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Abstract

Background: Pulsed field ablation (PFA) is Food and Drug Administration (FDA)-cleared for pulmonary vein isolation in atrial fibrilla-
tion. Using a keyword-based natural language processing pipeline applied to free-text narratives in the FDA MAUDE database, we aimed
to characterize and compare adverse event and device malfunction profiles across the four cleared PFA systems. Methods: We retrieved
6930 MAUDE reports for FDA product code QZI (pulsed field ablation catheter) spanning December 13, 2023 through April 30, 2026,
covering all four FDA-cleared PFA systems. Reports were deduplicated and assigned to a specific device system using manufacturer
and brand name fields. Concatenated free-text narratives were classified into 11 predefined adverse event categories using multi-label
keyword-based natural language processing. Device malfunction reports were additionally subclassified into one of 11 hardware-specific
subtypes. Descriptive statistics were used throughout. Results: Of 6930 reports, 4185 (60.4%) were classified into at least one adverse
event category. The three most common categories were device/catheter malfunction (2068; 29.8%), cardiac tamponade/pericardial effu-
sion (915; 13.2%), and stroke/TIA/cerebral embolism (600; 8.7%). PFA-specific physiologic adverse events—ST-elevation myocardial
infarction (STEMI), hemolysis/acute kidney injury, and phrenic nerve palsy—accounted for 615 combined reports (8.9% of all reports).
Fatality proportions were highest for vascular access complications (6.8%), esophageal/atrioesophageal injury (6.0%), and coronary
artery spasm/STEMI (5.3%). Among malfunction reports, retraction/retrieval failure predominated for Farapulse (48.9%), while electri-
cal/energy delivery failure was the leading subtype for PulseSelect (29.4%). Conclusions: Natural language processing (NLP)-assisted
keyword classification enables systematic, scalable characterization of adverse event patterns across nearly 7000 real-world PFA reports.
PFA-specific physiologic adverse events are identifiable through post-market surveillance data and constitute a distinct safety phenotype
separate from device malfunction. This approach provides a reproducible framework for near-real-time surveillance of novel cardiac
ablation systems.
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1. Introduction

Pulsed field ablation (PFA) delivers ultrashort, high-
voltage electrical pulses that cause irreversible electropora-
tion of cardiomyocytes through a non-thermal mechanism.
The biophysical selectivity of this approach for cardiac tis-
sue has driven rapid clinical adoption of PFA for pulmonary
vein isolation (PVI) in atrial fibrillation, with demonstrated
reductions in atrioesophageal fistula, pulmonary vein steno-
sis, and phrenic nerve injury compared with radiofrequency
and cryoablation [1,2,3]. The Food and Drug Administra-
tion (FDA) cleared four PFA systems for PVI between De-
cember 2023 and November 2024: PulseSelect (Medtronic;
Dec 13, 2023), Farapulse (Boston Scientific; Jan 30, 2024),
Sphere-9/Affera (Medtronic; Oct 24, 2024), and Varipulse
(Biosense Webster/J&J; Nov 6, 2024) [4,5,6,7]. Each sys-
tem embodies a distinct catheter architecture and pulse de-
livery strategy, which may translate into different real-
world safety profiles.

While pivotal trials and early registries have estab-
lished the broad safety of PFA, they have also identi-
fied physiologic adverse events specific to electropora-
tion. Coronary artery spasm arises from electroporation
of perivascular autonomic ganglia and vascular smooth
muscle, particularly during cavotricuspid or mitral isthmus
ablation near the right or left circumflex coronary artery
[8,9,10]. Intravascular hemolysis results from direct ery-
throcyte lysis in high-energy electric fields and can cause
hemoglobinuria-mediated acute kidney injury (AKI) in a
dose-dependent fashion [11,12]. Phrenic nerve palsy, while
less frequent with PFA than with cryoablation, continues to
be reported across systems [13].

Post-market surveillance through the Manufacturer
and User Facility Device Experience (MAUDE) database
represents the most comprehensive source of real-world ad-
verse event data for FDA-cleared devices, but free-text nar-
ratives render large-scale manual review impractical. A
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prior published MAUDE analysis covering two PFA sys-
tems during the first seven months after clearance identi-
fied 156 clinical adverse event reports [14]. That analy-
sis was limited to Farapulse and PulseSelect and predated
the clearance of Sphere-9/Affera and Varipulse. This study
characterizes the complete adverse event landscape across
6930 MAUDE reports for all four FDA-cleared PFA sys-
tems using a reproducible, keyword-based natural language
processing (NLP) pipeline, with secondary objectives of
comparing adverse event profiles across device systems and
characterizing malfunction subtypes by catheter architec-
ture.

2. Methods
2.1 Data Source and Device System Classification

MAUDE adverse event reports were retrieved from
the openFDA device adverse event application program-
ming interface (API) using product code QZI (pulsed field
ablation catheter) [15]. The study period spanned Decem-
ber 13, 2023, the date of the first PFA system clearance,
through April 30, 2026. Duplicate reports were removed
prior to analysis. The following fields were extracted for
each report: brand name, manufacturer name, event type,
patient outcome, date received, event description, and ad-
ditional narrative.

