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Abstract 

Objective  Previous studies have shown a clear link between insulin resistance (IR) and an elevated risk of atrial fibril-
lation (AF). However, the relationship between the estimated glucose disposal rate (eGDR), which serves as a marker 
for IR, and the risk of AF recurrence after radiofrequency catheter ablation (RFCA) remains uncertain. Therefore, this 
study aimed to examine the potential association between the eGDR and the risk of AF recurrence following RFCA.

Methods  This retrospective study was conducted at Nanchang University Affiliated Second Hospital. The study 
enrolled 899 patients with AF who underwent RFCA between January 2015 and January 2022. The formula used 
to calculate the eGDR was as follows: 19.02 − (0.22 * body mass index) − (3.26 * hypertension) − (0.61 * HbA1c). 
Cox proportional hazard regression models and exposure–effect curves were used to explore the correlation 
between the baseline eGDR and AF recurrence. The ability of the eGDR to predict AF recurrence was evaluated using 
the area under the receiver operating characteristic curve (AUROC).

Results  The study observed a median follow-up period of 11.63 months, during which 296 patients experienced 
AF recurrence. K‒M analyses revealed that the cumulative incidence AF recurrence rate was significantly greater 
in the group with the lowest eGDR (log-rank p < 0.01). Participants with an eGDR ≥ 8 mg/kg/min had a lower risk of AF 
recurrence than those with an eGDR < 4 mg/kg/min, with a hazard ratio (HR) of 0.28 [95% confidence interval (CI) 0.18, 
0.42]. Additionally, restricted cubic spline analyses demonstrated a linear association between the eGDR and AF recur-
rence (p nonlinear = 0.70). The area under the curve (AUC) for predicting AF recurrence using the eGDR was 0.75.

Conclusions  The study revealed that a decrease in the eGDR is associated with a greater AF recurrence risk 
after RFCA. Hence, the eGDR could be used as a novel biomarker for assessing AF recurrence risk.
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Introduction
Atrial fibrillation (AF) is the most prevalent cardiac 
arrhythmia and increases the risk of stroke, heart fail-
ure, and all-cause mortality [1]. According to the Global 
Burden of Disease Project [2], approximately 46.3 mil-
lion people worldwide were affected by AF in 2016. 
This condition significantly impacts patients’ quality of 
life and burdens public health. The primary treatment 
for patients with AF is radiofrequency catheter ablation 
(RFCA) [3]. However, despite its effectiveness, the rate of 
atrial arrhythmia remission remains unsatisfactory, and 
the success rates of a single procedure are suboptimal 
[4–6].

Identifying risk factors that affect sinus rhythm main-
tenance in patients with AF after RFCA is crucial due to 
the high rates of AF recurrence [7]. Recent studies have 
reported various systems and biomarkers to assess AF 
recurrence risk after RFCA [8, 9]. However, there is no 
consensus on a risk-scoring system or biomarkers for 
predicting rhythm outcomes after RFCA. Insulin resist-
ance (IR) is an important risk factor for cardiovascular 
events [10] and is linked to atrial processes [11, 12]. The 
gold standard for evaluating IR is the euglycemic hyper-
insulinemic clamp method [13], but its invasiveness 
and high cost make it unsuitable for widespread clinical 
implementation. The eGDR was calculated using waist 
circumference or body mass index (BMI), hyperten-
sion, and glycated hemoglobin A1c (HbA1c) to assess 
insulin resistance (IR) in individuals with type 1 diabe-
tes [14]. Compared to the euglycemic hyperinsulinemic 
clamp method, eGDR is a reasonably accurate measure 
of IR and can be applied in clinical settings and large-
scale research [15]. Several studies have suggested that 
lower eGDRs are associated with increased risks of acute 
ischemic stroke, all-cause mortality, and cardiovascular 
disease in both patients with type 1 and type 2 diabetes 
[14, 16]. However, there is currently limited evidence on 
the association between the eGDR and AF recurrence 
after RFCA. Therefore, our study aimed to evaluate this 
association.

Methods
Study design and population
This retrospective study included consecutive patients 
with AF who underwent their first RFCA procedure 
at the Second Affiliated Hospital of Nanchang Univer-
sity from January 2015 to January 2022. AF diagnosis 
was based on the absence of P waves and the presence 
of irregular F waves on the patient’s electrocardiogram 
(ECG), with a frequency of 350–600 b.p.m. and an irreg-
ular ventricular response [17]. The exclusion criteria for 
this study were as follows: (1) AF induced by structural 

heart diseases and ischemia, such as myocardial infarc-
tion, decompensated heart failure, severe valvular heart 
disease, or rheumatic heart disease; and (2) reversible 
causes leading to AF, including acute thyrotoxicosis, pul-
monary embolism, postoperative status, or solitary atrial 
flutter without AF. Contraindications to anticoagulation 
or left atrial thrombosis; (3) individuals with one or more 
history of ablation. The study’s protocol strictly adhered 
to the Helsinki Declaration and was approved by the eth-
ics committee of the Second Affiliated Hospital of Nan-
chang University (2013) (No. 13, 2023, Nanchang, P. R. 
China).

