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Abstract

Patients with cardiovascular diseases often require cardiac surgery with cardiopulmonary bypass
(CPB), which triggers inflammation and increases the risk of postoperative atrial fibrillation (POAF).
This study assessed the predictive value of inflammatory biomarkers and clinical and surgical
variables for POAF in patients undergoing coronary artery bypass grafting (CABG; n = 36), valve
surgery (n = 40), or combined CABG and valve surgery (n = 13), all of whom utilized CPB. Levels of
IL-6, IL-8, IL-10, and C-reactive protein (CRP) were measured preoperatively, at 24 and 48 hours
postoperatively, and at discharge. Statistical analyses included t-tests, Mann-Whitney U tests,
correlation analysis, logistic regression, and receiver operating characteristic (ROC) curve analysis.
Sixteen of 89 patients (18%) developed POAF between 48 and 72 hours after surgery. The Society of
Thoracic Surgeons (STS) score and hemoglobin at 24 hours were significantly different (p < 0.05)
between the POAF and non-POAF groups. At 24 hours, POAF patients had significantly higher IL-6,
IL-8, and IL-10 levels (p < 0.02); IL-6 remained elevated at 48 hours (p < 0.05), while CRP declined at
discharge (p = 0.05). A multivariable model including STS score, IL-6 at 24 hours, and postoperative
magnesium yielded an AUC of 0.82, with an optimism-corrected AUC of 0.77 after internal bootstrap
validation. Integrating inflammatory and clinical variables produced a robust predictive model.

Keywords: atrial fibrillation; cardiac surgery procedures; cardiopulmonary bypass; risk factor;
comorbidity; biomarkers; inflammation mediators
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1. Introduction

Cardiovascular diseases (CVDs) remain the leading cause of morbidity and mortality
worldwide. These conditions represent a major public health burden due to their substantial clinical
and socioeconomic impact (1,2). Coronary artery disease, valvular heart disease, heart failure, and
arrhythmias often require surgical intervention at advanced stages (1). Cardiac surgery has
significantly improved patient survival and quality of life. However, it is often accompanied by
postoperative complications, with postoperative atrial fibrillation (POAF) as the most common
sustained arrhythmia. POAF occurs in 20-50% of patients, depending on procedure type and patient
characteristics. It is associated with prolonged hospital stays, thromboembolic events, heart failure,
and higher mortality, which increase healthcare costs (3-6).

POAF results from a combination of preoperative vulnerability, surgical stress, and
postoperative disturbances (7). Key risk factors include advanced age, male sex, hypertension,
diabetes, heart failure, structural atrial abnormalities, and higher surgical risk scores. Intraoperative
factors, like longer cardiopulmonary bypass time and atrial manipulation, also increase risk (7,8).
Current clinical and surgical risk scores have limited predictive value for POAF, highlighting the
need for better tools (9).

Evidence increasingly supports inflammation’s central role in POAF pathophysiology,
especially after cardiac surgery with CPB (10-12). Surgical trauma, ischemia-reperfusion injury,
contact with extracorporeal circuits, and endothelial activation trigger systemic inflammation. This
inflammation is characterized by cytokines, acute-phase proteins, and oxidative stress mediators (11—
13). These changes promote atrial electrical and structural remodeling, alter ion channel function,
impair conduction, and create a transient proarrhythmic substrate. This substrate favors atrial
fibrillation, particularly in the first 48-72 hours post-surgery (10,12,14).

Cytokines such as interleukin-6 (IL-6), interleukin-8 (IL-8), interleukin-10 (IL-10), and C-reactive
protein (CRP) have been studied as POAF biomarkers (15-18). IL-6 and IL-8 are proinflammatory
cytokines involved in neutrophil recruitment, endothelial activation, and myocardial dysfunction.
IL-10 reflects anti-inflammatory mechanisms tied to overall response (16,17,19). CRP, an acute-phase
reactant, is associated with cardiovascular risk and atrial fibrillation in both surgical and non-surgical
settings (20,21). However, past studies report inconsistent findings. Most focus on single biomarkers,
single-time measurements, or small groups, without integrating clinical and surgical factors (17,22).