Each report was assigned to one of four named PFA
systems or an unclassified category using brand name and
manufacturer name fields. Brand name was used as the pri-
mary identifier, with manufacturer name as a fallback for
reports where the brand name was absent or non-specific.
Sphere-9/Affera was classified before PulseSelect to re-
solve ambiguity between systems sharing the same manu-
facturer. Reports that could not be assigned to a specific
named system were excluded from device-level compar-
isons but retained in pooled analyses.

2.2 Narrative Construction

The analytical narrative for each report was con-
structed by concatenating the event description and addi-
tional narrative fields. This combined text served as the
input to all NLP classification steps. Reports with no an-
alyzable narrative text were retained in report-level counts
but excluded from NLP classification denominators.

2.3 Adverse Event and Device Malfunction Classifications

Eleven adverse event categories were defined a priori
based on adverse events documented in the published PFA
clinical literature. Categories and their representative key-
word terms are provided in Supplementary Table 1. Clas-
sification used case-insensitive keyword matching applied
independently to each category. The pipeline was multi-
label: a single report could match any number of categories
simultaneously.

Reports matching the device/catheter malfunction cat-
egory were additionally classified into one of 11 hardware-

specific subtypes using a separate first-match keyword hi-
erarchy. Unlike the multi-label adverse event pipeline,
each malfunction report received exactly one subtype, the
first whose pattern matched the narrative; reports with no
match were assigned to Other/Unspecified. The order was
fixed to resolve pattern overlap rather than to rank clinical
severity, with more specific failure modes evaluated before
broader ones (e.g., electrical delivery failure before me-
chanical damage) so a narrative describing a specific failure
was not captured by a more general pattern. Patterns were
designed to reflect the known architectural characteristics
of each catheter platform.

2.4 Outcome Extraction

Event type (Death, Injury, Malfunction) was extracted
from the MAUDE event type structured field. Patient out-
comes were derived from the patient outcome field; a re-
port was flagged as life-threatening, associated with hospi-
talization, or requiring intervention based on the reporter-
assigned designations in that field. Patient outcomes are
not mutually exclusive in MAUDE reporting and represent
the mandatory reporter’s characterization at time of submis-
sion.

2.5 Statistical Analysis

All analyses were descriptive. Proportions are re-
ported as percentages of the relevant denominator. Monthly
report volume was calculated by assigning each report to
a calendar month based on the date received. Device ap-
proval dates were overlaid as reference markers. Cumula-
tive report counts were stratified by device system and plot-
ted as a stacked bar chart to characterize the post-market
adoption trajectory for each system. Device-level adverse
event comparisons were restricted to device systems with at
least 200 reports. All four named systems met this thresh-
old. Proportions reflect each device system’s own report to-
tal as the denominator and do not represent per-procedure
event rates, as MAUDE does not capture procedure vol-
ume; no inferential comparisons between systems were per-
formed. No inferential comparisons between device sys-
tems were performed, given differences in time on mar-
ket, cumulative report volume, and manufacturer report-
ing practices. All analyses were conducted in Python 3.11
using pandas (pandas version 2.3.3, NumFOCUS, Austin,
TX, USA) and matplotlib (matplotlib version 3.10.0, Num-
FOCUS, Austin, TX, USA). Study flow was rendered using
Graphviz.

3. Results

A total of 6930 unique MAUDE reports were iden-
tified for product code QZI across the study period (Fig.
1). Of these, 6915 (99.8%) were attributable to one of the
four named PFA systems (Table 1). Farapulse accounted
for 4373 reports (63.1%), PulseSelect contributed 1569
(22.6%), Sphere-9/Affera 570 (8.2%), and Varipulse 403
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(5.8%). Fifteen reports could not be assigned to a specific
system. Trends in monthly MAUDE reports by catheter are
shown in Fig. 2.

Across all reports, malfunction was the most com-
mon event type (3815; 55.2%), followed by injury (2924;
42.3%) and death (173; 2.5%). Among outcome designa-
tions, 4.0% of reports were classified as life-threatening,
9.3% resulted in hospitalization, and 18.2% required inter-
vention. Analyzable narrative text was present in 98.5% of
reports (6828 of 6930).

3.1 Adverse Event Categories

Of 6930 reports, 4185 (60.4%) were classified into
at least one adverse event category. The remaining 2745
(39.6%) were unclassified. Among classified reports, the
mean number of categories per report was 1.26 [SD 0.82;
range 1-8]. Results are summarized in Table 2 and Fig.3.
Device/catheter malfunction was the most frequent cate-
gory (2068 reports; 29.8%). Cardiac tamponade/pericardial
effusion ranked second (915; 13.2%), with 4.9% of these
associated with a death event type and 7.1% designated
life-threatening. Stroke, transient ischemic attack (TIA),

All QZl reports in FDA MAUDE | _ >
N = 6,930 [

! Excluded '
Before first PFA approval
(2023-12-13) I

N=0 |

PulseSelect
Farapulse

Varipulse
Medtronic

Included in study N = 6,930
2023-12-13 — 2026-04-30

Sphere-9 / Affera

Unknown / Other

1,569
4,373
570
403

4

11

Reports with narrative text
N = 6,828 (98.5%)

No narrative text
N =102 (1.5%)

NLP keyword classification
11 predefined adverse event categories

Classified =1 category
N = 4,185 (60.4%)

Unclassified
N = 2,745 (39.6%)