Data collection
General demographic and clinical information were 
obtained by reviewing the patient’s electronic medi-
cal records. The demographic data consisted of age, sex, 
BMI, systolic and diastolic blood pressure (BP), smok-
ing status, alcohol status, AF type, duration of AF, RCFA 
strategy, medication status, New York Heart Association 
(NYHA) functional class, hypertension, coronary heart 
disease (CHD), heart failure (HF), diabetes mellitus, renal 
insufficiency, and dyslipidemia. The clinical information 
consisted of total cholesterol (TC), triglyceride (TG), 
high-density lipoprotein cholesterol (HDL-C), low-den-
sity lipoprotein cholesterol (LDL-C), estimated glomeru-
lar filtration rate (eGFR), glycated hemoglobin (HbA1C), 
uric acid (UA), brain natriuretic peptide (BNP), left atrial 
diameter (LAD), and left ventricle ejection fraction 
(LVEF) data.

Definitions for the estimated glucose disposal rate 
and categorization
In this study, the formula eGDR = 19.02 − (0.22 * 
BMI) − (3.26 * hypertension) − (0.61 * HbA1c) was 
used to calculate the eGDR (mg/kg/min) as previously 
described [18].

BMI represents body mass index (kg/m2), hypertension 
is indicated as 1 for yes and 0 for no, and HbA1c repre-
sents HbA1c (DCCT %).

BMI was calculated by dividing weight (kg) by the 
square of height (m). Hypertension was defined as having 
a history of hypertension or treatment with antihyper-
tensive medication and/or an SBP greater than 130 mm 
Hg and/or a DBP greater than 80 mm Hg [19]. High-per-
formance liquid chromatography was used to measure 
HbA1c [20].

Per previous studies [18], the participants were cat-
egorized into four groups based on baseline eGDRs: < 4, 
4–5.99, 6–7.99, and ≥ 8  mg/kg/min. The reference cat-
egory was the lowest eGDR category (< 4 mg/kg/min).
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Radiometric catheter ablation strategy
Before RFCA, all patients were prescribed oral anti-
coagulants for a minimum of 30  days. At least five 
half-lives of antiarrhythmic drugs (AADs) were dis-
continued before RFCA. The procedure was conducted 
under local anesthesia. A decapolar catheter was 
inserted into the coronary sinus via the left subclavian 
vein, while a circumferential mapping catheter (Lasso, 
Biosense Webster, Diamond Bar, CA) was inserted into 
the pulmonary vein. Additionally, a 3.5-mm-diameter 
ablation electrode (Navistar Thermocool, Biosense 
Webster) was inserted into the left atrium (LA) through 
the right femoral vein. Continuous intravenous heparin 
was administered to maintain the activated coagula-
tion time between 300 and 350  s. Initially, all patients 
underwent circumferential pulmonary vein isolation 
(PVI). For patients with paroxysmal AF, the ablation 
endpoint was the eradication of ectopic triggers and the 
inability to reinduce AF. In cases where non-PV triggers 
were present, further isolation was necessary for elimi-
nation. For instance, in patients exhibiting heightened 
signals or spontaneous ectopic activity originating from 
the superior vena cava (SVC), isolation of the SVC was 
performed. For patients with persistent AF, the ablation 
endpoint was the termination of AF and the restoration 
of sinus rhythm, and the ablation strategy involved PVI 
and substrate ablation (LA linear, complex fractionated 
atrial electrogram, and cavotricuspid isthmus ablation). 
After RFCA and AADs, oral anticoagulation was con-
tinued for three months.

Follow‑up
All patients underwent regular 12-lead ECG and 24-h 
Holter ECG at 1, 3, 6, 9, and 12 months during the first 
year after ablation during outpatient clinical follow-up. 
These tests were subsequently conducted every three 
months. The patients were also advised to promptly 
seek medical attention if they experienced any symp-
toms of AF recurrence, such as palpitations, dyspnea, 
fatigue, dizziness, chest pain, effort intolerance, or syn-
cope. After three months, AADs were discontinued, 
but oral anticoagulation was continued according to the 
CHA2DS2-VASC scores. AF recurrence was defined as 
AF, atrial flutter, or atrial tachycardia lasting more than 
30 s, based on ECG and Holter monitoring reports fol-
lowing a blanking period of three months [21].

Statistical analysis
The continuous variables are presented as the 
mean ± standard deviation (SD). Categorical data are 
displayed as frequency percentages. Baseline character-
istics across the eGDR < 4, 4–5.99, 6–7.99, and ≥ 8 mg/

kg/min groups were compared using the Kruskal–Wal-
lis test and Chi-squared test.

K‒M curves were used to estimate the rate of AF recur-
rence at follow-up for each eGDR group. Cox regression 
analysis was conducted to estimate the hazard ratios 
(HRs) and 95% confidence intervals (CIs) of eGDRs and 
AF recurrence while adjusting for potential confound-
ing variables, including age, sex, duration of AF, UA, 
eGFR, BNP, AF type, LAD, LVEF, smoking status, alcohol 
consumption status, hyperlipidemia, CHD, HF, stroke, 
diabetes, and renal insufficiency. The dose–response rela-
tionship between the eGDR and AF recurrence was ana-
lyzed using restricted cubic splines.

