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Abstract

Background: Free fatty acids (FFA) are promising biomarkers for the diagnosis and assessment of several diseases. They have been
associated with cardiovascular diseases, such as insulin resistance, arteriosclerosis, myocardial dysfunction, cardiac arrhythmias, and
sudden cardiac death; thus, it is important to study the relationship between FFA and atrial fibrillation (AF), especially whether FFAs can
predict AF recurrence after catheter ablation. Methods: Patients with symptomatic paroxysmal or persistent AF undergoing radiofre-
quency catheter ablation for the first time were included in the study. Plasma FFA levels were measured upon admission and 3 months
after ablation. Results: A total of 88 patients with AF (55males, 33 females; mean age, 62.5± 8.7 years) were included for analysis. FFA
levels upon admission in patients with paroxysmal and persistent AF were 0.38 ± 0.16 and 0.37 ± 0.15 mmol/L, respectively. During
the 3-month follow-up after radiofrequency ablation, FFA concentration in patients with paroxysmal and persistent AF were 0.38± 0.18
and 0.36± 0.18 mmol/L, respectively. FFA concentration in patients with and without AF recurrence were 0.69± 0.07 and 0.33± 0.14
mmol/L, respectively. Kaplan–Meier analysis showed that AF recurrence was significantly higher in patients with FFA ≥0.53 mmol/L
than in patients with FFA <0.53 mmol/L (p < 0.001). FFA concentration at 3 months post-ablation was an independent predictor of AF
recurrence in patients who underwent catheter ablation (hazard ratio = 10.45, 95% CI [8.61–25.33], p = 0.03). Conclusion: Elevated
postoperative FFA levels were closely related to AF recurrence at the 1-year follow-up, implying that postoperative FFA levels can be
used as a predictive biomarker for AF recurrence. FFAs may be used as a new therapeutic target for the prevention and treatment of AF.
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1. Background
Atrial fibrillation (AF) is a common arrhythmia with

an incidence of 0.5%, which increases to 6% in patients>60
years [1,2]. Persistent AF can cause serious complications,
such as intraatrial thrombosis, heart failure, and stroke [3].
Although the exact pathogenesis of AF remains unclear,
studies have suggested that it may be related to genetic fac-
tors, ion channels, or inflammatory responses [4,5].

Radiofrequency ablation has recently become an im-
portant non-pharmacological treatment for AF [3]. How-
ever, recurrence rates after ablation remain high, reaching
20–30% [6]. This presents significant challenges for clin-
ical management of AF, and the factors that affect recur-
rence are not yet understood. In recent years, the discussion
of AF recurrence factors after ablation has become a major
focus of research [7], highlighting a potential relationship
between certain blood biochemical markers and AF occur-
rence. However, whether these markers are associated with
post-ablation recurrence remains controversial.

Free fatty acids (FFA), also known as non-esterified
fatty acids, are important energy substrates in the body [8].
FFA is a product of fat lipolysis, as a constituent compo-

nent of triglyceride, which binds to albumin and circulates
in the plasma [9]. FFA have been associatedwith cardiovas-
cular diseases, such as insulin resistance, arteriosclerosis,
myocardial dysfunction, cardiac arrhythmias, and sudden
cardiac death [10–12]. Somemetabolic syndromes increase
the incidence of AF [13,14], and FFA are closely associated
with ischemic stroke [15]; thus, given these connections, it
is important to study the relationship between FFA and AF,
especially whether FFAs can be used to predict the recur-
rence of AF post-ablation.

This study measured plasma FFA levels in patients
with AF undergoing catheter ablation to explore the role
and clinical significance of FFA in predictingAF recurrence
post-ablation.