Fig. 1. Study flow diagram. FDA, Food and Drug Administration; MAUDE, Manufacturer and User Facility Device Experience; NLP,

natural language processing.
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Monthly PFA MAUDE Reports by Device System
(Dec 2023-Apr 2026, N = 6,930 total)
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Fig. 2. Monthly PFA MAUDE reports by device system (December 2023—April 2026).
Table 1. Characteristics of FDA MAUDE reports by PFA device system.
Device System FDA Clearance Reports, n Death, n (%) Injury, n (%) Malfunction, Life-Threatening, - Hospitalization,
n (%) n (%) n (%)
PulseSelect (Medtronic) Dec 13,2023 1569 15 (1.0) 457 (29.1) 1097 (69.9) 60 (3.8) 89 (5.7)
Farapulse (Boston Scientific) Jan 30, 2024 4373 140 (3.2) 1790 (40.9) 2440 (55.8) 28 (0.6) 376 (8.6)
Sphere-9/Affera (Medtronic) Oct 24, 2024 570 14 (2.5) 388 (68.1) 168 (29.5) 68 (11.9) 110 (19.3)
Varipulse (Biosense Web- Nov 6, 2024 403 4(1.0) 289 (71.7) 110 (27.3) 124 (30.8) 68 (16.9)
ster/J&J)
Total (named systems) 6915 173 (2.5) 2924 (42.3) 3815(55.2) 280 (4.0) 643 (9.3)

Event type and outcome percentages are calculated as a proportion of total reports for each device system. Life-threatening and hospitalization

are derived from the MAUDE patient_outcome field and are not mutually exclusive. Total row reflects the four named systems (N = 6915);

15 additional reports from unidentified systems are excluded. PFA, pulsed field ablation; MAUDE, Manufacturer and User Facility Device

Experience; FDA, Food and Drug Administration.

or cerebral embolism accounted for 600 reports (8.7%) and
carried the highest life-threatening designation rate of any
category (16.8%).

Fatality proportions were highest for vascular access
complications (6.8%), esophageal/atrioesophageal injury
(6.0%), and ST-elevation myocardial infarction (STEMI)
(5.3%). Esophageal injury represented only 3.1% of total
reports but carried a 10.2% life-threatening rate, consistent
with the severity of atrioesophageal fistula as a procedure-
related complication.

PFA-specific physiologic adverse events [coronary
artery spasm/STEMI (319 reports; 4.6%), hemolysis/AKI
(166; 2.4%), and phrenic nerve palsy (130; 1.9%)] collec-
tively accounted for 615 reports (8.9% of all reports; 14.7%
of classified reports). Phrenic nerve palsy had the lowest
fatality proportion (0.8%) and life-threatening rate (0.8%)
of any clinical adverse event category, consistent with its
typically self-limited course.

3.2 Adverse Event Profiles by Device System

Adverse event distributions varied across device sys-
tems (Table 3). Device/catheter malfunction was most
common for PulseSelect (37.0%) and least common for
Sphere-9/Affera (9.3%). Cardiac tamponade/pericardial
effusion was most frequent for Farapulse (15.6%) and
Varipulse (17.9%). Varipulse had the highest proportion of
stroke/TIA reports (40.2%), more than four times the re-
porting of any other system. Sphere-9/Affera had a dispro-
portionately high reporting of heart block/conduction dis-
turbance (14.4%), however this may reflect its use in ven-
tricular and complex atrial substrates beyond PVI.

3.3 Device Malfunction Subtypes

Among 2068 malfunction reports, subtype distribu-
tions differed substantially by device system (Fig. 4 and
Supplementary Table 2). Retraction/retrieval failure was
the dominant pooled subtype (802; 38.8%) and was most
pronounced for Farapulse (48.9% of its malfunction re-
ports), consistent with the collapsible pentaspline basket
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Table 2. Adverse event categories by NLP keyword classification (pooled, N = 6930 reports).

Rank Adverse Event Category Reports, n (% total) Death, n (%) Injury, n (%) Malfunction, n (%) Life-Threatening, n (%)
1 Device/catheter malfunction 2068 (29.8) 11 (0.5) 226 (10.9) 1831 (88.5) 31(1.5)
2 Cardiac tamponade/pericardial effusion 915 (13.2) 45 (4.9) 864 (94.4) 5(0.5) 65 (7.1)
3 Stroke/TIA/cerebral embolism 600 (8.7) 18 (3.0) 559 (93.2) 23 (3.8) 101 (16.8)
4 Heart block/conduction disturbance 408 (5.9) 18 (4.4) 383 (93.9) 7(1.7) 39 (9.6)
5 Atrial flutter/arrhythmia recurrence 326 (4.7) 14 (4.3) 272 (83.4) 40 (12.3) 18 (5.5)
6 Coronary artery spasm/STEMI 319 (4.6) 17 (5.3) 297 (93.1) 5(1.6) 20 (6.3)
7 Esophageal/atrioesophageal injury 215(3.1) 13 (6.0) 196 (91.2) 6(2.8) 22(10.2)
8 Hemolysis/acute kidney injury 166 (2.4) 7(4.2) 159 (95.8) 0(0.0) 13 (7.8)
9 Phrenic nerve palsy 130 (1.9) 1(0.8) 128 (98.5) 1(0.8) 1(0.8)
10 Vascular access complications 103 (1.5) 7 (6.8) 95(92.2) 1(1.0) 7 (6.8)
11 Pulmonary vein stenosis 28 (0.4) 0(0.0) 21 (75.0) 7 (25.0) 1(3.6)
— Any category (classified) 4185 (60.4)

— Unclassified 2745 (39.6)

Categories are not mutually exclusive; a single report may match more than one category. Death, Injury, and Malfunction percentages reflect

the proportion within each category assigned that event type. Life-threatening is derived from the MAUDE patient outcome field. NLP,

natural language processing; TIA, transient ischemic attack; STEMI, ST-elevation myocardial infarction.

