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ABSTRACT
Background: The difference between the cystatin C-based eGFR (eGFRcys) and the creatinine-based 
eGFR (eGFRcr) is associated with the risk of developing atrial fibrillation (AF) risk. However, its 
impact on AF ablation outcomes is unknown.
Methods:  The associations between the baseline eGFR ratio (eGFRcys/eGFRcr) and the risk of 
experiencing post-ablation endpoints were evaluated on a continuous scale (restricted cubic 
splines) and by a priori defined centile categories with Cox proportional hazards regression 
models. The primary endpoints were AF recurrence and adverse events; the secondary endpoint 
was rehospitalization.
Results:  Among 989 participants (49.2% women; mean age 65.7 years), 313 experienced AF 
recurrence after a median follow-up of 28 months. After full adjustment for confounding factors, a 
U-shaped association was observed between eGFR ratio and AF recurrence risk (minimum risk at 
0.797). Although a U-shaped trend was observed, there was no statistically significant association 
between the eGFR ratio and adverse events or rehospitalization. Hazard ratios for AF recurrence, 
compared to the second quartile, were 1.68 (1.20–2.37) for the first quartile, 1.64 (1.15–2.34) for 
the third quartile, and 1.96 (1.37–2.80) for the fourth quartile. According to the subgroup analysis, 
the above association was strongly U-shaped for males and linear for females.
Conclusion:  In the AF population, both low and high eGFR ratios were associated with an 
increased risk of post-ablation AF recurrence.

1.  Introduction

Atrial fibrillation (AF) is the most common persistent arrhyth-
mia, with an estimated global prevalence of 50 million in 
2020, and its incidence and prevalence are increasing world-
wide [1]. There are two major problems associated with AF: 
symptoms that affect quality of life and serious cardiovascu-
lar events such as ischemic stroke, congestive heart failure, 
and mortality [2]. Given the known association between the 
maintenance of sinus rhythm and survival [3], catheter abla-
tion as a rhythm control strategy can not only improve the 
symptoms of patients [4] but also reduce the incidence of 
adverse cardiovascular events [5–7]. However, the precise fac-
tors and mechanisms contributing to poor prognosis remain 
unclear.

The co-occurrence of AF and chronic kidney disease is 
associated with poor prognosis, including a higher rate of 
postoperative recurrence [8], adverse events [9] and read-
mission [10]. Currently, serum creatinine is widely used as 
a marker of renal function in clinical practice. However, 
several studies have shown that the cystatin C-based eGFR 
(eGFRcys) is more strongly associated with incident AF 
than is the creatinine-based eGFR (eGFRcr) [11,12]. 
Malmgren et  al. [13] suggest that if only creatinine-based 
GFR-estimating equations are used, a significant number of 
patients with severe kidney disorders will be missed, which 
may have serious health implications. Interestingly, the cre-
atinine/cystatin C ratio is useful for describing the muscle 
mass of different patient groups to identify sarcopenia and 
frailty [14–16].
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Furthermore, recent studies have shown that the eGFRcys/
eGFRcr ratio (eGFR ratio) is associated with the risk of experienc-
ing poor prognosis in HF [17] and cardiac surgery [18] patients 
and an increased risk of right ventricular systolic dysfunction 
[19], which is a significant predictor of AF development [20]. On 
the other hand, a large prospective cohort study showed that 
the difference between the eGFRcys and eGFRcr was associated 
with the risk of developing AF [21]. Despite these associations, 
no previous study has explored the relationship between the 
eGFR ratio and AF ablation prognosis. Therefore, we investi-
gated the associations between the eGFR ratio and the risk of 
experiencing long-term recurrence, AF-related adverse events 
and rehospitalization after AF ablation.

2.  Methods

2.1.  Study population

We performed a single-centre, prospective, observational 
cohort study of consecutive patients with drug-refractory AF 
who underwent radiofrequency ablation for the first time at 
the Third People’s Hospital of Chengdu (Sichuan, China) from 
July 2017 to February 2023. Patients were excluded if they 
(1) were aged less than 18 years; (2) had a history of AF abla-
tion; (3) had left atrial appendage thrombosis or other abso-
lute contraindications for catheter ablation; (4) had AF caused 
by reversible or pathological factors, including but not lim-
ited to hyperthyroidism, acute alcoholism, electrolyte distur-
bance, drugs, and cardiac surgery; or (5) had left ventricular 
dysfunction (<30%) or severe cardiac valvular disease. Patients 
with incomplete key variables, including cystatin C and cre-
atinine concentrations, were also excluded. A total of 32 
patients were excluded because of missing follow-up data 
despite at least five separate attempts to contact them. 
Ultimately, 989 patients were included in the final analyses. 
This study was approved by the local institutional review 
boards and strictly complied with the Declaration of Helsinki. 
Informed consent was obtained from all patients.

