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A B S T R A C T

Background: Chronic kidney disease (CKD) and atrial fibrillation (AF) often coexist, making accurate renal 
function estimation crucial, typically through equations calculating estimated glomerular filtration rate (eGFR) 
or creatinine clearance (CrCl).
Objective: To compare the concordance and predictive performance of different renal function estimation 
equations in a European cohort of AF patients.
Methods: We analyzed data from AF patients enrolled in a prospective observational European registry. Renal 
function was estimated using eight formulas: BIS-1, CG, CG-BSA, CKD-EPI, EKFC, FAS, LMR and MDRD. 
Concordance between formulas was assessed using weighted Cohen’s Kappa, while Cox regression and receiver 
operating characteristic (ROC) curves evaluated their association with outcomes (composite of all-cause death, 
any coronary revascularization and any thromboembolism).
Results: We included 8,506 patients. CKD-EPI demonstrated good to excellent concordance with other formulas, 
with the lowest concordance with CG (K = 0.607; 95% CI, 0.595-0.618) and the highest with MDRD (K = 0.880; 
95% CI, 0.873-0.887). The risk of adverse outcomes increased sharply when renal function dropped below 60 
ml/min across all formulas. CG-BSA and CG formulas showed the best discriminative ability for predicting 
composite outcomes (AUC 0.660, 95% CI 0.644-0.677, and 0.661, 95% CI 0.644-0.678, respectively). Based on 
integrated discrimination improvement (IDI) analysis, compared to the CKD-EPI equation, the CG and CG-BSA 
formulas showed significant improvements in sensitivity of 0.9% and 1.1%, respectively
Conclusion: Equations for estimating renal function vary in concordance, with potential implications for drug 
prescription and predicting adverse events. CG and CG-BSA formulas showed superior performance in identifying 
patients at risk for adverse outcomes.
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1. Introduction

Atrial fibrillation (AF) has an increasing incidence and prevalence 
with an aging population, and is associated with adverse cardiovascular 
events, stroke in particular, that can result in significant morbidity and 
mortality [1–3].

Chronic kidney disease (CKD) is defined as abnormalities of kidney 
structure or function lasting more than 3 months with implications on 
health [4]. According to a meta-analysis of 100 studies, the global 
prevalence of CKD is 13.4% [5].

AF and CKD share many common risk factors, thus frequently 
coexisting in the same patient, particularly in the elderly age [6–8]. The 
interplay between these two conditions has been previously studied and 
significantly impact on adverse outcomes, increasing both thrombo
embolic and bleeding risk [9,10]. Furthermore, a precise estimation of 
renal function is crucial and mandatory in patients with AF who are 
candidates for treatment with direct oral anticoagulants [11–14].

The glomerular filtration rate (GFR) is widely accepted as the most 
reliable index for the estimation of kidney function. Many different 
formulas have been proposed and validated in the past years to provide 
an estimate of the GFR (eGFR) using the serum creatinine values [15].

Clinical Guidelines provided by KDIGO [15] (Kidney Disease: 
Improving Global Outcomes) group for the evaluation and management 
of CKD recommend the use of the Chronic Kidney Disease Epidemiology 
Collaboration (CKD-EPI) formula for the estimation of GFR [16]. 
Conversely, the practical guidance on the use of direct oral anticoagu
lant (DOAC) advice the use of Cockcroft-Gault [17] (CG) equation for 
the kidney function evaluation, since it was the formula used in the 
randomized trials that validated DOACs in comparison with Vitamin K 
antagonists [12]. However, CG formula calculates the creatine clearance 
(CrCl), not the eGRF [17]. The landscape became even more intricated 
with the development of several other formulas and data from large 
scale cohorts regarding their performance in daily practice are needed.

The aim of this study is to assess the concordance between the 
different equations proposed for the estimation of renal function, and to 
assess their performance and their associations with long-term risk of 
adverse events at long-term.

2. Methods

2.1. Study design

We included AF patients derived from a European large, prospective, 
observational registry. Details on the study’s design, baseline charac
teristics and primary results have been previously published [18–20]. 
Briefly, the registry enrolled consecutive adult patients with an 
ECG-documented diagnosis of AF in the 12 months before the 
enrolment.

Patients were enrolled in 250 centres across 27 countries between 
October 2013 and September 2016. The follow-up was pre-specified and 
has been conducted at 1 and 2 years. The study protocol was approved 
for each country and for ach enrolling site by the National Coordinators’ 
main institutions. The study was performed according to the European 
Union Note for Guidance on Good Clinical Practice CPMP/ECH/135/95 
and the Declaration of Helsinki.

