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Purpose: Recurrence of atrial fibrillation (AF) following catheter ablation (CA) is a common clinical challenge in AF management.
Chronic inflammation plays a crucial role in the mechanism of AF recurrence. Although preliminary studies have explored the
predictive value of composite inflammatory markers for AF recurrence, there remains a notable lack of research that directly compares
multiple composite markers simultaneously. This study aims to investigate and compare the associations between nine composite
inflammatory markers and the risk of AF recurrence after CA in patients with AF.

Patients and Methods: This study prospectively included 744 AF patients who underwent their first CA at the Second Affiliated Hospital
of Xi’an Jiaotong University between October 2017 and July 2024.We calculated nine composite inflammatory markers from pre-procedure
peripheral blood cell counts. After adjusting for confounders, Cox regression, restricted cubic splines (RCS), and receiver operating
characteristic (ROC) curves assessed their association with AF recurrence. Sensitivity analysis verified result robustness.

Results: Higher levels of the Systemic Immune-Inflammation Index (SII), Neutrophil-to-Lymphocyte Ratio (NLR), Systemic
Immune-Inflammation Response Index (SIRI), and Pan-Immune-Inflammation Value (PIV) were significantly associated with
increased recurrence risk. After full model adjustment, Q4 vs Q1 HRs [95% CIs] were: SII 1.88 (1.23-2.88), NLR 1.85 (1.21-2.84),
SIRI 2.03 (1.31-3.14), PIV 1.58 (1.06-2.38), with risk rising as indices increased. The Neutrophil-to-Platelet Ratio (NPR) Q3 risk was
higher than Q1 (HR=1.58; 95% CI:1.07-2.32). In terms of prognostic predictive efficacy, NLR demonstrated the best performance
among the inflammatory indicators (AUC: 0.62). Sensitivity analysis confirmed each index’s robustness.

Conclusion: The SII, NLR, SIRI, NPR, and PIV may serve as valuable biomarkers for AF recurrence, among which NLR exhibits
superior predictive capability compared to the other indices. These markers should be considered in clinical risk stratification and hold
promise for providing new strategies and directions to reduce the recurrence rate.
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Introduction
Atrial fibrillation (AF) constitutes the most common type of clinical arrhythmia. Data derived from the Framingham
Heart Study indicate that its incidence has tripled over a span of fifty years.' Survey data reveal that by the year 2010, the
global prevalence of patients diagnosed with AF had reached an estimated 33.5 million individuals. In the United States,
the annual healthcare expenditures attributable to AF were projected to fall between $16 billion and $26 billion.” AF not
only induces distressing symptoms, including chest tightness and palpitations, but also substantially elevates the risk of
cardiovascular and cerebrovascular complications, such as stroke and heart failure (HF), thereby profoundly affecting
patients’ physical and psychological well-being. It has emerged as a critical public health issue demanding urgent
attention worldwide.*>

Catheter ablation (CA) has been recognized as a key therapeutic approach for AF in recent international guidelines
and clinical research, aiming primarily to maintain sinus rhythm in order to improve patients’ quality of life and long-
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term clinical outcomes.®® Nevertheless, a substantial recurrence rate of atrial arrhythmias remains following the
procedure, which is intricately linked to its complex underlying pathophysiological mechanisms. Specifically, radio-
frequency ablation results in cardiac tissue necrosis that is accompanied by an inflammatory response. Prior research has
demonstrated that inflammatory biomarkers, such as C-reactive protein and interleukin-6, reach their highest levels
within 1 to 2 days post-ablation, and this increase is associated with the recurrence of atrial arrhythmias.” "'
Inflammation plays a key role in the initiation and persistence of AF and may be significantly involved in atrial
remodeling and electrophysiological abnormalities. Elevated neutrophil levels indicate an active inflammatory pathway,
increased lymphocytes reflect an active immune pathway, changes in platelets are associated with thrombosis, elevated
monocytes often suggest chronic inflammation or tissue repair processes, and albumin levels are related to liver function,
nutritional intake, or chronic consumption.'? These factors may form a substrate for arrhythmias and promote AF
recurrence.'>'* The nine composite inflammatory markers screened in this study—the Systemic Immune-Inflammation
Index (SII), Neutrophil-to-Lymphocyte Ratio (NLR), Platelet-to-Lymphocyte Ratio (PLR), Lymphocyte-to-Monocyte
Ratio (LMR), Neutrophil-to-Platelet Ratio (NPR), Systemic Immune-Inflammation Response Index (SIRI), Platelet-to-
Albumin Ratio (PAR), Pan-Immune-Inflammation Value (PIV), and the Hemoglobin, Albumin, Lymphocyte, and Platelet
Score (HALP)—are all calculated based on routine peripheral blood tests. These markers are clinically convenient to
obtain and demonstrate high stability. Composed of different combinations of the aforementioned individual cellular
components, these various composite inflammatory markers can reflect pathophysiological states such as inflammatory
activation, immune imbalance, coagulation abnormalities, and nutritional and metabolic disorders from different
dimensions.'®> They capture the complex systemic inflammatory and immunomodulatory changes during the occurrence
and progression of AF. For example, SII reflects the overall systemic inflammatory state, while NLR indicates the
balance between inflammation and immunity in the body. This overcomes the limitation of single inflammatory markers,
which can only reflect local pathological changes. SII shows an independent and strong positive correlation with AF
recurrence after CA in both hypertensive and diabetic patients.'®'” NLR also demonstrates a high correlation with AF
recurrence.'® Furthermore, these nine markers have been confirmed to have significant prognostic value in various
cardiovascular and metabolic diseases, including heart failure, myocardial infarction, cerebrovascular accidents, and non-
alcoholic fatty liver disease.'®* Although preliminary studies have explored the prognostic significance of single
composite inflammatory markers for AF recurrence, direct comparative analyses of multiple composite inflammatory
markers are still lacking in the current academic literature.