Table 3. Adverse event categories by device system.

PulseSelect (n =1569) Farapulse (n =4373) Sphere-9/Affera (n = 570)

Varipulse (n = 403)

Adverse Event Category

Device/catheter malfunction 581 (37.0)
Cardiac tamponade/pericardial effusion 108 (6.9)
Stroke/TIA/cerebral embolism 83 (5.3)
Heart block/conduction disturbance 78 (5.0)
Atrial flutter/arrhythmia recurrence 22 (1.4)
Coronary artery spasm/STEMI 48 (3.1)
Esophageal/atrioesophageal injury 10 (0.6)
Hemolysis/acute kidney injury 8(0.5)

1343 (30.7) 53(9.3) 88 (21.8)
684 (15.6) 47 (8.2) 72 (17.9)
301 (6.9) 54(9.5) 162 (40.2)
229 (5.2) 82 (14.4) 19 (4.7)
247 (5.6) 30 (5.3) 27(6.7)
230 (5.3) 27 (4.7) 13 (3.2)
158 (3.6) 9 (1.6) 38 (9.4)
132 (3.0) 11 (1.9) 15 (3.7)

Data presented as n (% of total reports for that device system). Only device systems with N =200 reports are shown; all four named systems

met this threshold. Categories are not mutually exclusive. Approval dates differ across systems (range: December 2023 to November 2024);

report volume reflects cumulative time on market and does not represent per-procedure event rates. TIA, transient ischemic attack; STEMI,

ST-elevation myocardial infarction.

design requiring reliable re-engagement with the delivery
sheath after each deployment. Electrical/energy delivery
failure accounted for the largest proportion of malfunc-
tion reports for PulseSelect (29.4%) and Varipulse (20.5%),
reflecting generator-level alarm events and energy deliv-
ery interruptions characteristic of those systems. Sphere-
9/Affera malfunction reports were most commonly un-
classified (32.1%), with disproportionate software/sensor
failure (13.2%) and contamination/sterility breach (5.7%),
likely reflecting its multimodal radiofrequency (RF)-plus-
PFA design and failure modes not captured by the primary
PFA basket catheter taxonomy.

4. Discussion

In this computational analysis of 6930 FDA MAUDE
reports spanning the complete post-market experience of
all four FDA-cleared PFA systems, we observed several
key findings. First, device malfunction was the domi-
nant adverse event category, accounting for nearly 30% of
all reports and comprising a distinct pattern of catheter-

&% IMR Press

architecture-specific failure modes. Second, serious clin-
ical adverse events (cardiac tamponade, stroke, and heart
block) occurred across all systems and collectively carried
substantial mortality and morbidity burden within the re-
porting dataset. Third, PFA-specific physiologic adverse
events coronary artery spasm, hemolysis with acute kid-
ney injury, and phrenic nerve palsy arise from mechanisms
specific to electroporation rather than from thermal injury,
distinguishing them from complications shared across abla-
tion modalities. Direct MAUDE comparison supports this
distinction: in the prior PFA-versus-radiofrequency analy-
sis, hemolysis was reported in 9.0% of PFA adverse events
versus none for radiofrequency [16]. Fourth, adverse event
profiles differed meaningfully across device systems in pat-
terns that correspond to known differences in catheter archi-
tecture and pulse delivery design.

Device malfunction constituted the most frequent cat-
egory overall and was the dominant event type for Puls-
eSelect (37.0%) and a substantial proportion for Farapulse
(30.7%). This pattern is consistent with the early post-
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PFA Adverse Event Categories by Event Type
(N =6,930 total QZI reports, Dec 2023-Apr 2026)

Device / catheter malfunction - _ 2,068 (29.8%)
Cardiac tamponade / pericardial effusion I 915 (13.2%)
Stroke / TIA / cerebral embolism - I 600 (8.7%)
Heart block / conduction disturbance 408 (5.9%)
Atrial flutter / arrhythmia recurrence I 326 (4.7%)
Coronary artery spasm / STEMI 319 (4.6%)
Esophageal / atrioesophageal injury - 215 (3.1%)
Hemolysis / acute kidney injury 166 (2.4%)
Phrenic nerve palsy - 130 (1.9%)
Vascular access complications 103 (1.5%)
Pulmonary vein stenosis -{| 28 (0.4%) BN Death
Injury
s Malfunction
0 5(I)0 10I00 15I00 20I00 25I00

Number of Reports

Fig. 3. PFA adverse event categories by event type (N = 6930 QZI reports, December 2023—April 2026). TIA, transient ischemic

attack; STEMI, ST-elevation myocardial infarction.