Subgroup analyses of the eGDRs and AF recurrence 
rates were performed, and the HRs and 95% CIs for 
each subgroup are shown in forest plots. The predefined 
variables for subgroup analysis included sex, age (< 60 
vs. ≥ 60  years), eGFR (< 90 vs. ≥ 90  ml/min/1.73 m2), 
LAD (< 40 vs. ≥ 40 mm), hyperlipidemia (yes vs. no), dia-
betes mellitus (yes vs. no), smoking status (yes vs. no), 
drinking status (yes vs. no), and AF type (paroxysmal vs. 
nonparoxysmal). The adjustment variables were duration 
of AF, CHD, HF, stroke, renal insufficiency, and LVEF. 
The eGDR ≥ 8 mg/kg/min group was compared with the 
eGDR < 4  mg/kg/min group in the subgroup analysis to 
enhance the statistical power. The predictive ability of 
various indicators for AF recurrence was evaluated using 
the area under the receiver operating characteristic curve 
(AUROC). Statistical significance was defined as a two-
tailed p value of < 0.05. Data analyses were performed 
using R software version 4.1.3 (www.R-​proje​ct.​org) and 
SPSS software (version 20; IBM Corp., Armonk, NY, 
USA).

Results
Study population characteristics
A total of 1518 patients with AF who were hospitalized at 
Nanchang University Affiliated Second Hospital between 
January 20,215 and January 2022 were included in this 
study. Patients with missing BMI (N = 20), hypertension 
(N = 35), or HbA1c (N = 63) information were excluded. 
Patients who did not receive RFCA (n = 501) were also 
excluded. The final analysis included 899 patients (Fig. 1). 
In this study, 58.06% (522) of the included patients were 
female, and the average age was 64.45 (10.13) years. The 
median eGDR was 6.59 (2.13) mg/kg/min. Significant dif-
ferences in baseline characteristics, including age, BMI, 
SBP, DBP, AF type, TG, HDL-c, glucose, HbA1c, eGFR, 
UA, LAD, NYHA functional class, addition ablation, 
hypertension, hyperlipidemia, diabetes, CHD, stroke, 
renal insufficiency, beta-blockers, CCB, lipid-lowering 
drugs, and AADs, were detected among the four sub-
groups (Table 1).

http://www.R-project.org
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Sinus rhythm maintenance rate curve
The Kaplan‒Meier analysis of AF recurrence based on 
baseline eGDRs (< 4, 4–5.99, 6–7.99, and ≥ 8  mg/kg/
min) is shown in Fig. 2. Participants in the eGDR 4–5.99, 
6–7.99, and ≥ 8  mg/kg/min groups had a significantly 
greater rate of sinus rhythm maintenance than did those 
in the eGDR < 4 mg/kg/min group (all log-rank p < 0.001).

Association of the eGDR with the risk of AF recurrence
After a median follow-up of 11.63 months, 296 patients 
experienced AF recurrence (Table 2). The study revealed 
a significant association between the eGDR and AF 
recurrence risk. When the eGDR was considered a cate-
gorical variable, the crude model showed that individuals 
with eGDRs of 4–5.99, 6–7.99, and ≥ 8  mg/kg/min had 
a significantly lower AF recurrence risk than those with 
eGDRs < 4 mg/kg/min, with HRs of 0.65 (0.50, 0.86), 0.37 
(0.27, 0.52), and 0.24 (0.16, 0.36), respectively (Table  2). 
According to the fully adjusted model, individuals with 
eGDRs of 4–5.99, 6–7.99, and ≥ 8  mg/kg/min also had 
a significantly lower AF recurrence risk than those with 
eGDRs < 4 mg/kg/min, with HRs of 0.69 (0.52, 0.92), 0.39 
(0.28, 0.56), and 0.28 (0.18, 0.42), respectively (Table  2). 
Furthermore, treatment of the eGDR as a continuous 

variable was negatively associated with AF recurrence 
(HR: 0.58, 95% CI 0.50, 0.67) (Table  2). After adjusting 
for multiple variables, restricted cubic spline analyses 
revealed a linear association between the eGDR and AF 
recurrence (p nonlinear = 0.70) (Fig. 3).

Subgroup and sensitivity analysis
Subgroup analyses were conducted based on sex, age, 
eGFR, LAD, hyperlipidemia status, diabetes mellitus 
status, smoking status, drinking status, and AF type. 
Regarding AF recurrence, the stratified analyses did 
not reveal any significant interactions between the vari-
ables of interest and eGDR levels (all p interactions > 0.1) 
(Fig. 4).