The timing of inflammatory biomarker changes can reveal mechanisms behind POAF. Early
postoperative cytokine surges, followed by either rapid resolution or persistent levels, may indicate
varying degrees of inflammation, compensatory responses, and atrial vulnerability (23). Few studies
examine multiple biomarkers at different time points alongside clinical and surgical variables. Data
from Latin America remain limited (9,22)

This study aimed to assess the predictive value of inflammatory biomarkers (IL-6, IL-8, IL-10,
and CRP) at different time points, in combination with clinical and surgical factors, for the
development of POAF in patients undergoing cardiac surgery with cardiopulmonary bypass. By
integrating molecular mediators with clinical and surgical data, we aimed to develop a
comprehensive predictive model for early POAF risk stratification.

2. Results
2.1. Baseline Clinical, Surgical, and Biochemical Characteristics According to POAF Status

Of the total cohort of 89 patients included in the study, 16 developed postoperative atrial
fibrillation (POAF), representing an overall incidence of 17.9%. Depending on the type of surgical
intervention, POAF occurred in three patients (3.3%) undergoing coronary artery bypass grafting
(CABG), nine patients (10.1%) undergoing valvular surgery, and four patients (4.5%) undergoing
combined surgery. Regarding the chronology of the arrhythmic event, POAF onset occurred at 24
hours postoperatively in one patient, peaked at 48 hours in nine patients, and occurred after 72 hours
in the remaining six patients.
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The baseline clinical, biochemical, and surgical characteristics of the population, stratified by the
development of POAF, are summarized in Table 1. The univariate analysis was performed on the
total cohort without subdividing by type of surgery.

The studied cohort exhibited multiple comorbidities with varying impacts on POAF
development (Table 1). Hypothyroidism (9/89) was significantly more prevalent in patients who
developed POAF (31.3%) compared to those without POAF (5.5%). Systemic arterial hypertension
(SAH) and type 2 diabetes mellitus (T2DM) were the main comorbidities among CABG patients.
Obesity (grades I and II) and normal weight were distributed similarly between groups. Overweight
status was more frequent in the POAF group (P = 0.07). Both POAF and non-POAF groups had
comparable rates of dyslipidemia, chronic coronary syndrome (CCS), chronic cardiac insufficiency
(CCI), and acute myocardial infarction (AMI).

For patients needing valve replacement or repair, severe aortic valve stenosis, insufficiency, or
damage was most common (n=41), followed by mitral valve involvement (n=19) and tricuspid valve
involvement (n = 4). No pulmonary valve repairs occurred in this cohort.

Table 1. Demographic and clinical characteristics of the study population with and without POAF.

POAF Group Non POAF Group
Variable p-Value
(n=16) (n=73)

Anthropometric data

Age (years)P 67 (50-76) 65 (50-78) 0.684

Male» 10 (62.5%) 51 (69.9)
0.574

Female2 6 (37.5) 22 (30.1)
BMI (kg/m?)® 26.8 (19.7-31.9) 27.1 (19.71-39.0) 0.589

Comorbidities

Previous myocardial infarction? 4 (25) 20 (27.4) 0.872
Type 2 diabetes mellitus® 6 (37.5) 37 (50.7) 0.339
Systemic arterial hypertension? 13 (81.3) 52 (71.3) 0.474
Obesity? 4 (25) 20 (27.4) 0.847
Dyslipidemia® 3 (18.75) 24 (32.9) 0.266
Hypothyroidism 2 5(31.3) 4(5.5) 0.0018

BMI= body mass index; POAF= postoperative atrial fibrillation. 2 Chi-square test or Fisher’s; frequencies and

percentages. ® Mann—-Whitney U test; median (range).

Table 2 summarizes clinical, biochemical, and surgical variables by POAF status. Most
intraoperative parameters did not differ significantly between groups. These include
cardiopulmonary bypass time, aortic cross-clamp time, activated clotting time, bleeding volumes, left
ventricular ejection fraction, and STS score.
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EuroSCORE II was significantly higher in the POAF group than in the non-POAF group (p =
0.032). Baseline laboratory values were similar between groups. At 24 hours after surgery,
hemoglobin was significantly lower in the POAF group (p = 0.007). Other postoperative biochemical

parameters did not differ significantly.