2. Methods
2.1 Study Population

This retrospective single-center study evaluated the
predictive value of FFA in patients with AF who under-
went ablation. We consecutively recruited all patients
with AF who were hospitalized at the cardiac center of
Shanghai Tenth People’s Hospital from November 2018
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to October 2019. The inclusion criteria were the diagno-
sis of AF with documentation using electrocardiography
(ECG) or 24-h Holter monitoring following the American
College of Cardiology (ACC)/American Heart Association
(AHA)/European Society of Cardiology (ESC) 2016 guide-
lines. The exclusion criteria were as follows: age <18
years; acute myocardial infarction within the past 3 months;
rheumatic or congenital heart disease; history of cardiac
surgery; abnormal thyroid function; systemic autoimmune
diseases or malignant tumors; recent severe infection; re-
cent surgery or trauma that would make the patient unable
to tolerate radiofrequency ablation procedures; no response
or intolerance to antiarrhythmic drugs; left atrial diame-
ter (LAD) >55 mm; and thrombus in the left atrium. The
flowchart of this study is shown in Fig. 1.

2.2 Preoperative Preparation
All patients received anticoagulation therapy for at

least 6 weeks before radiofrequency ablation. All patients
underwent routine blood tests, thyroid hormone level tests,
ECG, Holter monitoring, chest radiography, and transtho-
racic and transesophageal echocardiography before abla-
tion. The left atrium and pulmonary veins were assessed
using computed tomography scans.

2.3 Electrophysiology Study and Catheter Ablation
Anesthesia was induced with fentanyl andmidazolam.

After femoral vein puncture, a 6F steerable catheter (In-
quiry, St. Jude Medical, Inc., St. Paul, MN, USA) and
a 5F quadripolar catheter (Medtronic, Inc., Minneapolis,
MN, USA) were placed in the coronary sinus and apex
of the right ventricle, respectively. Following transsep-
tal puncture, intravenous unfractionated heparin was ad-
ministered to maintain an activated clotting time of 250–
350 s. Three-dimensional electroanatomical mapping of
the left atrium and pulmonary veins was performed using
a non-fluoroscopic navigation system (CARTO 3, version
2, Biosense Webster Inc., Irvine, CA, USA), as previously
described.

Electrical isolation of the pulmonary veins was
confirmed using a circular multipolar electrode-mapping
catheter (Lasso Biosense Webster, Irvine, CA, USA). Ad-
ditional linear ablation, including the left atrial posterior
wall line, mitral isthmus line, and left atrial roof line,
was performed if AF persisted after pulmonary vein isola-
tion. Some patients underwent complex fractionated atrial
electrography and mitral isthmus ablation. Pharmaceutical
(ibutilide or aminodarone) or electrical cardioversion was
performed if AF persisted after ablation.

Patients were closely monitored during and after the
procedure for acute complications, including pericardial
tamponade, epicardial coronary injury, phrenic nerve in-
jury, arrhythmia, and mortality.

2.4 AF Management and Follow-up
Antiarrhythmic therapy and anticoagulation were

maintained for 3 months postoperatively in all patients.
Follow-up examinations were conducted at 3-, 6-, and 12-
months post-ablation, which included 24-h Holter monitor-
ing, surface ECG, and plasma FFA measurement. AF re-
currence was defined as atrial arrhythmia lasting >30 s oc-
curring at ≥3 months after ablation.

2.5 Blood Samples and Laboratory Assays
Patient blood samples were obtained upon admission,

before radiofrequency ablation. All samples for deter-
mining biomarker concentrations were drawn in ethylene-
diaminetetraacetic acid-containing vacuum containers and
stored at –80 °C until assayed. Plasma FFA levels were
measured by a Quantification Kit (Sigma-Aldrich, Merck
KGaA, St Louis, MO, USA; Catalogue number MAK044
SIGMA) as per the manufacturer’s instructions. Measure-
ments were made in duplicate and averaged.

2.6 Measurement of Oxidative Stress Biomarkers
Plasma levels of malonyldialdehyde (MDA), super-

oxide dismutase (SOD), glutathione (GSH), and total an-
tioxidant capacity were assessed using commercial assay
kits (Jian Cheng Biological Engineering Institute, Nanjing,
Jiangsu, China).

2.7 Statistical Analysis
Data analysis was performed using SPSS (IBM SPSS

Statistics, Version 19.0, Chicago, IL, USA). Differences
among the groups were compared using chi-square tests
for categorical variables. Two-tailed Student’s t-test were
used to compare data between two groups with normal dis-
tributed values. Mann-Whitney U test was used to compare
data between two groups with non-normal distributed val-
ues.