At enrolment, the investigators collected data regarding baseline 
characteristics, demographics, previous medical history and reported 
them in a pre-specified electronic case report form. Baseline serum 
creatinine, sex, age and weight collected at baseline were used in this 
analysis to calculate the eGFR (or CrCl) according to different 8 formulas 
(details regarding the method of calculation and a brief outline on the 
advantages/disadvantages of different formulas are reported in Sup
plementary material): 

- CKD-EPI [16];
- CG [17]

- CG adjusted for body surface area (CG-BSA) [21]
- Berlin Initiative Study (BIS-1) [22]
- Full Age Spectrum (FAS) [23]
- Liquidity Maintenance Ratio (LMR) [24]
- Modification of Diet in Renal Disease (MDRD) [25]
- European Kidney Function Consortium (EKFC) [26]

Using the proposed classification of the KDIGO, we categorized pa
tients into 5 categories of CKD according to the eGFR estimated using the 
CKD-EPI formula: Stage I (eGFR ≥90 mL/min/1.73 m2); Stage II (eGFR 
between 89 and 60 mL/min/1.73 m2); Stage IIIa (eGFR between 59 and 
45 mL/min/1.73 m2); Stage IIIb (eGFR be- tween 44 and 30 mL/min/ 
1.73 m2); Stage IV/V (eGFR between <29 mL/min/1.73 m2). The last 
two categories (Stage IV/V) were considered together, due to low 
number of patients included in the Stage V (< 15 ml/min/1.73 m2).

For the purpose of this analysis, we included patients with available 
data needed for the calculation of all the formulas. No other additional 
exclusion criteria were applied.

2.2. Follow-up and adverse outcomes

Patients enrolled in the registry completed a pre-specified follow-up 
at 1 and 2 years, after enrolment. Incidence of major adverse events 
were recorded by the investigator. For this analysis, we considered as 
primary outcome a composite of all-cause death, any coronary revas
cularization and any TE. All-cause death was also evaluated as a sec
ondary endpoint.

2.3. Statistical analysis

Continuous variables were reported as median and interquartile 
range (IQR), and comparison between groups was performed using the 
Kruskal-Wallis test. Categorical variables were reported as counts and 
percentages and compared using the Chi-square.

We used weighted Cohen’s kappa coefficient to assess the agreement 
in the classification of patients among different categories of CKD ac
cording to the different 8 formulas: in this case we considered Stage IV 
and V of CKD separated, to enhance a better comparison.

Concordance of classification was defined as follows: K <0.20 poor; 
0.21-0.40 modest; 0.41-0.60 moderate; 0.61-0.80 good; >0.80 excel
lent. The results of the weighted Cohen’s kappa were plotted in a 
heatmap.

To compare the predictive performance of the two scores, we used 
receiver operating characteristic (ROC) curves and calculated the area 
under the curve (AUC) with its 95% confidence intervals. Comparisons 
between the different AUC were estimated using the method proposed 
by DeLong and DeLong; CKD-EPI formula was used as reference for 
comparison. Additionally, as an exploratory analysis, we evaluated the 
discriminatory performance of each formula in predicting the occur
rence of any TE event.

We used the method proposed by Pencina et al. to perform reclas
sification analyses. We calculated the integrated discrimination 
improvement (IDI), net reclassification improvement (NRI) and median 
improvement (MI) at 2-year follow-up. CKD-EPI formula was again used 
as reference.

Kaplan-Meier curves and their 95% CI were drafted to evaluate the 
cumulative survival curves for the outcomes of the study, and survival 
distributions were tested for difference across the groups with the log- 
rank test. Multivariable cox regression analysis was used to evaluate 
the association between the categories of CKD and adverse outcomes. 
Covariates included in the model included: age, sex, type of atrial 
fibrillation, oral anticoagulant therapy and EHRA class. We also 
included in the model the risk factors included in the CHA2DS2-VASc 
score [27]: hypertension, diabetes, heart failure, coronary artery disease 
or peripheral artery disease and a previous history of TE event.

Finally, we evaluated the association between eGFR (or CrCl when 
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appropriate), calculated according to the 8 different formulas and 
modelled as a continuous non-linear variable, with the risk of outcomes 
using a restricted cubic spline with 3 knots and reference value set at 60 
ml/min/1.73 m2. Results were reported as Hazard Ratio (HR) with 95% 
Confidence Interval (CI). A two-sided p-value <0.05 was considered 
statistically significant.

All analysis were performed using R 4.0.3 (R Core Team 2020, 
Vienna, Austria).

3. Results

3.1. Clinical characteristics of patients across different stages of CKD

Among the 11096 AF patients originally enrolled in the registry, a 
total of 8506 patients (median age 70.0 IQR 63.0-77.0, 41.3% female) 
had available data for calculating eGFR (or CrCl) with the 8 formulas 
and were included in the analysis. The clinical characteristics of 
included patients according to kidney function as expressed by eGFR 
according to CKD-EPI formula are shown in Table 1. At increasing level 
of renal impairment, there was a significant increase in the prevalence of 
the most common cardiac and non-cardiac comorbidities. Furthermore, 
patients with CKD were significantly more likely to present permanent 
AF, a higher EHRA class for AF-related symptoms and a profile with 
higher thromboembolic and bleeding risks. Conversely, the prescription 
of oral anticoagulant significantly decreased at the stages of increasing 
renal impairment. Of note, 74.8% of patients in CKD stage IV/V were 
treated with oral anticoagulants (OAC), with 15.2% of them being 
treated with DOACs.