Table 2. Surgical and biochemical variables of the study population with and without POAF.

Variable PO?:;;:)OIIP Non P(CI)11=X71;)G roup p-Value
Surgical data
Cardiopulmonary bypass time (min)® 123 (73-217) 120 (64-255) 0.712
Aortic cross-clamp time (min)® 91 (60-193) 92 (24-202) 0.634
Initial ACT (s)° 111.50 (79-143) 118 (76-171) 0.352
Final ACT (s)® 115 (103-138) 116 (84-167) 0.881
0 9 (56.3) 31 (42.5)
1 3(18.8) 6(8.2)
2 - 8 (11.0)
Number of grafts -
3 4 (25) 15 (20.5)
4 - 12 (16.4)
5 - 1(1.4)
0 4 (25%) 33 (45.2%)
Number of repaired 1 10/(62.5%) 32 (43.8%)
valves? 2 1(6.3%) 6 (8.25%) _
3 1(6.3%) 1(2.7%)

Pre-CPB blood loss (mL)® 160 (15-300) 200 (20-400) 0.286
Intra-CPB blood loss (mL)b 132.5 (0-400) 100 (0-640) 0.430
Post-CPB blood loss (mL)> 325 (165-615) 300 (0-800) 0.348

EuroSCORE II (%)> 1.36 (0.50-8.84) 1.09 (0.50-11.37) 0.168
Left ventricular ejection fraction (LVEF, 53 (20-73) 55 (24-86) 0.608
%)b
STS score (%)b 1.70 (0.19-16) 0.94 (0.22-6.61) 0.032*
Blood count and biochemical parameters
Hemoglobin (g/dL), preop ® 13.75 (10.20-16.6)  14.20 (8.80-18.80) 0.175
Hemoglobin (g/dL), 24 h® 9.80 (6.20-12.10) 10.8 (5.60-15) 0.007**
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Hematocrit (%), preop ® 39.35 (31-50) 41 (26.8-58.1) 0.148
Hematocrit (%), 24 h'® 30 (21.1-42) 32.75 (24.3-51.4) 0.061
Platelets (x10%/puL), preop b 202 (136-352) 210 (37-471) 0.560
Platelets (x10%/pL), 24 he 182 (124-301) 181 (75-345) 0.638
Leukocytes (x10%/uL), preop ® 6.5 (3.50-9.25) 6.8 (2.5-17.20) 0.361
Leukocytes (x103/uL), 24 hb 11.6 (7.87-23.70) 12.30 (1.60-23) 0.795
Glucose (mg/dL), preop ® 96 (75-156) 101 (75-171) 0.426
Glucose (mg/dL), 24 he 176 (85-589) 148 (75-324) 0.478
Urea (mg/dL), preop ® 29 (20-65) 31 (17-66) 0.915
Urea (mg/dL), 24 h® 38 (21.6-95.9) 34 (16.8-93) 0.566
Creatinine (mg/dL), preop ® 0.85 (0.50-1.36) 0.80 (0.51-1.40) 0.940
Creatinine (mg/dL), 24 h® 0.85 (0.60-1.33) 0.9 (0.51-2.30) 0.696

BMI = body mass index; POAF = postoperative atrial fibrillation; preop = preoperatory 2 Chi-square test or
Fisher’s; frequencies and percentages. ® Mann-Whitney U test; median (range). ** Statistically significant value
<0.01; * Statistically significant value < 0.05.

Supplementary Table S1 presents correlation analyses of biochemical and surgical variables
associated with atrial fibrillation. A strong inverse correlation was seen between left ventricular
ejection fraction and intraoperative bleeding (r = -0.67, p = 0.004). Aortic cross-clamp time and
cardiopulmonary bypass time correlated strongly and positively (r = 0.90, p = 0.001). Preoperative
hematocrit and hemoglobin correlated strongly and positively (r = 0.74, p = 0.001). Postoperative
creatinine correlated significantly with both pre- and postoperative urea (r = 0.53-0.57, p < 0.034).