This research seeks to examine and contrast the relationships between multiple composite inflammatory biomarkers—
namely SII, NLR, PLR, LMR, NPR, SIRI, PAR, PIV, and HALP—and the likelihood of AF recurrence after CA. The
objective is to provide new understanding that may contribute to minimizing AF recurrence in this patient cohort,
ultimately guiding clinical management approaches.

Materials and Methods

Study Design and Participants
This study was conducted at the Department of Cardiovascular Medicine, the Second Affiliated Hospital of Xi’an
Jiaotong University, and represents a retrospective analysis of a prospectively maintained database. The study was
performed in accordance with the Declaration of Helsinki and was approved by the Ethics Committee of the Second
Affiliated Hospital of Xi’an Jiaotong University (Approval No. G-2023036). This report was developed in accordance
with the Strengthening the Reporting of Observational Studies in Epidemiology (STROBE) statement, as well as its
extension for research utilizing routinely collected health data, namely the REporting of studies Conducted using
Observational Routinely-collected Data (RECORD) guidelines.>> Written informed consent was obtained from each
patient. In cases where the patient was illiterate or incapacitated, the written informed consent was provided and signed
by an immediate family member.

Inclusion Criteria: The study population includes patients aged 18 years and older who were diagnosed with AF based
on ICD-9 or ICD-10 codes. These patients underwent their first catheter-based radiofrequency ablation treatment between
October 2017 and July 2024 (HF: ICD-10-CM: 148 x; CA: ICD-9-CM: 37.34).2° All participants received circumferential

2 https: Journal of Inflammation Research 2026:19



Jietal

pulmonary vein isolation (CPVI) as a standard treatment. Additional ablation procedures beyond pulmonary vein
isolation(PVI), including linear ablation, substrate modification, or ablation targeting non-pulmonary vein triggers,
were conducted based on the clinical judgment of the operating physician.

Exclusion Criteria: The exclusion criteria for this study included the following: (1) presence of comorbid rheumatic heart
disease or valvular heart disease; (2) severe hepatic or renal impairment; (3) lack of essential baseline data; and (4) inability to
complete the 12-month follow-up period. Ultimately, a total of 744 patients were incorporated into the final analysis. Patients
who were lost to follow-up before 12 months without experiencing recurrence were censored. (Figure 1).

All clinical and laboratory information was retrieved from the electronic medical record system. Baseline character-
istics, medical histories, and results of auxiliary examinations were collected for all participants included in the study.
Data extraction was performed by a computer technician who remained blinded to the study hypothesis. Subsequently,
the extracted data underwent verification by an independent clinician, also blinded to the study hypothesis, to ensure
accuracy. In compliance with relevant data protection regulations, all patient-related information was provided exclu-
sively in a de-identified format.

Ablation Procedure and Postablation Management Strategy

All ablation procedures were conducted under the guidance of either the EnSite system (St. Jude Medical, St. Paul, MN)
or the Carto 3 system (Biosense Webster, Inc., Irvine, CA). All patients underwent CPVI. Additional ablation beyond
PVI was carried out at the discretion of the operating physician. The procedural endpoint was defined as the successful
achievement of electrical PVI; in cases where linear ablation was performed, an additional endpoint of bidirectional
conduction block across the linear lesion was required. All interventions were executed by a team of experienced cardiac
electrophysiologists. Postprocedural management and follow-up were subsequently conducted. An echocardiogram was
performed immediately after ablation for each patient to rule out cardiac tamponade. All patients who underwent
radiofrequency CA were routinely administered oral antiarrhythmic drugs for 3 months and oral anticoagulants for at
least 2 months post-procedure. At the third-month follow-up, the decision regarding long-term oral anticoagulation
therapy was based on the patient’s CHA,DS,-VASc score.

Patients with atrial fibrillation who underwent first-time
catheter ablation between October 2017 and July 2024
n=838

Excluded (n = 94)

» Rheumatic or valvular heart disease: n =28

» Severe hepatic or renal dysfunction: n =24

* Missing echocardiography data: n=9

* Missing blood glucose and lipid indicators: n= 17
+ Failed to complete the 1-year follow-up: n =16

Total number of eligible subjects
n=744

Figure | Flow chart of our research.
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All patients received standard 12-lead electrocardiograms and 24-hour Holter monitoring at 3, 6, 9, and 12 months
post-procedure. When considered clinically appropriate by the outpatient physician, transthoracic echocardiography and
supplementary diagnostic assessments were performed. Additionally, electrocardiograms and 24-hour Holter monitoring
were administered whenever patients presented with palpitations outside the scheduled evaluations. Subsequent follow-
up appointments were arranged at six-month intervals.

Definition of Composite Inflammatory Indices

In this study, all inflammatory markers were calculated based on parameters from peripheral blood samples. All
parameters were collected prior to CA and included neutrophil count (x10%/L), lymphocyte count (x10°/L), monocyte
count (x10°/L), platelet count (x10°/L), hemoglobin level (g/L), and albumin level (g/L). The specific calculation
formulas for each marker are as follows:

SII = platelet count x neutrophil count/lymphocyte count; NLR = neutrophil count/lymphocyte count; PLR = platelet
count/lymphocyte count; LMR = lymphocyte count/monocyte count; NPR = neutrophil count/platelet count; SIRI =
neutrophil count X monocyte count/lymphocyte count; PAR = platelet count/albumin; PIV = neutrophil count X monocyte
count x platelet count/lymphocyte count; HALP = (hemoglobin x albumin x lymphocyte count)/platelet count.

Definition of the Endpoint
AF recurrence was defined as an episode of atrial arrhythmia (AF, atrial flutter, or atrial tachycardia) lasting for
>30 seconds after a 3- month blanking period.

Statistical Analysis

A stratified analysis of baseline characteristics was performed according to the presence or absence of AF recurrence.
Continuous variables are presented as means + standard deviations (SD), whereas categorical variables are expressed as
counts and percentages (n, %). Comparisons of continuous variables between groups were conducted using either the
two-sample #-test or the Mann—Whitney U-test, contingent upon the distribution of the data. Categorical variables were
compared using the Pearson chi-square test. Survival distributions were estimated via the Kaplan-Meier method, with
group differences evaluated for statistical significance using the Log rank test.