Receiver operating characteristic curve for the prediction 
of AF recurrence
Figure  5 shows the ROC curves for the eGDR, BMI, 
HbA1c, and LAD in predicting AF recurrence. The ROC 
curve was used to determine the optimal cutoff point 
at which the maximal sensitivity and specificity were 
achieved. The areas under the curve (AUCs) for pre-
dicting AF recurrence for the eGDR, BMI, HbA1c, and 
LAD were 0.75 (95% CI 0.72, 0.79), 0.63 (95% CI 0.59, 

Fig. 1  Flowchart of study selection. AF: atrial fibrillation; BMI: body mass index; HbA1c: hemoglobin A1c; RFCA: radiofrequency catheter ablation; 
AUC: area under the curve
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Table 1  Baseline characteristics by the tertiles of eGDR of the study population

Characteristics Total eGDR mg/kg/min p

 < 4 4–5.99 6–7.99  ≥ 8

899 200 (22.25%) 232 (25.81%) 232 (25.81%) 235 (26.14%)

Age, years 64.45 (10.13) 65.60 (9.39) 67.00 (8.66) 63.00 (10.30) 62.40 (11.30)  < 0.01

Female, n (%) 522 (58.06) 114 (57.00) 125 (53.90) 155 (66.80) 128 (54.50) 0.02

BMI, kg/m2 24.67 (3.63) 27.70 (3.19) 23.80 (2.63) 25.60 (3.47) 21.90 (2.42)  < 0.01

SBP, mm Hg 131 (19) 136 (20) 131 (19) 130 (18) 127 (19)  < 0.01

DBP, mm Hg 77 (12) 80 (13) 79 (12) 77 (12) 74 (12)  < 0.01

Current smoking, n (%) 203 (22.60) 46 (23.00) 47 (20.30) 57 (24.60) 53 (22.60) 0.74

Current alcohol, n (%) 147 (16.35) 30 (15.00) 34 (14.70) 51 (22.00) 32 (13.60) 0.06

Paroxysmal 516 (57.40) 110 (55.00) 127 (54.70) 121 (52.20) 158 (67.20)  < 0.01

Duration of AF, months 34.38 (50.52) 32.30 (39.10) 31.80 (43.10) 38.60 (57.70) 34.30 (57.90) 0.47

Follow-up, months 13.78 (10.74) 14.40 (11.20) 14.40 (11.30) 13.50 (10.40) 12.90 (10.10/) 0.34

Laboratory results

 TC, mmol/L 4.35 ( 1.05) 4.44 (1.05) 4.26 (1.03) 4.34 (1.00) 4.38 (1.12) 0.33

 TG,mmol/L 1.51 ( 0.97) 1.76 (0.89) 1.47 (0.91) 1.50 (1.16) 1.34 (0.83)  < 0.01

 HDL-c,mmol/L 1.17 ( 0.32) 1.09 (0.27) 1.16 (0.31) 1.15 (0.32) 1.25 (0.35)  < 0.01

 LDL-c, mmol/L 2.50 (0.81) 2.58 (0.79) 2.45 (0.80) 2.51 (0.79) 2.48 (0.84) 0.38

 Glucose, mmol/L 5.29 (1.46) 5.81 (2.21) 5.34(1.20) 5.15 (1.17) 4.94 (0.97)  < 0.01

 HbA1c 8.62 (1.04) 9.96 (1.00) 7.97 (0.42) 8.49 (0.88) 8.24 (0.44)  < 0.01

 eGFR, ml/min/1.73m2 84.19 (20.86) 82.3 (22.4) 78.3 (20.10) 87.5 (20.50) 88.4 (19.10)  < 0.01

 UA, mmol/L 369 (109) 382 (111) 378 (119) 369 (98) 349 (104)  < 0.01

 eGDR, mg/kg/min 6.59 (2.13) 3.69 (0.36) 5.49 (0.29) 7.40 (0.38) 9.35 (0.56)  < 0.01

 BNP, pg/ml 287 (540) 244 (470) 296 (369) 279 (605) 323 (658) 0.49

 LAD, mm 38.46 (7.09) 40.2 (5.54) 39.2 (5.60) 38.9 (5.86) 37.1 (5.79)  < 0.01

 LVEF, (%) 59.99 ( 9.22) 60.0 (7.89) 60.6 (9.70) 60.1 (9.25) 59.2 (9.60) 0.47

NYHA functional class, n (%)  < 0.01

 I 531 (59.07) 100 (50.00) 117 (50.40) 150 (64.70) 164 (69.80)

 II 286 (31.81) 83 (41.50) 96 (41.40) 62 (26.70) 45 (19.10)

 III 68 (7.56) 16 (8.00) 14 (6.03) 14 (6.03) 24 (10.2)

 IV 14 (1.56) 1 (0.50) 5 (2.16) 6 (2.59) 2 (0.85)

Radiofrequency ablation strategy, n (%)

 PV isolation 899 (100) 200 (22.25) 232 (25.81) 232 (25.81) 235 (26.14) 1.00

 SVC isolation 168 (18.69) 41 (20.50) 45  (19.40) 49 (21.10) 33 (14.00) 0.20

 LA CFAE ablation 138 (15.35%) 37 (18.50) 35 (15.10) 40 (17.20) 26 (11.10) 0.14

 LA linear ablation 390 (43.38%) 96 (48.00) 96 (41.40) 113 (48.70) 85 (36.20) 0.02