No significant differences were found between pre- and 24-hour post-surgery electrolyte levels
in POAF or non-POAF patients for calcium (1.9-11.2 mg/dL), sodium (126-157 mmol/L), chloride (93-
116 mmol/L), potassium (3.1-5.3 mEq/L), magnesium (1.92-2.07 mEq/L), and total proteins (1.6-9.0
g/dL). Postoperative chloride and calcium were inversely correlated (r = -0.58, p = 0.019).
Albumin/total protein and preoperative sodium were significantly correlated (r=0.50-0.62, p < 0.047).
Pre- and postoperative albumin/total protein levels also correlated significantly (r = 0.59, p = 0.021).

2.2. Inflammatory Biomarkers: Cytokines and C-Reactive Protein

Table 3 details the progression of inflammatory biomarkers. Preoperatively, POAF patients had
significantly higher IL-10 levels, while IL-8 and IL-6 were similar between groups. After surgery, the
POAF group showed a marked 24-hour surge in IL-8, IL-10, and IL-6. At 48 hours, only IL-6 remained
significantly elevated in POAF patients. CRP showed no significant group differences early after
surgery. At discharge, CRP was significantly higher in the non-POAF group.
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Table 3. Inflammatory biomarkers of the study population with and without POAF at selected surgical time

points.

POAF Group Non POAF Group

Variable (n=16) (n=73) p-Value
Proinflammatory interleukins
Preoperative IL-8 (pg/mL)? 6.73 (3.6-143.3) 5.35 (0.5-34.3) 0.205
Postoperative IL-8 at 24 h (pg/mL)- 21.85 (5.3-512.1) 11.02 (1.8-127.3) 0.010**
Postoperative IL-8 at 48 h (pg/mL)? 10.09 (5.0-169.3) 9.2 (0.36-539.2) 0.171
IL-8 at discharge (pg/mL)? 11.37 (1.1-39.6) 7.34 (0-34) 0.338
Preoperative IL-10 (pg/mL)> 1.10 (0-8.19) 0.43 (0-8.95) 0.029*
Postoperative IL-10 at 24 h 7.33 (0.19-194.0) 2.13 (0-67.39) 0.003**
(pg/mL):
Postoperative IL-10 at 48 h 152 (0-21.97) 156 (0-328.7) 0.389
(pg/mL)?
IL-10 at discharge (pg/mL)? 1.2 (0-14.4) 0.65 (0-66.92) 0.109
Preoperative IL-6 (pg/mL)? 0.98 (0-16.73) 0.35 (0-16.72) 0.174
Postoperative IL-6 at 24 h (pg/mL)- 12.44 (1.44-1102) 4.97 (0-158.3) 0.012*
Postoperative IL-6 at 48 h (pg/mL)- 13.56 (0.11-131.5) 2.42 (0-202.5) 0.038*
IL-6 at discharge (pg/mL)~ 1.64 (0-8.46) 0.90 (0-81.0) 0.657
Preoperative CRP (mg/L)? 1.75 (0.75-50) 1.92 (0.68-31.94) 0.894
Postoperative CRP at 24 h (mg/L)> 10.8 (5.65-123.51) 105.4 (1.88-125) 0.957
Postoperative CRP at 48 h (mg/L) 2 124 (37.15-127.6) 122.8 (1.85-128.7) 0.761
CRP at discharge (mg/L) = 67.90 (6.99-126.1) 106.6 (2.27-128.91) 0.050*

IL-8= Interleukin-8; IL-10= Interleukin-10; IL-6= Interleukin-6; CRP= C-reactive protein; pg/mL= picograms per
milliliter; mg/L= milligrams per liter.  Mann-Whitney U test; median (range). ** Statistically significant value <

0.01; * Statistically significant value < 0.05.

The kinetic profiles of inflammatory markers are illustrated in Figure 1. The POAF group
exhibited a distinct ‘rapid-response’ pattern for cytokines (IL-8, IL-10, and IL-6), which are known
mediators of POAF-associated inflammation. This pattern featured an abrupt, high-magnitude spike
at 24 hours, in contrast to the blunted response in the Non-POAF group. In contrast, CRP behavior,
reflecting a later phase of systemic inflammation, showed a slower, progressive accumulation in both
groups, peaking later at 48 hours. The curves overlapped during the rising phase. This pattern differs
from the rapid kinetics of interleukins.
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Figure 1. Assessment of inflammatory cytokines and CRP levels in patients with and without POAF. (A) IL-
8 levels, (B) IL-10 levels, (C) IL-6 levels, and (D) CRP levels were measured at baseline and at different
postoperative time points. Time points with significant differences of inflammatory biomarkers between POAF
and non-POAF patients are indicated with asterisks (*p <0.05; **p <0.01). Cytokine concentrations are expressed
in pg/mL and CRP concentrations in mg/L. POAF= postoperative atrial fibrillation; IL-8= Interleukin-8; IL-10=
Interleukin-10; IL-6= Interleukin-6; CRP= C-reactive protein; pg/mL= picograms per milliliter; mg/L= milligrams

per liter.