The prognostic value of composite inflammatory indices was examined through multivariable Cox proportional
hazards regression models. Three progressively adjusted models were constructed: Model 1 adjusted for sex, age, and
body mass index (BMI); Model 2 included the covariates from Model 1 plus AF type, HF status, AF duration, and the
CHA,DS,-VASc score; Model 3 further incorporated triglyceride levels, high-density lipoprotein, left ventricular ejection
fraction (LVEF), and left atrial diameter (LAD) in addition to the variables in Model 2. To explore the relationship
between composite inflammatory indices and AF recurrence, restricted cubic spline (RCS) analyses were performed,
controlling for relevant confounders. Upon identification of a non-linear association, the inflection point with the highest
likelihood was determined, and a two-piecewise Cox proportional hazards model was applied to assess the relationship
on either side of this threshold.

Receiver operating characteristic (ROC) curve analyses were conducted to compare the predictive performance of SII,
NLR, NPR, SIRI, and PIV with respect to AF recurrence. Areas under the curve (AUC) were compared, and the optimal
cutoff value was identified for the inflammatory marker demonstrating the highest predictive accuracy. Based on this
cutoff, continuous variables were dichotomized. Kaplan-Meier survival analyses were subsequently performed to
evaluate the association between categorized inflammatory markers and AF recurrence.

The robustness of the findings was confirmed through multiple sensitivity analyses. Initially, the risk of AF recurrence
during follow-up was assessed across subgroups stratified by sex, age (>65 vs. <65 years), BMI (>24 vs. <24), AF type, AF
duration (>12 vs. <12 months), LVEF (>0.5 vs. <0.5), and LAD (>35 vs. <35 mm). Thereafter, primary analyses were repeated
following imputation of missing data—constituting less than 10% of the dataset—using the random forest imputation method.
Prior to these analyses, the proportional hazards assumption was evaluated through visual inspection of Schoenfeld residuals.
Multicollinearity was assessed by calculating variance inflation factors (VIFs), with values exceeding 10 indicating significant
multicollinearity; no such issues were observed. All statistical analyses were conducted using SAS version 9.4 (SAS Institute,
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Cary, NC, USA) and R version 4.3.2 (R Foundation for Statistical Computing, Vienna, Austria). A two-sided p-value of less
than 0.05 was considered indicative of statistical significance throughout all analyses.

Results

Participant Baseline Characteristics

This study included 744 patients (62.94 + 10.96 years old, of whom 469 [63.04%] were male). The average follow-up
duration was 17.38 months, with a recurrence rate of 27.69%. Patients experiencing recurrent AF predominantly
demonstrated the following characteristics: a higher prevalence among males with persistent AF, extended duration of
AF, increased risk of HF, and generally elevated CHA,DS,-VASc scores. Laboratory analyses revealed that these patients
exhibited increased white blood cell and neutrophil counts, elevated high-density lipoprotein levels, and LAD, alongside
decreased red blood cell and lymphocyte counts, lower triglyceride concentrations, and reduced LVEF. Additionally,
significant variations were identified in composite inflammatory markers, with SII, NLR, PLR, NPR, SIRI, PAR, and PIV
all elevated, whereas LMR and HALP score were diminished (Table 1).

Primary Endpoint
Figure 2 illustrates the Kaplan-Meier survival curves depicting recurrence rates stratified by quartiles of composite
inflammatory indices. The analysis revealed that patients exhibiting elevated levels of the SII, NLR, NPR, SIRI, and PIV

Table | Baseline Characteristics of the Study Population

Variables Total (n = 744) | No Recurrence (n = 538) | Recurrence (n = 206) | P value
Age, (y) Mean * SD 62.94 £ 10.96 62.65 * 11.34 63.69 £ 9.90 0.245
BMI, Mean + SD 2455 £ 3.16 24.57 £ 3.12 2449 £+ 328 0.747
Sex, n (%) 0.001
Male 469 (63.04) 358 (66.54) 111 (53.88)

Female 275 (36.96) 180 (33.46) 95 (46.12)

Smoking status, n (%) 0.197
Never smoked or former smoker 591 (79.44) 421 (78.25) 170 (82.52)

Current smoker 153 (20.56) 117 (21.75) 36 (17.48)

Drinks alcohol, n (%) 0.440
No 642 (86.29) 461 (85.69) 181 (87.86)

Yes 102 (13.71) 77 (14.31) 25 (12.14)

Types of AF, n (%) <0.001
Persistent 302 (40.59) 198 (36.80) 104 (50.49)

Paroxysmal 442 (59.41) 340 (63.20) 102 (49.51)

AF Duration (months), Mean * SD 37.68 + 47.75 34.07 + 44.98 47.13 £ 53.29 0.002
CHA,DS;-VASc, Mean + SD 2.07 £ 1.44 2.00 £ 1.40 225 % 1.52 0.037
HAS-BLED, Mean * SD 1.03 + 0.86 1.00 + 0.85 1.08 + 0.89 0.266

Medical history, n (%)

Hypertension, n (%) 0.240
No 369 (49.60) 274 (50.93) 95 (46.12)

Yes 375 (50.40) 264 (49.07) 111 (53.88)

Coronary heart disease, n (%) 0.651
No 436 (58.60) 318 (59.11) 118 (57.28)

Yes 308 (41.40) 220 (40.89) 88 (42.72)

Diabetes mellitus, n(%) 0.789
No 597 (80.24) 433 (80.48) 164 (79.61)

Yes 147 (19.76) 105 (19.52) 42 (20.39)

(Continued)
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Table | (Continued).