3.2. Distribution of patients according to different formulas and 
concordance analysis

The distribution of patient population according to eGFR calculated 
with CKD-EPI equation is reported in Fig. 1. In our cohort, 34.7% of the 
patients were categorized as having CKD and 10.9% of them had a se
vere renal impairment (Stage IV/V).

All 8 formulas classified most patients as having a CKD stage II, with 
CG equation allocating to this stage of CKD the lowest percentage of 
patients (37.58%) and the EKFC formula the highest percentage 
(52.21%). Conversely, CG was the formula with the highest percentage 
of patients classified in the Stage I (30.19%), with LMR being the one 
with the lowest percentage (4.71%).

We compared the concordance in the categorization in CKD stages 
between the 8 different equations using Cohen’s weighted K test. The 
results were plotted using a Heatmap (Fig. 2). Categorization using the 
CKD-EPI formula showed a good to excellent concordance with other 
equations: CG showed the lowest value of weighted K (K = 0.607, 95% 
confidence interval [CI], 0.595-0.618), while MDRD showed the best 
concordance with CKD-EPI (K = 0.880, 95% CI 0.873-0.887). The CG 
showed a good concordance only with CG-BSA, whilst only a moderate 
value of concordance was found with the other equations. The highest 
concordance was found between the BIS1 and FAS equation (K = 0.917, 
95% CI 0.911-0.923).

3.3. Follow-up and outcome

After a median follow-up of 729 days [IQR 664-745], a total of 1295 
(15.2%) patients experienced an event of the primary composite 
outcome. Crude rates of outcome increased at increasing level of CKD (p 
for trend < 0.001, Supplementary Table 1). Consistently patients with 
more advanced CKD according to CKD-EPI formula showed a signifi
cantly lower cumulative survival free from the primary and secondary 
outcomes at Kaplan-Meier curves (Log Rank test, p <0.001, Fig. 3 and 
Supplementary Figure 1).

The results of the Cox regression analysis are presented in Supple
mentary Figure 2. All eight formulas demonstrated an increased hazard 
of adverse events for patients classified in Stage IV/V. However, only the 
CG formula showed a significant association with adverse outcomes 
across all CKD stages.

We also investigated the potential non-linear relationship between 
renal function, as estimated by the eight formulas, and adverse out
comes (Fig. 4). This analysis indicates that the risk of adverse outcomes 

Table 1 
Patients’ clinical characteristics according to CKD stages.

Stage I (n = 1304) Stage II (n = 4253) Stage IIIa (n = 1723) Stage IIIb (n = 904) Stage IV/V (n = 322) P value

Age, median [IQR] 60.00 [53.00, 66.00] 69.00 [63.00, 76.00] 74.00 [67.50, 80.00] 77.00 [71.00, 83.00] 78.00 [72.00, 83.00] <0.001
Female, N (%) 417 (32.0) 1628 (38.2) 814 (47.2) 488 (54.0) 171 (53.1) <0.001
BMI, median [IQR] 27.70 [24.70, 31.40] 27.50 [24.80, 30.90] 27.50 [24.80, 31.20] 27.80 [24.70, 31.20] 27.30 [24.50, 30.90] 0.420
Type of AF, N (%) ​ ​ ​ ​ ​ <0.001

First diagnosed 265 (20.6) 754 (18.0) 253 (14.9) 125 (14.0) 44 (13.9) ​
Paroxysmal 414 (32.1) 1146 (27.4) 403 (23.7) 180 (20.1) 82 (25.9) ​
Persistent 296 (23.0) 929 (22.2) 349 (20.5) 156 (17.4) 35 (11.1) ​
Long-persistent 64 (5.0) 185 (4.4) 76 (4.5) 33 (3.7) 9 (2.8) ​
Permanent 249 (19.3) 1170 (28.0) 618 (36.4) 401 (44.8) 146 (46.2) ​

