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Abstract
Background  Atrial fibrillation (AF) is acknowledged as a disease continuum. Despite catheter ablation being 
recommended as a primary therapy for AF, the high recurrence rates have tempered the initial enthusiasm. Insulin 
resistance (IR) has been established as an independent predictor for the onset of AF. However, the correlation 
between non-insulin-based IR indices and late AF recurrence in patients undergoing radiofrequency catheter ablation 
remains unknown.

Methods  A retrospective cohort of 910 AF patients who underwent radiofrequency catheter ablation was included 
in the analysis. The primary endpoint was late AF recurrence during the follow-up period after a defined blank period. 
The relationship between non-insulin-based IR indices and the primary endpoint was assessed using multivariate Cox 
hazards regression models and restricted cubic splines (RCS). Additionally, the net reclassification improvement and 
integrated discrimination improvement index were calculated to further evaluate the additional predictive value of 
the four IR indices beyond established risk factors for the primary outcome.

Results  During a median follow-up period of 12.00 months, 189 patients (20.77%) experienced late AF recurrence, 
which was more prevalent among patients with higher levels of IR. The multivariate Cox hazards regression analysis 
revealed a significant association between these IR indices and late AF recurrence. Among the four indices, METS-IR 
provided the most significant incremental effect on the basic model for predicting late AF recurrence. Multivariable-
adjusted RCS curves illustrated a nonlinear correlation between METS-IR and late AF recurrence. In subgroup analysis, 
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Introduction
Atrial fibrillation (AF) is the most prevalent sustained 
arrhythmia, and its incidence and prevalence are increas-
ing globally, imposing a substantial burden on public 
health and healthcare costs [1]. AF is associated with 
an elevated risk of multiple adverse outcomes, includ-
ing a 1.5- to 2-fold higher risk of death [2, 3], a 2.4-fold 
increase in the risk of stroke [3], a 1.5-fold risk of myo-
cardial infarction [4], a 5-fold risk of heart failure [3], and 
a 1.5-fold raised risk of cognitive impairment or demen-
tia [5]. Despite recent evidence supporting catheter 
ablation of AF as a Class 1 first-line therapy for rhythm 
control in appropriately selected patients [6], there is a 
recurrence rate of 30–40% after the procedure [7]. AF has 
been recognized as a disease continuum that requires a 
variety of strategies at the different stages, from preven-
tion, lifestyle and risk factor modification, screening, and 
therapy [6]. Thus, early and optimized risk stratification 
to prevent recurrent AF is beneficial for patients under-
going catheter ablation.

Insulin resistance (IR), a pathological condition charac-
terized by diminished response to insulin, is a significant 
precursor of diabetes mellitus (DM), hypertension, meta-
bolic syndrome, and cardiometabolic risk [8]. Most car-
diovascular risk factors have been shown to be associated 
with increased risk of new-onset AF and AF recurrence 
after catheter ablation [9, 10]. IR also has certain adverse 
effects on atrial electrical and structural remodeling pro-
cesses, ultimately contributing to the development of AF 
[11, 12]. The hyperinsulinemic-euglycemic clamp has 
been recognized as the gold-standard method for assess-
ing IR, its clinical use is limited by its complexity and 
time-consuming nature. Similarly, the homeostatic model 
assessment of insulin resistance (HOMA-IR), an IR index 
calculated using fasting insulin and fasting blood glu-
cose (FBG), is also hindered by the need for serum insu-
lin measurement, which may pose challenges in primary 
healthcare facilities, especially in developing countries, 
due to the high cost and lack of instrumentation [13]. 
Recently, several alternative measures of non-insulin-
based IR indices including the TyG index, TG/HDL-C, 
METS-IR, and TyG-BMI index, have been established, 
offering greater convenience while remaining valid.

At present, the relationship between the recurrence 
rate after radiofrequency catheter ablation (RFCA) and 

non-insulin-based IR indices in AF patients has not been 
confirmed. Therefore, in this study, we aimed to explore 
the predictive value of non-insulin-based IR indices on 
AF recurrence in patients with varying glycemic statuses 
who have undergone RFCA.

