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Aims Pulsed field ablation (PFA), a non-thermal ablative modality, may show different effects on the myocardial tissue
compared to thermal ablation. Thus, this study aimed to compare the left atrial (LA) structural and mechanical
characteristics after PFA vs. thermal ablation.

...................................................................................................................................................................................................
Methods
and results

Cardiac magnetic resonance was performed pre-ablation, acutely (<3 h), and 3 months post-ablation in 41 patients
with paroxysmal atrial fibrillation (AF) undergoing pulmonary vein (PV) isolation with PFA (n = 18) or thermal abla-
tion (n = 23, 16 radiofrequency ablations, 7 cryoablations). Late gadolinium enhancement (LGE), T2-weighted, and
cine images were analysed. In the acute stage, LGE volume was 60% larger after PFA vs. thermal ablation
(P < 0.001), and oedema on T2 imaging was 20% smaller (P = 0.002). Tissue changes were more homogeneous after
PFA than after thermal ablation, with no sign of microvascular damage or intramural haemorrhage. In the chronic
stage, the majority of acute LGE had disappeared after PFA, whereas most LGE persisted after thermal ablation.
The maximum strain on PV antra, the LA expansion index, and LA active emptying fraction declined acutely after
both PFA and thermal ablation but recovered at the chronic stage only with PFA.

...................................................................................................................................................................................................
Conclusion Pulsed field ablation induces large acute LGE without microvascular damage or intramural haemorrhage. Most LGE

lesions disappear in the chronic stage, suggesting a specific reparative process involving less chronic fibrosis. This
process may contribute to a preserved tissue compliance and LA reservoir and booster pump functions.
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Introduction

Pulmonary vein (PV) isolation has become the cornerstone tech-
nique for catheter ablation in patients with drug-refractory atrial fi-
brillation (AF). At present, almost all ablation technologies are
mediated by a thermal effect. Thermal methods induce coagulative

necrosis, which acutely combines oedema, intramural haemorrhage,
and microvascular damage.1 In the chronic stage, acute lesions trans-
form into areas of reparative fibrosis, which makes post-ablation scar
tissue poorly compliant. Massive fibrosis impairs the left atrial (LA)
reservoir function2 and is associated with specific complications, in-
cluding PV stenosis3 and stiff LA syndrome.4 Recently, pulsed field ab-
lation (PFA) has been introduced as a new energy source. Pulsed field
ablation is a non-thermal ablative modality in which high voltage ul-
tra-short pulses are applied to target tissue. Pulsed field ablation
destabilizes cell membranes by forming irreversible nanoscale pores,
driving a leakage of cell contents leading to cell death.5,6 With PFA,
lesions are homogeneous, while preserving the extracellular matrix
architecture, nerves, and microvascular structures.7,8 However, the
impact of PFA on the atrial tissue composition and subsequent me-
chanics has never been studied in patients. This study aimed to com-
pare LA structural and mechanical characteristics after PFA vs.
thermal ablation, by using cardiac magnetic resonance (CMR).

Methods

Study population and protocol
The subjects of this study were patients with paroxysmal AF, who under-
went a first catheter ablation procedure at Bordeaux University Hospital

What’s new?

• In patients with paroxysmal atrial fibrillation, we compared left
atrial (LA) structural and mechanical characteristics after
pulsed filed ablation (PFA) vs. thermal ablation by using cardiac
magnetic resonance.

• As compared to thermal ablation methods, PFA induced larger
acute late gadolinium enhancement (LGE) lesions, with no
signs of microvascular obstruction or intramural haemorrhage.

• After PFA, the majority of acute LGE lesions had disappeared
in the chronic stage, despite durable pulmonary vein isolation
and low voltage areas.

• The wall compliance acutely declined in PFA lesions, but
recovered in the chronic stage, leading to a recovery of LA
reservoir and booster pump functions.