2.2.  Ablation strategy and follow-up

All patients were given anticoagulation therapy, and left atrial 
thrombosis was excluded by transoesophageal echocardiogra-
phy. All patients underwent ablation under general anesthesia 
using a three-dimensional imaging system (CARTO-3 system, 
Version 6) with continuous intraoperative monitoring of vital 
signs. Patients with paroxysmal AF underwent circumferential 
ablation along the left and right pulmonary veins, achieving 
conduction block between the pulmonary veins and the 
atrium. Adjuvant left atrium ablation beyond pulmonary vein 
isolation was allowed in persistent AF patients. Ablation was 
performed using 50-W power for pulmonary vein isolation and 
left atrium ablation, while 40-W power was used for cavotri-
cuspid isthmus ablation if needed.

Anticoagulation therapy with new oral anticoagulants or 
warfarin was continued for at least 3 months if there was no 
contraindication. To reduce the recurrence rate, all patients 

were asked to take antiarrhythmic drugs for 3 months if there 
were no contraindications. During the blanking period (within 
3 months after ablation), no further ablation was performed. 
All patients were regularly followed-up at 3, 6, and 12 months 
after ablation by outpatient follow-up physicians who were 
blinded to the study design, were monitored by 24-h Holter 
electrocardiogram, and were asked about any symptoms 
associated with arrhythmia. When patients had symptoms 
suggestive of arrhythmia, 24-h Holter monitoring at the near-
est hospital is strongly recommended as soon as possible.

2.3.  Formulas for estimating the glomerular filtration rate

Serum samples were obtained at baseline. Cystatin C and 
serum creatinine concentrations were detected by using a 
COBAS automatic biochemical analyzer (Roche Diagnostics, 
Basel, Switzerland) before the procedure. We calculated the 
eGFRcr using the Chronic Kidney Disease Epidemiology 
Collaboration (CKD-EPI) 2009 equation with race coefficients 
[22]. eGFRcys were calculated using the Chronic Kidney 
Disease Epidemiology Collaboration (CKD-EPI) 2012 equation 
[23]. The exposure of interest was the baseline eGFR ratio.

2.4.  Assessment of endpoints

The primary endpoints were post-ablation AF recurrence and 
adverse events, and the secondary endpoint was rehospital-
ization after ablation. AF recurrence was defined as the 
occurrence of atrial tachycardia (AT) or AF events lasting over 
30 s after a single procedure, excluding recurrence during the 
blanking period. Adverse events included heart failure, stroke, 
and cardiogenic death after ablation. Endpoints were 
assessed from the first assessment date to the date of death 
or the last follow-up visit. All patients were followed-up for 
at least 1 year after the procedure.

2.5.  Assessment of covariates

Analyses were adjusted for covariates that might confound the 
association between the eGFR ratio and the risk of primary 
endpoints, including sex, age (in years), body mass index (cal-
culated as weight in kilograms divided by height in meters 
squared), AF type, duration from AF diagnosis to ablation, fast-
ing blood glucose concentrations, triglyceride concentrations, 
cholesterol concentrations, brain natriuretic peptide concentra-
tions, left ventricular ejection fraction, left atrial diameter, anti-
arrhythmic drug use status, oral anticoagulant drug use status, 
high blood pressure status, diabetes status, and history of vas-
cular disease (peripheral artery disease or coronary heart dis-
ease), chronic obstructive pulmonary disease, congestive heart 
failure, stroke, and dyslipidaemia.