market period for novel cardiac catheters, during which
operator unfamiliarity with catheter handling, sheath re-
engagement, and generator behavior commonly generates
malfunction reports. In the prior MAUDE comparison of
PFA versus radiofrequency ablation across January through
July 2024, Cho et al. [16] similarly found that mechanical
problems represented 87.2% of PFA malfunction reports,
compared with 17.2% for radiofrequency catheters, high-
lighting the degree to which early PFA adoption was dom-
inated by hardware-related reporting. Malfunction sub-
type analysis in the present study revealed architecture-
specific patterns: retraction and retrieval failure predom-
inated for Farapulse (48.9%), reflecting the collapsible
pentaspline basket design that requires reliable sheath re-
engagement after each deployment, while electrical and en-
ergy delivery failures were more prominent for PulseSelect

(29.4%) and Varipulse (20.5%), consistent with generator-
level alarm behavior in those systems. These findings have
direct implications for operator training. Programs intro-
ducing a new PFA system should anticipate a learning curve
weighted toward catheter handling and generator manage-
ment, and structured proctoring programs should address
these failure modes explicitly.

Cardiac tamponade was the second most common cat-
egory (13.2% of all reports), with a 4.9% fatality pro-
portion and 7.1% life-threatening rate. These propor-
tions reflect mandatory reporting of clinically significant
events rather than overall procedural risk. For context, the
MANIFEST-17K registry, which prospectively captured
post-approval Farapulse procedures across 106 centers and
17,642 patients, reported pericardial tamponade in 0.36%
of procedures [13]. The substantially higher proportion in
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Device Malfunction Subtypes by PFA System (% of malfunction reports)
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BN Deployment / delivery failure
B Retraction / retrieval failure

Mechanical fracture / damage B software / sensor failure
I Connector / interface failure
N Catheter tip / electrode issue

Contamination / sterility breach
M Fluid / perfusate / irrigation failure Other / unspecified

Thrombus / clot formation

Fig. 4. Device malfunction subtypes by PFA system (% of device malfunction reports).

MAUDE reflects the well-characterized denominator prob-
lem: MAUDE captures adverse events without a denomina-
tor of procedures performed, selectively enriching for more
severe or reportable events. Stroke and cerebral embolism
(8.7% of reports) carried the highest life-threatening desig-
nation rate of any clinical category (16.8%), representing
the most consequential neurological risk of the procedure.

Coronary artery spasm and STEMI accounted for 319
reports (4.6%) and carried a 5.3% fatality proportion. This
complication arises from electroporation of perivascular au-
tonomic ganglia and direct vascular smooth muscle activa-
tion, particularly during ablation near the cavotricuspid or
mitral isthmus [9,10]. The NEMESIS-PFA registry, which
compared biomarker profiles across 871 patients undergo-
ing PFA versus radiofrequency ablation, demonstrated sig-
nificantly greater increases in cardiac troponin, lactate de-
hydrogenase (LDH), and other markers of myocardial stress
with PFA, suggesting that energy-related collateral effects
on adjacent structures may be more widespread than cap-
tured by clinical event counts alone [17]. Preclinical data
have raised concern for longer-term coronary arterial injury,
including intimal hyperplasia and tunica media fibrosis, at
ablation sites adjacent to prior vasospasm [18]. Hemolysis
and AKI accounted for 166 reports (2.4%). Intravascular
hemolysis results from direct erythrocyte membrane disrup-
tion in high-energy electric fields, and its clinical severity is
dose-dependent on application number and catheter-tissue
contact[11,12,19]. Inthe Cho etal. [16] MAUDE compari-
son, hemolysis was reported in 9.0% of PFA adverse events
versus 0% for radiofrequency ablation, confirming that this
is an energy-specific rather than a procedural-class compli-
cation. Phrenic nerve palsy (130 reports; 1.9%) carried the
lowest fatality proportion (0.8%) and life-threatening rate
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(0.8%) of any clinical category, consistent with its predom-
inantly transient course. Registry data confirm that persis-
tent phrenic palsy is rare with PFA. In MANIFEST-17K,
transient phrenic palsy occurred in 0.06% of patients and
no persistent cases were reported [13]. Meta-analytic data
estimate the phrenic nerve injury rate at 0.23% with PFA
compared with 2.68% with cryoballoon ablation represent-
ing one of the clearest safety advantages of PFA over cry-
oenergy [20].

The disproportionately high stroke/TIA proportion for
Varipulse (40.2%) merits dedicated discussion. This find-
ing is based on 403 reports over a short post-market win-
dow following November 2024 clearance and must be in-
terpreted in the context of publicly available safety com-
munications. In early 2025, the manufacturer issued a field
safety notice after four neurovascular events, and a tempo-
rary clinical hold was implemented pending investigation.
The manufacturer attributed increased risk to high applica-
tion counts, stacking of applications, and ablation outside
the pulmonary veins. This MAUDE signal is therefore con-
sistent with the reported mechanism and underscores the
value of near-real-time surveillance. The elevated stroke
proportion was detectable in the aggregate reporting data
concurrent with, and potentially before, the formal safety
communication. However, the elevated stroke/TIA propor-
tion for Varipulse should not be read as a per-procedure risk
estimate. It reflects a small report volume over a short win-
dow following November 2024 clearance and is most ap-
propriately interpreted alongside the manufacturer’s 2025
field safety communication.