Hypertension, N (%) 647 (50.3) 2577 (60.9) 1165 (68.1) 640 (71.2) 240 (75.2) <0.001
Diabetes, N (%) 230 (17.7) 863 (20.3) 469 (27.3) 315 (35.1) 146 (45.6) <0.001
Dyslipidemia, N (%) 466 (37.3) 1721 (41.6) 742 (44.3) 428 (48.5) 158 (50.2) <0.001
Coronary artery disease, N (%) 245 (19.9) 1147 (28.4) 541 (33.5) 337 (40.4) 149 (49.7) <0.001
Heart Failure, N (%) 348 (26.9) 1506 (35.5) 869 (50.9) 569 (63.6) 205 (63.9) <0.001
LVEF, median [IQR] 57.00 [50.00, 62.00] 55.00 [45.00, 61.00] 55.00 [44.00, 60.00] 50.00 [40.00, 60.00] 49.00 [35.00, 57.00] <0.001
Previous thromboembolic events, N (%) 86 (6.6) 506 (12.0) 223 (13.1) 140 (15.6) 56 (17.7) <0.001
Malignancy (current/prior), N (%) 57 (4.4) 340 (8.0) 150 (8.8) 84 (9.4) 39 (12.2) <0.001
Previous hemorragic events, N (%) 56 (4.3) 187 (4.4) 111 (6.5) 81 (9.1) 35 (10.9) <0.001
Anemia, N (%) 48 (3.7) 171 (4.0) 109 (6.3) 107 (11.9) 72 (22.4) <0.001
CHA2DS2VASc, median [IQR] 2.00 [1.00, 3.00] 3.00 [2.00, 4.00] 4.00 [3.00, 5.00] 4.00 [3.00, 5.00] 5.00 [4.00, 6.00] <0.001
HAS-BLED, median [IQR] 1.00 [0.00, 2.00] 1.00 [1.00, 2.00] 2.00 [1.00, 2.00] 2.00 [2.00, 3.00] 3.00 [2.00, 3.00] <0.001
EHRA class high, N (%) 796 (61.0) 2425 (56.9) 984 (57.1) 487 (53.9) 170 (52.8) 0.006
OAC, N (%) 1045 (80.2) 3762 (88.2) 1489 (86.5) 769 (85.2) 241 (74.8) <0.001
Type of OAC, N (%) ​ ​ ​ ​ ​ <0.001

No 258 (19.8) 501 (11.8) 233 (13.5) 134 (14.8) 81 (25.2) ​
VKA 557 (42.8) 2114 (49.6) 899 (52.2) 498 (55.1) 192 (59.6) ​
DOAC 488 (37.4) 1648 (38.7) 590 (34.3) 271 (30.0) 49 (15.2) ​

Legend AF, atrial fibrillation; BMI, body mass index; CG, Cockroft Gault; CKD, chronic kidney disease; CrCl, creatinine clearence; DOAC, direct oral anticoagulants; 
IQR, interquartile range; LVEF, left ventricular ejection fraction; N, number; OAC, oral anticoagulant; VKA, vitamin K antagonist.
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increases exponentially when renal function falls below 60 ml/min. 
Conversely, for patients with eGFR (or CrCl) values ≥60 ml/min, the 
relationship plateaus, with a non-significant association observed for the 
CKD-EPI, BIS1, FAS, LMR, MDRD, and EKFC formulas. Only the CG and 
CG-BSA formulas showed a significant inverse association with adverse 
outcomes in patients with eGFR (or CrCl) ≥60 ml/min.

The secondary analysis, focusing on all-cause death, provided further 
validation of the findings from the main analysis. Specifically, this 
confirmed the increased risk of adverse outcomes observed for patients 
in CKD Stages IV/V across all eight formulas (Supplementary Figures 3 
and 4).

Fig. 1. Distribution of patients in different KDIGO stages according to the 8 different equations. 
Legend. BIS-1, Berlin Initiative Study; CG, Cockcroft Gault; CG-BSA, adjusted for body surface area; CKD-EPI, Chronic Kidney Disease Epidemiology Collaboration; 
EKFC, European Kidney Function Consortium; FAS, Full Age Spectrum; LMR, Liquidity Maintenance Ratio; MDRD, Modification of Diet in Renal Disease; N, number.

Fig. 2. Weighted Cohen’s Kappa for concordance of classification of CKD according to 8 formulas. 
Results are reported as K [95% CI]. Concordance was defined as follows: K <0.20 poor; 0.21-0.40 modest; 0.41-0.60 moderate; 0.61-0.80 good; >0.80 excellent. 
Legend. BIS1 Berlin Initiative Study; CG, Cockcroft Gault; CG-BSA, Cockcroft Gault adjusted for body surface area; CKD-EPI, Chronic Kidney Disease Epidemiology 
Collaboration; EKFC, European Kidney Function Consortium; FAS, Full Age Spectrum; LMR, Liquidity Maintenance Ratio; MDRD, Modification of Diet in 
Renal Disease.
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3.4. Predictive and reclassification analysis

According to ROC curve analysis, the CG-BSA and CG formulas 
showed the best discriminant capability for predicting events of the 
composite outcome (Fig. 5 and Supplementary Table 2), with no sig
nificant difference between the two. Conversely, the MDRD equation 
showed the worst performance compared to the others. The CKD-EPI 
formula was statistically inferior to all other formulas except MDRD. 
Consistent results were found considering the secondary endpoint of all- 

cause death, with an overall better prediction of the event among across 
all the 8 formulas (Fig. 5).