Graphical Abstract
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(Bordeaux-Pessac, France), with no contra-indication to gadolinium-en-
hanced CMR. Patients treated with PFA (PFA group) were a part of
IMPULSE (A Safety and Feasibility Study of the IOWA Approach
Endocardial Ablation System to Treat Atrial Fibrillation) (NCT03700385)
and PEFCAT (A Safety and Feasibility Study of the FARAPULSE
Endocardial Ablation System to Treat Paroxysmal Atrial Fibrillation)
(NCT03714178) trials. In these trials, we prospectively enrolled patients
who underwent PFA from October 2018 to November 2019. Patients
treated with thermal ablation (thermal group) were prospectively in-
cluded, from February 2019 to November 2019, from the cohort of
patients undergoing a first AF ablation with radiofrequency ablation or
cryoablation in our institution. The inclusion criteria were similar to those
of the PFA group, although patients were not consecutive because the in-
clusion depended on the availability of the CMR system at the end of the
procedure. In both groups, CMR was performed at baseline (within
4 days before ablation), in the acute stage (less than 3 h post-ablation),
and in the chronic stage (3-month follow-up). In the PFA group, repeat
electrophysiological mapping was performed at 3 months to assess PV
isolation durability. A total of 18 patients were included in the PFA group,
and 23 patients in the thermal group, including 16 patients with RF abla-
tion, and 7 with cryoablation. The study was approved by the Institutional
Ethical Committee, and all patients gave informed consent.

Catheter ablation
All procedures were performed under conscious sedation and uninter-
rupted oral anticoagulation. In all patients, the procedural endpoint was
PV isolation.

In the PFA group, a 12-Fr over-the-wire PFA ablation catheter
(Farawave, Farapulse, Inc., Menlo Park, CA, USA) with five splines, each
containing four electrodes, was deployed in either a flower petal or bas-
ket configuration, depending on PV anatomy. The catheter was advanced
over a guidewire such that the splines achieve circumferential contact/
proximity with the PV antra. The ablation protocol underwent consecu-
tive evolutionary modifications: from monophasic to biphasic pulses, and
then optimizing the biphasic waveform morphology and pulse sequence
composition. With the latest waveform (the commercially approved
waveform) used in PEFCAT, the energy was delivered in a set of micro-
second-scale biphasic pulses of 1800–2000 V in bipolar fashion across all
electrodes, and one application was made of five pulse packets delivered
over a few seconds. Details on other PFA protocols were described in
the previous report.6 In the present study, all patients were treated with
biphasic pulses. Ten patients were treated with the latest waveform
(Biphasic 3), and the other eight patients were treated with the second
version of the biphasic waveform (Biphasic 2).6 Applications were re-
peated eight times per vein, with repositioning and/or rotation of the
catheter every two applications to ensure circumferential PV ostial and
antral coverage. As a part of IMPULSE and PEFCAT protocols, a 3D map-
ping system (CARTO, Biosense Webster, Inc., Diamond Bar, CA, USA;
or RHYTHMIA, Boston Scientific, Marlborough, MA, USA) was used to
acquire baseline and post-ablation voltage maps. Sequential contact map-
ping was performed with a multi-electrode mapping catheter
(PENTARAY, Biosense Webster, Inc.; or ORION, Boston Scientific).
Besides, repeat 3D mapping was performed to assess the durability of PV
isolation at 3 months.

In patients undergoing RF ablation, PV isolation was performed using
the CARTO system, with an irrigated tip RF catheter with a contact force
sensor (Thermocool Smarttouch SF, Biosense-Webster, Inc.). We deliv-
ered RF during 15–30 s applications, with a temperature limited to 52�C
and a maximum power of 45 W.

In patients undergoing cryoablation, PV isolation was performed using
a 28-mm cryoballoon catheter (Arctic Front Advance, Medtronic,

Minneapolis, MN, USA), under fluoroscopic guidance. The occlusion of
PV was confirmed with the retention/leakage of the contrast agent after
injection at the balloon’s distal tip. A minimum of two freezes were deliv-
ered to each PV with a targeted duration of 180 s.