Methods
Study population
This retrospective study enrolled 910 consecutive 
patients who underwent first-time RFCA for non-valvu-
lar AF between March 2017 and July 2023 at the Third 
People’s Hospital of Chengdu (Sichuan, China). The 
inclusion criteria were age ≥ 18 years and hospitalization 
for the first radiofrequency catheter ablation for non-
valvular AF. The exclusion criteria were defined as fol-
lows: (1) severe cardiac valvular disease, such as severe 
aortic stenosis or aortic insufficiency, severe mitral valve 
stenosis, incomplete closure, and history of mitral valve 
replacement surgery; (2) previous left intra-atrial cath-
eter ablation and left atrial surgery; (3) patients with 
significant liver impairment (i.e., three times the normal 
value); (4) malignant tumors with life expectancy of less 
than 1 year; (5) use of glucocorticoid drugs at baseline; 
and (6) patients with incomplete essential clinical data.

The study obtained approval from the Ethics Com-
mittee of the Third People’s Hospital of Chengdu and 
was conducted in compliance with the Helsinki Decla-
ration. Written informed consent was obtained from all 
participants.

Date collection and definitions
Data on sociodemographic characteristics, medical his-
tory, smoking status, laboratory examination, and medi-
cal and procedural information of participants were 
collected from the electronic medical records. Previous 
medical history data included a history of hypertension, 
DM, dyslipidemia, coronary heart disease, heart failure, 
stroke, and chronic obstructive pulmonary disease.

Peripheral venous blood samples were collected 
after overnight fasting (> 8  h). Laboratory parameters, 
including hemoglobin, FBG, triglycerides, total choles-
terol, low-density lipoprotein-C (LDL-C), high-density 
lipoprotein-C (HDL-C), serum creatinine, and brain 
natriuretic peptide (BNP), were measured by standard 
biochemical techniques in the Clinical Laboratory of the 

METS-IR exhibited a significant correlation with late AF recurrence in patients with diabetes mellitus (HR: 1.697, 95% CI 
1.397 − 2.063, P < 0.001).

Conclusion  All the four non-insulin-based IR indices were significantly associated with late AF recurrence in patients 
undergoing radiofrequency catheter ablation. Addressing IR could potentially serve as a viable strategy for reducing 
the late AF recurrence rate.
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Third People’s Hospital of Chengdu. The left ventricular 
ejection fraction (LVEF) was determined by the two-
dimensional modified Simpson’s method.

Patients exhibiting AF episodes lasting longer than 7 
days were defined as having persistent AF, whereas indi-
viduals whose episodes terminated spontaneously within 
7 days were classified as having paroxysmal AF [14]. A 
participant was categorized as having DM if they had a 
prior clinical diagnosis, were presently using medications 
for DM, or showed typical symptoms of DM with casual 
blood glucose ≥ 11.1 mmol/L, and/or FBG ≥ 7.0 mmol/L, 
and/or 2-h blood glucose ≥ 11.1 mmol/L in the 75-g oral 
glucose tolerance test [15]. The Body Mass Index (BMI) 
was calculated using the formula: weight / height2. TG/
HDL-C was calculated using the formula: TG (mg/
dL) ÷ HDL-C (mg/dL)[16]. Mets-IR was calculated using 
the formula: ln [(2 × FBG (mg/dL)) + TG (mg/dL)] × 
BMI (kg/m2)) ÷ (ln [HDL-C (mg/dL)]) [17]. The triglyc-
eride–glucose index (TyG index) was calculated using 
the formula: ln [fasting TG (mg/dL) ×FBG (mg/dL)/2] 
[18]. TyG-BMI index was calculated using the formula: 
ln [fasting TG (mg/dL) × FBG (mg/dL)/2] × BMI (kg/
m2) [19]. Estimated glomerular filtration rate (eGFR) was 
calculated using the modification of diet in renal disease 
(MDRD) equation: 175 × Scr– 1.234 × Age– 0.179 × 0.79 (if 
female) [20]. Chronic kidney disease (CKD) was defined 
as eGFR < 60 mL/min/1.73 m2. The study population 
was divided into three subgroups: Stage 1, patients with 
eGFR > 90 mL/min/1.73 m2 (no renal dysfunction); Stage 
2 patients with eGFR between 60 and 89 mL/min/1.73 
m2 (mild renal dysfunction); and Stage 3–5, patients with 
eGFR < 59 mL/min/1.73 m2 (moderate and severe renal 
dysfunction).