Time dependent Cox proportional-hazards regression
model was performed to identify independent predictors for
AF recurrence after ablation. Adjusted model were done
based age, gender, body mass index (BMI), medical his-
tory, left atrial diameter, CHA2DS2-VASc score, estimated
glomerular filtration rate (eGFR), left ventricular ejection
fraction (LVEF), FFA levels and procedure time to exclude
confounding factors. Other variables significantly associ-
ated with the outcome were entered into the model in a
stepwise manner. Event-free survival was analyzed using
Kaplan–Meier curves and compared using the log-rank test.
Statistical significance was set at p < 0.05.

3. Results
3.1 Baseline Characteristics of Patients

A total of 88 patients with AF (55 males, 33 females;
mean age, 62.5 ± 8.7 years) were included for analysis.
Of these, 45 (51.1%) patients had paroxysmal AF and 43
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Fig. 1. Flowchart of patient enrollment and follow-up. A total of 88 patients were included in the study. AF, atrial fibrillation; LAD,
left atrial diameter; FFA, free fatty acids.

(48.9%) had persistent AF. There were no significant dif-
ferences between the two groups in age, gender, BMI, hy-
pertension, diabetes, heart failure, prior stroke/transient is-
chemic attack, LVEF, use of angiotensin-converting en-
zyme inhibitor/angiotensin receptor blockers, statins, β-
blockers, insulin, diuretics, procedure time, radiofrequency
time, pulmonary vein isolation, CHA2DS2-VASc scores,
and baseline FFA levels (all p > 0.05; Table 1).

The incidence of coronary heart disease was signifi-
cantly higher in patients with persistent AF than in those
with paroxysmal AF (46.5% vs. 24.4%, p = 0.030). The
persistent AF group had a significantly larger LAD (p =
0.001) and longer calcium channel blocker use and fluo-
roscopy time (all p < 0.05) than the paroxysmal AF group.

3.2 Follow-up Results

All 88 patients completed the follow-up period with-
out loss. The mean follow-up duration was 10.5 ± 1.9
months. During the follow-up period, 18 (20.5%) patients

experienced AF recurrence (paroxysmal AF, n = 8; persis-
tent AF, n = 10).

3.3 FFA Assays

The baseline concentration of FFA in the overall study
population was 0.38 ± 0.15 mmol/L, while the levels in
patients with paroxysmal and persistent AF were 0.38 ±
0.16 and 0.37 ± 0.15 mmol/L, respectively. At the 3-
month follow-up, the plasma FFA concentration in the over-
all study population was 0.37 ± 0.18 mmol/L, while the
levels in patients with paroxysmal and persistent AF were
0.38 ± 0.18 and 0.36 ± 0.18 mmol/L, respectively. There
was no statistically significant difference in the FFA levels
between the two groups (p = 0.51).

A total of 29 patients (paroxysmal AF, n = 18; persis-
tent AF, n = 11) exhibited higher FFA levels at 3 months
post-ablation compared to baseline. The FFA concentra-
tion in patients with and without AF recurrence were 0.69
± 0.07 and 0.33 ± 0.14 mmol/L, respectively. Compari-
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Table 1. Baseline characteristics of patients with AF.
Variable Paroxysmal AF (n = 45) Persistent AF (n = 43) Total (N = 88) p-value

Age, years 61.8 ± 8.4 63.1 ± 9.1 62.5 ± 8.7 0.491
Gender (M/F) 32/13 23/20 55/33 0.088
BMI, kg/m2 23.8 ± 2.4 23.9 ± 2.5 23.9 ± 2.5 0.970
Medical history

Hypertension, n (%) 29 (64.4) 22 (51.2) 51 (58.0) 0.207
Diabetes mellitus, n (%) 16 (35.6) 17 (39.5) 33 (37.5) 0.700
Coronary artery disease, n (%) 11 (24.4) 20 (46.5) 31 (35.2) 0.030
Heart failure, n (%) 14 (31.1) 18 (41.9) 32 (36.4) 0.295
Previous stroke/TIA, n (%) 22 (48.9) 18 (41.9) 40 (45.4) 0.508

Echocardiogram parameters
LAD, mm 43.5 ± 3.6 46.3 ± 3.9 44.9 ± 4.0 0.001
LVEF, % 56.8 ± 8.2 54.1 ± 9.1 55.4 ± 8.7 0.152

