagens 
with exclusion of white background in the images.

All individual interstitial collagen fibres were quantified 
using a custom matlab- based algorithm. A typical example 
is shown in figure 2. Images were binarised to a black- and- 
white image after colour deconvolution, preprocessed 
and filtered. First, all white pixels (representing collagen) 
were dilated and eroded using a 5 pixel (1.25 µm) radius 
stamp to smooth the image. Holes of maximal 2000 pixels 
were filled. Large collagen patches (>1250 µm2) were 
identified, quantified and removed from the image. The 
length of every fibre was determined by morphological 
skeletonisation. This technique creates a skeleton of a 
two- dimensional shape. The fibre length of each skel-
eton ≥4 pixels was defined as the length between the two 
end points that are farthest apart. The number of pixels 
determined the fibre area. We quantified the number 
of individual fibres, and the fibre density, defined as the 
total number of fibres divided by the total area of myocar-
dium and interstitial collagen combined.

Figure 1 Schematic image of the posterior left atrium. 
A partial roofline is constructed, connected to the trigone 
line. The trigone line is connected to the left fibrous trigone. 
Evaluation of conduction block by the roofline by determining 
conduction time close to the roofline (position A), and further 
downward (position B) from the roofline. Red dotted line 
represents the direction of the activation front in case of 
conduction block by the roof- and trigone line. LAECT was 
defined as the conduction time at position A, close to the 
roofline, in case of proven conduction block by the roof- and 
trigone line. LAECT, left atrial epicardial conduction time.
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Follow-up and outcome
The primary outcome of this study was recurrence of AF 
during 2- year follow- up. Recurrence of AF was defined 
according to the Heart Rhythm Society/European Heart 
Rhythm Association/European Cardiac Arrhythmia 
Society/Latin American Society of Electrophysiology and 
Cardiac Stimulation (HRS/EHRA/ECAS/SOLAECE) 
consensus as any atrial tachyarrhythmia documented by 
ECG or lasting longer than 30 s on continuous moni-
toring without AAD therapy.24 Patients were followed for 
2 years with outpatient visits, ECG and 24- hour Holters at 
3, 6, 9, 12, 15, 18 and 24 months. Patients were encour-
aged to make extra ECG recordings when symptom-
atic. A blanking period of 3 months was used during 
which recurrence of AF was not considered a failure of 
the procedure. Three months after the procedure, all 

antiarrhythmic drugs were discontinued. A blinded and 
independent clinical end point committee adjudicated 
all outcomes.

Statistical analysis
Baseline characteristics were presented as mean±standard 
deviation (SD) for normally distributed variables and as 
median with interquartile range(IQR) for not normally 
distributed variables. Association of variables with recur-
rence of AF was determined using univariate and multi-
variable Cox proportional hazard modelling. Results of 
the Cox proportional hazard model were presented as 
hazard ratio (HR) with 95% confidence interval (CI). 
Cross correlation of variables used in the Cox proportional 
hazard model was determined with logistic regression for 
binomial variables and linear regression for continuous 
variables. Association of binary variables with recurrence 
of AF was performed using Pearson χ2 test or Fisher’s 
exact test if expected values were under 5. Correlation 
analysis of variables with LAECT was performed using 
linear regression. Analysis was conducted in R(R Core 
Team, 2020, R Foundation for Statistical Computing, 
Vienna, Austria. URL https://www.R-project.org/).

Patient and public involvement
No patient involved.

RESULTS
Patients
At baseline, 142 patients had persistent AF. In 127 
(89%) of those, differential pacing for confirmation of 
conduction block across the roofline and trigone line was 
recorded. Six (4.7%) patients were excluded from the 
current analysis because of periprocedural bleeding, or 
because (continuation of) linear ablation was deemed 
unsafe. Consequently, 121 patients were included in the 
current analysis.

Baseline characteristics
Baseline characteristics are described in table 1. Mean age 
was 60.4±7.8 years, 29% were women, BMI was 27.5±3.9 and 
left atrial volume index (LAVI) was 41.4±13.1 mL/
m2. Sixty- two patients (51%) were randomised to addi-
tional GP ablation and treated accordingly. The median 
CHA2DS2VASc (Score to predict risk of thrombo- embolic 
events: Congestive heart failure or left ventricular dysfunc-
tion Hypertension, Age ≥75 (doubled), Diabetes, Stroke 
(doubled)- Vascular disease, Age 65–74, Sex category) 
score was 1 (1 to 2). Medication use at baseline is shown 
in online supplemental table 1.