After PV isolation, the entrance block was confirmed by placing an
electrode catheter within the PVs, and the exit block by pacing from the
catheter.

Cardiac magnetic resonance acquisition
Cardiac magnetic resonance studies were conducted on a 1.5 T system
(MAGNETOM AERAVR , Siemens Medical Systems, Erlangen, Germany).
The imaging protocol comprised cine SSFP imaging in a two-chamber
view as well as in a stack of contiguous four-chamber views covering the
entire LA. Black-blood T2-weighted imaging was acquired in a stack of
contiguous four-chamber views covering the entire LA using a T2 SPAIR
sequence performed before contrast injection. Atrial late gadolinium en-
hancement (LGE) imaging was initiated 20 min after the intravenous injec-
tion of 0.2 mmol/kg gadoterate meglumine (Guerbet, Aulnay-sous-bois,
France). Imaging was acquired in trans-axial orientation at a mid-diastolic
phase using a 3D, inversion-recovery-prepared, ECG-gated, respiration-
navigated gradient-echo pulse sequence with fat-saturation.9

Cardiac magnetic resonance analysis
Cardiac magnetic resonance analysis was performed by a single observer
with 15 years of experience in CMR. The analysis was blinded from clini-
cal and procedural characteristics. Left atrial tissue characteristics were
analysed in the total population, while LA volume, phasic function, and
strain were only analysed in a subset of the population whose cine images
fulfilled the following criteria: (i) imaging acquired in sinus rhythm at all
time points, (ii) consistent slice positioning across the three CMR studies,
and (iii) comprising comparable four-chamber cine views at the level of
right and left PV antra.

Left atrial tissue characteristics on T2 and LGE images were analysed
using MUSIC Software (IHU Liryc, Univ. Bordeaux—Inria Sophia
Antipolis, France). The LA wall was manually segmented on the baseline,
acute, and chronic LGE images, as well as on acute T2-weighted images.
On baseline LGE images, LA fibrosis was segmented by adaptive thresh-
olding of myocardial voxels as described previously.9 Fibrosis burden was
expressed in % of the LA wall. The reproducibility of baseline LGE quanti-
fication can be found in our prior publication.10

Acute LGE images were reviewed by one expert observer blinded to
patient characteristics and particularly to the ablation technique. Dark
areas within LGE suggestive of microvascular damage or intra-mural hae-
morrhage11 were described as present or absent. After manual segmen-
tation of the LA wall, acute, and chronic post-ablation LGE was quantified
by applying the full width at half maximum method,12 thus taking the max-
imum signal intensity as an internal reference and a threshold set at 50%
maximum intensity. The total volume of LGE throughout the atrial wall
was expressed in mL. The reproducibility of post-ablation LGE quantifica-
tion can be found in one prior publication.2 Acute tissue oedema was
quantified from T2 SPAIR images by using manual histogram thresholding.
After manual segmentation of the atrial wall on contiguous T2 SPAIR
images covering the entire LA, the histogram of voxels intensities within
the wall was displayed. The expert blinded to patient characteristics, par-
ticularly the ablation technique, manually set a threshold to best segment
hyperintense areas with the image. The optimization of the threshold was
assisted by real-time visualization of the resulting segmentation overlaid
on the original image when varying the threshold. The total volume of oe-
dema on T2 imaging was expressed in mL.