Ablation protocol and periprocedural management
The RFCA protocol for AF in our department has been 
previously reported [21]. In brief, all patients underwent 
cardiac computed tomography angiography prior to abla-
tion to evaluate the size and structure of the left atrium 
as well as the morphology of the pulmonary veins. RFCA 
was performed under general anesthesia for all patients, 
with continuous monitoring of their vital signs. A coro-
nary sinus electrode was placed into the left subclavian 
vein, and a ventricular electrode was inserted into the 
right femoral vein. The electrophysiological examination 
indicated persistent AF or paroxysmal AF.

In cases of paroxysmal AF, the adjustable curved sheath 
was directed to the left atrium. A pressure-sensing abla-
tion catheter was infused with 50 watts and 15 mL/min 
of cold saline. Subsequently, the bilateral pulmonary vein 
was electrically isolated after ablation, indicating the 
completion of the procedure. If AF persisted, a Swarts 
long sheath was placed via the right femoral vein punc-
ture through the Swarts long sheath puncture chamber 

interval. The adjustable sheath was placed into the pen-
tary electrode in the left chamber. The CARTO 3 navi-
gation system was utilized to guide the modeling of the 
descending left atrial anatomy, while gathering the con-
tact bipolar cavity electrical graph signal throughout the 
left chamber. Following this, the left atrial matrix was 
mapped during sinus rhythm and AF, and the ablation 
circuit was designed based on these mapping results.

Ablation was performed using pressure sensing with 
the catheter and cold saline (50 watts, 15 mL/min), lead-
ing to the improvement of the left atrial matrix (e.g., 
anterior and posterior pulmonary veins, BOX). If AF 
transitioned to atrial flutter or atrial tachycardia dur-
ing ablation, the ablation area was electro-isolated. If AF 
changed to sinus rhythm during ablation, the procedure 
was concluded.

If the patients did not have any contraindications, all 
patients were given oral anticoagulants and amiodarone 
for at least 3 months after the procedure, adhering to the 
guidelines of the European Society of Cardiology [14]. 
In instances where oral amiodarone could not maintain 
sinus rhythm during this period, electrocardioversion 
was conducted.

Outcome and follow‑up
After discharge, scheduled follow-up visits were per-
formed at 3, 6, and 12 months. The follow-up methods 
included outpatient appointments with an AF special-
ist, readmission, and telephonic follow-up. All patients 
were advised to undergo a 7-day long-course ECG during 
regular follow-up appointments. The blank period within 
90 days following RFCA was taken into account for any 
occurrence of atrial arrhythmia (AF, atrial flutter, or atrial 
tachycardia) and was not deemed as AF recurrence. Late 
AF recurrence was defined as all 30-second AF events 
(atrial arrhythmia) continuously recorded by any ECG 
or Holter monitoring device after the 90-day gap period 
[22]. The primary endpoint in this study is the late recur-
rence of AF during the follow-up period following the 
blank period.

Statistical analysis
R software (Version 4.3.2) and SPSS 26.0. were used to 
perform the statistical analyses. The normality of the data 
distribution was evaluated utilizing the Kolmogorov-
Smirnov test. Continuous variables were expressed as 
mean with standard deviation (SD) or median with inter-
quartile range (IQR) as appropriate, and the comparison 
between two groups was analyzed using the t-test or 
Mann–Whitney U-test as applicable. Categorical vari-
ables were displayed as frequencies and percentages, and 
the comparison between two groups was assessed using 
the chi-square test or Fisher’s exact test as appropriate.
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The four IR indices were standardized using Z-scores 
and incorporated into the unadjusted or adjusted Cox 
proportion hazards regression models to assess the 
impact of a 1.0-SD increase in the indices on the late 
recurrence of AF. Before constructing the multivariate 
model, univariate logistic regression was performed to 
select the covariates. To identify the association between 
the four IR indexes and the late recurrence of AF in the 
enrolled individuals, covariates such as sex, AF type, 
AF history, BNP, HGB, LAD, and CKD were evaluated 
for collinearity prior to constructing the multivariate 
model based on a significance level of P < 0.05. The Cox 
regression model included three models according to 
different confounding factors. Model 1 was not adjusted 
any covariates. Model 2 was adjusted for sex and AF 
type. Model 3 was adjusted for sex, AF type, AF history, 
LAD, and eGFR. The relationship between TyG index, 
TyG-BMI, TG/HDL-C, METS-IR, and recurrence of AF 
was also investigated by restricted cubic spline (RCS) 
model with 3 knots (10th, 50th, and 90th percentiles, 
respectively).