Conduction block of linear lesions
After various attempts, conduction block could not be 
confirmed across a linear lesion in 47 (39%) out of 121 
patients, mainly due to persistent conduction across the 
trigone line (43 patients). Patients in whom conduction 
block across one or more lines could not be achieved had 
a higher BMI (28.4±4.3 vs 26.9±3.5 kg/m2, p=0.04) and 

Figure 2 Typical example of collagen fibre analysis in 
six screens. (1) Selection of ± 4600 by 4600 pixels. (2) 
Manual removal of endocardial, epicardial and perivascular 
fibrosis(blue=excluded area). (3) Binarized (black and white) 
image, identification and removal of large interconnected 
areas of collagen (yellow). (4) Final input for fibre analysis 
algorithm. 5 and 6 are a magnification of the red aligned 
section of image 4. (5) Result of skeletonization, (6) fibres with 
a red centreline, reflecting the length of the fibre.
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tended to have a higher CHA2DS2VASc score (2 (1 to 2) vs 
1 (0 to 2) p=0.057), which was driven by patients aged 65 
years and older (32 (43%) vs 8 (17%), p=0.005). Twenty- 
four (51%) out of 47 patients with incomplete conduction 
block were free of AF recurrences during 2- year follow- up, 
compared with 31 (42%) of the 74 patients with proven 
conduction block (HR 1.32 (0.78 to 2.21) p=0.30).

Risk of AF recurrence
In the 74 subjects with confirmed conduction block over 
the linear lesions, regression analysis demonstrated that a 
previous unsuccessful catheter ablation (HR 2.30; 95% CI 
1.15 to 4.61), LAECT (HR 1.11; 95% CI 1.04 to 1.18, per 
10 ms) and BMI (HR 1.12; 95% CI 1.02 to 1.23 per kg/m2 
increase) were significantly associated with AF recurrence 
(figure 3). In multivariable Cox proportional hazard 
regression analysis (figure 3), a previous unsuccessful 
catheter ablation (HR 2.48; 95% CI 1.08 to 5.7) and 
LAECT (HR 1.08; 95% CI 1.01 to 1.15) but not LAVI were 
independently associated with AF recurrence. Correction 
of the multivariate analysis for fibrosis variables in those 

patients in whom these were available did not affect the 
association between LAECT and AF recurrence.

Interstitial collagen fibres
The median interstitial collagen fibre length was 3.2 (1.5 
to 7.9) µm, median fibre area was 2.31 (0.75 to 9.50) µm2. 
Average fibre diameter was 0.76 (0.52 to 1.27) µm. A high- 
collagen fibre density (absolute number of fibres/area) 
was significantly correlated with a higher percentage 
of interstitial collagen (R=0.36, p=0.004) and with a 
higher proportion of larger collagen patches (>1250 µm) 
(R=0.28, p=0.028). Also high fibre density was correlated 
with an on average smaller median fibre diameter 
(R=−0.35, p=0.006). None of the collagen fibre character-
istics was independently associated with AF recurrence.

Left atrial epicardial conduction time
A short LAECT was independently associated with more 
freedom of AF. LAECT was significantly longer in patients 
with AF recurrence compared with patients without 
AF recurrence during 2- year follow- up (182±43 ms vs 
147±29 ms respectively, p<0.001).

Age (p=0.006), CHA2DS2VASc score (p=0.044) and 
AAD class 1 use at baseline (p=0.034) were significantly 
and positively correlated with LAECT. On the other hand, 
LAECT was shorter in patients with a higher collagen 
fibre density (R=−0.46, p=0.034). In this analysis, an 
increase of 1 fibre per mm2 corresponded to 5 ms shorter 
LAECT. Sex, previous catheter ablation, LAVI, BMI, PR 
interval on the ECG and percentage of interstitial fibrosis 
were not significantly correlated with LAECT. Figure 4 

Table 1 Baseline characteristics

Parameter n=121

Females (%) 35 (28.9)

Age (y) 60.4 ± 7.8

BMI(kg/m2) 27.5 ± 3.9

LVEF (%) 52.7 ± 10

LAVI (mL/m2) 41.4 ± 13.1

RAVI (mL/m2) 29.8 ± 10.0

AF duration (y) 4 (2–9)

Persistent AF (%) 121 (100)

Previous catheter ablation (%) 22 (18.2)

Myocardial infarction (%) 7 (5.8)

PCI (%) 10 (8.3)

GP ablation (%) 62 (51.2)

CHD (%) 10 (8.3)

Hypertension (%) 58 (47.9)

Diabetes mellitus (%) 12 (9.9)

Stroke (%) 12 (9.9)

Vascular disease (%) 17 (14.1)

Age≥65 y (%) 40 (33.1)

Age≥75 (%) 1 (0.8)

CHA2DS2VASc 1 (1–2)

Serum creatinin (µmol/L) 84 (76–95)

Serum NT- ProBNP (ng/L) 422 (214–856)

Values shown as mean±SD, median (IQR) or n(%).
AF, atrial fibrillation; BMI, body mass index; CHD, congestive 
heart disease; GP, ganglion plexus; L, litre; L, liter; LAVI, left atrial 
volume index; LVEF, left ventricular ejection fraction; m, meter; 
ml, milliliter; NT- ProBNP, n- terminal pro B- type natriuretic peptide; 
PCI, percutaneous coronary intervention; RAVI, right atrial volume 
index; y, year.