Correlation analyses of inflammatory biomarkers are shown in Supplementary Table S2,
clarifying their interactions in POAF. Significant consistency over time was observed for individual
markers, especially for postoperative levels of IL-8, IL-6, and CRP, which strongly correlated with
their preoperative or earlier postoperative values, indicating ongoing inflammatory activity. Notably,
IL-10 levels at discharge were closely linked to baseline preoperative levels, suggesting a regulated
anti-inflammatory response associated with POAF. Regarding relationships between markers,
significant positive correlations were found between IL-6 and IL-10 at several perioperative time
points, reflecting simultaneous pro- and anti-inflammatory activity relevant to arrhythmia risk. In
contrast, CRP levels showed different behavior, demonstrating inverse correlations with specific
cytokines, which supports its limited specificity for POAF-related inflammation.

Since metabolic comorbidities are common in patients undergoing various surgical procedures,
we compared inflammatory biomarkers between those who had only CABG (CABG group, n = 36)
and only valvular surgery (valvular group, n = 40) (see Table S3, Supplementary Material). Patients
who underwent combined procedures were excluded from this analysis to prevent confounding
effects. The comparison focused solely on circulating inflammatory biomarkers measured at specific
perioperative time points. Preoperative IL-8 levels were significantly higher in the valvular group
compared to the CABG group (p = 0.01), as were preoperative IL-10 levels (p = 0.027). No significant
differences were seen between groups for postoperative IL-8, IL-10, or IL-6 levels at 24 h, 48 h, or at
hospital discharge. Preoperative IL-6 levels showed a non-significant trend toward higher values in
the valvular group (p =0.068). Regarding C-reactive protein (CRP), a significant borderline difference
was noted at 24 h postoperatively, with higher values in the CABG group (p = 0.050), while no
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differences were found at other time points. Overall, these findings suggest distinct preoperative
inflammatory profiles between the surgical groups, while postoperative inflammatory responses
were mostly similar.

2.3. Clinical-Surgical and Biomarker-Based Predictive Models for POAF

The predictive performance of the variable blocks was evaluated utilizing the Receiver
Operating Characteristic (ROC) curve analysis (Figure 2A). Key intraoperative variables, including
cardiopulmonary bypass (CPB) duration, aortic cross-clamp time, surgical procedure type (CABG
versus valve surgery), and postoperative electrolyte concentrations, were analyzed using univariate
analyses. Nevertheless, these variables failed to remain statistically significant as independent
predictors in the multivariable model and were consequently excluded from the final predictive
model.

To further identify independent predictors of POAF, a multivariable logistic regression model
was developed, including clinically relevant variables and those showing associations in univariate
analyses. The final model consisted of the STS score, interleukin-6 (IL-6) levels at 24 hours, and
postoperative magnesium concentrations (Table 4). Among the individual variable categories,
clinical-surgical parameters demonstrated the greatest discriminative ability (AUC = 0.906),
outperforming models based solely on laboratory data, including biomarkers (AUC = 0.843), blood
chemistry (AUC = 0.841), and complete blood count (AUC = 0.752). Additionally, combining these
parameters into a single predictive model (Figure 2B) improved overall accuracy, with an apparent
AUC of 0.82. This highlights the synergistic effect of combining clinical and biological markers for
risk stratification. Internal validation via bootstrap resampling (1000 iterations) yielded a mean
optimism of 0.046, resulting in an optimism-corrected AUC of 0.77, indicating moderate yet reliable
predictive performance (Table 5). Optimal cutoff points for individual predictors and performance
metrics of the combined model are detailed in Supplementary Tables S4 and S5.