2.6.  Statistical analysis

The baseline characteristics are presented as the mean and 
standard deviation for continuous variables and as numbers 



Renal Failure 3

and percentages for categorical variables in different sub-
groups stratified by quartiles of the eGFR ratio. Multivariate 
Cox proportional hazards regression models adjusted for 
potential confounders were used to estimate hazard ratios 
(HRs) for endpoints associated with the eGFR ratio. We used 
restricted cubic spline models fitted for univariate Cox pro-
portional hazards models to examine the nonlinear or irreg-
ular shapes of the hazard functions. If the associations 
between endpoints were nonlinear, we further analyzed the 
variables using restricted cubic spline curves based on multi-
variate Cox proportional hazards models. Knots between 3 
and 7 were selected as the lowest value for the Akaike infor-
mation criterion.

To further evaluate the effects of the eGFR ratio on the 
endpoints of interest, Kaplan–Meier curves of event-free 
patients in the four groups were plotted and then compared 
with the log-rank test. We used multivariate Cox proportional 
hazards to estimate the HRs and 95% confidence intervals 
(CIs) of the different groups at the endpoints of interest com-
pared with those of the reference group. Furthermore, we 
conducted post-hoc subgroup analyses to explore potential 
effect modification by sex, age, and the presence of hyper-
tension or diabetes in the associations between clinical end-
points and the eGFR ratio. Statistical analyses were performed 
using R (version 4.3.1; R Foundation, Vienna, Austria). A value 
of p < 0.05 (two-tailed) was considered to indicate statistical 
significance.

3.  Results

3.1.  Baseline characteristics of the study cohort

The study included 989 individuals with a mean age of 
65.7 ± 10.6 years, 49.2% (487/989) of whom were female. 
According to the eGFR quartiles, the patients were divided 
into Q1 (eGFR ratio < 0.715), Q2 (0.715 ≤ eGFR ratio < 0.818), 
Q3 (0.818 ≤ eGFR ratio < 0.930), and Q4 (eGFR ratio ≤ 0.930) 
groups. Table 1 shows the baseline characteristics of the par-
ticipants according to the eGFR ratio categories. The eGFR 
ratio ratios were 0.63 ± 0.07, 0.77 ± 0.03, 0.87 ± 0.03 and 
1.03 ± 0.10 in the four subgroups, respectively. During a 
median follow-up of 28 months (IQR 17–42), AF recurrence 
was detected in 318 (32.2%) of 989 patients, and 671 (67.8%) 
were free from AF. The APPLE score, as a predictive model for 
AF recurrence, showed a decreasing trend among the four 
subgroups, which means that the probability of AF recur-
rence inferred from common risk factors gradually decreased.

3.2.  Association between the eGFR ratio and the risk of 
experiencing the endpoints

When we transformed the eGFR ratio as the categorical vari-
able according to its quartered distribution (Q1, eGFR ratio 
<0.715; Q2, 0.715 ≤ eGFR ratio <0.818; Q3, 0.818 ≤ eGFR ratio 
<0.930; Q4, eGFR ratio ≤ 0.930), we employed Cox propor-
tional hazards model to evaluate the stratification effect of 
eGFR ratio on AF recurrence. As shown in Table 2, the AF 

recurrence increased with the incremental quartile of eGFR 
ratio with or without adjusting the additional covariates 
(p < 0.001). We found U-shaped associations between the 
eGFR ratio and the risk of AF recurrence (p < 0.001) and 
adverse events (p = 0.041) but no significant nonlinear associ-
ations between the eGFR ratio and the risk of rehospitaliza-
tion (p = 0.115) (Figure S1 in the Supplementary Materials). 
Therefore, we further analyzed the associations between the 
eGFR ratio and the risk of AF recurrence and adverse events 
by restricted cubic spline models based on multivariate Cox 
proportional hazards models. As shown in Figure 1, after fully 
correcting for the previously mentioned covariates, the 
results showed a statistically significant U-shaped association 
for the eGFR ratio and the risk of AF recurrence (p < 0.001); 
however, the associations between the eGFR ratio and the 
risk of adverse events (p = 0.113) did not reach statistical sig-
nificance (Figure S2 in the Supplementary Materials).