Variables Total (n = 744) | No Recurrence (n = 538) | Recurrence (n = 206) | P value
Hyperlipidemia, n (%) 0.239
No 666 (89.52) 486 (90.33) 180 (87.38)
Yes 78 (10.48) 52 (9.67) 26 (12.62)
Nephropathy, n (%) 0.397
No 655 (88.04) 477 (88.66) 178 (86.41)
Yes 89 (11.96) 6l (11.34) 28 (13.59)
Stroke, n (%) 0.740
No 579 (77.82) 417 (77.51) 162 (78.64)
Yes 165 (22.18) 121 (22.49) 44 (21.36)
Heart failure, n (%) 0.005
No 512 (68.82) 386 (71.75) 126 (61.17)
Yes 232 (31.18) 152 (28.25) 80 (38.83)
WBC, Mean * SD 6.14 £ 1.90 5.99 £ 1.74 6.53 £ 22| 0.002
RBC, Mean + SD 4.52 + 0.60 4.55 + 0.61 444 + 0.56 0.019
Hb, Mean + SD 121.81 £ 43.01 122.25 + 43.07 120.68 + 42.94 0.656
PLT, Mean = SD 187.25 + 54.92 185.74 + 55.30 191.21 + 53.83 0.224
NEUT#, Mean * SD 3.85 % 1.68 3.67 £ 1.52 430 = 1.97 <0.001
MONO#, Mean + SD 0.47 £ 0.19 0.46 £ 0.18 049 £ 0.22 0.064
LYMPH#, Mean + SD 1.67 £ 0.59 1.70 £ 0.58 1.58 £ 0.61 0.014
eGFR-EPI, Mean + SD 86.09 £ 16.11 86.22 £ 16.17 85.75 £ 16.00 0.724
ALB, Mean = SD 41.67 £ 4.15 41.73 £ 421 41.52 £ 3.97 0.528
FBG, Mean * SD 537 £ 1.30 537 +1.28 535+ 1.34 0.867
TC, Mean + SD 3.74 £ 0.94 3.75 £ 0.95 373 £0.92 0.760
TG, Mean + SD 1.43 £ 0.87 1.47 £ 0.93 1.32 £ 0.68 0.037
HDL-C, Mean + SD 1.15 £ 0.27 .14 £ 0.26 1.19 £ 0.30 0.020
LDL-C, Mean + SD 2.18 £ 0.81 2.18 £ 0.82 2.15 £ 0.79 0.652
LVEF, Mean + SD 0.63 + 0.07 0.64 £ 0.07 0.62 £ 0.07 0.049
LVEDD, Mean + SD 50.04 £ 5.18 49.94 £ 5.20 50.29 + 5.13 0414
LAD, Mean + SD 37.55 + 6.0l 37.09 + 5.81 38.76 + 6.35 <0.001
Composite Inflammatory Markers
SIl, Mean + SD 73643 £ 427.41 | 699.19 + 406.52 833.68 + 464.83 <0.001
NLR, Mean * SD 272 £223 2.51 £ 1.97 328 +272 <0.001
PLR, Mean + SD 124.04 + 54.24 119.01 + 48.48 137.18 * 65.33 <0.001
LMR, Mean * SD 398+ 1.72 4.11 £ 1.76 3.64 + 1.57 0.001
NPR, Mean + SD 0.02 + 0.0l 0.02 + 0.0l 0.02 + 0.0l 0.006
SIRI, Mean + SD 1.42 + 2.07 1.23 + 1.45 1.94 + 3.12 0.002
PAR, Mean + SD 453 = 1.39 449 £ 1.39 4.65 = 1.39 0.156
PIV, Mean * SD 263.81 + 369.09 | 228.13 + 275.85 357.00 + 531.36 0.001
HALP, Mean * SD 48.64 + 29.51 50.07 + 30.49 44.92 + 26.51 0.033
Concomitant ablation
Linear Ablation, n(%) 0.059
No 563 (75.67) 417 (77.51) 146 (70.87)
Yes 181 (24.33) 121 (22.49) 60 (29.13)
Substrate Modification, n (%) 0.356
No 722 (97.04) 524 (97.40) 198 (96.12)
Yes 22 (2.96) 14 (2.60) 8 (3.88)

(Continued)
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Table 1 (Continued).

Variables Total (n = 744) | No Recurrence (n = 538) | Recurrence (n = 206) | P value
Non-Pulmonary Vein Trigger Ablation, n (%) 0.277
No 701 (94.22) 510 (94.80) 191 (92.72)

Yes 43 (5.78) 28 (5.20) 15 (7.28)

Abbreviations: AF, Atrial fibrillation; WBC, White Blood Cell Count; RBC, Red Blood Cell Count; Hb, Hemoglobin; PLT, Platelet Count; NEUT#, Neutrophil
Count (Absolute); MONO#, Monocyte Count (Absolute); LYMPH#, Lymphocyte Count (Absolute); ALB, Albumin; FBG, Fasting Blood Glucose; TC, Total
Cholesterol; TG, Triglycerides; HDL-C, High-Density Lipoprotein Cholesterol; LDL-C, Low-Density Lipoprotein Cholesterol; LVEF, Left Ventricular Ejection
Fraction; LVEDD, Left Ventricular End-Diastolic Diameter; LAD, Left Atrial Diameter; SlI, Systemic Immune-Inflammation Index; NLR, Neutrophil-to-Lymphocyte
Ratio; PLR, Platelet-to-Lymphocyte Ratio; LMR, Lymphocyte-to-Monocyte Ratio; NPR, Neutrophil-to-Platelet Ratio; SIRI, Systemic Immune-Inflammation Response
Index; PAR, Platelet-to-Albumin Ratio; PIV, Pan-lmmune-Inflammation Value; HALP, Hemoglobin, Albumin, Lymphocyte, and Platelet Score.

experienced significantly increased recurrence rates relative to those with lower levels (Log rank test, P < 0.05).
Conversely, the LMR, PAR, and HALP score did not demonstrate a statistically significant association with recurrence
rates (Log rank test, P > 0.05).