This study is approximately sevenfold larger than the
prior published MAUDE analysis of PFA, which exam-
ined 156 PFA clinical adverse event reports from January
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through July 2024 and was limited to two device sys-
tems [14]. Extending the analysis to all four cleared sys-
tems and a longer surveillance window substantially im-
proves the precision of rare event estimates. Importantly,
MAUDE and prospective registries such as MANIFEST-
17K and MANIFEST-PF serve complementary rather than
competing roles [13,21]. Registries provide denominator-
adjusted event rates and standardized outcome definitions.
MAUDE, conversely, provides rapid, population-level sig-
nal detection across all centers and indications, including
applications outside study-defined protocols. NLP-assisted
classification enables MAUDE to function as an early warn-
ing system for emerging signals (such as the Varipulse
stroke pattern) before formal registry data mature.

These findings have several implications for clini-
cal practice and program development. The malfunction
subtype profiles suggest that structured catheter-specific
training, particularly for sheath re-engagement with basket
catheters and generator alarm management, should be in-
corporated into credentialing programs for each PFA sys-
tem. The prevalence of coronary artery spasm reports sup-
ports routine availability of intracoronary or intravenous
nitroglycerin for any procedure involving isthmus abla-
tion with PFA. The hemolysis signal supports adoption
of application-count awareness and post-procedural hydra-
tion protocols in programs performing high-lesion-burden
PFA. The esophageal injury category (215 reports; 3.1%
with 6.0% fatality proportion) is a notable finding given
that esophageal protection was a primary motivation for
PFA adoption; these reports may reflect thermal contri-
butions from Sphere-9/Affera’s radiofrequency capability,
cases with atypical esophageal anatomy, or procedures in-
volving posterior wall ablation, and should prompt contin-
ued vigilance.

Limitations

Several limitations must be acknowledged. First,
MAUDE is a passive, voluntary reporting system subject to
substantial under-reporting; the true incidence of all adverse
events exceeds what is captured here. Second, MAUDE
does not record procedure volume, so all proportions reflect
the distribution of reported events rather than per-procedure
incidence and cannot be interpreted as comparative risk be-
tween systems. Third, keyword classification was not vali-
dated against a manually adjudicated gold standard, and the
absence of negation detection may produce false-positive
assignments when an adverse event is explicitly denied in
the narrative. Fourth, device-level comparisons are con-
founded by differences in time on market, cumulative pro-
cedure volume, and manufacturer reporting practices. Fifth,
the elevated stroke/TIA proportion for Varipulse reflects a
small sample (n = 403) and a short post-market window and
should be interpreted alongside the manufacturer’s 2025
safety communication. Sixth, since the Sphere-9/Affera
system delivers both RF and PFA, its adverse event and

malfunction profiles likely reflect a mix of energy-source
contributions that the present classification does not distin-
guish.

5. Conclusions

NLP-assisted keyword classification of 6930 FDA
MAUDE reports characterizes the real-world adverse event
landscape of pulsed field ablation catheters across all four
FDA-cleared systems. Device malfunction predominates
during the early post-market period, and its subtype dis-
tribution reflects catheter architecture differences across
platforms. PFA-specific physiologic adverse events (coro-
nary artery spasm, hemolysis/AKI, and phrenic nerve palsy)
are identifiable in post-market surveillance data and con-
stitute a distinct safety phenotype separate from procedu-
ral complications shared with thermal ablation. Stroke and
esophageal injury carry the highest severity burden within
the clinical categories. The computational approach de-
scribed here is scalable, reproducible, and updatable in
near-real time, providing a practical framework for ongoing
post-market surveillance of novel cardiac ablation systems.

Availability of Data and Materials

MAUDE data are publicly available via the openFDA
API (https://open.fda.gov/apis/device/event/).  Analysis
code is available from the corresponding author upon rea-
sonable request.

Author Contributions

MWS: study conception and design, data acquisition,
NLP classification pipeline development, statistical anal-
ysis, manuscript drafting and revision. KDL: study con-
ception and design, manuscript drafting and revision. SP:
study conception and design, manuscript drafting and revi-
sion. MR: study conception and design, manuscript draft-
ing and revision. All authors reviewed and approved the
final manuscript. All authors have participated sufficiently
in the work and agreed to be accountable for all aspects of
the work.

Ethics Approval and Consent to Participate

Not applicable. MAUDE is a publicly available, de-
identified regulatory database. No human subjects research
was conducted.

Acknowledgment
Not applicable.

Funding

This research received no external funding.

Conflicts of Interest

Dr. Segar reports honoraria from Idorsia and Otsuka,
non-financial support from Merck, is an advisor for Ac-

&% IMR Press


https://open.fda.gov/apis/device/event/
https://www.imrpress.com

curKardia, is on the advisory board of descendantsDNA,
and is the founder of ReCODE Medical and Claripulse.

Supplementary Material

Supplementary material associated with this article

can be found, in the online version, at https://doi.org/10.
31083/RCM53385.