3.3.  Association between the eGFR ratio and the risk of AF 
recurrence

Figure 1 shows the inflection points (cutoff values) of the 
U-shaped curve indicating the lowest risk of AF recurrence, 
with an eGFR ratio of 0.797 identified as the inflection point 
after full adjustment for confounding factors. The predicted 
AF recurrence had a strong U-shaped relationship with the 
eGFR ratio, and the curve showed that the risk of AF recur-
rence was significantly reduced for individuals with an eGFR 
in the lower range. When the eGFR ratio was 0.797, the risk 
of recurrence was the lowest, and it increased thereafter 
(nonlinear p = 0.001). When the eGFR was greater than 0.797, 
the HR per standard deviation of the predicted AF ratio was 
1.23 (1.07 to 1.41). When the eGFR was lower than 0.797, the 
HR per standard deviation greater than the predicted lean 
body mass was 0.83 (0.71 to 0.98). After full adjustment for 
all covariates, additional adjustments were made for the cre-
atinine and cystatin C concentrations. The eGFR ratio showed 
a U-shaped relationship with the risk of AF recurrence after 
adjusting for creatinine concentrations (Figure 2A) and a 
J-shaped relationship after adjusting for cystatin C concentra-
tions (Figure 2B); therefore, the main outcome did not change.

The cutoff value of the eGFR ratio was 0.797, which was 
between 0.715 and 0.818; therefore, the second quartile array 
of the eGFR ratio was used as the reference group. Kaplan–
Meier survival curves revealed that the reference group had 
lower AF recurrence rates than did the other three groups 
(p = 0.001) (Figure 3). Compared with those of the reference 
group, the HRs (and 95% CIs) for AF recurrence were as fol-
lows: first quartile, 1.68 (1.20 to 2.37); third quartile, 1.64 
(1.15 to 2.34); and fourth quartile, 1.96 (1.37 to 2.80).

3.4.  Association between the eGFR ratio and the risk of AF 
recurrence in subgroups

According to our subgroup analysis, we observed a strong 
U-shaped association between the eGFR ratio and the risk of 
AF recurrence in men. In women, although the eGFR ratio 

https://doi.org/10.1080/0886022X.2025.2466824
https://doi.org/10.1080/0886022X.2025.2466824
https://doi.org/10.1080/0886022X.2025.2466824
https://doi.org/10.1080/0886022X.2025.2466824
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was significantly associated with the risk of AF recurrence, a 
linear association was observed (Figure 4A). In addition, we 
observed U-shaped associations between the eGFR ratio and 
the risk of AF recurrence among participants aged ≥65 years 

and those aged <65 years (Figure 4B). We also examined the 
associations stratified by high blood pressure (Figure 4C) and 
diabetes (Figure 4D). We observed a similar U-shaped associ-
ation between the eGFR ratio and the risk of AF recurrence 

Table 1.  Baseline characteristics of patients with AF based on quartiles of the eGFR ratio.

Parameters Q1 (n = 248) Q2(n = 247) Q3 (n = 247) Q4 (n = 247) All (n = 989)