 CTI ablation 273 (30.37) 72 (36.00) 69 (29.70) 71 (30.60) 61 (26.00) 0.16

Chronic disease, n(%)

 Hypertension 461 (51.28) 198 (99.00) 226 (97.40) 37 (15.90) 0 (0.00)  < 0.01

 Hyperlipidemia 205 (22.80) 71 (35.50) 47 (20.30) 44 (19.00) 43 (18.30)  < 0.01

 Diabetes 188 (20.91) 80 (40.00) 44 (19.00) 47 (20.30) 17 (7.23)  < 0.01

 CHD 173 (19.24) 63 (31.50) 47 (20.30) 39 (16.80) 24 (10.20)  < 0.01

 HF 171 (19.02) 41 (20.50) 55 (23.70) 39 (16.80) 36 (15.30) 0.09

 Stroke 149 (16.57) 46 (23.00) 47 (20.30) 25 (10.80) 31 (13.20)  < 0.01

 Renal insufficiency 203 (22.58) 25 (12.50) 32 (13.80) 14 (6.030) 12 (5.110)  < 0.01

Medication, n (%)

 Beta-blockers 356 (39.60) 95 (47.5%) 111 (47.8%) 82 (35.3%) 68 (28.9%)  < 0.01

 CCB 204 (22.69) 70 (35.0%) 69 (29.7%) 37 (15.9%) 28 (11.9%)  < 0.01

 Lipid-lowering drugs 375 (41.71) 121 (60.5%) 109 (47.0%) 85 (36.6%) 60 (25.5%)  < 0.01

 MRA 105 (11.68) 25 (12.5%) 36 (15.5%) 20 (8.62%) 24 (10.2%) 0.11
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0.67), 0.59 (95% CI 0.55, 0.63), and 0.62 (95% CI 0.58, 
0.66), respectively. The sensitivity values were 33.17%, 
56.55%, 79.60%, and 61.30%, respectively. The specificity 
values were 87.34%, 76.46%, 73.85%, and 75.1%, respec-
tively. The optimal cutoff values for GDR, BMI, HbA1c, 
and LAD were 8.62, 24.50, 8.95, and 39.50, respectively 
(Table 3).

Discussion
This study presents new evidence on the association 
between eGDR and AF recurrence in patients who 
underwent ablation for AF. The findings indicate that a 
lower eGDR is significantly linked to a greater AF recur-
rence risk, showing a linear relationship. Subgroup and 
sensitivity analyses further strengthened the consistent 
association between the eGDR and AF recurrence. The 
eGDR demonstrated an AUC of 0.75 for predicting AF 
recurrence.

Currently, the recognized modifiable risk factors for 
AF include hypertension, obesity, smoking, diabetes, 
and obstructive sleep apnea [22]. IR is an important early 
stage common to type 2 diabetes and a hallmark of obe-
sity and metabolic syndrome. Therefore, IR may be the 
main underlying cause for the association of these factors 
with incident AF.

The gold standard technique for identifying and quan-
tifying IR is the euglycemic hyperinsulinemic clamp, 

The continuous data are expressed as mean (SD), or median (IQR); and the categorical data are present as numbers (percentages)

BMI: body mass index; AF: atrial fibrillation; SBP: systolic blood pressure; DBP: diastolic blood pressure; HbA1c: glycated hemoglobin; TG: triglycerides; TC: total 
cholesterol; LDL-C: lower-density lipoprotein cholesterol; HDL-C: high-density lipoprotein cholesterol; UA: uric acid; eGFR: estimated glomerular filtration rate; eGDR: 
estimated glucose disposal rate; BNP: brain natriuretic peptide; LAD: left atrial diameter; LVEF: left ventricle ejection fraction; PV: pulmonary vein; SVC: superior vena 
cava; LA: left atrium; CFAE: complex fractionated atrial electrogram; CTI: cavotricuspid isthmus; NYHA: New York Heart Association; CHD: coronary heart disease; HF: 
heart failure; CCB: calcium channel blockers; MRA: mineralocorticoid receptor antagonist; AADs: antiarrhythmic drugs

Table 1  (continued)

Characteristics Total eGDR mg/kg/min p

 < 4 4–5.99 6–7.99  ≥ 8

899 200 (22.25%) 232 (25.81%) 232 (25.81%) 235 (26.14%)

 Diuretics 133 (14.79) 31 (15.5%) 39 (16.8%) 31 (13.4%) 32 (13.6%) 0.69

 Digoxin 79 (8.79) 15 (7.50%) 21 (9.05%) 18 (7.76%) 25 (10.6%) 0.63

Anticoagulation 0.72

 Warfarin 33 (3.67) 7 (3.50%) 10 (4.31%) 9 (3.88%) 7 (2.98%)

 Dabigatran 564 (62.74) 131 (65.5%) 135 (58.2%) 155 (66.8%) 143 (60.9%)