The receiver operating characteristic (ROC) curves 
were employed to assess the predictive power of the basic 
model (including sex, AF type, the duration of AF, LAD, 
and CKD) and the basic model plus each of the four IR 
indices for late AF recurrence, respectively. The Kaplan–
Meier method was performed to evaluate the probabil-
ity of free from the primary outcome between groups 
according to the optimal cutoff point of the IR index and 
discrepancies between groups were evaluated by log-
rank tests. Furthermore, the predictive performance of 
the addition of the IR index to the risk prediction mod-
els was assessed using the C-statistic, the continuous net 
reclassification improvement (NRI) and the integrated 
discrimination improvement (IDI). Subsequently, sub-
group analyses were also carried out, stratified by DM, to 
evaluate the predictive capability of METS-IR across dif-
ferent glycemia statuses, and the P-value for interaction 
was calculated. A two-sided P-value of less than 0.05 was 
considered statistically significant.

Results
Baseline characteristics
A total of 910 AF patients (65.98 ± 10.3 years, 50.4% 
female) who underwent RFCA and completed the follow-
up were enrolled for the final analysis (Table  1). Dur-
ing a median follow-up of 12.00 months (IQR, 12.00 to 
15.00 months), 189 patients (20.77%) experienced late 
AF recurrence. Compared to patients without late AF 
recurrence, those with late AF recurrence tended to be 
male, have a higher prevalence of persistent AF, a longer 
duration of AF, higher levels of BMI, triglycerides, LAD, 
eGFR, and CHA2DS2-VASc score, as well as a lower lev-
els of HDL-C and hemoglobin. The non-insulin-based IR 

indices, including the TyG index, TG/HDL-C, METS-IR, 
and TyG-BMI index, were higher in patients who experi-
enced late AF recurrence.

The predictive value of the IR indices for the risk of late AF 
recurrence
The results of univariate and multivariate Cox propor-
tional hazards regression analyses and predictors for late 
AF recurrence are presented in Table  2. After adjusting 
for BNP and hemoglobin, multivariate Cox proportional 
hazards regression showed that sex, AF type, the dura-
tion of AF, LAD, and CKD were independent predic-
tors for late AF recurrence in AF patients after RFCA 
(all P < 0.05). The four IR indices were also significantly 
associated with late AF recurrence (P < 0.05, Table  3). 
After adjusting for sex, AF type, the duration of AF, LAD, 
and CKD, the four IR indices were still independent haz-
ard factors for late AF recurrence. Based on the optimal 
cutoff value of the four IR indices, the Kaplan–Meier 
analysis revealed that the cumulative incidence of late 
AF recurrence was significantly higher in patients with a 
higher level of IR (log-rank test, all P < 0.01) (Fig. 1A, D).

We further assessed whether a linear or nonlinear asso-
ciation existed between the IR index and late AF recur-
rence using multivariate adjusted RCS. Interestingly, the 
TyG index and TyG-BMI exhibited a significantly linear 
relationship with late AF recurrence, while TG/HDL and 
METS-IR did not show such a relationship (Fig. 2A, D).

Incremental effect of the IR indices on risk stratification for 
late AF recurrence
The area under the ROC curve (AUC) of the basic model 
and the basic model plus TyG index, TG/HDL-C, METS-
IR, or TyG-BMI index, was 0.681, 0.694, 0.719, and 
0.715, respectively (Fig. 3). The C-statistic, NRI and IDI 
were presented in Table 4. The results showed a signifi-
cant incremental predictive ability by the four IR indices 
when added to the basic risk model for predicting late AF 
recurrence, as indicated by the IDI values (all P < 0.001). 
Meanwhile, among the four non-insulin-based IR indi-
ces, METS-IR exhibited the most significant incremental 
effect on the basic model for predicting late AF recur-
rence (Table 4).