Demographics
 A ge, years 68.2 ± 9.6 67.0 ± 10.7 65.0 ± 10.2 62.7 ± 10.6 65.7 ± 10.6
  Female sex, n (%) 109 (44.0) 131 (53.0) 116 (47.0) 131 (53.0) 487 (49.2)
  Body-mass index, kg/m2 24.6 ± 3.4 24.9 ± 3.4 24.7 ± 3.7 24.5 ± 2.9 24.7 ± 3.4
  Current Smoker, n (%) 39 (15.7) 31 (12.6) 35 (14.2) 35 (14.2) 140 (14.2)
  High alcohol consumption, n (%) 35 (14.1) 25 (10.1) 32 (13.0) 33 (13.4) 125 (12.6)
  Duration after AF diagnosis, days 484 (97, 1740) 423 (90, 1508) 700 (92, 1516) 446 (93, 1504) 453 (90, 1556)
  Persistent atrial fibrillation, n (%) 133 (53.6) 102 (41.3) 112 (45.3) 103 (41.7) 450 (45.5)
Previous medical history, n (%)
  Hypertension 151 (60.9) 137 (55.5) 131 (53.0) 129 (52.2) 548 (55.4)
  Diabetes  mellitus 53 (21.4) 47 (19.0) 54 (21.9) 50 (20.2) 204 (20.6)
  Vascular disease 42 (16.9) 29 (11.7) 34 (13.8) 37 (15.0) 142 (14.4)
  Heart failure 54 (21.8) 46 (18.6) 33 (13.4) 32 (13.0) 165 (16.7)
  Previous stroke 21 (8.5) 18 (7.3) 15 (6.1) 15 (6.1) 69 (7.0)
  Dyslipidemia 44 (17.7) 53 (21.5) 56 (22.7) 45 (18.2) 199 (20.1)
  Chronic obstructive pulmonary disease 10 (4.0) 12 (4.9) 9 (3.6) 5 (2.0) 36 (3.6)
Laboratory data
  Fasting blood glucose, mmol/L 5.4 ± 1.1 5.6 ± 1.7 5.6 ± 1.4 5.6 ± 1.5 5.5 ± 1.5
  Brain natriuretic peptide, pg/mL 160 (84, 311) 108 (67, 237) 108 (60, 210) 108 (58, 190) 111 (66, 235)
  Creatinine, umol/L 79.0 ± 26.1 73.9 ± 15.6 77.2 ± 17.1 77.1 ± 21.6 76.8 ± 20.6
  cystatin C, mg/L 1.36 ± 0.43 1.10 ± 0.17 1.02 ± 0.17 0.90 ± 0.19 1.10 ± 0.31
  Blood uric acid, umol/l 388 ± 104 361 ± 87 367 ± 91 344 ± 100 365 ± 97
  Cholesterol, mmol/L 4.12 ± 1.09 4.33 ± 0.97 4.23 ± 1.05 4.16 ± 0.98 4.21 ± 1.02
  Triglyceride, mmol/L 1.48 ± 0.88 1.43 ± 0.98 1.46 ± 0.77 1.43 ± 0.94 1.45 ± 0.89
Imaging
 L eft atrial diameter, mm 42.2 ± 5.4 41.3 ± 5.5 41.2 ± 5.8 40.8 ± 5.7 41.4 ± 5.6
 L eft ventricular end diastolic diameter, mm 46.1 ± 4.9 45.6 ± 5.0 45.6 ± 4.5 46.4 ± 4.8 45.9 ± 4.8
 L eft ventricular ejection fraction, % 58.7 ± 5.7 59.4 ± 5.8 59.7 ± 5.4 59.3 ± 5.3 59.3 ± 5.6
Medication at discharge, n (%)
 N ew oral anticoagulants 198 (79.8) 201 (81.4) 216 (87.4) 199 (80.6) 814 (82.3)
  Vitamin K antagonist oral anticoagulant 37 (14.9) 35 (14.2) 28 (11.3) 38 (15.4) 138 (14.0)
  Platelet inhibitor 35 (14.1) 31 (12.6) 31 (12.5) 33 (13.4) 130 (13.1)
  Class III antiarrhythmic drugs 175 (70.6) 175 (70.9) 163 (66.0) 173 (70.0) 686 (69.4)
  Beta blocker 41 (16.5) 35 (14.2) 41 (16.6) 41 (16.6) 158 (16.0)
  Calcium channel blocker 9 (3.6) 10 (4.0) 8 (3.2) 13 (5.3) 40 (4.0)
CHA2DS2-VASc score 2.81 ± 1.58 2.63 ± 1.74 2.38 ± 1.59 2.28 ± 1.66 2.53 ± 1.66
APPLE score 1.90 ± 1.05 1.60 ± 1.04 1.58 ± 1.04 1.40 ± 1.10 1.62 ± 1.07
eGFRCys 53.1 ± 13.0 67.4 ± 12.6 75.3 ± 14.2 90.1 ± 19.7 71.5 ± 20.2
eGFRcre 84.6 ± 17.6 87.6 ± 15.8 86.5 ± 15.9 87.2 ± 19.2 86.5 ± 17.2
eGFR ratio 0.63 ± 0.07 0.77 ± 0.03 0.87 ± 0.03 1.03 ± 0.10 0.83 ± 0.16

Patients were divided into four groups according to the quartile of eGFR ratio (Q1, eGFR ratio < 0.715; Q2, 0.715 ≤ eGFR ratio <0.818; Q3, 0.818 ≤ eGFR 
ratio <0.930; Q4, eGFR ratio ≤ 0.930).

Vascular disease, denotes peripheral artery disease or coronary heart disease; CHA2DS2-VASc score, calculated by congestive heart failure, hypertension, 
age >75, diabetes, stroke or transient ischemic attack, vascular disease, age >65, sex category; APPLE score, calculated by age >65 years, Persistent atrial 
fibrillation, eGFRcre < 60 mL/min/1.73 m2, Left atrial diameter ≥43mm, and Left ventricular ejection fraction <50%; eGFR ratio, GFRcys/eGFRcre. Abbreviations: 
AF, atrial fibrillation; eGFRcys, estimated glomerular filtration rate based on cystatin C; eGFRcr, estimated glomerular filtration rate based on creatinine.