Table 4. Multivariable logistic regression model for predictors of postoperative atrial fibrillation (POAF).

Variable Odds Ratio (OR)  95% Confidence Interval p-Value
STS score (%) 1.32 1.05-1.72 0.021
IL-6 at 24 h (pg/mL) 1.08 1.01-1.15 0.032
Magnesium at 24 h (mEq/L) 0.64 0.42-0.95 0.028

POAF=postoperative atrial fibrillation; OR= odds ratio; Cl=confidence interval; IL-6=interleukin-6; STS=Society

of Thoracic Surgeons risk score.

Table 5. Internal validation of the predictive model using bootstrap resampling.

Model Apparent AUC Mean Optimism  Optimism-Corrected AUC

Multivariable POAF 0.82 0.046 0.77

prediction model

AUC=area under the receiver operating characteristic curve.
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Figure 2. ROC analysis of variable blocks and the combined predictive model for POAF. (A) ROC curves
illustrating the classification performance of distinct sets of variables, including biomarkers, complete blood
count, blood chemistry, and clinical-surgical parameters. (B) The ROC curve of the integrated predictive model,
constructed with selected predictors and bootstrap resampling, summarizes its overall ability to distinguish
patients with and without POAF.

3. Discussion

3.1. Contribution of Comorbidities to POAF Development

The comorbidities to consider when evaluating their contribution to POAF have been described
elsewhere. It has been reported that each 1-unit increase in BMI is associated with a 3-7% increase in
POAF incidence, a finding we observed among overweight patients in our study. We compared these
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findings with those reported by Bowdish et al. (24), who studied a population of patients who
developed POAF (695/2,104 = 33%) and found no differences in cardiac history or age. Unexpectedly,
hypothyroidism was more common in POAF patients (31.5%) than in non-POAF patients (5.5%)
(p=0.0018); in contrast, another study reported rates of 12.7% versus 8.6%, respectively (p=0.003) (24).
Thyroid hormone imbalance significantly affects the cardiovascular system. According to a review
by Higa et al. (25), major risk factors include diabetes mellitus (DM) and thyroid diseases, with
hyperthyroidism being the most common metabolic condition among studied patients. Interestingly,
the cardiac effects of altered T3 and T4 levels, along with elevated TSH, have been examined in a
thyroidectomized rat model (26), where hormones were manipulated to induce either euthyroid or
hyperthyroid states: hyperthyroidism resulted in increased ventricular contractility, cardiac
hypertrophy similar to that caused by physical exercise, and may influence ion channel expression
and function. Hyperthyroidism affects 10-25% of patients with AF (non-post-surgical). Conversely,
studies on hypothyroidism in animal models have shown that heart rate, atrioventricular conduction
time, and atrial effective refractory period tend to be slower compared to euthyroid rats (26).

A meta-analysis by Dell’ Aquila et al. (27) is based on literature from 1946 to 2024 (Ovid Medline)
and 1974 to the present (Ovid Embase), as well as the Cochrane Library. They identified 3445 patients,
including 2594 euthyroid patients and 851 (24.7%) diagnosed as subclinical hypothyroidism (SCH).
The clinical outcomes after cardiac surgery were operative mortality (stronger in the isolated CABG
cohort), prolonged hospital length of stay, and renal complications. Although the hypothyroidism
findings were interesting, they had no impact on the POAF predictive model; however, we consider
this work offers novel insights into hypothyroidism associated with POAF.

3.2. Impact of Clinical Risk Scores and Postoperative Hemodynamic Status

In our study, STS score and 24-hour postoperative hemoglobin levels proved to be the most
statistically significant factors linked to the development of POAF. While most surgical and
intraoperative variables showed no significant differences between groups, these findings indicate
that baseline clinical status and early hemodynamic response are crucial determinants of this
arrhythmia (28). However, we recognize that in patients with valvular heart disease, the lack of
detailed echocardiographic parameters such as left atrial volume or diastolic function is a limitation,
as these structural factors inherently carry a risk for arrhythmia (29). Although left ventricular
ejection fraction (LVEF) was analyzed and showed no significant differences between groups (p >
0.05), including more detailed echocardiographic data could have enhanced the predictive profile
within the valvular subgroup. Nonetheless, incomplete medical records prevented their inclusion in
the final multivariate analysis.