Subgroup analyses of METS-IR for predicting late AF 
recurrence
Next, we further performed exploratory subgroup anal-
yses stratified by age, sex, the duration of AF, AF type, 
hypertension, DM, CKD, HBG, BNP, and LAD (Fig. 4). 
The results indicated that there was a significant interac-
tion between age, sex, the duration of AF, AF type, CKD, 
HBG, BNP, or LAD subgroups and METS-IR on the inci-
dence of late AF recurrence (all P for interaction < 0.05). 
Moreover, METS-IR demonstrated a significant 
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Table 1  Baseline characteristics
Characteristics Overall

(n = 910)
Late AF recurrence (+)
(n = 189)

Late AF recurrence (-)
(n = 721)

P value

Demographics
 Age, years 65.98 ± 10.3 67.2 ± 9.71 65.66 ± 10.43 0.067
 Age ≥ 60 681 (74.8) 153 (81) 528 (73.2) 0.029
 Female, n (%) 459 (50.4) 114 (60.3) 345 (73.2) 0.002
 BMI, kg/m2 24.71 ± 3.31 25.89 ± 3.35 24.40 ± 3.23 0.000
 NPAF, n (%) 413 (45.4) 116 (61.4) 297 (41.2) 0.000
 Time since AF onset, days 504 (123, 1728) 990 (192, 2232) 432 (108, 1488) 0.002
Medical history
 Smoking, n (%) 270 (29.7) 48 (25.4) 222 (30.6%) 0.201
 Drinking, n (%) 242 (26.2) 48 (25.4) 194 (26.9) 0.234
 Congestive heart failure, n (%) 174 (19.1) 45 (23.8) 129 (17.9) 0.066
 Hypertension, n (%) 494 (54.3) 103 (54.5) 391 (54.2) 0.948
 Diabetes mellitus, n (%) 195 (21.4) 47 (24.9) 148 (20.5) 0.195
 Coronary heart disease, n (%) 106 (11.6) 21 (11.1) 85 (11.8) 0.796
 Dyslipidemia, n (%) 169 (18.6) 36 (19) 133 (18.4) 0.85
 COPD, n (%) 33 (3.6) 7 (3.7) 26 (3.6) 0.949
 Stroke, n (%) 64 (7) 16 (8.5) 48 (6.7) 0.387
 SBP, mmHg 127.1 ± 17.69 128.87 ± 18.8 126.63 ± 17.37 0.122
Laboratory data
 BNP, pg/mL 121.7(54.85, 244.9) 122.4 (57.85, 246.3) 191.6(102.7, 340) 0.000
 eGFR, ml/min 93.74 ± 23.34 89.45 ± 23.75 94.86 ± 23.12 0.004
CKD stage, n (%) 0.01
 CKD 1 505 (55.5) 92 (48.7) 413 (57.3)
 CKD 2 351 (38.6) 78 (41.3) 273 (37.9)
 CKD 3–5 54 (5.9) 19 (10.1) 35 (4.9)
 FBG, mg/dL 5.2 (4.74, 5.92) 5.31 (4.73, 6.05) 5.12 (4.7, 5.81) 0.117
 TC, mmol/L 4.17 (3,45, 4.98) 4.08 (3.39, 4.72) 4.18 (3.45, 5.03) 0.162
TG, mmol/L 1.24 (0.92, 1.69) 1.29 (0.96, 1.74) 1.19 (0.92, 1.64) 0.003
 LDL-C, mmol/L 2.37 (1.86, 2.94) 2.35 (1.75, 2.76) 2.36 (1.86, 2.95) 0.261
 HDL-C, mmol/L 1.26 (1.05, 1.49) 1.23 (1.05, 1.44) 1.27 (1.08, 1.49) 0.007
 HGB, g/L 136.49 ± 17.03 132.65 ± 17.26 137.41 ± 16.98 0.001
 LAD, mm 41.41 ± 5.57 43.42 ± 5.22 40.89 ± 5.55 0.000
 LVED, mm 45 (43, 48) 45 (42,48) 46 (43, 48) 0.062
 LVEF (%) 60 (57, 62) 60 (57, 62) 60 (57, 63) 0.838
 CHA2DS2-VASc score 2.37 ± 1.48 2.68 ± 1.56 2.3 ± 1.45 0.002
 TyG index 7.04 ± 0.56 7.14 ± 0.59 7.01 ± 0.55 0.004
 TyG-BMI index 174.25 ± 29.51 185.06 ± 29.37 171.42 ± 28.9 0.000
 TG/HDL ratio 0.97 (0.69, 1.47) 1.13 (0.76, 1.65) 0.94 (0.67, 1.43) 0.000
 METS-IR 43.27 ± 7.92 46.1 ± 7.33 42.53 ± 7.92 0.001
Discharge medicine
 Anticoagulant drugs, n (%) 880 (96.7) 181 (95.8) 699 (96.9) 0.418
 Antiarrhythmic drugs, n (%) 760(83.5) 154 (81.5) 606 (84) 0.397
Data were expressed as mean ± SD, median with 25th and 75th percentile or n (%)