Values are means (±standard deviation) or medians (25th–75th interquartile range).

Table 2.  HRs (95% CIs) For AF recurrence according to the eGFR ratio.

Quartile of 
eGFR ratio

Recurrence, No./Total 
No.

Hazard ratio (95% CI)

Model 1 Model 2 Model 3 Model 4

Q1 95/248 1.80 (1.30 to 2.51) 1.81 (1.30 to 2.53) 1.81 (1.30 to 2.53) 1.68 (1.20 to 2.37)
Q2 56/246 1 (reference) 1 (reference) 1 (reference) 1 (reference)
Q3 80/248 1.60 (1.14 to 2.26) 1.66 (1.18 to 2.34) 1.69 (1.20 to 2.39) 1.64 (1.15 to 2.34)
Q4 87/247 1.79 (1.28 to 2.50) 2.06 (1.44 to 2.92) 2.06 (1.45 to 2.94) 1.96 (1.37 to 2.80)

Patients were divided into four groups according to the quartile of eGFR ratio (Q1, eGFR ratio < 0.715; Q2, 0.715 ≤ eGFR ratio <0.818; Q3, 0.818 ≤ eGFR 
ratio <0.930; Q4, eGFR ratio ≤ 0.930).

Model 1: Cox proportional hazards model without adjustment; Model 2: Model 1 with adjustment for age, sex and body mass index; Model 3: Model 2 
with additional adjustment for comorbidities (hypertension, diabetes, vascular disease, heart failure, previous stroke, dyslipidemia and chronic obstructive 
pulmonary disease); Model 4: Model 3 with additional adjustment for laboratory measurements (brain natriuretic peptide, fasting blood glucose, triglycer-
ide and cholesterol), imaging parameters (left atrial diameter and ejection fraction), atrial fibrillation type, antiarrhythmic drugs, oral anticoagulants and 
duration after atrial fibrillation diagnosis. Vascular disease, denotes peripheral artery disease or coronary heart disease.

Abbreviations: AF, atrial fibrillation; eGFR, estimated glomerular filtration rate.
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across the four subgroups. On the other hand, we observed 
a stronger U-shaped association between the eGFR ratio and 
the risk of AF recurrence in patients with diabetes than in 
those without diabetes.

4.  Discussion

In this single-centre prospective study, after full adjustment 
for identified confounders, we found a U-shaped association 
between the preoperative eGFR ratio and the risk of AF 
recurrence after a single radiofrequency ablation, with both 
low and high eGFR ratios associated with increased risk. The 
eGFR ratio associated with the lowest risk of AF recurrence 
was 0.797. In addition, we investigated this association 
among different subgroups of participants, the results further 
indicated a strong U-shaped association between the eGFR 
ratio and the risk of AF recurrence in male patients but a 
positive linear association in female patients. This finding 
suggests that the eGFRcys and eGFRcr are influenced by 
nonrenal factors and that their ratio is a useful marker for 
identifying individuals at greater risk of post-ablation AF 
recurrence.

Although creatinine is currently the most commonly used 
biomarker to assess the glomerular filtration rate in clinical 
practice, its limitations include its susceptibility to factors 
other than the kidney and the considerable amount of creat-
inine excreted by the renal tubules [13]. Therefore, cystatin C 
has received extensive attention as an alternative marker, 
and as a marker of the GFR, cystatin C is commonly superior 

to creatinine [24]. Because cystatin C and creatinine are often 
analyzed separately, the individual differences in eGFRcys 
and eGFRcr, which have been ignored for a long time in the 
past, are now gradually attracting increasing attention in var-
ious diseases. Previous studies have shown that individual 
differences in the eGFRcys and eGFRcr are closely related to 
heart failure [25], frailty [26] and death [27] and can also be 
used to predict the risk of contrast-associated acute kidney 
injury [28]. Although there are many studies on the relation-
ship between renal function and the risk of AF, most of them 
have not focused on the impact of cystatin C on this rela-
tionship, especially the impact of the differences between 
eGFRcys and eGFRcr. Recently, a large cohort study showed 
that the difference between the eGFRcys and eGFRcr was 
associated with the risk of developing AF, and the difference 
was greater with a lower risk of developing AF [21]. The 
eGFR ratio is strongly associated with differences in the 
eGFRcys and eGFRcr, so it is understandable that the results 
of this study showed that the eGFR ratio was independently 
associated with the risk of post-ablation AF recurrence.