Figure 3 Univariate and multivariable Cox regression 
analysis of LAECT and other preselected risk factors for AF 
recurrence. AF, atrial fibrillation; BMI, body mass index; GP, 
ganglion plexus; LAECT, left atrial epicardial conduction time; 
LAVI, left atrial volume index; NT- proBNP, n- terminal pro 
natriuretic peptide; y, years.
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demonstrates the correlation of patient characteristics 
with LAECT. In multivariable linear regression, BMI 
(R=0.33 (0.06 to 0.59), p=0.018), AAD class 1 use (R=2.18 
(0.09 to 4.28], p=0.046) and fibrosis fibre density (−0.52 
(−0.88 to −0.15), p=0.008) were independently associated 
with LAECT.

DISCUSSION
We performed a proof- of- principle study on the prog-
nostic role of characteristics of conduction of activation 
in the left atrium in relation to AF recurrence. We investi-
gated LAECT as an invasive marker for structural remod-
elling and associated electrophysiological characteristics 
of the left atrium with atrial collagen content and AF 
recurrence. We found that a longer LAECT is associated 
with more AF recurrences of any atrial tachyarrhythmia 
during two year after thoracoscopic surgery for persistent 
AF. In multivariable analysis, a short LAECT was inde-
pendently associated with freedom of AF. LAECT across 
the intact roofline represents left atrial activation time 
and was used as a proxy for conduction velocity. LAECT 
may reflect the extent and electrophysiological implica-
tions of fibrosis in the left atrium.

Left atrial epicardial conduction time
LAECT may be determined by tissue properties for 
conduction and the pathway of conduction. Tissue prop-
erties that may impair conduction can be reduced atrial 
wall thickness, low voltage zones and heterogeneous 
patterns of conduction.25 LAECT may, therefore, reflect 
electrophysiological as well as structural characteristics of 
the left atrium. The exact distance travelled by the activa-
tion front could not be determined from the current data, 
which precluded actual calculation of conduction velocity. 

A large LAECT can result from an increased trajectory 
of conduction or a decreased conduction velocity. As we 
found no longer LAECT in patients with enlarged left 
atria (long trajectory of conduction), we suggest that 
increased LAECT results from decreased conduction 
velocity. On the other hand, we cannot exclude that atrial 
fibre orientation or zig- zag activation patterns may have 
resulted in apparently slowed conduction, where, in fact, 
the pathway of conduction is long.26 Our finding that 
LAECT significantly correlated with BMI supports the 
notion that atrial tissue composition determines LAECT 
since BMI is a well- known determinant of atrial struc-
tural and electrical remodelling.27 Moreover, our find-
ings underscore the concept of decreased conduction 
velocity as an important determinant of arrhythmogen-
esis,28 and a predictor of AF recurrence, independent of 
clinical characteristics or voltage criteria of local electro-
grams. Interestingly, collagen fibre density also correlated 
with LAECT. A higher fibre density corresponded to a 
shorter LAECT. This seemingly contradictory finding 
may be the result of more preferential conduction along, 
compared with parallel to the fibres in more fibrotically 
remodelled atria, that is, of more anisotropy.17 In another 
study performed in patients undergoing catheter abla-
tion, right atrial conduction time was significantly asso-
ciated with the occurrence of recurrent AF.29 That study 
confirms our finding of increased conduction time as a 
robust, single point measurement, associated with the risk 
of recurrent AF. Moreover, we demonstrated that LAECT 
provides additional information on the arrhythmogenic 
substrate, beyond clinical characteristics and left atrial 
size, with prognostic implications for AF recurrence.

Collagen fibre density
Collagen fibre density indicates the total number of 
collagen fibres per mm2, irrespective of the fibre size. 
An increased fibre density was associated with a smaller 
median fibre diameter, which may indicate active fibrosis 
formation. The extent of fibrosis in LAA tissue was previ-
ously correlated to the extent of fibrosis in the posterior 
LA.30 Moreover, the proportion of collagen in the LAA 
and posterior wall have been associated with left atrial 
volume and AF duration.31 32 The architecture and distri-
bution of collagen fibres in the LAA may, thus, reflect the 
duration or burden of AF. However, this reaches beyond 
the scope of this study.