BMI body mass index, AF atrial fibrillation, NPAF nonparoxysmal atrial fibrillation, COPD chronic obstructive pulmonary disease, SBP systolic blood pressure, BNP 
B-type natriuretic peptide, FBG fasting blood glucose, TC total cholesterol, TG triglyceride, LDL-C low-density lipoprotein cholesterol, HDL-C high-density lipoprotein 
cholesterol, HGB hemoglobin, LAD left atrial diameter, LVED left ventricular end-diastolic inner diameter, LVEF left ventricular ejection fraction, TyG triglyceride and 
glucose, TyG-BMI triglyceride glucose-body mass index, TG/HDL-C triglyceride to high-density lipoprotein cholesterol ratio, METS-IR metabolic score for insulin 
resistance, eGFR estimated glomerular filtration rate, CKD chronic kidney disease
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Table 2  Univariate and multivariate Cox regression analysis for predicting the late AF recurrence in overall population
Variables Univariate analysis Multivariate analysis

HR 95% CI P value HR 95% CI P value
Male 0.627 0.469–0.84 0.002 0.620 0.441–0.870 0.006
AF type 1.936 1.444–2.596 0.000 1.691 1.169–2.447 0.005
Time since AF onset 1 1 0.025 1 1 0.037
BNP 1.001 1-1.001 0.019 1.000 0.999-1 0.465
HGB 0.987 0.979–0.995 0.002 0.993 0.984–1.003 0.164
LAD 1.066 1.041–1.091 0.000 1.047 1.016–1.08 0.003
CKD 1.388 1.112–1.732 0.004 1.342 1.061–1.697 0.014
HR hazard ratio, CI confidence interval; other abbreviations can be seen in Table 1

Table 3  Association between insulin resistance indices and late AF recurrence in overall population
HR (95% CI)a P value HR (95% CI)b P value HR (95% CI)c P value

TyG index 1.403 (1.114–1.767) 0.004 1.448 (1.145–1.832) 0.002 1.472 (1.158–1.87) 0.002
TyG-BMI index 1.013 (1.009–1.017) 0.000 1.014 (1.009–0.018) 0.000 1.013 (1.008–1.018) 0.000
TG/HDL-C ratio 1.121 (1.023–1.227) 0.014 1.163 (1.06–1.275) 0.001 1.175 (1.071–1.289) 0.001
METS-IR 1.047 (1.03–1.065) 0.000 1.051 (1.034–1.069) 0.000 1.048 (1.03–1.066) 0.000
HR hazard ratio, CI confidence interval; other abbreviations can be seen in Table 1
a Model 1: unadjusted
b Model 2: adjusted for sex and AF type
c Model 3: model 2 + further adjusted for Time since AF onset, LAD, and eGFR

Fig. 1  Freedom from late AF recurrence over Time Shown are Kaplan–Meier estimates of the primary end point, freedom from recurrence of any atrial 
tachyarrhythmia (atrial fibrillation, atrial flutter, or atrial tachycardia) lasting 30 s or longer days after the initiation of catheter ablation in patients stratified 
by the optimal cutoff value of A TyG index, B TyG-BMI index, C TG/HDL ratio, and D METS-IR. HR indicates hazard ratio
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association with late AF recurrence specifically in AF 
patients with DM (HR: 1.697, 95% CI 1.397 − 2.063, 
P < 0.001).

Discussion
Given the scarcity of data on evaluating the predictive 
value of IR indices in AF patients who underwent RFCA, 
we conducted the present study to investigate the asso-
ciation between non-insulin-based IR indices and late AF 
recurrence in patients undergoing RFCA. Our findings 
show that IR was associated with late AF recurrence in 
patients who underwent RFCA for AF. Even after adjust-
ing for potential confounding factors, the four non-insu-
lin-based IR indices remained independent predictors 
of late AF recurrence. To the best of our knowledge, this 
study demonstrates, for the first time, that incorporating 
the non-insulin-based IR index enhances the predictive 
performance of the basic model for late AF recurrence in 
AF patients undergoing RFCA. Our study results suggest 

that targeting IR may optimize the clinical management 
of AF patients undergoing RFCA.