Grubb et  al. [19] reported a low eGFR ratio (≤0.6) as 
‘shrunken pore syndrome’ to explain the possible causes of 
the abnormal components of glomerular filtration fluid and 
the corresponding changes in plasma levels of some pro-
teins. Shrunken pore syndrome is associated with long-term 
mortality and morbidity in patients [29,30], even in the 
absence of a reduced GFR [31], and these poor outcomes 
predominantly manifest as cardiovascular disease. 
Consistently, the results of this study revealed that an eGFR 

Figure 1.  Restricted cubic spline for the associations between the eGFR ratio and the risk of experiencing AF recurrence.
The results are presented as hazard ratios (HRs, solid lines) and 95% confidence intervals (CIs, light red areas) after multivariate adjustment for all the 
covariates, including sex, age, body mass index, AF type, duration from AF diagnosis to ablation, fasting blood glucose, triglyceride, cholesterol, brain 
natriuretic peptide, left ventricular ejection fraction, left atrial diameter, antiarrhythmic drugs, oral anticoagulants, high blood pressure, diabetes, and history 
of vascular disease, chronic obstructive pulmonary disease, congestive heart failure, stroke, and dyslipidaemia. The knots were set at the 10th, 50th, and 
90th percentiles of the eGFR ratio. The histograms represent the distribution of the eGFR ratio in our study. Abbreviations: AF, atrial fibrillation.
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ratio ≤ 0.6 was independently associated with a higher AF 
recurrence rate, and the association remained after adjusting 
for creatinine and cystatin C concentrations separately. 
Several potential mechanisms could explain the observed 
association between shrunken pore syndrome and the risk of 
AF recurrence, attributed to decreased left ventricular con-
traction, which are associated with the risk of AF recurrence 
[32,33]. However, a decreased pore size is not the only pos-
sible mechanism leading to a reduced eGFR ratio. Oberg 
et  al. also suggested that thickening of the glomerular basal 
membrane, which increases the diffusion length of cystatin 

C, decreases the eGFR ratio in kidney biopsies of patients 
with diabetic nephropathy [34]. In addition, a limitation of 
shrunken pore syndrome is its low prevalence in the study 
population, and binary classification can lead to missing key 
information; therefore, we used the eGFR ratio as a continu-
ous variable in our study.

Inconsistent with most previous studies, our results 
showed that poor prognosis was associated not only with a 
low eGFR ratio but also with a high eGFR ratio, suggesting 
the following plausible reasons. The eGFRcr is impacted by 
muscle mass, consumption of meat with high creatinine 

Figure 2.  Restricted cubic spline for the associations between the eGFR ratio and the risk of AF recurrence after additional adjustment for (A) creatinine 
and (B) cystatin C concentrations.
The results are presented as hazard ratios (HRs, solid lines) and 95% confidence intervals (CIs, light red areas), with additional adjustment for creatinine 
concentrations (A) and cystatin C concentrations (B), respectively, after full adjustment for all covariates. The histograms represent the distribution of the 
eGFR ratio in our study. Abbreviations: AF, atrial fibrillation.
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content, advanced age, and physical activity, whereas the 
eGFRcys is susceptible to the effects of glucocorticoid ther-
apy, thyroid function, inflammation, and obesity, all of which 
may contribute to different eGFR ratios [13,35]. Several stud-
ies have shown that an eGFRcr greater than the eGFRcys is 
often associated with frailty [26,36]. In this study, the base-
line eGFR cohort with the lowest quartile showed higher age, 
more comorbidities, and frailty. Additionally, the 
CHA2DS2-VASc and APPLE scores were higher in this group, 
with the APPLE score gradually decreasing between groups. 
This suggests that the association between a high eGFR ratio 
and a high AF recurrence rate cannot be fully explained by 

clinically common risk factors [37]. In fact, this is not the first 
time that this phenomenon has been observed. The results 
of a study that explored the association between the eGFR-
cys and eGFRcr difference and acute kidney injury showed a 
similar U-shaped association. Consistent with previous 
research, this study further categorized variables, which may 
have led to the loss of important information [28].