3.3. Serum Inflammatory Biomarkers Across Perioperative Time-Points of Cardiac Surgery with
Cardiopulmonary Bypass

The biomarker analysis results for IL-6, IL-8, IL-10, and CRP support the hypothesis that an
early, intense, and sudden inflammatory response—primarily within the first 24 hours after
surgery —promotes the development of atrial arrhythmias in the immediate postoperative period.
This pattern aligns with studies showing that IL-6 and IL-8 act as mediators of temporary electrical
and structural atrial remodeling, driven by a localized proinflammatory microenvironment in the
nearby atrial myocardium (30,31).

IL-10 can exhibit pro-inflammatory and immunostimulatory effects depending on the cellular
context, timing, and specific immune environment (31). According to the physiological-surgical
phenomenon studied, we interpret its role as an anti-inflammatory interleukin that is activated in
response to atherosclerotic processes and is mainly produced by CD4+ T lymphocytes, macrophages,
and B lymphocytes (31). In this study, we observed that patients who developed POAF had
significantly higher preoperative IL-10 levels than those who did not (p < 0.05), indicating activation
of a compensatory system to reduce underlying chronic inflammation before surgery. This response
was even more evident as an acute reaction 24 hours after surgery (p = 0.003; Table 3).
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Furthermore, the observed decrease in IL-10 levels at 48 hours in patients with POAF indicates
an inadequate anti-inflammatory response to the concurrent rise in IL-6 and IL-8 (Table 3). This
imbalance between proinflammatory and anti-inflammatory cytokines has been proposed as a
mechanism promoting postoperative atrial arrhythmogenesis. In contrast to our results, Kota et al.
(23) did not find significant differences in these interleukins, and their temporal profiles were quite
similar between patients with and without POAF.

The behavior of CRP, better visualized in the plot across the different surgical time points (Figure
1), shows a difference in the slope of decline between groups (p = 0.05), Table 3, suggesting an
important phenomenon: in patients who developed POAF, CRP not only reached values similar to
the non-POAF group at the inflammatory peak (6- to 70-fold above baseline), but also showed a more
pronounced decrease by 72 hours after surgery. These findings align with studies indicating that
postoperative POAF is not necessarily associated with higher absolute CRP levels, but rather with
more rapid fluctuations and an interaction with proinflammatory interleukins (such as IL-6 and IL-
8) that amplify the initial response (32).

3.4. Systemic Inflammatory Response and Inflammatory Biomarkers Profile in the Physiopathology of POAF

Based on the biomarker behavior observed in our study and in the literature (30,31,33), we
propose an integrated pathophysiological mechanism to explain POAF in our cohort (Figure 3).
Surgery with cardiopulmonary bypass (CPB) acts as the primary trigger; factors such as ischemia-
reperfusion injury following aortic cross-clamping and blood contact with non-endothelial surfaces
activate the innate immune system. As shown on the left side of Figure 3, this activation prompts
monocytes and endothelial cells to initiate the inflammatory cascade. Our results confirm the critical
phase of this cascade at 24 hours postoperatively, indicated by the significant peaks in IL-6 and IL-§,
illustrated in the central part of Figure 3.

I. The elevation of IL-8 (peaking at 24 h in the POAF group) suggests massive neutrophil
recruitment to cardiac tissue, promoting local inflammation and oxidative stress.

II. IL-6, acting as the main mediator, not only stimulates hepatic synthesis of CRP (whose levels
remain elevated at 48 h), but also exerts direct effects on the myocardium.

III. A distinctive finding of our study is the behavior of IL-10. Rather than being suppressed, its
preoperative elevation and further increase at 24 h indicate an attempted immunologic counter-
regulation (“anti-inflammatory brake”) that nevertheless is insufficient to contain the magnitude of
the proinflammatory response (IL-6/IL-8) in patients with POAF.
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Figure 3. Systemic inflammatory response and inflammatory biomarkers profile in the physiopathology of
POAF. The figure was designed by the authors based on the present study data and mechanisms described in
previous studies (30,31).
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We found that inflammatory biomarkers show significant correlations at different stages of the
surgical process, suggesting a role for inflammation in the pathophysiology of POAF (Table S2).