The predictive performance of the different renal function formulas 
for any TE was overall limited (Supplementary Figure 5). Among the 
eight formulas tested, CKD-EPI and LMR demonstrated the highest, 
albeit modest, discriminative ability (AUC 0.562, 95% CI: 0.522–0.602 
and 0.563, 95% CI: 0.524–0.603, respectively). No statistically signifi
cant differences were observed between the formulas in predicting TE 
events.

Based on integrated discrimination improvement (IDI) analysis, 
compared to the CKD-EPI equation, the CG and CG-BSA formulas 
showed significant improvements in sensitivity of 0.9% and 1.1%, 
respectively (Table 2). In contrast, the MDRD formula showed a signif
icant reduction of -1.1% compared with CKD-EPI.

Using net reclassification improvement (NRI), there was a significant 
positive reclassification for CG and CG-BSA compared to CKD-EPI 
(11.3% and 16.3%, respectively), while the MDRD formula showed a 
negative reclassification of -22.0%. Overall, the median improvement 
(MI) in predictive ability for the CG and CG-BSA formulas was 0.9% and 
1.2%, respectively, compared with CKD-EPI, whereas the MDRD for
mula resulted in a 0.9% reduction. All other formulas also showed sig
nificant positive reclassification compared with CKD-EPI in terms of MI 
(Table 2).

4. Discussion

The main findings of our analysis are as follows: i) the majority of 
patients with AF are classified as having renal impairment according to 8 
different formulas, with the majority of them having Stage II CKD; ii) the 
concordance in the classification of AF patients was variable across 
formulas, with CG showing only a modest concordance with the others; 
iii) nonetheless, CG and CG-BSA showed the best discrimination ability 
for the prediction of adverse events; iv) a reduction of renal function 
below 60 ml/min was associated with an exponential increase of the risk 
of adverse events according to all the formulas.

The finding that the majority of patients AF are classified as having 
renal impairment across all eight formulas underscores the strong link 
between AF and CKD. This association may be explained by several 

Fig. 3. Kaplan-Meier curves for primary composite outcome according to CKD 
stages. 
Legend. CKD, chronic kidney disease.

Fig. 4. Spline curves expressing the non-linear association between eGFR (or CrCl) and composite outcome. 
Legend. BIS1 Berlin Initiative Study; CG, Cockcroft Gault; CG-BSA, Cockcroft Gault adjusted for body surface area; CKD-EPI, Chronic Kidney Disease Epidemiology 
Collaboration; EKFC, European Kidney Function Consortium; FAS, Full Age Spectrum; LMR, Liquidity Maintenance Ratio; MDRD, Modification of Diet in 
Renal Disease.
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factors, including shared risk factors such as hypertension, diabetes, and 
aging [28–30], as well as the pathophysiological interplay where CKD 
can lead to structural and electrical remodelling of the heart [31], pre
disposing patients to AF, while AF itself may contribute to worsening 
renal function through mechanisms like reduced cardiac output and 
renal perfusion [32]. Previous studies have consistently demonstrated 
this bidirectional relationship between AF and CKD, highlighting how 
the presence of one condition often exacerbates the other [6,33,34]. 
Previous analyses showed that also a mildly reduced renal function (e.g. 
<90 ml/min) is associated with an increased risk of incident AF [35]. In 
our study, we extended this understanding by analyzing eight different 
formulas for estimating renal function, and remarkably, all were 
concordant in classifying the majority of AF patients as having renal 
impairment.

However, the degree of concordance between the formulas varied. 
The CG formula, for instance, showed only modest concordance with the 
others, potentially due to its reliance on body weight and lack of stan
dardization to BSA. In contrast, the CKD-EPI formula demonstrated high 

concordance with the MDRD formula, both of which are commonly used 
in clinical practice. These results are consistent with those of a previous 
analysis by Malavasi et al. [36], conducted among patients admitted to 
the Cardiology Division of a single centre in Italy (whether with AF or 
not). Similarly, a previous analysis by Boriani et al. [37] showed com
parable results when considering AF patients, with a weighted kappa of 
0.892 between the MDRD and CKD-EPI formulas. The strong concor
dance between the MDRD and CKD-EPI formulas may be explained by 
their similar approaches to estimating renal function. Both formulas 
incorporate serum creatinine, age, and sex, but CKD-EPI is considered 
more accurate, particularly at higher levels of kidney function [15]. 
However, they share methodological similarities that likely contribute 
to their alignment in classifying patients across different stages of CKD 
(Supplementary Material).