References

(1]

(2]

(3]

(4]

[3]

(6]

(7]

(8]

(9]

[10]

[11]

Reddy VY, Calkins H, Mansour M, Wazni O, Di Biase L, Bahu
M, et al. Pulsed Field Ablation to Treat Paroxysmal Atrial Fib-
rillation: Safety and Effectiveness in the AdmIRE Pivotal Trial.
Circulation. 2024; 150: 1174-1186. https://doi.org/10.1161/CI
RCULATIONAHA.124.070333

Reddy VY, Gerstenfeld EP, Natale A, Whang W, Cuoco FA,
Patel C, et al. Pulsed Field or Conventional Thermal Ablation
for Paroxysmal Atrial Fibrillation. The New England Journal of
Medicine. 2023; 389: 1660-1671. https://doi.org/10.1056/NE
JMo0a2307291

Verma A, Haines DE, Boersma LV, Sood N, Natale A, March-
linski FE, et al. Pulsed Field Ablation for the Treatment of Atrial
Fibrillation: PULSED AF Pivotal Trial. Circulation. 2023; 147:
1422-1432. https://doi.org/10.1161/CIRCULATIONAHA.123.
063988

U.S. Food and Drug Administration. Premarket Approval
P230017: PulseSelect Pulsed Field Ablation System. 2024.
Available at: https://www.accessdata.fda.gov/scripts/cdrh/cfdo
cs/cfpma/pma.cfm?id=P240006 (Accessed: 17 January 2026).
U.S. Food and Drug Administration. Premarket Approval
P230030: FARAPULSE Pulsed Field Ablation System. 2024.
Available at: https://www.accessdata.fda.gov/scripts/cdrh/cfdo
cs/cfpma/pma.cfm?id=P230030 (Accessed: 17 January 2026).
U.S. Food and Drug Administration. Premarket Approval
P240013: Sphere-9 Catheter with Affera Mapping and Abla-
tion System. 2024. Available at: https://www.accessdata.fda.g
ov/scripts/cdrh/cfdocs/cfpma/pma.cfm?id=P240013 (Accessed:
17 January 2026).

U.S. Food and Drug Administration. Premarket Approval
P240006: VARIPULSE Pulsed Field Ablation Catheter. 2024.
Available at: https://www.accessdata.fda.gov/scripts/cdrh/cfdo
cs/ctpma/pma.cfm?id=P240006 (Accessed: 17 January 2026).
Malyshev Y, Neuzil P, Petru J, Funasako M, Hala P, Kopriva K,
et al. Nitroglycerin to Ameliorate Coronary Artery Spasm Dur-
ing Focal Pulsed-Field Ablation for Atrial Fibrillation. JACC.
Clinical Electrophysiology. 2024; 10: 885-896. https://doi.org/
10.1016/j.jacep.2023.12.015

Reddy VY, Petru J, Funasako M, Kopriva K, Hala P, Chovanec
M, et al. Coronary Arterial Spasm During Pulsed Field Ablation
to Treat Atrial Fibrillation. Circulation. 2022; 146: 1808—1819.
https://doi.org/10.1161/CIRCULATIONAHA.122.061497
Zhang C, Neuzil P, Petru J, Funasako M, Hala P, Kopriva K,
et al. Coronary Artery Spasm During Pulsed Field vs Radiofre-
quency Catheter Ablation of the Mitral Isthmus. JAMA Cardiol-
ogy. 2024; 9: 72-77. https://doi.org/10.1001/jamacardio.2023.
4405

Mohanty S, Casella M, Compagnucci P, Torlapati PG, Della

&% IMR Press

[12]

[13]

[14]

[15]

[16]

[17]

[18]

[19]

[20]

(21]

Rocca DG, La Fazia VM, et al. Acute Kidney Injury Resulting
From Hemoglobinuria After Pulsed-Field Ablation in Atrial Fib-
rillation: Is it Preventable? JACC. Clinical Electrophysiology.
2024; 10: 709-715. https://doi.org/10.1016/j.jacep.2023.12.008
Venier S, Vaxelaire N, Jacon P, Carabelli A, Desbiolles A, Gar-
ban F, et al. Severe acute kidney injury related to haemolysis
after pulsed field ablation for atrial fibrillation. Europace: Eu-

ropean Pacing, Arrhythmias, and Cardiac Electrophysiology:
Journal of the Working Groups on Cardiac Pacing, Arrhythmias,

and Cardiac Cellular Electrophysiology of the European Society
of Cardiology. 2023; 26: euad371. https://doi.org/10.1093/euro
pace/euad371

Ekanem E, Neuzil P, Reichlin T, Kautzner J, van der Voort P, Jais
P, et al. Safety of pulsed field ablation in more than 17,000 pa-
tients with atrial fibrillation in the MANIFEST-17K study. Na-
ture Medicine. 2024; 30: 2020-2029. https://doi.org/10.1038/
s41591-024-03114-3

Futela P, Kowlgi GN, DeSimone CV, Killu AM, Siontis
KC, Noseworthy PA, et al. Early insights on adverse events
associated with PulseSelect™ and FARAPULSE™: analysis
of the MAUDE database. Journal of Interventional Cardiac
Electrophysiology: an International Journal of Arrhythmias
and Pacing. 2025; 68: 1359-1361. https://doi.org/10.1007/
$10840-024-01935-3

Kass-Hout TA, Xu Z, Mohebbi M, Nelsen H, Baker A, Levine
J, et al. OpenFDA: an innovative platform providing access to a
wealth of FDA’s publicly available data. Journal of the American
Medical Informatics Association: JAMIA. 2016; 23: 596-600.
https://doi.org/10.1093/jamia/ocv153

Cho MS, Lee SR, Black-Maier E, Jackson KP, Friedman DJ,
Pokorney SD, et al. Complications associated with pulsed field
ablation vs radiofrequency catheter ablation of atrial fibrillation.
Heart Rhythm. 2025; 22: 2194-2200. https://doi.org/10.1016/].
hrthm.2024.10.063