Table 2 presents three multivariate Cox proportional hazards models analyzing the association between composite
inflammatory indices and post-ablation recurrence. In the fully adjusted Model 3, per 1SD increase in each index, the risk
of recurrence was significantly elevated by 17% (HR=1.17; 95% CI: 1.05-1.30; P=0.004) for the SII, 12% (HR=1.12; 95% CI:
1.01-1.24; P=0.026) for the NLR, 16% (HR=1.16; 95% CI: 1.03—1.31; P=0.012) for the PLR, 13% (HR=1.13; 95% CIL:
1.01-1.27; P=0.042) for the NPR, 13% (HR=1.13; 95% CI: 1.03—-1.24; P=0.009) for the SIRI, and 15% (HR=1.15; 95% CI:
1.04-1.26; P=0.005) for the PIV. A per 1SD increase in the LMR was associated with a statistically significant 15% reduction
in the risk of recurrence (HR = 0.85; 95% CI: 0.73-0.99; P = 0.044). To further clarify the association between composite
inflammatory indices and AF recurrence, they were analyzed by quartile groups. The results revealed that patients with higher
levels of the SII, NLR, SIRI, and PIV had a significantly increased risk of recurrence. In the fully adjusted model, the HRs and
95% Cls for Q4 VS Q1 were 1.88 (1.23-2.88, P=0.004) for SII, 1.85 (1.21-2.84, P=0.005) for NLR, 2.03 (1.31-3.14,

Sl quantile ~ 1 =2~ 3 ~ 4 NLR quantile ~ 1 ~ 2 = 3 = 4 PLR quantile ~ 1

probability

LMR quantile NPR qua SIRI quantile ~ 1

probability

rvival probability

Su

Time(months) Time(months) Time(months)

PAR quantile ~ 1 PIV quantile ~ 1 =2 =3 ~ 4 HALP quantile ~ 1

babil
probability
babil

Time(months) ) Time(months) Time(months)

Figure 2 Kaplan—Meier curves stratified by Composite Inflammatory Markers.
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Table 2 Association Between Composite Inflammatory Markers and Atrial Fibrillation Recurrence

Variables Model 1| Model 2 Model 3
HR (95% CI) P HR (95% CI) P HR (95% CI) P

SIl (per SD increase) 1.23 (1.12 ~ 1.36) | <0.001 | 1.19 (1.07 ~ 1.31) | <0.001 | 1.17 (1.05 ~ 1.30) | 0.004
Sl quantile

| 1.00 (Reference) 1.00 (Reference) 1.00 (Reference)

2 1.34 (0.86 ~ 2.11) | 0.200 1.22 (0.77 ~ 1.93) | 0.395 1.17 (0.74 ~ 1.86) | 0.507

3 1.83 (1.19 ~2.82) | 0.006 1.73 (1.12 ~ 2.68) | 0.014 1.74 (1.12 ~ 2.71) | 0.013

4 2.24 (1.48 ~ 3.39) | <0.001 | 2.00 (1.31 ~3.05) | 0.001 1.88 (1.23 ~ 2.88) | 0.004
P for trend <0.001 <0.001 0.002
NLR (per SD increase) 1.20 (1.09 ~ 1.31) | <0.001 | 1.13 (1.02 ~ 1.25) | 0.016 1.12 (1.01 ~ 1.24) | 0.026
NLR quantile

| 1.00 (Reference) 1.00 (Reference) 1.00 (Reference)

2 1.42 (091 ~222) | 0.121 1.39 (0.89 ~ 2.17) | 0.151 1.35 (0.86 ~ 2.11) | 0.187

3 1.74 (1.13 ~2.66) | 0.011 1.63 (1.06 ~ 2.51) | 0.027 1.56 (1.01 ~2.41) | 0.045

4 2.21 (1.46 ~ 3.35) | <0.001 | 2.00 (I.31 ~3.05) | 0.001I 1.85 (1.21 ~ 2.84) | 0.005
P for trend <0.001 0.002 0.006
PLR (per SD increase) 1.22 (1.09 ~ 1.36) | <0.001 | 1.17 (1.04 ~ 1.32) | 0.008 .16 (1.03 ~ 1.31) | 0.012
PLR quantile

[ 1.00 (Reference) 1.00 (Reference) 1.00 (Reference)

2 0.72 (0.46 ~ I.11) | 0.137 0.69 (0.45 ~ 1.07) | 0.094 0.68 (0.44 ~ 1.05) | 0.081

3 1.04 (0.70 ~ 1.55) | 0.828 0.95 (0.64 ~ 1.42) | 0.807 0.92 (0.61 ~ 1.37) | 0.669

4 1.43 (0.98 ~ 2.07) | 0.060 1.31 (0.90 ~ 1.91) | 0.162 1.23 (0.84 ~ 1.80) | 0.289
P for trend 0.008 0.027 0.062
LMR (per SD increase) | 0.78 (0.67 ~ 0.91) | 0.001 0.83 (0.71 ~0.97) | 0.019 0.85 (0.73 ~ 0.99) | 0.044
LMR quantile

| 1.00 (Reference) 1.00 (Reference) 1.00 (Reference)

2 0.88 (0.61 ~ 1.27) | 0.496 0.96 (0.66 ~ 1.39) | 0.819 1.02 (0.70 ~ 1.49) | 0.933

3 0.74 (0.50 ~ 1.09) | 0.122 0.82 (0.55~ 1.21) | 0.314 0.85 (0.58 ~ 1.27) | 0.435

4 0.67 (0.45 ~ 1.01) | 0.053 0.80 (0.53 ~ 1.22) | 0.306 0.86 (0.56 ~ 1.31) | 0.477
P for trend 0.040 0.243 0.365
NPR (per SD increase) 1.20 (1.07 ~ 1.35) | 0.002 I.15 (1.02 ~ 1.30) | 0.019 113 (1.01 ~ 1.27) | 0.042
NPR quantile

| 1.00 (Reference) 1.00 (Reference) 1.00 (Reference)

2 0.83 (0.54 ~ 1.28) | 0.402 0.80 (0.52 ~ 1.23) | 0.312 0.82 (0.53 ~ 1.26) | 0.357