Medications
ACEI/ARB, n (%) 23 (51.1) 21 (48.8) 44 (50.0) 0.831
Statins, n (%) 22 (48.9) 21 (48.8) 43 (48.9) 0.996
β-blocker, n (%) 28 (62.2) 22 (51.2) 50 (56.8) 0.295
Calcium channel blockers, n (%) 8 (17.8) 22 (51.2) 30 (34.1) 0.001
Insulin, n (%) 5 (11.1) 4 (9.3) 9 (10.2) 1.000
Diuretics, n (%) 18 (40.0) 12 (27.9) 30 (34.1) 0.232

Others
Procedure time, min 175.4 ± 17.1 178.3 ± 14.6 176.9 ± 15.9 0.390
Fluoroscopy time, min 46.4 ± 8.4 51.4 ± 8.3 48.9 ± 8.7 0.007
Radiofrequency time, min 106.4 ± 8.2 105.1 ± 10.7 105.8 ± 9.5 0.522
Pulmonary vein isolation, n (%) 45 (100) 43 (100) 88 (100) 1.000
Cardioversion, n (%) 5 (11.1) 15 (34.9) 20 (22.7) 0.008
CHA2DS2-VASc score 3.5 ± 2.1 3.7 ± 1.8 3.6 ± 2.0 0.542
eGFR, mL/min 83.8 ± 11.6 87.6 ± 9.9 85.6 ± 10.9 0.102
Free fatty acid, mmol/L 0.38 ± 0.16 0.37 ± 0.15 0.38 ± 0.15 0.733

AF, atrial fibrillation; M/F, male/female; BMI, body mass index; TIA, transient ischemic attack; LAD, left atrial diame-
ter; LVEF, left ventricular ejection fraction; ACEI/ARB, angiotensin-converting enzyme inhibitor/angiotensin receptor
blocker; eGFR, estimated glomerular filtration rate.

son of FFA levels between admission and 3 months after
discharge in AF groups are shown in Fig. 2.

Fig. 2. Comparison of FFA levels between admission and 3
months after discharge in AF groups.

Table 2. Oxidative stress parameters in patients.
Variable Recurrence

group (n = 18)
Non-recurrence
group (n = 70)

p-value

SOD (U/mL) 66.4 ± 3.6 79.2 ± 4.8 <0.001
MDA (nmol/mL) 76.6 ± 11.2 58.3 ± 10.3 <0.001
GSH (mg/L) 24.1 ± 7.8 88.6 ± 5.7 <0.001
SOD, superoxide dismutase; MDA, malonyldialdehyde; GSH,
glutathione.

3.4 Changes in Oxidative Stress Biomarkers
Significant differences were observed in oxidative

stress biomarkers between the groups (p < 0.001). Ta-
ble 2 shows the comparison of SOD, MDA, and GSH lev-
els between the groups. Patients without AF recurrence had
significantly higher SOD and GSH levels and significantly
lower MDA levels compared to those with AF recurrence
(p < 0.001).
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3.5 Cut-off Value of FFA

To establish the optimal FFA cutoff value for pre-
dicting AF recurrence, ECG and Holter monitoring were
used as confirmatory tests. AF recurrence was coded as
1 and non-recurrence was coded as 0. Receiver operat-
ing characteristic analysis (y-axis, sensitivity; x-axis, speci-
ficity) showed that the area under curve (AUC) forFFA at
3 months post-ablation was 0.82 (95% confidence inter-
val: 0.70–0.93; Fig. 3), while the AUC of CHA2DS2-VASc
scoring, FFA at admission, and LAD were 0.49, 0.46, and
0.48, respectively.

Using 0.53 mmol/L as the threshold, the sensitivity
and specificity of FFAwere relatively high at 98% and 94%,
respectively. Therefore, in the Kaplan–Meier survival anal-
ysis, patients were classified using 0.53 mmol/L as the cut-
off value: ≥0.53 mmol/L (n = 18, 9 males and 9 females)
and <0.53 mmol/L (n = 70, 46 males and 24 females).