Lakkireddy D, Katapadi A, Garg J, Herink E, Klotz M, Ganta
J, et al. NEMESIS-PFA: Investigating Collateral Tissue Injury
Associated With Pulsed Field Ablation. JACC. Clinical Electro-
physiology. 2025; 11: 1747-1756. https://doi.org/10.1016/j.jace
p-2025.04.017

Malyshev Y, Neuzil P, Petru J, Funasako M, Hala P, Kopriva
K, et al. Does Acute Coronary Spasm From Pulsed Field Abla-
tion Translate Into Chronic Coronary Arterial Lesions? JACC.
Clinical Electrophysiology. 2024; 10: 970-972. https://doi.org/
10.1016/j.jacep.2024.01.007

Nies M, Koruth JS, Mléek M, Watanabe K, Tibenska VC,
Kralovec S, et al. Hemolysis After Pulsed Field Ablation: Im-
pact of Lesion Number and Catheter-Tissue Contact. Circula-
tion. Arrhythmia and Electrophysiology. 2024; 17: e012765.
https://doi.org/10.1161/CIRCEP.124.012765

Shadiqa S, Igbal M, Karwiky G, Achmad C. Phrenic nerve and
esophageal injury in pulsed field ablation versus radiofrequency
and cryoablation. Global Cardiology Science & Practice. 2025;
2025: €202530. https://doi.org/10.21542/gcsp.2025.30
Turagam MK, Neuzil P, Schmidt B, Reichlin T, Neven K, Met-
zner A, et al. Safety and Effectiveness of Pulsed Field Ab-
lation to Treat Atrial Fibrillation: One-Year Outcomes From
the MANIFEST-PF Registry. Circulation. 2023; 148: 35-46.
https://doi.org/10.1161/CIRCULATIONAHA.123.064959


https://doi.org/10.31083/RCM53385
https://doi.org/10.31083/RCM53385
https://doi.org/10.1161/CIRCULATIONAHA.124.070333
https://doi.org/10.1161/CIRCULATIONAHA.124.070333
https://doi.org/10.1056/NEJMoa2307291
https://doi.org/10.1056/NEJMoa2307291
https://doi.org/10.1161/CIRCULATIONAHA.123.063988
https://doi.org/10.1161/CIRCULATIONAHA.123.063988
https://www.accessdata.fda.gov/scripts/cdrh/cfdocs/cfpma/pma.cfm?id=P240006
https://www.accessdata.fda.gov/scripts/cdrh/cfdocs/cfpma/pma.cfm?id=P240006
https://www.accessdata.fda.gov/scripts/cdrh/cfdocs/cfpma/pma.cfm?id=P230030
https://www.accessdata.fda.gov/scripts/cdrh/cfdocs/cfpma/pma.cfm?id=P230030
https://www.accessdata.fda.gov/scripts/cdrh/cfdocs/cfpma/pma.cfm?id=P240013
https://www.accessdata.fda.gov/scripts/cdrh/cfdocs/cfpma/pma.cfm?id=P240013
https://www.accessdata.fda.gov/scripts/cdrh/cfdocs/cfpma/pma.cfm?id=P240006
https://www.accessdata.fda.gov/scripts/cdrh/cfdocs/cfpma/pma.cfm?id=P240006
https://doi.org/10.1016/j.jacep.2023.12.015
https://doi.org/10.1016/j.jacep.2023.12.015
https://doi.org/10.1161/CIRCULATIONAHA.122.061497
https://doi.org/10.1001/jamacardio.2023.4405
https://doi.org/10.1001/jamacardio.2023.4405
https://doi.org/10.1016/j.jacep.2023.12.008
https://doi.org/10.1093/europace/euad371
https://doi.org/10.1093/europace/euad371
https://doi.org/10.1038/s41591-024-03114-3
https://doi.org/10.1038/s41591-024-03114-3
https://doi.org/10.1007/s10840-024-01935-3
https://doi.org/10.1007/s10840-024-01935-3
https://doi.org/10.1093/jamia/ocv153
https://doi.org/10.1016/j.hrthm.2024.10.063
https://doi.org/10.1016/j.hrthm.2024.10.063
https://doi.org/10.1016/j.jacep.2025.04.017
https://doi.org/10.1016/j.jacep.2025.04.017
https://doi.org/10.1016/j.jacep.2024.01.007
https://doi.org/10.1016/j.jacep.2024.01.007
https://doi.org/10.1161/CIRCEP.124.012765
https://doi.org/10.21542/gcsp.2025.30
https://doi.org/10.1161/CIRCULATIONAHA.123.064959
https://www.imrpress.com

	1. Introduction
	2. Methods
	2.1 Data Source and Device System Classification
	2.2 Narrative Construction
	2.3 Adverse Event and Device Malfunction Classifications
	2.4 Outcome Extraction
	2.5 Statistical Analysis

	3. Results
	3.1 Adverse Event Categories
	3.2 Adverse Event Profiles by Device System
	3.3 Device Malfunction Subtypes

	4. Discussion
	Limitations

	5. Conclusions
	Availability of Data and Materials
	Author Contributions
	Ethics Approval and Consent to Participate
	Acknowledgment
	Funding
	Conflicts of Interest
	Supplementary Material
	References