In our analysis, the FAS and BIS 1 formulas exhibited the highest 
concordance with each other, suggesting their utility in providing reli
able estimates of renal function across diverse patient populations. This 
variability in concordance highlights the importance of considering 

Fig. 5. Area under the curve for prediction of adverse events for different equations. Panel A composite outcome of All-cause death and MACEs, Panel B All-cause 
death. 
Legend. AUC, area under the curve; BIS1 Berlin Initiative Study; CI, confidence interval; CG, Cockcroft Gault; CG-BSA, Cockcroft Gault adjusted for body surface area; 
CKD-EPI, Chronic Kidney Disease Epidemiology Collaboration; EKFC, European Kidney Function Consortium; FAS, Full Age Spectrum; LMR, Liquidity Maintenance 
Ratio; MDRD, Modification of Diet in Renal Disease.

Table 2 
Reclassification analysis for the composite outcome.

Formula IDI 95% CI P value NRI 95% CI P value MI 95% CI P value

CKD-EPI Ref Ref Ref Ref Ref Ref Ref Ref Ref
CG 0.009 0.002/0.015 0.020 0.113 0.049/0.16 <0.001 0.009 0.005/0.015 <0.001
CG-BSA 0.011 0.007/0.016 <0.001 0.163 0.098/0.209 <0.001 0.012 0.007/0.018 <0.001
BIS1 0.005 0.002/0.008 0.007 0.125 0.045/0.181 0.007 0.005 0.002/0.009 0.007
FAS 0.002 0.000/0.004 0.166 0.055 -0.007/0.125 0.066 0.003 0.000/0.005 0.047
LMR 0.005 0.003/0.006 <0.001 0.184 0.141/0.219 <0.001 0.004 0.003/0.005 <0.001
MDRD -0.011 -0.014/-0.009 <0.001 -0.220 -0.253/-0.189 <0.001 -0.009 -0.012/-0.007 <0.001
EKFC 0.004 0.000/0.008 0.020 -0.002 -0.051/0.058 0.977 0.006 0.003/0.009 <0.001

Legend. BIS-1, Berlin Initiative Study; CG, Cockcroft Gault; CG-BSA, adjusted for body surface area; CKD-EPI, Chronic Kidney Disease Epidemiology Collaboration; 
EKFC, European Kidney Function Consortium; FAS, Full Age Spectrum; IDI, integrated discrimination improvement; LMR, Liquidity Maintenance Ratio; MDRD, 
Modification of Diet in Renal Disease; MI, median improvement; NRI, net reclassification improvement.
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multiple formulas when assessing renal function in patients with AF, 
particularly given the implications for clinical decision-making.

Crucially, our findings also revealed an exponential increase in the 
risk of adverse events when the estimated glomerular filtration rate 
(eGFR) fell below 60 ml/min, consistent across all eight formulas. This 
pattern underscores the significance of renal impairment as a critical risk 
factor for adverse events in AF patients [37]. The exponential rise in risk 
below this threshold suggests that even moderate declines in kidney 
function can substantially worsen outcomes, potentially due to the 
combined burden of reduced renal clearance, increased cardiovascular 
stress, and the challenges of managing anticoagulation in this popula
tion [38] . This finding aligns with previous research, which has simi
larly reported heightened risks in CKD patients with AF, particularly as 
renal function deteriorates [9]. The consistent results across different 
formulas in our study reinforce the robustness of this association and 
highlight the importance of early identification and management of 
renal impairment to mitigate the risk of adverse events in AF patients.

Finally, when it comes to predicting adverse events, our analysis 
found that the CG and CG-BSA formulas outperformed all others, 
showing the highest discrimination ability. This finding is particularly 
important given that anticoagulation decisions in clinical practice are 
based on the CG formula as recommended by clinical guidelines and 
consensus globally [11,39,40]. The superior performance of these for
mulas may therefore reflect their alignment with the criteria used to 
assess stroke and bleeding risks in AF patients, making them more 
sensitive to the nuances of renal function that are critical in anti
coagulation management. Nonetheless, it is well recognized that 
achieving precise predictive tools in AF is challenging, whether for 
thromboembolic events or bleeding risks, and our results are consistent 
with the broader difficulties seen across various predictive tools used in 
this clinical setting [41].

While the differences in AUC between CG, CG-BSA, and the other 
formulas were statistically significant, it’s important to note that the 
absolute differences in AUC values were relatively small. This suggests 
that, although CG and CG-BSA may have a slight edge in predictive 
accuracy, the clinical significance of this difference might be limited. In 
practical terms, this means that while CG-based formulas are preferred 
for certain clinical decisions, such as anticoagulation, the other formulas 
still provide valuable and nearly equivalent information for assessing 
renal function and associated risks in AF patients. Therefore, while CG 
and CG-BSA may guide specific therapeutic decisions, the overall pre
dictive capacity across different formulas remains robust, reinforcing 
the importance of comprehensive renal function assessment in man
aging AF.