 Rivaroxaban 276 (30.70) 55 (27.5%) 94 (31.44) 63 (27.2%) 78 (33.2%)

AADs 0.01

 Amiodarone 642 (71.41) 152 (76.00) 164 (70.70) 171 (73.70) 155 (66.00)

 Propafenone 78 (8.68) 16 (8.00) 20 (8.62) 18 (7.76) 24 (10.20)

 Dronedarone 7 (0.78) 0 (0.00) 1 (0.43) 2 (0.86) 4 (1.700)

 Sotalol 7 (0.78) 1 (0.50) 4 (1.72) 4 (1.72) 0 (0.00)

Fig. 2  Sinus rhythm maintenance rate curve. eGDR: estimated 
glucose disposal rate
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which is labor-intensive, time-consuming, and invasive, 
making it impractical for clinical practice [23]. An alter-
native indicator for assessing IR is the homeostasis model 
assessment of insulin resistance (HOMA-IR), which is 

derived from fasting insulin and glucose levels [24]. How-
ever, due to differences in measurement methods across 
laboratories, ensuring the accuracy of insulin measure-
ments is difficult. Therefore, there is a need for simpler 
and more reliable indicators to assess IR in nondiabetic 
patients in clinical settings. The eGDR is a marker of 
IR that has similar accuracy to that of the euglycemic 
hyperinsulinemic clamp and is suitable for clinical prac-
tice [15]. Williams et al. demonstrated that the eGDR is 
a marker for assessing IR in individuals with type 1 dia-
betes [25]. Additionally, a lower eGDR is associated with 
an increased risk of stroke and death among patients 
with type 2 diabetes [14]. In a prospective cohort study 
of 15,773 patients with type 2 diabetes, the lowest eGDR 
tertile was significantly associated with all-cause mortal-
ity, even after adjusting for confounders, including dia-
betic kidney disease, over a 7.4-year follow-up period 
[26].

Some studies have suggested that IR may not have a 
significant association with AF. For instance, a study 
conducted on 3023 nondiabetic individuals from the 
Framingham Heart Study revealed that IR was not sig-
nificantly associated with incident AF. Among those with 
the highest HOMA-IR, the HR was 1.18 (95% CI 0.84–
1.65) compared to individuals in the other three quartiles 
of HOMA-IR [27]. Similarly, another study by Garg et al. 
involving a population-based cohort of 3601 individuals 
without underlying diabetes revealed a nonsignificant 
association between IR and incident AF. The HRs for 
those with the highest HOMA-IR and the lowest Gutt 
insulin sensitivity index was 0.76 (95% CI 0.63–0.91) and 
1.09 (95% CI 0.92–1.30), respectively [28].

However, several studies have indicated a positive 
relationship between IR and AF. In the ARIC cohort, 
which consisted of 11,851 participants with a mean 

Table 2  The associations of eGDR with atrial fibrillation recurrence

Crude model: unadjusted any factor

Model I: multi‐factor model adjusted for age, sex, duration of AF, UA, eGFR, BNP, AF type, LAD, LVEF

Model II: multi‐factor model adjusted for Model I and smoking status, alcohol drinking status, hyperlipidemia, CHD, HF, stroke, diabetes, and renal insufficiency

95% CI 95% confidence interval; HR: hazard ratio; Ref: reference; eGDR: estimated glucose disposal rate; UA: uric acid; eGFR: estimated glomerular filtration rate; BNP, 
brain natriuretic peptide; CHD: coronary heart disease; HF: heart failure; LAD: left atrial diameter; LVEF: left ventricle ejection fraction

Cases/sample size Crude Model
HR (95%CI)

p-value Model I
HR (95%CI)

p-value Model II
HR (95%CI)

p-value

Per 1 SD increase 296/899 0.56 (0.48,0.63) 0.57 (0.49,0.64)  < 0.01 0.58 (0.50,0.67)  < 0.01

Categorical

 eGDR < 4 mg/kg/min 124/200 Ref (1.00) 1.00 Ref (1.00) 1.00 Ref (1.00) 1.00

 eGDR 4–5.99 mg/kg/min 92/232 0.65 (0.50,0.86)  < 0.01 0.69 (0.53,0.91)  < 0.01 0.69 (0.52,0.92)  < 0.01

 eGDR 6–7.99 mg/kg/min 50/232 0.37 (0.27,0.52)  < 0.01 0.38 (0.27,0.53)  < 0.01 0.39 (0.28,0.56)  < 0.01

 eGDR ≥ 8 mg/kg/min 30/235 0.24 (0.16,0.36)  < 0.01 0.26 (0.17,0.39)  < 0.01 0.28 (0.18,0.42)  < 0.01