Left atrial volume and phasic function were analysed using CMR42
software (Circle Cardiovascular Imaging Inc., Calgary, Canada). Semi-
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automated LA segmentation and contour propagation were applied on
two-chamber and four-chamber cine images, and the LA volume was
computed at each time point using the biplane area-length method. From
the maximum, minimum, and pre-LA contraction volumes, the LA ejec-
tion fraction, LA expansion index, and LA active emptying fraction were
computed as described previously.2

Left atrial strain was assessed by a cine CMR-based deformation regis-
tration algorithm (TrufiStrain, Siemens Healthcare, Medical Imaging
Technologies, Princeton, NJ, USA). This algorithm allows for myocardial
strain computation on a pixel basis with high reproducibility.13 After trac-
ing the LA endocardium, longitudinal strain curves were automatically
computed on pre-defined LA segments. The maximum strains of the LA
septum, posterior wall, lateral wall, and right and left PV antra were mea-
sured from a four-chamber view, whereas those of the LA roof and bot-
tom wall were measured from a two-chamber view. Global LA strain in
two-chamber and four-chamber views were also assessed.

Follow-up
Patients were followed at 1 month, 3 months, and every 6 months there-
after. A 12-lead surface ECG was performed at each visit, and 24-h

Holter monitoring was performed in case of symptoms. Arrhythmia re-
currence was defined as AF and atrial tachycardia episodes lasting >_30 s.
Arrhythmias occurring in the first 3 months after the ablation (blanking
period) was censored.

Statistical analysis
The Shapiro–Wilk test of normality was used to assess whether quantita-
tive data conformed to the normal distribution. Continuous data are
expressed as mean ± standard deviation when following a normal distri-
bution, and as median [interquartile range Q1–Q3] otherwise.
Categorical data are expressed as number (%). Independent continuous
variables were compared using independent-sample parametric (un-
paired Student’s t-test) or non-parametric tests (Mann–Whitney U test)
depending on data normality. Independent categorical variables were
compared using the Chi-square test when expected frequencies were
>_5, and Fisher’s exact test when they were <5. Besides, the changes of
parameters were analysed using two-way repeated-measures analysis of
variance. If significant changes were observed, post hoc tests with
Bonferroni-adjusted pairwise comparisons were performed. We consid-
ered P < 0.050 as statistically significant.

....................................................................................................................................................................................................................