CKD, like other comorbid conditions such as obesity, chronic 
obstructive pulmonary disease, peripheral artery disease, and heart 
failure, significantly worsens outcomes in patients with AF [42–45] . 
The clustering of these conditions further amplifies the risk, making it 
essential to adopt an integrated management approach [46–48]. 
Addressing CKD alongside these other comorbidities is crucial to 
improving prognosis and tailoring treatment strategies for AF patients, 
ensuring that both cardiovascular and renal health are optimally 
managed in an evidence-based manner [49]. In the future, artificial 
intelligence tools are expected to play a pivotal role in risk stratification 
and the management of patients with AF and CKD [50]. Ongoing studies 
are currently exploring the potential of these technologies to enhance 
clinical decision-making and improve outcomes in this complex patient 
population [51].

4.1. Study limitations

This study has several limitations that should be acknowledged. 
Firstly, the retrospective nature of the analysis inherently limits the 
ability to establish causality and may introduce biases related to the 
collection and interpretation of data. Secondly, the study was conducted 
exclusively in a European population, which limits the generalizability 

of the findings to other populations, particularly those of Asian descent, 
who may have different genetic and environmental risk profiles. Finally, 
despite comprehensive adjustments for known confounders, the possi
bility of residual confounding cannot be entirely excluded, which may 
impact the study’s conclusions regarding the relationship between renal 
function, as estimated by different formulas, and adverse outcomes in 
patients with AF.

5. Conclusions

Our study underscores that AF and CKD frequently coexist in patients 
with AF, as assessed by various equations for estimating renal function. 
The concordance between the CG formula and other formulas is only 
moderate, which could have implications for OAC prescription. None
theless, renal function estimation using the CG and CG-BSA formulas 
showed the best discriminative performance for predicting adverse 
events.

Declaration of competing interest

GB reported small speaker fees from Bayer, Boehringer Ingelheim, 
Boston, Daiichi Sankyo, Janssen, and Sanofi outside of the submitted 
work. GB is the Principal Investigator of the ARISTOTELES project 
(Applying ARtificial Intelligence to define clinical trajectorieS for 
personalized predicTiOn and early deTEction of comorbidity and muL
timorbidity pattErnS) that received funding from the European Union 
within the Horizon 2020 research and innovation program (Grant N. 
101080189).

GFR reports consultancy for Boehringer Ingelheim and an educa
tional grant from Anthos, outside the submitted work. No fees are 
directly received personally;

MP is national leader of the AFFIRMO project on multimorbidity in 
AF, which has received funding from the European Union’s Horizon 
2020 research and innovation program under grant agreement No 
899871;

GYHL is a consultant and speaker for BMS/Pfizer, Boehringer 
Ingelheim, Anthos and Daiichi-Sankyo. No fees are received personally. 
GYHL is a NIHR Senior Investigator and co-principal investigator of the 
AFFIRMO project on multimorbidity in AF, which has received funding 
from the European Union’s Horizon 2020 research and innovation 
program under grant agreement No 899871.

All other authors report no disclosures.

Acknowledgements

During the preparation of this work, the author(s) used ChatGPT in 
order to assist with proofreading and improvement of English. After 
using this tool, the author(s) reviewed and edited the content as needed 
and take(s) full responsibility for the content of the publication.

Funding

This research was partly conducted in the context of the ARISTO
TELES project, which received funding from the European Union’s Ho
rizon Europe research and innovation programme under Grant 
Agreement No. 101080189.

Supplementary materials

Supplementary material associated with this article can be found, in 
the online version, at doi:10.1016/j.ejim.2025.04.038.

G. Boriani et al.                                                                                                                                                                                                                                 European Journal of Internal Medicine 136 (2025) 86–94 

92 

https://doi.org/10.1016/j.ejim.2025.04.038


References

[1] Cheng S, He J, Han Y, Han S, Li P, Liao H, et al. Global burden of atrial fibrillation/ 
atrial flutter and its attributable risk factors from 1990 to 2021. Europace 2024;26 
(7).

[2] Schnabel RB, Marinelli EA, Arbelo E, Boriani G, Boveda S, Buckley CM, et al. Early 
diagnosis and better rhythm management to improve outcomes in patients with 
atrial fibrillation: the 8th AFNET/EHRA consensus conference. Europace 2023;25 
(1):6–27.

[3] Linz D, Andrade JG, Arbelo E, Boriani G, Breithardt G, Camm AJ, et al. Longer and 
better lives for patients with atrial fibrillation: the 9th AFNET/EHRA consensus 
conference. Europace 2024;26(4).

[4] Boriani G, Savelieva I, Dan GA, Deharo JC, Ferro C, Israel CW, et al. Chronic kidney 
disease in patients with cardiac rhythm disturbances or implantable electrical 
devices: clinical significance and implications for decision making-a position paper 
of the European Heart Rhythm Association endorsed by the Heart Rhythm Society 
and the Asia Pacific Heart Rhythm Society. Europace 2015;17(8):1169–96.

[5] Hill NR, Fatoba ST, Oke JL, Hirst JA, O’Callaghan CA, Lasserson DS, et al. Global 
prevalence of chronic kidney disease - a systematic review and meta-analysis. PLoS 
One 2016;11(7):e0158765.