3 1.74 (1.18 ~ 2.55) | 0.005 1.64 (1.11 ~241) | 0.013 1.58 (1.07 ~ 2.32) | 0.021

4 1.35 (0.90 ~ 2.02) | 0.147 122 (0.81 ~ 1.84) | 0.331 1.20 (0.80 ~ 1.80) | 0.380
P for trend 0.037 0.109 0.155
SIRI (per SD increase) 1.19 (1.09 ~ 1.29) | <0.001 | I.15 (.05~ 1.26) | 0.003 1.13 (1.03 ~ 1.24) | 0.009
SIRI quantile

| 1.00 (Reference) 1.00 (Reference) 1.00 (Reference)

2 1.56 (1.00 ~2.43) | 0.051 1.44 (0.92 ~ 2.26) | 0.108 1.45 (0.92 ~ 2.27) | 0.107

3 1.78 (1.15 ~2.77) | 0.010 1.60 (1.02 ~ 2.50) | 0.042 1.57 (1.00 ~ 2.47) | 0.050

4 2.36 (1.54 ~ 3.61) | <0.001 | 2.11 (1.36 ~3.27) | <0.001 | 2.03 (I.31 ~ 3.14) | 0.002
P for trend <0.001 0.001 0.002
PAR (per SD increase) 1.06 (0.92 ~ 1.21) | 0.410 1.06 (0.92 ~ 1.21) | 0.426 1.09 (0.95 ~ 1.25) | 0.233
PAR quantile

| 1.00 (Reference) 1.00 (Reference) 1.00 (Reference)

2 0.85 (0.56 ~ 1.28) | 0.434 0.89 (0.59 ~ 1.35) | 0.596 0.89 (0.59 ~ 1.35) | 0.590

3 1.27 (0.87 ~ 1.86) | 0.210 1.28 (0.88 ~ 1.87) | 0.202 1.34 (0.92 ~ 1.97) | 0.130

4 0.96 (0.65 ~ 1.44) | 0.857 0.98 (0.66 ~ 1.47) | 0.929 1.05 (0.70 ~ 1.58) | 0.817
P for trend 0.788 0.774 0.515
PIV (per SD increase) 121 (1.1~ 1.32) | <0.001 | 1.16 (1.06 ~ 1.28) | 0.002 I.15 (1.04 ~ 1.26) | 0.005

(Continued)
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Table 2 (Continued).

Variables Model | Model 2 Model 3
HR (95% CI) P HR (95% CI) P HR (95% CI) P

PIV quantile

| 1.00 (Reference) 1.00 (Reference) 1.00 (Reference)

2 0.89 (0.57 ~ 1.41) | 0.630 | 0.82 (0.52 ~1.29) | 0.390 | 0.84 (0.53 ~ 1.32) | 0.45I

3 1.66 (1.11 ~2.49) | 0.014 1.50 (0.99 ~ 2.26) | 0.054 I1.51 (1.01 ~2.28) | 0.049

4 1.78 (1.20 ~ 2.64) | 0.004 1.60 (1.06 ~2.39) | 0.024 1.58 (1.06 ~2.38) | 0.026
P for trend <0.001 0.003 0.004
HALP (per SD increase) | 0.92 (0.79 ~ 1.08) | 0.308 | 0.96 (0.83 ~ I.1l) | 0.540 | 0.97 (0.84 ~ I.12) | 0.650
HALP quantile

| 1.00 (Reference) 1.00 (Reference) 1.00 (Reference)

2 0.77 (0.53 ~ I.12) | 0.168 | 0.83 (0.57 ~ 1.21) | 0.334 | 0.82 (0.57 ~ 1.20) | 0.312

3 0.79 (0.54 ~ I.16) | 0.231 0.86 (0.58 ~ 1.27) | 0.456 | 0.85 (0.58 ~ 1.25) | 0.410

4 0.88 (0.60 ~ 1.29) | 0.500 1.00 (0.68 ~ 1.48) | 0.994 1.05 (0.71 ~ 1.56) | 0.802
P for trend 0.468 0.946 0.904

Notes: Model |: Adjusted for sex, age, and BMI. Model 2: Adjusted for sex, type of atrial fibrillation, heart failure, age, BMI, AF duration,
and CHA2DS2-VAS-C score. Model 3: Adjusted for sex, type of atrial fibrillation, heart failure, age, BMI, AF duration, CHA2DS2-VAS-C
score, triglycerides, high-density lipoprotein cholesterol, LVEF, and LAD.

P=0.002) for SIRI, and 1.58 (1.06-2.38, P=0.026) for PIV, demonstrating a significant increasing trend in recurrence risk with
rising index levels. For the NPR, Q3 showed a significantly higher recurrence risk compared to Q1 (HR=1.58; 95% CI:
1.07-2.32; P=0.021) in the fully adjusted model.RCS regression models demonstrated nonlinear correlations of SII and NLR
with post-ablation recurrence (all P for nonlinearity <0.05), whereas SIRI, NPR, and PIV showed linear correlations with
recurrence (all P for nonlinearity >0.05) (Figure 3).

The association between SII, NLR, and AF recurrence was fitted using a 2-piece Cox proportional hazards regression
model. The inflection points were identified at 524.75 for SII and 2.63 for NLR.A threshold effect was observed in the
association between SII and AF recurrence (P for likelihood test = 0.036). Overall, a positive association was found
between SII and recurrence [HR (95% CI): 2.57 (1.24-5.33)]. When SII was below 524.75, a positive association was
observed [HR (95% CI): 1.08 (0.89-1.30)]. No significant association was found when SII exceeded 524.75. Similarly,
a threshold effect was present in the association between NLR and AF recurrence (P for likelihood test = 0.015). Overall,
NLR showed a positive association with recurrence [HR (95% CI): 1.05 (1.01-1.10)]. When NLR was below 2.63,
a positive association was observed [HR (95% CI): 1.60 (1.05-2.43)]. No significant association was found when NLR
exceeded 2.63 (Supplementary Table 1).

ROC curves were constructed for SII, NLR, NPR, SIRI, and PIV to evaluate their prognostic value for AF recurrence.
The analysis results showed that NLR achieved the largest area under the curve value compared to other inflammatory
markers [AUC (95% CI): 0.62 (0.57-0.66)] (Figure 4, Supplementary Table 2).