Table 1 Patients’ baseline characteristics

All patients (n 5 41) PFA group (n 5 18) Thermal group (n 5 23) P-value

Demographics

Age (years) 58 ± 9 56 ± 9 60 ± 8 0.146

Male gender 32 (78) 15 (83) 17 (74) 0.470

Comorbidities

Structural heart disease 4 (10) 2 (11) 2 (9) 0.598

Congestive heart failure 1 (2) 0 0 1 (4) 0.561

Left ventricular ejection fraction (%) 61 ± 7 62 ± 6 61 ± 8 0.500

Body mass index (kg/m2) 26 ± 4 26 ± 4 26 ± 3 0.766

Hypertension 8 (20) 4 (22) 4 (17) 0.698

Diabetes mellitus 1 (2) 1 (6) 0 0 0.439

Past history of stroke or TIA 2 (5) 1 (6) 1 (4) 0.691

Vascular disease 3 (7) 1 (6) 2 (9) 0.593

CHA2DS2-Vasc score 1 [0–1] 0.5 [0–1] 1 [0–1] 0.731

Medications

Warfarin 2 (5) 0 0 2 (9) 0.309

Direct oral anticoagulant 39 (95) 18 (100) 21 (91) 0.200

Aspirin 1 (2) 1 (6) 0 0 0.439

Antiarrhythmic drug 31 (76) 13 (72) 18 (78) 0.655

Beta-blocker 17 (41) 8 (44) 9 (39) 0.732

LA structure/function

LA fibrosis on baseline LGE (%) 17.0 ± 3.5 16.7 ± 3.4 17.3 ± 3.7 0.546

Maximum LA volume (mL)a 77 [68–84] 76 [64–84] 77 [70–85] 0.561

Pre-contraction LA volume (mL)a 59 [50–67] 57 [46–66] 60 [57–68] 0.360

Minimum LA volume (mL)a 31 [25–44] 30 [24–44] 39 [28–46] 0.406

LA ejection fraction (%)a 58 [43–65] 58 [48–66] 55 [41–65] 0.678

LA expansion index (%)a 136 [76–185] 136 [94–194] 123 [68–189] 0.678

LA active emptying fraction (%)a 40 [30–54] 41 [30–54] 40 [30–52] 0.967

Maximum global strain 2C (%)a 16 [12–21] 16 [10–25] 16 [11–24] 0.967

Maximum global strain 4C (%)a 15 [9–21] 16 [10–25] 11 [8–21] 0.339

Data are mean ± SD, median [interquartile range Q1–Q3], or number (%) of patients.
aMeasured in 30 patients (16 from PFA group and 14 from the thermal group) with appropriate cine images.
2C, 2-chamber; 4C, 4-chamber; LA, left atrium; LGE, late gadolinium enhancement; PFA, pulsed field ablation; TIA, transient ischaemic attack.
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Results

Baseline patients’ characteristics
Patient baseline characteristics are summarized in Table 1. The mean
age was 58 ± 9 years, and 78% of patients were male. Maximum LA
volume was 77 [68–84] mL, and LA fibrosis on baseline LGE imaging
was 17.0 ± 3.5% of the LA wall. No significant difference in patients’
characteristics was observed between the PFA group and the ther-
mal group.

Procedure characteristics and outcomes
Procedural characteristics are summarized in Table 2. Total proce-
dure time was significantly shorter in the PFA group than in the ther-
mal group [96 (77–111) min vs. 130 (110–200) min, P = 0.001]. In the
PFA group, the total energy delivery time was consistently <1 min.
PV isolation was completed in all patients. Groin haematomas were
observed in one patient of the PFA group and two patients of the
thermal group, all resolving with conservative therapy. Over a com-
parable follow-up duration (9± 3 months vs. 9 ± 4 months,
P = 0.972), atrial arrhythmia recurred in two patients from the PFA
group (two AF episodes), vs. nine patients from the thermal group
(seven AF and two atrial tachycardias). Arrhythmia free survival rate
tended to be higher in the PFA group than in the thermal group (log-
rank, P = 0.098). Notably, no PV reconnection was observed in the
PFA group on the repeat mapping study at 3 months.

Changes in tissue characteristics
Cardiac magnetic resonance imaging was performed in sinus rhythm
at all time points in all patients, except for one RF-treated patient
who underwent acute CMR in AF. No patient showed LGE and tis-
sue oedema at baseline. The burdens of acute and chronic LGE and
acute tissue oedema are shown in Figure 1. On acute CMR, all
patients showed LGE on the antrum or ostium of all PVs. LGE was
60% larger after PFA than after thermal ablation (16.1 ± 2.5 mL vs.
10.1± 2.3 mL, P < 0.001). After PFA, tissue changes on LGE were
dense and homogeneously distributed around PV antra, and signs of
microvascular damage or intramural haemorrhage were observed in
none of the patients. In contrast, after thermal ablation, LGE sites

were composed of a mix of hyper-enhanced and dark areas in all
patients (P < 0.001 vs. PFA), suggestive of intramural haemorrhage
and/or microvascular damage. Acute tissue oedema was observed in
both groups, although slightly less in the PFA group than in the ther-
mal group (10.0 ± 1.5 mL vs. 12.0± 2.1 mL, P = 0.002). Examples of
acute tissue changes on LGE and T2 imaging are illustrated in Figure 2.
In the chronic stage, the majority of the LGE observed acutely had
disappeared in the PFA group (mean LGE reversibility 60 [55–65]%
of acute values), whereas this reversibility of LGE was much less ob-
served in the thermal group (18 [12–34]%, P < 0.001 vs. PFA), with
the majority of the LGE persisting (Figure 3). Importantly, although
LGE reversibility was observed in all patients after PFA, none of them
showed PV reconnection at 3-month remapping, and low voltage
areas around PVs remained unchanged, as illustrated in
Supplementary material online, Figure S1.