Conduction block across ablation lines
Gaps in linear ablation lines may be pro- arrhythmogenic 
and enable the formation of macro re- entry circuits. 
Our data did not show more arrhythmia recurrence in 
patients in whom conduction block was not achieved. 
This may in part relate to the utmost importance of isola-
tion of the PVs, which was accomplished in all patients. 
Acute conduction block may not correspond to long- 
term conduction block. Damaged myocardial cells may 
recover, and a gap of merely one millimetre is enough 
for propagation of the activation front.33 Additionally, 

Figure 4 Univariate and multivariable linear regression 
of patient characteristics and LAECT. AAD, antiarrhythmic 
drugs; BMI, body mass index; GP, ganglion plexus; LAECT, 
left atrial epicardial conduction time; LAVI, left atrial volume 
index; RL, roof line; y, years.
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even after the creation of transmural and complete scars 
during the surgical cut- and- sew Cox Maze procedure, 
cases of reconnection have been reported.34 How linear 
lesions affect the substrate for arrhythmia is, therefore, 
not completely clear. Part of the antiarrhythmic effect of 
linear lesions may rely solely on exclusion of atrial tissue, 
regardless of conduction block,35 in line with the critical 
mass theory.36 Some advocate exclusion of the posterior 
wall with a roof and floor lesion to improve outcome.14 
Finally, and maybe most importantly, aside from conjec-
tures on optimal lesion sets, clinically there may be no 
advantage of additional lesions over PV isolation alone in 
patients with persistent AF.15

Previous catheter ablation
We found that a higher proportion of patients with 
persistent AF and a previously failed catheter ablation 
suffered from AF recurrence after thoracoscopic AF 
ablation compared with ablation naïve patients. To our 
knowledge, the paper by Driessen et al is the only study 
that suggested this association before.37 The number of 
patients with a previous catheter ablation was limited in 
the current analysis (n=22). Therefore, studies in a larger 
patient cohorts should be performed to determine if a 
previously failed catheter ablation is indeed associated 
with worse clinical characteristics, or that failure of cath-
eter ablation is merely an indicator of patients with a 
more advanced form of AF.

LAECT was measured in a subset of patients with 
persistent AF, with confirmed conduction block across 
both roofline and trigone line. It was not possible to 
quantify the exact distances between the measurement 
locations, which precluded calculation of (an estimate 
of) conduction velocity. Detection of recurrent AF with 
24- hour holter monitoring may have resulted in an under-
estimation of the number of asymptomatic recurrences. 
This is a systematic error, and, therefore, we expect little 
to no effect on our outcome variables.

Strengths and limitations
In this study, we combined demographic, electrophysio-
logical and histological data from a previously published 
RCT with standardised 2- year follow- up. During follow- up, 
rhythm monitoring was performed with 24- hour Holter 
monitoring, by which short asymptomatic episodes of AF 
may have been missed. Due to the study design, LAECT 
was only measured in patients with conduction block over 
the roofline, thereby limiting the number of patients 
included in this study. Conclusions are based on differ-
ences in activation time rather than conduction velocity, 
as distance travelled by the activation font and myocardial 
fibre orientation were not available.

CONCLUSION
In patients with persistent AF, a longer LAECT was inde-
pendently associated with more AF recurrences after 
thoracoscopic AF ablation. A higher BMI and use of class 

1 AAD were associated with prolongation of LAECT, 
whereas a higher interstitial collagen fibre density 
was associated with a shorter LAECT. Our data supply 
evidence for the notion that conduction characteristics 
may provide additional insight into the arrhythmogenic 
substrate, and prognostic information beyond established 
clinical factors, left atrial dilatation or voltage charac-
teristic of the electrogram. Clinical application of our 
invasive findings may require the study of non- invasive 
alternatives for LAECT, which may improve patient selec-
tion for invasive treatment of persistent AF.
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Supplemental table 1: 

Medication at baseline. Values depicted as n(%). AAD = antiarrhythmic drugs, ACE = angiotensin 

converting enzyme, ATII = angiotensin II 

Medication at baseline n(%) 121 

AAD Class IA   5 (  4.1)  

AAD Class IC  28 ( 23.1)  

AAD Class II  65 ( 53.7)  

AAD Class III  44 ( 36.4)  

AAD Class IV  17 ( 14.0)  

Thrombocyt inhibitor   6 (  5.0)  

Oral anticoagulant 121 (100.0)  

Loop diuretic  14 ( 11.6)  

Thiazide diuretic  18 ( 14.9)  

Potassium diuretic   5 (  4.1)  

Cholesterol inhibitor  28 ( 23.1)  

ACE inhibitor  36 ( 29.8)  

Calcium antagonist  11 (  9.1)  

Nitrates   3 (  2.5)  

ATII-antagonist  22 ( 18.2)  
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