The optimal cutoff value of NLR for predicting AF recurrence was determined to be 2.032. Based on this cutoff, patients
were stratified into high-NLR (>2.032) and low-NLR (<2.032) groups. Kaplan-Meier survival analysis demonstrated that
patients in the high-NLR group had a significantly elevated risk of AF recurrence (log-rank P <0.001) (Figure 5).

Sensitivity Analyses
The results remained robust in two sensitivity analyses. First, we assessed the risk of AF recurrence during follow-up across
various subgroups stratified by sex, age, BMI, AF type, AF duration, LVEF, and LAD levels (Supplementary Figure 1).

Elevated levels of SII, NLR, NPR, SIRI, and PIV were consistently associated with an increased risk of AF recurrence in most
subgroups, with no significant interaction observed (P for interaction >0.05). Second, repeating the primary analysis after

imputing missing values using the random forest method yielded consistent results (Supplementary Table 3).
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Figure 5 Kaplan-Meier Survival Curves for AF Recurrence Stratified by the Optimal NLR Cutoff Value.

Discussion

This is the first large-scale cohort study to compare the associations between multiple composite inflammatory markers
and the risk of AF recurrence after CA. The results show that elevated levels of the SII, NLR, SIRI, PIV, and NPR are
linked to greater risk of AF recurrence. The NLR had superior predictive ability compared to the other indices. These
findings held up across subgroup analyses. Overall, our results highlight the potential role of systemic inflammation
measured by blood tests in AF recurrence. They also provide important evidence that supports the predictive value of
inflammatory markers for estimating AF recurrence risk after CA.

Previous research has demonstrated that composite inflammatory markers obtained from peripheral blood tests are
closely correlated with the incidence and adverse prognosis of cardiovascular diseases (CVD).'>2* Extensive research
has established the essential role of inflammatory mechanisms in the development and progression of CVD. Increasing
clinical and experimental data indicate that AF is associated with oxidative stress and inflammation, where oxidative
damage and inflammatory processes in the atria of AF patients contribute to changes in atrial structure and electrical
function remodeling.?’ Increased levels of biomarkers indicative of oxidative stress and inflammation have been
observed in patients with AF.*® Numerous prior studies have explored the value of single inflammatory markers, such
as high-sensitivity C-reactive protein (hs-CRP) and interleukin (IL)-6, in the context of AF.*’ Nonetheless, research
investigating the relationship between novel composite inflammatory indices and the risk of AF recurrence remains
scarce, potentially due to difficulties associated with longitudinal follow-up for AF recurrence. Among these composite
inflammatory markers, SII and NLR have been the most thoroughly examined. A prospective cohort study encompassing
423,701 participants revealed positive associations between NLR, PLR, SII, and SIRI with the incidence of cardiovas-
cular events, findings that align with the results of the present study.’® Scholars such as Yi Luo et al®' suggested that
elevated levels of NLR and SIRI are associated with a higher risk of developing AF. An additional retrospective cohort
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study concentrating on female subjects demonstrated that both NLR and SIRI were significantly associated with all-cause
mortality and CVD mortality among postmenopausal women diagnosed with osteoporosis or osteopenia.>’> A meta-
analysis also explained the association between elevated levels of NLR, SII, and SIRI and an increased risk of mortality
in HF patients.>® A study conducted by Rohan Magoon and colleagues demonstrated that the albumin-adjusted platelet-
white cell index is correlated with the incidence of new-onset AF following coronary artery bypass grafting.**

It is important to highlight that, although the majority of composite inflammatory markers demonstrated significant predictive
value, the notably superior predictive accuracy of NLR identified in this study represents a critical finding. This superiority can be
attributed to the roles of neutrophils and lymphocytes as principal effector cells within the innate and adaptive immune systems,
respectively. Consequently, the NLR provides a dynamic and sensitive reflection of systemic inflammatory status. Derived from
routine complete blood count parameters, the NLR is characterized by high stability, widespread availability, and cost-
effectiveness, which collectively reduce analytical variability. In contrast, inflammatory indices that incorporate platelet counts
—such as SII, PIV, and NPR—may be subject to confounding influences from non-inflammatory factors. For example, the
administration of anticoagulants in AF management to prevent intracardiac thrombosis may introduce additional confounding
variables affecting these indices.> The elevated AUC value, along with the independent association of NLR observed in
multivariate analyses, collectively indicate its enhanced discriminatory capacity. This finding implies that the NLR index
specifically represents the fundamental inflammatory burden that is closely implicated in the pathogenesis of AF. In this study,
SII and NLR demonstrated a significant non-linear association with the risk of AF recurrence after CA, whereas SIRI, NPR, and
PIV exhibited linear associations. This suggests distinct patterns in how different inflammatory indices influence the risk of AF
recurrence. Both SII and NLR incorporate the neutrophil-to-lymphocyte ratio, enabling them to sensitively reflect the critical
balance between pro-inflammatory and anti-inflammatory states.*® Within the low-to-moderate elevation range, inflammatory
levels correlate in a graded manner with atrial remodeling and the response to post-ablation injury; however, once a certain
threshold is exceeded, the impact of inflammation on prognosis enters a plateau or saturation phase, thus exhibiting typical non-
linear characteristics.?” This non-linear relationship aligns more closely with the pathophysiological concept of an “inflammatory
threshold effect” in AF recurrence. In contrast, SIRI, NPR, and PIV did not show significant non-linearity, indicating that within
this study population, their association with recurrence risk approximates a dose-dependent, linear increasing relationship. These
markers tend to reflect the proportions or composite counts of immune cell subsets and are less capable of capturing the “pro-
inflammatory/anti-inflammatory critical point”, making them more suitable for use as continuous risk markers. Notably, despite
the superior predictive performance of NLR over other composite inflammatory markers in this study, its single-index AUC is not
ideal, and we recommend incorporating NLR into the currently established mature prediction models for AF recurrence to
enhance the overall predictive capacity of the models.