Changes in left atrial strain
Cine images were deemed appropriate for analysis in a subset of 30
patients (16 PFA, 8 RF ablations, and 6 cryoablations). Changes in
maximum longitudinal strain values on the PV antra are shown in
Figure 4. The maximum strain on the right PV antra showed an acute
decline after both PFA and thermal ablation (P < 0.001 and P = 0.002,
respectively). However, it recovered to the baseline level at
3 months in the PFA group (P < 0.001 for acute vs. chronic), while it
stayed altered in the thermal group. Similar results were observed
on the left PV antra. Examples of strain measurements are shown in
Figure 5. The maximum strain on the septum declined after 3 months
in the thermal group while it did not change after PFA. Likewise, the
maximum strain on the posterior wall recovered at 3 months in the
PFA group, but not after thermal ablation. No significant changes in
maximum strain were observed in the other LA areas.
Consequently, the global LA strain did not significantly change
throughout the protocol.

Changes in left atrial volume and
function
Changes in LA volume and function are shown in Figure 6. In both
groups, the LA volume tended to decrease between each time point,

....................................................................................................................................................................................................................

Table 2 Procedural characteristics and outcomes

All patients (n 5 41) PFA group (n 5 18) Thermal group (n 5 23) P-value

Fluoroscopy time (min) 23 [18–29] 23 [17–29] 20 [18–31] 0.796

Total procedure time (min) 111 [95–146] 96 [77–111] 130 [110–200] 0.001

Total number of PFA applications NA 32 [32–37] NA NA

Total ablation time (min) NA <1 RF 37 [26–72]

CRYO 16 [15–20]

NA

Successful PV isolation 41 (100) 18 (100) 23 (100) >0.999

Complication 3 (7) 1 (6) 2 (9) >0.999

PV reconnection at 3 months remap NA 0 0 NA NA

Follow-up duration 9 ± 4 9 ± 3 9 ± 4 0.972

Arrhythmia recurrence 11 (27) 2 (11) 9 (39) 0.098

Data are median [interquartile range Q1–Q3] or number (%) of patients.
CRYO, cryoablation; PFA, pulsed field ablation; PV, pulmonary vein; RF, radiofrequency.

PFA prevents LA fibrosis and restrictive mechanics 1771
D

ow
nloaded from

 https://academ
ic.oup.com

/europace/article/23/11/1767/6317562 by guest on 17 M
arch 2022

https://academic.oup.com/europace/article-lookup/doi/10.1093/europace/euab155#supplementary-data


while the LA ejection fraction acutely declined before going back to
baseline values at 3 months. The LA expansion index declined in both
groups in the acute stage. In the chronic stage, it remained altered in
the thermal group while recovered in the PFA group. A similar result
was observed on the LA active emptying fraction.

Discussion

The main findings are as follows. First, PFA induced larger acute LGE
than thermal ablation. Second, acute tissue changes after PFA were
homogeneous without signs of microvascular obstruction or intra-
mural haemorrhage, while this was constantly observed after thermal
ablation. Third, while most acute LGE created by thermal ablation
persisted in the chronic stage, the majority of acute LGE disappeared
after PFA, despite durable PV isolation. Fourth, paralleling LGE
changes, the wall compliance acutely declined in ablated regions after
both PFA and thermal ablation, but recovered in the chronic stage
only with PFA, leading to a recovery of LA reservoir and booster
pump functions.