[6] Bansal N, Fan D, Hsu CY, Ordonez JD, Marcus GM. Go AS. Incident atrial 
fibrillation and risk of end-stage renal disease in adults with chronic kidney 
disease. Circulation 2013;127(5):569–74.

[7] Laukkanen JA, Zaccardi F, Karppi J, Ronkainen K, Kurl S. Reduced kidney function 
is a risk factor for atrial fibrillation. Nephrology (Carlton) 2016;21(8):717–20.

[8] Guenoun M, Cohen S, Villaceque M, Sharareh A, Schwartz J, Hoffman O, et al. 
Characteristics of patients with atrial fibrillation treated with direct oral 
anticoagulants and new insights into inappropriate dosing: results from the French 
National Prospective Registry: PAFF. Europace 2023;25(10).

[9] Lee M, Saver JL, Chang KH, Liao HW, Chang SC, Ovbiagele B. Low glomerular 
filtration rate and risk of stroke: meta-analysis. BMJ (Clinical Research Ed) 2010; 
341:c4249.

[10] Molnar AO, Bota SE, Garg AX, Harel Z, Lam N, McArthur E, et al. The risk of major 
hemorrhage with CKD. J Am Soc Nephrol 2016;27(9):2825–32.

[11] Steffel J, Collins R, Antz M, Cornu P, Desteghe L, Haeusler KG, et al. 2021 european 
heart rhythm association practical guide on the use of non-vitamin K antagonist 
oral anticoagulants in patients with atrial fibrillation. Europace 2021;23(10): 
1612–76.

[12] Lip GYH, Proietti M, Potpara T, Mansour M, Savelieva I, Tse HF, et al. Atrial 
fibrillation and stroke prevention: 25 years of research at EP Europace journal. 
Europace: European pacing, arrhythmias, and cardiac electrophysiology: journal of 
the working groups on cardiac pacing, arrhythmias, and cardiac cellular 
electrophysiology of the European Society of Cardiology 2023;25(9).

[13] Schnabel RB, Ameri P, Siller-Matula JM, Diemberger I, Gwechenberger M, Pecen L, 
et al. Outcomes of patients with atrial fibrillation on oral anticoagulation with and 
without heart failure: the ETNA-AF-Europe registry. Europace 2023;25(9).

[14] Ikeda S, An Y, Iguchi M, Ogawa H, Nakanishi Y, Minami K, et al. Proteinuria is 
independently associated with heart failure events in patients with atrial 
fibrillation: the Fushimi AF registry. Eur Heart J Qual Care Clin Outcomes 2023;9 
(8):758–67.

[15] Group KDIGOKCW. KDIGO 2024 clinical practice guideline for the evaluation and 
management of chronic kidney disease. Kidney Int 2024;105(4S):S117–314.

[16] Inker LA, Eneanya ND, Coresh J, Tighiouart H, Wang D, Sang Y, et al. New 
creatinine- and cystatin C-Based equations to estimate GFR without race. N Engl J 
Med 2021;385(19):1737–49.

[17] Cockcroft DW, Gault MH. Prediction of creatinine clearance from serum creatinine. 
Nephron 1976;16(1):31–41.

[18] Boriani G, Proietti M, Laroche C, Fauchier L, Marin F, Nabauer M, et al. Association 
between antithrombotic treatment and outcomes at 1-year follow-up in patients 
with atrial fibrillation: the EORP-AF General Long-Term Registry. Europace 2019; 
21(7):1013–22.

[19] Mei DA, Imberti JF, Bonini N, Romiti GF, Corica B, Proietti M, et al. Performance of 
HAS-BLED and DOAC scores to predict major bleeding events in atrial fibrillation 
patients treated with direct oral anticoagulants: A report from a prospective 
European observational registry. Eur J Intern Med 2024.

[20] Vitolo M, Proietti M, Imberti JF, Bonini N, Romiti GF, Mei DA, et al. Factors 
associated with progression of atrial fibrillation and impact on all-cause mortality 
in a cohort of European patients. J Clin Med 2023;12(3).

[21] Rostoker G, Andrivet P, Pham I, Griuncelli M, Adnot S. A modified cockcroft-gault 
formula taking into account the body surface area gives a more accurate estimation 
of the glomerular filtration rate. J Nephrol 2007;20(5):576–85.

[22] Schaeffner ES, Ebert N, Delanaye P, Frei U, Gaedeke J, Jakob O, et al. Two novel 
equations to estimate kidney function in persons aged 70 years or older. Ann Intern 
Med 2012;157(7):471–81.

[23] Pottel H, Mottaghy FM, Zaman Z, Martens F. On the relationship between 
glomerular filtration rate and serum creatinine in children. Pediatr Nephrol 2010; 
25(5):927–34.

[24] Nyman U, Grubb A, Larsson A, Hansson LO, Flodin M, Nordin G, et al. The revised 
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