3.6 Kaplan–Meier Survival Analysis

Kaplan–Meier survival analysis showed that in the
FFA ≥0.53 mmol/L group, 11 patients experienced AF re-
currence. In contrast, in the FFA <0.53 mmol/L group,
no patients experienced AF recurrence. The difference be-
tween the two groups was statistically significant (p< 0.01;
Fig. 4).

3.7 Multivariate Cox Regression Analysis for AF
Recurrence

Multivariate Cox proportional hazards analysis, in-
cluding age, gender, BMI, preoperative LVEF and LAD,
and preoperative and 3-month postoperative FFA levels,
showed that the 3-month post-ablation FFA level was an in-
dependent predictor of AF recurrence (hazard ratio = 10.45,
95% CI [8.61–25.33], p = 0.03; Table 3). Reduced LVEF
was also a predictor of AF recurrence (Table 3).

Fig. 3. Receiver operating characteristic curve (ROC) of FFA
levels upon admission and at 3-month follow-up.

Fig. 4. Kaplan–Meier curve analysis of AF recurrence accord-
ing to FFA levels. (A) Kaplan–Meier curve analysis in the pa-
tients with paroxysmal atrial fibrillation. (B) Kaplan–Meier curve
analysis in the patients with persistent atrial fibrillation.

4. Discussion
Based on previous research [16], we further explored

the relationship between FFA levels and AF recurrence af-
ter radiofrequency ablation. Our main findings were as fol-
lows: (1) increased FFA levels within 1-year post-ablation
were closely associated with AF recurrence; and (2) in-
creased FFA levels at 3-months post-ablation can be used
as an independent predictor of recurrence.

With the maturity of the catheter ablation technique,
the success rate of AF ablation has steadily improved; how-
ever, recurrence after ablation remains an urgent concern
[17,18]. Although recurrence does not completely repre-
sent long-term success rate, it is helpful in guiding subse-
quent treatment selection [19]. Studies have reported that
FFA levels increase in patients with AF, suggesting that
FFA may be associated with AF; however, its role in AF,
particularly after radiofrequency ablation, has been insuffi-
ciently studied.
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Table 3. Univariate and multivariate Cox proportional hazards analyses.
Univariate Cox regression Multivariate Cox regression

Outcome/variables Hazard ratio 95% CI p-value Hazard ratio 95% CI p-value

AF recurrence
AF patterns (paroxysmal or persistent AF) 1.02 0.53–1.23 0.78 1.02 0.53–1.23 0.78
Age 1.01 0.92–1.11 0.81 1.02 0.92–1.11 0.80
Gender 1.86 0.43–9.11 0.40 1.85 0.44–9.12 0.41
BMI 0.93 0.71–1.29 0.63 0.91 0.70–1.30 0.70
Diabetes 0.68 0.14–2.48 0.62 0.65 0.12–2.47 0.61
Hypertension 1.35 0.31–5.55 0.68 1.32 0.33–5.56 0.66
Coronary artery disease 1.03 0.14–3.34 0.97 1.03 0.14–3.34 0.97
Smoking history 1.55 0.41–7.40 0.51 1.67 0.45–7.52 0.78
Heart failure 0.14 0.01–1.81 0.06 0.12 0.01–1.75 0.10
Previous stroke/TIA 0.29 0.03–2.91 0.28 0.33 0.05–2.98 0.35
LAD 0.98 0.83–1.11 0.81 0.91 0.78–1.13 0.75
CHA2DS2-VASc score 0.77 0.31–1.70 0.57 0.85 0.45–1.89 0.68
FFA at admission 0.02 0.00–1.44 0.08 0.03 0.00–1.43 0.05
FFA at 3 m
<0.53 mmol/L 0.45 0.01–1.36 0.46 0.08 0.00–1.33 0.87
≥0.53 mmol/L 16.74 5.73–38.89 <0.0001 10.45 8.61–25.33 0.03
eGFR 1.04 0.98–1.07 0.18 1.14 0.95–1.33 0.28
Reduced LVEF 4.99 4.37–35.51 0.01 15.56 6.87–18.62 0.02
Procedure time 0.97 0.94–1.01 0.12 0.95 0.90–1.12 0.18
CI, confidence interval; AF, atrial fibrillation; BMI, body mass index; TIA, transient ischemic attack; LAD, left atrial diameter;
LVEF, left ventricular ejection fraction; FFA, free fatty acids; 3 m, third month after discharge; eGFR, estimated glomerular
filtration rate.