Acute tissue changes after ablation
At the acute stage after ablation, it is assumed that LGE both reflects
myocyte necrosis and tissue oedema. Larger and more homoge-
neous acute LGE after PFA may be explained by its specific ablative
mechanism. As PFA is not affected by the thermal conductivity of the
tissue, pulsed field energy results in a homogeneous impact on the
extensive tissue regardless of the tissue composition. The acute dis-
ruption of cell membranes after PFA enlarges the extracellular space,

potentially leading to higher gadolinium concentration. Another rea-
son for homogeneous LGE after PFA is the avoidance of microvascu-
lar damage and intramural haemorrhage. This is consistent with pre-
clinical studies reporting that PFA spares microvascular structures
and induces no tissue haemorrhage.7,8 In contrast, microvascular
damage and haemorrhage are common features after thermal
ablation.10

Reversibility of late gadolinium
enhancement after pulsed field ablation
One of the most intriguing findings with PFA is the disappearance of
acute LGE in the chronic stage. This finding suggests low collagen syn-
thesis after PFA because gadolinium contrast agents target areas with
the rich extracellular matrix. Thermal ablation induces coagulative
necrosis,14 triggering an inflammatory response with leucocytes.15,16

Once the inflammatory reaction is resolved, activated leucocytes fa-
cilitate collagen synthesis by promoting fibroblast activation.17 Thus,
necrosis causes fibrosis through an inflammatory reaction. After PFA,
the dominant mode of cell death is apoptosis, which does not trigger
an inflammatory reaction.18 Another possible explanation for re-
duced chronic fibrosis after PFA derives from the preservation of the
extracellular matrix architecture.7,8 Mechanosensitive signalling stim-
ulates the transformation of fibroblasts into myofibroblasts, which
promote fibrosis.19 After thermal ablation, the structural disruption
of the matrix may expose fibroblasts to mechanical stress, leading to
chronic fibrosis.20 After PFA, the preserved extracellular matrix
frame may protect fibroblasts from mechanical stress. The absence
of microvascular structures destruction7,8 may also play a favourable
role. By preserving wash-out kinetics, it allows better clearance of

Figure 1 The burdens of acute and chronic late gadolinium-enhancement (LGE) and acute oedema. (A) Left atrial (LA) LGE lesions in acute and
chronic stages. (B) LA oedema on hyper-T2 imaging in the acute stage. PFA, pulsed field ablation.
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Figure 2 Examples of acute lesions on late gadolinium enhancement (LGE) and T2 imaging. (A–C) imaging after pulsed field ablation (PFA). (D–F)
imaging after thermal ablation with radiofrequency energy. (A, D) maximum intensity projections of LGE volumes in anterior views. Acute LGE lesions
were larger and more evenly distributed around pulmonary veins (PVs) after PFA (A) than after thermal ablation (D). (B, E) LGE images at the ostial
level of the right superior PV. Acute LGE lesions after PFA (B) were more homogeneous than those after thermal ablation (E). Thermal ablation
lesions showed dark areas within LGE (yellow arrows in E), consistent with intramural haemorrhage and/or microvascular damage. (C, F) Trans-axial
T2 images showed oedema around PVs after both PFA (C) and thermal ablation (F), although slightly less after PFA.

Figure 3 Reversibility of late gadolinium enhancement (LGE) in the chronic stage. (A–D) LGE imaging after pulsed field ablation (PFA). (E–H) LGE
imaging after thermal ablation with radiofrequency energy. (A, C, E, G) maximum intensity projections of LGE volumes in posterior views (A, E: acute;
C, G: chronic). (B, D, F, H) LGE image series perpendicular to the axis of the right superior pulmonary vein (PV), displayed from antral to ostial level (B,
F: acute; D, H: chronic). After PFA, the majority of acute LGE lesions (A, B) had disappeared in the chronic stage (C, D). In contrast, after thermal abla-
tion, most acute LGE lesions (E, F) persisted in the chronic stage (G, H).
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matrix debris in the acute stage, and of gadolinium contrast media in
the chronic stage. Importantly, although LGE reversibility was con-
stantly observed, no patient showed PV reconnection after PFA.
Overall, our findings suggest that PFA can create durable lesions with-
out inducing a fibrotic response.