In the most recent guideline, catheter ablation has 
become a first-line therapy for AF because of multiple 
RCTs and evidence from large registries [6]. Meanwhile, 
recurrences of AF are common following an initial abla-
tion procedure, with rates ranging from 30 to 40% in 
contemporary clinical trials [23, 24]. This often results in 
repeated cardioversions, the use of antiarrhythmic drugs, 
or additional ablation procedures. Antiarrhythmic drug 
therapies may exhibit significant drug-drug interactions 
and lead to serious side effects [25]. Similarly, although 
complication rates associated with AF ablation are gen-
erally low, repeat ablations have been identified as an 
independent predictor of adverse outcomes. These risks 
are rare but include pulmonary vein stenosis and stiff left 
atrium syndrome [26–28]. Thus, preventing recurrent AF 
is beneficial for individuals undergoing catheter ablation.

Fig. 2  Restricted cubic spline curves for late AF recurrence by IR indices A TyG index; B TyG-BMI index; C TG/HDL ratio; D METS-IR. Hazard ratios are indi-
cated by solid lines and 95% CIs by shaded areas. AF, atrial fibrillation; CI, confidence interval, TyG triglyceride and glucose, TyG-BMI triglyceride glucose-
body mass index, TG/HDL-C triglyceride to high-density lipoprotein cholesterol ratio, METS-IR metabolic score for insulin resistance
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AF has been recognized as a disease continuum that 
requires diverse strategies across various stages, encom-
passing prevention, lifestyle modifications, risk factor 
management, screening, and therapeutic interventions 
[6]. Notably, risk factor management has been under-
scored as a crucial aspect across the entirety of the dis-
ease continuum [6]. Both metabolic syndrome and DM 
have been established as independent risk factors, not 
only for the development of AF [9, 29], but also for its 
recurrence following RFCA [30, 31]. Meanwhile, IR is a 
prevalent characteristic of both metabolic syndrome and 
DM, and it is considered a potential mechanism contrib-
uting to the development of AF [32, 33]. Monitoring IR 
levels may assist in identifying individuals at increased 
risk of AF, thereby enabling the prompt implementation 
of effective interventions.

HOMA-IR, an insulin-based IR index, is the most 
widely used indicator for IR. Hijioka et al. reported that 
HOMA-IR was an independent predictor of recurrence 
in patients with paroxysmal AF [34]. Another study 
found that the HOMA-IR was independently associated 
with AF recurrence in patients without diabetes [35]. 
However, the clinical use of HOMA-IR is constrained 
by the necessity for serum insulin measurement, which 
may not be readily available in primary hospitals, espe-
cially in developing countries, due to the lack of instru-
mentation and reimbursement [13]. Non-insulin-based 
indices are typically more convenient for routine screen-
ing in clinical practice compared to the HOMA-IR index. 
Our study identified the non-insulin-based IR indices, 
namely the TyG index, TG/HDL-C ratio, METS-IR, and 
TyG-BMI index, as independent predictors of delayed 
AF recurrence in patients undergoing RFCA. Among 
the four non-insulin-based IR indices, the METS-IR has 
best incremental effect on the basic model for predict-
ing late AF recurrence. In subgroup analysis, METS-IR 
was positively associated with delayed AF recurrence in 
DM patients, regardless of the type of AF. Interestingly, 
the trajectories of TyG index during the blank period 
were significantly associated with the outcomes of AF 
recurrence in AF patients who underwent RFCA [36]. 
Therefore, monitoring IR levels may help in identifying 
individuals at high risk of AF recurrence, enabling the 
timely implementation of effective interventions.

Although extensive clinical research has confirmed 
the impact of IR on the onset and recurrence of AF, the 
detailed pathogenesis mechanism still remains largely 
unknown. In animal studies, Chan et al., demonstrated 
that IR induced both atrial structural remodeling and 
abnormal intracellular calcium homeostasis, thereby 
contributing to an increased susceptibility to AF [12]. 
The recurrence rate of AF after ablation was significantly 
higher in the patients with metabolic syndrome [31], 
indicating that the atrial arrhythmogenic substrate may 
be a dynamic entity and a single ablation-based “substrate 
modification” may be insufficient for individuals with IR 
[37]. Notably, research has demonstrated that both met-
formin and dipeptidyl peptidase 4 inhibitors reduced the 
risk of AF in patients with DM [38, 39]. Moreover, the use 

Table 4  Evaluation the incremental prognostic value of adding IR indices to the basic model to predict clinical outcomes
Model C-statistic