Accumulating evidence substantiates the role of inflammation in the pathogenesis of AF. The initial hypothesis
regarding the relationship between inflammation and AF was introduced by P. Bruins and colleagues,*® who observed
frequent AF episodes following coronary artery bypass grafting. Subsequent investigations have detected circulating
autoantibodies directed against myosin heavy chains in a substantial subset of patients with idiopathic paroxysmal AF,
indicating a possible role of autoimmune mechanisms in the pathogenesis of certain cases of paroxysmal AF.>’ The
pathophysiological mechanisms underlyingAF recurrence following CA are multifaceted, encompassing elements such
as residual pre-existing substrates, myocardial and electrical remodeling subsequent to ablation, dysfunction of the
autonomic nervous system, and the continued presence of contributing risk factors.*>*' Underlying mechanisms
include oxidative stress, cell death, fibrosis, endothelial dysfunction, and platelet activation.*? Inflammation observed
in patients with AF may arise from multiple origins, given that numerous underlying conditions, including hyperten-
sion and obesity, are linked to a chronic low-grade inflammatory state characterized by increased concentrations of
pro-inflammatory cytokines.**** CA itself may also induce inflammation. An observational study demonstrated that
elevated postoperative CRP levels were correlated with a heightened risk of AF. Additionally, several inflammatory
cytokines have been shown to influence ion channel function and calcium homeostasis.*> For example, tumor necrosis
factor (TNF) has the capacity to directly modulate calcium handling mechanisms within cardiomyocytes, a process that
is pivotal in the onset of AF and the associated atrial electrical remodeling.*® Furthermore, TNF has the capacity to
activate the transforming growth factor-beta (TGF-f) signaling pathway and stimulate fibroblast activity. Concurrently,
it enhances the secretion of matrix metalloproteinase-2 (MMP-2) and matrix metalloproteinase-9 (MMP-9),
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collectively facilitating the process of atrial remodeling.*® Extensive experimental data demonstrate that pro-
inflammatory cytokines can directly disrupt the function of multiple ion channels in ventricular cardiomyocytes,
resulting in an extended action potential duration and QT interval. Additionally, systemic changes triggered by
inflammatory cytokines produce considerable indirect impacts on cardiac function.*”*® Inflammation may induce
hyperactivation of the cardiac sympathetic nervous system, consequently intensifying the prolongation of cardiomyo-
cyte action potential duration and promoting calcium overload.* Variations in body temperature can induce modifica-
tions in the biophysical characteristics of myocardial ion channels.’®>' Moreover, inflammatory processes have the
potential to suppress hepatic cytochrome P450 (CYP450) enzyme activity, thereby altering drug metabolism and
resulting in the accumulation of medications that prolong the QT interval within the circulatory system.’>>® At present,
there are no pharmacological agents specifically designed to target inflammatory pathways in patients with AF. While
medications including angiotensin-converting enzyme inhibitors, angiotensin receptor blockers, and statins have been
evaluated in prospective clinical trials, the outcomes have been largely unsatisfactory.”* A recent randomized, placebo-
controlled study investigating the efficacy of colchicine in preventing AF recurrence following CA produced compar-
ably unfavorable outcomes. Specifically, a 10-day course of colchicine administration post-CA did not result in
a reduction in the recurrence rate of atrial arrhythmias, nor did it lower the incidence of composite clinical endpoints
associated with AF.>> However, colchicine did alleviate post-ablation chest pain symptoms consistent with pericarditis,
while simultaneously increasing the incidence of diarrhea. Additionally, several studies have suggested that diabetic
patients treated with SGLT2i following AF ablation exhibit a reduced risk of AF recurrence. Moreover, individuals
presenting with elevated BMI, persistent AF, and prolonged AF duration seem to derive greater therapeutic benefit
from SGLT2i treatment post-ablation.’® This advantage may be attributed to the effects of SGLT2 inhibitors in
promoting glycosuria and natriuresis, which in turn may alleviate atrial structural remodeling.’’

This study presents several limitations. First, this study was conducted at a single center and involved a relatively
small number of endpoint events. It is a retrospective analysis of a prospectively maintained database. The analysis was
based on a single blood sample measurement, thereby not capturing temporal variations in composite inflammatory
indices. Furthermore, the absence of a standardized protocol for detecting arrhythmia recurrence, such as the use of
implantable loop recorders, may have resulted in an underestimation of AF recurrence rates. The study population was
restricted to patients with non-valvular AF, which limits the generalizability of the findings to broader AF cohorts.
Additionally, potential confounding variables, including dietary patterns and physical activity levels, were not measured
and may have introduced bias. To overcome these limitations, future research should involve high-quality, prospective,
multicenter studies that incorporate longitudinal assessments of composite inflammatory indices alongside other pertinent
factors to more robustly evaluate their predictive utility for AF recurrence following CA.

Conclusion

The SII, NLR, NPR, SIRI, and PIV are independent predictors of recurrence in patients with AF after CA, and the
predictive value of each index demonstrates robustness in subgroup analyses, with NLR exhibiting relatively superior
predictive efficacy compared to the other indicators. NLR shows a non-linear relationship with AF recurrence following
CA, with a threshold of 2.63. The findings of this study suggest that incorporating composite inflammatory indices,
particularly NLR, into clinical practice could optimize risk stratification for patients with AF and provide a basis for
developing personalized management strategies for those undergoing CA. Further research is needed to validate its
robustness, further elucidate the underlying mechanisms, and develop therapeutic interventions targeting inflammation to
improve outcomes in this population.

Abbreviations

AF, Atrial fibrillation; HALP, Hemoglobin, Albumin, Lymphocyte, and Platelet Score; LMR, Lymphocyte-to-Monocyte
Ratio; NLR, Neutrophil-to-Lymphocyte Ratio; NPR, Neutrophil-to-Platelet Ratio; PAR, Platelet-to-Albumin Ratio; PIV,
Pan-Immune-Inflammation Value; PLR, Platelet-to-Lymphocyte Ratio; SII, Systemic Immune-Inflammation Index; SIRI,
Systemic Immune-Inflammation Response Index.
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