Consequences on atrial function
In the acute stage, maximum strains of ablation sites declined after
both PFA and thermal ablation. This is likely due to increased tissue
stiffness caused by myocardial oedema. In the chronic stage, atrial
strain remained altered with thermal ablation, while it recovered

Figure 4 Maximum longitudinal strain values on the pulmonary vein (PV) antra. Changes in maximum longitudinal strain values in each patient of
the pulsed field ablation (PFA) group and thermal group are shown.

Figure 5 Examples of strain measurements on the left pulmonary vein (PV) antra. Top row: patient treated with pulsed field ablation (PFA).
Bottom row: patient treated with thermal ablation by using radiofrequency energy. Note that the endocardial border of the PV antra is traced in the
cine image (left panels in both rows). In the acute stage, the maximum strain decreased in both patients. In the chronic stage, it recovered to the base-
line level after PFA, whereas it remained low after thermal ablation.
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with PFA, thus paralleling the evolution of LGE. A previous study has
shown a spatial relationship between strain abnormalities and atrial fi-
brosis.21 Therefore, our results indicate that the reparative process
without fibrosis may prevent myocardial stiffening after PFA.

Although the recovery of the maximum strain on the PV antra was
too small to affect global atrial strain, an acute decline in the LA reser-
voir function recovered with PFA, as did the LA contractile function.
Therefore, our results suggest that PFA preserves LA kinetic function
via its specific reparative process involving reduced chronic fibrosis.

Clinical implications
The profibrotic response to ablation may be initially beneficial to re-
inforce the damaged myocardial tissue, but the excessive fibrosis
results in myocardial stiffening and functional deterioration.
Therefore, the non-fibrotic feature of PFA may bring superiority re-
garding cardiac function, which may prove especially useful in patients
with heart failure. Moreover, the virtue of PFA on LA function may
be more evident in patients with persistent AF, where more exten-
sive ablation is often required. However, careful consideration is
needed before applying this theory to clinical practice because the
lack of chronic fibrosis may cause LA dilatation. Notably, in this study,

the LA volume decreased after PFA, suggesting that the reverse
remodelling effect of AF suppression compensated for a potential LA
dilatation effect of PFA.

Study limitations
This study has several limitations. First, this is a single-centre study
with a relatively small sample size, which prevented us from analysing
potential differences between different thermal ablation approaches.
Second, LGE CMR methods only provide a relative contrast, and
thresholding techniques applied to quantify baseline fibrosis and
post-ablation scar are specific. Thus, current CMR methods do not
allow a direct and quantitative comparison between both, and al-
though no differences in baseline fibrosis were found between
groups, it may have acted as a cofounder in the assessment of abla-
tion lesions. Third, the strain measurement sites may have slightly
differed between each time point because of changes in LA morphol-
ogy and CMR slice positioning. Fourth, since the repeat mapping
study was performed only in patients undergoing PFA, the relation-
ship between CMR findings and electrophysiological properties after
thermal ablation was not explored. Fifth, although durable PV isola-
tion was observed in all eight patients treated with Biphasic 2

Figure 6 Left atrial (LA) volume and function parameters. Changes in LA volume and function parameters in the pulsed field ablation (PFA) group
(green boxes) and the thermal group (red boxes) are shown.
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waveform in this study, the rate of durable PV isolation in patients
treated with this waveform was lower in the IMPULSE/PEFCAT tri-
als,6 which may reflect a selection bias.

Conclusions

Pulsed field ablation created larger and more homogenous acute tis-
sue changes than thermal ablation, without causing microvascular ob-
struction and intramural haemorrhage. Furthermore, PFA induced
less chronic LGE than thermal ablation, which suggested a specific re-
parative process with less chronic fibrosis. This process may have
contributed to preserved tissue compliance in ablated areas, as well
as LA reservoir and booster pump functions.

Supplementary material

Supplementary material is available at Europace online.
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