FFA are a direct source of substances and heat decom-
posed into neutral fat under physiological conditions [8].
FFA have a low blood concentration and are an important
energy source for the human body [20]. Under patholog-
ical conditions, high FFA concentrations result in cellular
and tissue toxicities [21], which can aggravate damage after
myocardial ischemia and affect heart function independent
of atherosclerosis [22,23].

The main substances of adenosine triphosphate (ATP)
produced by cardiac aerobic metabolism are FFA and
glucose, which account for 60–70% of ATP generation
[24]. Under physiological conditions, the glucose and
FFA pathways maintain a relative balance, characterized
by metabolic competition [24]. Blood FFA levels are an
important factor in maintaining this equilibrium [25]. El-
evated FFA levels may induce metabolic changes in my-
ocardial energy substrates [26]. Compared to glucose, FFA
require more oxygen to produce ATP [27]. Accumulation
of long-chain acetylene and H+ in the myocardium results
from an increase in the FFA oxidation pathway, which can
directly impair cardiac function and damage the myocar-
dial cell membrane [28]. Previous studies have shown that
changes in energy substrate metabolism are associated with
early impairment of left ventricular diastolic function [29].
Animal experiments have also shown that elevated myocar-
dial FFA levels promote excessive reactive oxygen species
(ROS) production, mitochondrial damage, and cardiac dys-
function [30].

The hypothesis that myocardial ectopic lipid deposi-
tion caused by elevated FFA levels can lead to lipotoxic
heart disease has been gradually accepted [31]. Animal
studies have confirmed that the stimulation ofmyocyte fatty
acid uptake causes myocardial lipid deposition [30,32].
Previous studies have suggested that insulin resistance-
related endothelial dysfunction in obesity can be attributed
to fatty acid-induced ROS overproduction [33]. Studies
have shown that rat heart function is negatively correlated
with myocardial FFA levels, supporting that ectopic my-
ocardial lipid deposition may be an important cause of car-
diac damage in rats [34,35]. Research has also confirmed
that FFA may alter membrane ionic currents in sheep atrial
myocytes, with potential implications in arrhythmogenesis
[36]. An epidemiological study has linked higher circulat-
ing long-chain saturated fatty palmitic acids to a higher risk
of AF [37].

Ghosh et al. [10] demonstrated that increased FFA
levels lead to systemic oxidative stress, activation of the
renin-angiotensin system, and cause endothelial dysfunc-
tion. FFA can damage myocardium cell membrane, im-
pair heart function, and cause ventricular fibrillation [12,
38]. Additionally, FFA may affect membrane ion channels
and potentially cause arrhythmias [39]. Consistent with
these findings, our study demonstrated that increased post-
ablation FFA concentration was closely related to AF re-
currence. These results suggest that FFAmay be a potential
biomarker for predicting outcomes in patients with AF. Per-
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sistently elevated FFA levels after catheter ablation could
indicate a high risk of recurrence, highlighting the need for
comprehensive AF management. However, it is important
to emphasize that the results of this study are preliminary.

This study has several limitations. First, this was
a single-center retrospective observational study, and se-
lection bias was inevitable. Second, the sample size was
relatively small, necessitating validation in larger cohorts.
Third, the follow-up period was short, limiting the assess-
ment of long-term effects, particularly regarding secondary
ablation. Finally, multiple factors may affect FFA levels,
such as abnormal glucose and lipid metabolism, medica-
tion use, and genetic heterogeneity, which were not fully
considered in this study. Further studies addressing these
limitations are necessary to validate the findings of the cur-
rent study.

5. Conclusion
In patients with AF undergoing radiofrequency ab-

lation, elevated postoperative FFA levels were closely re-
lated to AF recurrence at the 1-year follow-up, implying
that postoperative FFA levels can be used as a risk factor
for predicting AF recurrence. Reducing FFA levels may be
beneficial to protect cardiac function and may be used as a
novel therapeutic method for the prevention and treatment
of AF, or as a biomarker for predicting recurrence.
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