 p trend  < 0.01  < 0.01  < 0.01

Fig. 3  Hazard ratio and histogram of the probability distribution 
for AF recurrence according to the eGDR. The red curve with a light 
black dotted line indicates an adjusted odds ratio with 95% CI for AF 
recurrence according to an eGFR of 7.0 mg/kg/min. There were three 
knots for the cubic spline curves in the model. The adjustment factors 
included age, sex, duration of AF, AF type, eGFR, smoking status, 
alcohol consumption status, hyperlipidemia status, diabetes status, 
CHD status, HF status, stroke status, renal insufficiency status, LAD 
status, and LVEF. 95% CI 95% confidence interval; HR: hazard ratio; 
eGFR: estimated glucose disposal rate; AF: atrial fibrillation; UA: uric 
acid; eGFR: estimated glomerular filtration rate; BNP, brain natriuretic 
peptide; CHD: coronary heart disease; HF: heart failure; LAD: left atrial 
diameter; LVEF: left ventricle ejection fraction
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age of 54.0  years and 55.6% female, the lowest TyG 
index category (TyG < 8.80) and the highest TyG index 
category (TyG > 9.20) showed increased risks of AF 
compared to the middle TyG index category in a fully 
adjusted model. Specifically, the lowest TyG index cat-
egory had an HR of 1.15 (95% CI 1.02, 1.29), while the 
highest TyG index category had an HR of 1.18 (95% CI 

1.03, 1.37) [29]. Additionally, a retrospective observa-
tional study involving 356 patients reported a positive 
association between the TyG index and AF, with an OR 
of 2.09 (95% CI 1.41–3.10) [30]. Due to the unclear rela-
tionship between IR and AF, in this study, we aimed to 
explore the association between eGDR, a marker of IR, 
and AF recurrence.

Fig. 4  Associations between the eGDR (< 4 vs. ≥ 8 mg/kg/min) and AF recurrence in various subgroups. The results were adjusted for age, sex, 
duration of AF, UA, eGFR, BNP, AF type, LAD, LVEF, smoking status, alcohol consumption status, hyperlipidemia, CHD, HF, stroke, diabetes, and renal 
insufficiency if the above variables were not adjusted. 95% CI 95% confidence interval; HR: hazard ratio; eGDR: estimated glucose disposal rate; AF: 
atrial fibrillation; UA: uric acid; eGFR: estimated glomerular filtration rate; BNP, brain natriuretic peptide; CHD: coronary heart disease; HF: heart failure; 
LAD: left atrial diameter; LVEF: left ventricle ejection fraction
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Our findings provide evidence supporting a strong 
correlation between AF recurrence and IR, as evaluated 
through the eGDR. Subgroup analysis based on diabetes 
status revealed significant associations among both dia-
betic and nondiabetic participants. These results are con-
sistent with prior research, such as a study of 232 patients 
who underwent ablation and were monitored for one 
year, which revealed that the homeostatic model assess-
ment of insulin resistance (HOMA-IR) score was linked 
to AF recurrence (HR = 1.26, 95% CI 1.09–1.46) after 
adjusting for traditional risk factors [31]. Additionally, a 
study involving 2242 patients with AF who underwent 
RFCA demonstrated that individuals in the highest TYG 
index group had a greater risk of AF recurrence than did 
those in the lowest TYG index group (HR = 1.25, 95% CI 
1.03–1.51) [21].

IR is a pathological condition in which cells or periph-
eral tissues fail to respond normally to insulin, leading to 
an inability to maintain glucose homeostasis in the body 
[32]. LA remodeling is a significant factor in the develop-
ment of AF substrates [33].

Activation of the mTOR–S6K1 pathway and reduced 
insulin metabolic signaling have been linked to cardiac 
fibrosis [34]. Advanced glycation end products (AGEs) 
are formed in large quantities through protein glycation 
reactions triggered by hyperglycemia and glucotoxicity. 
AGEs stimulate inflammatory responses by binding to 
the cell surface receptor for AGEs, which in turn pro-
motes fibrosis through the mitogen-activated protein 
kinase and Janus kinase signaling pathways. Addition-
ally, AGEs contribute to the generation of reactive oxy-
gen species (ROS), further exacerbating inflammation 
and fibrosis [35]. There is a correlation between IR and 
LA remodeling, even before diabetes onset [36]. IR con-
tributes to increased LA size and impaired left ventricu-
lar diastolic function, both of which increase AF risk [27, 
36]. IR may disrupt intracellular calcium homeostasis 
[32], induce oxidative stress [37], and lead to atrial inter-
stitial fibrosis [38], thereby promoting LA remodeling. 
Additionally, IR may cause interatrial conduction delay 
and the formation of low-voltage areas [39], which can 
heighten susceptibility to AF. Furthermore, IR slows the 
left atrial conduction velocity, promotes re-entry, exacer-
bates atrial electrical remodeling, and increases the likeli-
hood of AF recurrence after ablation [31, 40].