(95% CI)
P value NRI

(95% CI)
P value IDI

(95% CI)
P value

Basic model 0.633 (0.592–0.674) Ref. Ref. Ref.
+ TyG index 0.646 (0.605–0.687) 0.482 0.128 (−0.151-0.470) 0.180 0.014(-0.002-0.043) 0.112
+ TyG-BMI index 0.676 (0.633–0.719) 0.043 0.336 (0.035-0.600) 0.017 0.045(0.012–0.082) 0.009
+ TG/HDL-C ratio 0.674 (0.606–0.688) 0.142 0.202 (−0.081-0.516) 0.240 0.008(-0.004-0.033) 0.276
+ METS-IR 0.677 (0.636–0.718) 0.019 0.306 (0.029–0.626) 0.018 0.037(0.008–0.071) 0.010
The basic model included sex, AF type, Time since AF onset, LAD and eGFR

CI confidence interval, NRI net reclassification improvement, IDI integrated discrimination improvement; other abbreviations can be seen in Table 1

Fig. 3  The receiver operating characteristic curves of the IR indices as a 
marker to predict late AF recurrence. Basic model versus Basic model + TyG 
index, Z = 1.484, P = 0.1377; Basic model versus Basic model + TyG-BMI 
index, Z = 2.772, P = 0.006; Basic model versus Basic model + TG/HDL, 
Z = 1.948, P = 0.051; Basic model versus Basic model + METS-IR, Z = 3.045, 
P = 0.002
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of SGLT2 inhibitors in diabetic patients was associated 
with a decreased risk of arrhythmia recurrence following 
AF ablation [7]. These findings suggest that by address-
ing IR, these antidiabetic medications may have the 
potential to prevent atrial remodeling, AF onset, and AF 
recurrence in individuals with IR [12]. Investigating the 
potential contribution of IR to atrial structural remodel-
ing and exploring the correlation between non-insulin IR 
indices and different echocardiography and electrophysi-
ology parameters, including left atrial volume index, E/e’, 
degree of reverse remodeling post-ablation, and voltage 
mapping findings such as low voltage zone extent, can 
further enhance comprehension of the mechanisms link-
ing IR to late recurrence of AF.

Limitations
The study has some limitations. It is a single-center, 
observational study with a relatively small sample size, 
exclusively involving the Chinese population. The inter-
pretation of the results warrants caution and should 

undergo further validation through multicenter stud-
ies with larger sample sizes. Patient-triggered detec-
tion devices or implantable loop recorders were not 
employed in this study, potentially resulting in the over-
sight of asymptomatic recurrences among patients and 
consequently underestimating the AF recurrence rate. 
Although the present study adhered to the established 
protocols for detecting AF recurrences in China, this 
limitation must be noted. The parameters for IR indices 
were collected at baseline upon admission, potentially 
influenced by the use of lipid-lowering and antidiabetic 
medications during the follow-up period. Further inves-
tigation is necessary to determine if the trajectories of 
IR indices influence their predictive capabilities for the 
prognosis of patients with AF undergoing radiofrequency 
catheter ablation. Clinical trials are also needed to con-
firm whether improving IR can lead to favorable clinical 
outcomes for these patients.

Fig. 4  Subgroups analyses of METS-IR for late AF recurrence. Hazard ratios are presented as per 1.0-SD increase in the METS-IR for late AF recurrence. 
CI confidence interval, METS-IR metabolic score for insulin resistance, BMI body mass index, AF atrial fibrillation, PAF paroxysmal atrial fibrillation, NPAF 
nonparoxysmal atrial fibrillation, CKD chronic kidney disease, BNP B-type natriuretic peptide, LAD left atrial diameter
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Conclusion
The non-insulin-based IR indices were independent 
prognostic predictors of late AF recurrence after RFCA 
in all AF patients. After adding to the basic models, the 
IR indices improvs the ability of the basic models to strat-
ify risk and predict prognosis of AF patients undergoing 
RFCA. METS-IR, among the four non-insulin-based IR 
indices, displayed the most substantial incremental effect 
on the basic model for predicting late AF recurrence, 
notably in AF patients with DM. Our findings suggest 
that the IR indices could serve as predictors of late AF 
recurrence and have the potential to influence the man-
agement and therapeutic approach. Implementation of 
novel therapies targeting IR improvement may contribute 
to the amelioration of AF and enhance clinical prognosis.
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