We found that the difference between the eGFRcys and 
eGFRcr was very common, and as an independent predictor 
of AF recurrence, the proportion of AF patients with an 
eGFRcys < 60 was significantly greater than that of patients 
with an eGFRcr < 60, which may have been underestimated 

Figure 3.  Kaplan–meier survival curve of freedom from AF recurrence after a single procedure in various AF subgroups.
During a median follow-up of 28 (IQR 17–42) months, the cumulative incidence of freedom from AF was significantly greater in the second quartile cohort 
(77.2%) than in the other three cohorts (61.7% to 67.7%) (log-rank test P = 0.001). Abbreviations: AF, atrial fibrillation.



8 W. HUANG ET AL.

Figure 4. A ssociation between the eGFR ratio and the risk of AF recurrence stratified by sex (a), age (B), high blood pressure status (C) and diabetes status (D).
The results are presented as hazard ratios (HRs, solid lines) and 95% confidence intervals (CIs, light red areas) after multivariate adjustment for all the 
covariates except the self-grouping variable. Abbreviations: AF, atrial fibrillation.
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in the initial risk assessment. A prospective study involving 
9,228 participants showed that the eGFRcys was more 
strongly associated with AF development than was the 
eGFRcr [12]. Furthermore, according to our findings, the asso-
ciation between the eGFR ratio and the risk of AF recurrence 
after radiofrequency ablation was independent of creatinine 
and cystatin C levels. Another finding in our study was that 
there was a significant U-shaped association between the 
eGFR ratio and the risk of AF recurrence in men but a linear 
association in women. There are many sex-related differences 
in the risk and pathophysiology of AF, and the reasons often 
include hormone levels, height, obesity or fat distribution 
[38,39]. These findings emphasize the need for gender-specific 
approaches in AF management and risk stratification.

The mechanisms underlying the eGFR ratio-AF recurrence 
association likely involve complex interactions between renal 
function, systemic inflammation, and neurohormonal activa-
tion. Low ratios may predispose to AF through age-related 
factors and frailty, while high ratios may contribute to 
arrhythmogenesis through chronic inflammation and meta-
bolic stress. These mechanisms may be modulated by 
gender-specific factors, resulting in the distinct association 
patterns observed. Future research should focus on elucidat-
ing the molecular pathways linking eGFR ratio to atrial 
remodeling, investigating the role of inflammatory markers 
and neurohormonal activation, and exploring targeted inter-
ventions to modify these pathways.

This study has both strengths and limitations. The main 
strength of this study is that, to our knowledge, this is the 
first study to examine the association between the eGFR 
ratio and the risk of AF recurrence after radiofrequency abla-
tion. In addition, restricted cubic spline curves based on mul-
tivariate Cox proportional hazards models with full adjustment 
for identified confounders were used to investigate potential 
nonlinear associations, and our approach allowed for the 
determination of optimal eGFR ratios. Notably, this study also 
focused on the association between the eGFR ratio and the 
risk of experiencing post-ablation adverse events and 
rehospitalization.

Our study has several limitations. First, this was a 
single-centre, observational study, which has inherent limita-
tions. It is thus necessary to confirm these results in a multi-
center, large-scale, international study. Second, the presence 
of residual confounders cannot be included despite adjusting 
for potential confounders as much as possible. Third, the 
serum creatinine and cystatin C levels were measured at 
baseline and only once, and we were not able to monitor 
changes in the eGFR ratio over time. Fourth, the study par-
ticipants were mainly elderly Chinese individuals. Therefore, 
caution is needed when generalizing our findings to other 
populations. Furthermore, this study did not evaluate left 
atrial strain, which is a significant predictor of AF recurrence 
following ablation [40,41]. Future investigations should incor-
porate this critical parameter to enhance the comprehensive 
evaluation of clinical outcomes in AF patients. Lastly, sub-
group analyses were conducted post-hoc, which may limit 
their interpretability.

5.  Conclusion

Our results demonstrate a U-shaped association between 
eGFR ratio and AF recurrence risk post-ablation, with both 
low and high ratios showing increased risk. The association 
pattern differed by gender, showing a strong U-shaped rela-
tionship in males and a linear trend in females. These find-
ings suggest that the eGFR ratio may reflect important 
pathophysiological processes related to AF recurrence, war-
ranting further investigation into the underlying mechanisms.
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