Catheter ablation is the preferred initial treatment for 
AF [41]. However, the rate of AF recurrence is approxi-
mately 30–50% after the first PV isolation [42]. A meta-
analysis included 19 studies with a total of 6167 patients 
who underwent ablation, with a mean follow-up time of 
over 24  months. The results indicated that the single-
procedure success rates for freedom from atrial arrhyth-
mia were 53.1% (95% CI 46.2–60.0%) and 54.1% (95% CI 
44.4% to 63.4%) for paroxysmal AF patients and 41.8% 
(95% CI 25.2% to 60.5%) for nonparoxysmal AF patients. 
Patients who underwent multiple procedures had a long-
term success rate of 79.8% (95% CI 75.0% to 83.8%) at 
over three years follow-up [43]. In a randomized con-
trolled trial, 589 patients with persistent atrial fibrillation 
were divided at a 1:4:4 ratio to three different treatments: 
ablation with PV isolation alone (67 patients), PV iso-
lation plus ablation of electrograms showing complex 
fractionated activity (263 patients), or PV isolation plus 
additional linear ablation across the left atrial roof and 

Fig. 5  Receiver operating characteristic (ROC) curves 
and corresponding areas under the curve (AUCs). eGFR: estimated 
glucose disposal rate; AF: atrial fibrillation; BMI: body mass index; 
HbA1c: glycated hemoglobin; LAD: left atrial diameter

Table 3  Areas under the ROC curves for each parameter of the eGDR, BMI, HbA1c, and LAD for predicting atrial fibrillation recurrence

95% CI 95% confidence interval; eGDR: estimated glucose disposal rate; BMI: body mass index; HbA1c: glycated hemoglobin; LAD: left atrial diameter

Parameters Cut-off Sensitivity Specificity AUC​ 95%CI p-value

eGDR 8.62 33.17 87.34 0.75 0.72,0.79  < 0.01

BMI 24.50 56.55 76.46 0.63 0.59,0.67  < 0.01

HbA1c 8.95 79.60 73.85 0.59 0.55,0.63  < 0.01

LAD 39.50 61.30 75.1 0.62 0.58,0.66  < 0.01
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mitral valve isthmus (259 patients). After 18 months, 59% 
of patients in the PV isolation alone group, 49% in the PV 
isolation plus complex electrogram ablation group, and 
46% in the PV isolation plus linear ablation group were 
free from recurrent AF [44]. The current energy sources 
utilized in catheter ablation procedures include tradi-
tional radiofrequency, cryoballoons, and laser balloons. A 
randomized trial with 762 AF patients undergoing cath-
eter ablation allocated 378 to cryoballoon ablation and 
384 to radiofrequency ablation. After a 1.5-year follow-
up, the risk of AF recurrence in the cryoballoon ablation 
group was comparable to that in the radiofrequency abla-
tion group (HR: 0.96, 95% CI 0.76–1.22), and the safety 
profiles were also similar (HR: 0.78, 95% CI 0.52–1) [45]. 
In a study by Schmidt B. et  al., 134 AF patients under-
went catheter ablation, with 68 undergoing laser balloon 
ablation and 66 undergoing radiofrequency ablations. 
The AF-free rates after laser balloon ablation and radi-
ofrequency ablation were 71.2% and 69.3%, respectively 
(p = 0.40) [46]. An observational study with two groups 
of 110 patients who had atrial fibrillation (AF) ablation 
with either a laser balloon ablation (55) or a cryoballoon 
ablation (55). At 12 months, the AF recurrence rates after 
laser balloon ablation were 30.9% and 29.1%, respectively 
(p = 0.54) [47]. As a result, the different energy sources 
used for catheter ablation do not affect the efficacy of 
AF ablation. Currently, several risk prediction scores are 
utilized to predict AF recurrence. However, these scores 
only offer moderate predictability [48]. Consequently, 
there is a demand for simpler and more easily accessi-
ble markers that can be employed in clinical settings to 
identify AF recurrence in ablation patients. The eGDR is 
rapid, feasible, and reliable, making it suitable for clinical 
application. Thus, the eGDR has the potential to serve as 
a reliable marker for AF recurrence.

Limitations
While this study presents interesting findings, it is 
important to acknowledge its limitations. First, as this 
was a retrospective study, we were unable to establish a 
cause-and-effect relationship. Second, the study did not 
utilize the hyperinsulinemic-euglycemic clamp, the gold 
standard for evaluating IR. Nonetheless, there is a strong 
correlation between the hyperinsulinemic-euglycemic 
clamp and the eGDR [49]. Third, some patients with AF 
recurrence may be asymptomatic, leading to inaccura-
cies in the AF recurrence rate. Additionally, this study 
utilized 12-lead ECG and Holter monitoring instead of 
patch-type ECG, patient-triggered detection devices, 
or implantable loop recorders, which could have under-
estimated the AF recurrence rate. Fourth, although we 
adjusted for potential confounders as much as possi-
ble, there could be remaining unmeasured confounders 

influencing the observed associations. Fifth, it is worth 
noting that our subjects were exclusively from southeast-
ern China; thus, the generalizability of the study results 
to individuals of different ethnicity backgrounds is uncer-
tain. Therefore, further research involving diverse ethnic-
ity populations is necessary.

Conclusion
Our findings suggest that a lower eGDR is associated 
with AF recurrence after ablation. However, further 
large-scale observational studies are needed to validate 
these findings. Nevertheless, it is reasonable to consider 
the eGDR as a potential biomarker for predicting AF 
recurrence after ablation.
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