This indicates an intensified IL-6-mediated inflammatory response caused by the surgical
procedure, lasting into the postoperative period and until hospital discharge, with IL-10 providing
an anti-inflammatory effect to counterbalance it. This aligns with previous research suggesting that
prolonged inflammation may increase the risk of POAF (28). It also implies that immune system
activation involves both proinflammatory and regulatory responses, which could influence the
severity of inflammation and the likelihood of POAF (34). Prior studies have shown that elevated
levels of IL-6 and other proinflammatory interleukins are similarly linked to patient outcomes in the
ICU. Since this period is critical for the onset of arrhythmias (first 24-48 hours), it is notable that in
our cohort, POAF occurred at 24 hours (one patient), 48 hours (nine patients), and in the remaining
six patients after more than 72 hours postoperatively, highlighting the importance of managing
systemic inflammation in the ICU for preventing POAF, as suggested by Yan et al. (35).

Regarding the link between biomarkers and POAF, IL-6, IL-8, and IL-10 levels did not reach
statistical significance in our logistic regression analysis, although IL-6 showed a noticeable trend (p
= 0.058). This lack of significance is likely due to the small sample size of the study and the low
incidence of arrhythmia in our cohort, which aligns with findings by Kota et al. (23), indicating that
factors beyond interleukins may contribute to POAF development. In contrast, CRP levels at
discharge were significantly associated with POAF (p = 0.045), probably because of the sharp decline
in CRP levels observed in patients with arrhythmia. This supports its role as a strong marker of
systemic inflammation and as a useful predictor of POAF, as demonstrated in the meta-analysis by
Weymann et al. (32).

Finally, it is important to recognize that the postoperative inflammatory response is closely
linked to oxidative stress caused by cardiopulmonary bypass. Although directly assessing the redox
balance was beyond this study’s scope, recent research, such as the study by Saetang et al. (36),
indicates that antioxidant therapies could be a promising preventive strategy. These researchers
found that combining vitamin C and thiamine in cardiac surgery may not only reduce myocardial
damage but also significantly lower key inflammatory markers like IL-6. These results suggest that
proactively targeting oxidative stress might serve as an additional approach to decrease the early
systemic inflammatory response in our cohort and, consequently, lower the risk of POAF.

3.5. Integrative Synthesis: Proposal of a Multidimensional Risk Model for POAF Development

Unlike non-valvular atrial fibrillation, for which risk stratification scores are well-established
(e.g., CHA2DS:-VASc), the prediction of POAF lacks a universally validated gold standard. Previous
attempts to adapt chronic risk scores to the acute perioperative setting have produced inconsistent
results, likely because they fail to account for the acute inflammatory and metabolic stress specific to
cardiac surgery (37). In this context, our study demonstrates that a multimodal approach is superior
to isolated clinical assessment. The key finding is the development of a combined predictive model
that achieved an Area Under the Curve (AUC) of 0.82 (Figure 2B). After internal validation with
bootstrap resampling, the optimism-corrected AUC was 0.77, indicating moderate but reliable
discriminative ability. This performance greatly surpasses that of isolated variable blocks (Figure 2A),
suggesting that POAF arises from a complex interplay between baseline clinical susceptibility and
the acute biological response to surgical trauma.

The biological plausibility of our model is supported by the specific predictors identified, as
detailed in Supplementary Table S4. Notably, the significant predictive factors from a univariate
analysis—namely, the STS score, IL-6 (24 h), and Magnesium (24 h) —demonstrate the influence of
intraoperative factors and early post-surgery biochemical and inflammatory disturbances. This
highlights both the multifactorial nature of the risk factors involved in developing POAF and the
importance of identifying independent predictors, which were incorporated into a multivariate
predictive model.
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From a clinical standpoint, the final model demonstrated high sensitivity and moderate
specificity (Supplementary Table S5), suggesting its potential as an early screening tool to identify
patients at increased risk of POAF during the immediate postoperative period. Although its
specificity was lower than that of the initial exploratory combined model, the more streamlined
model is simpler and methodologically more robust for a cohort of this size. The high specificity of
our model enables a precision medicine approach, emphasizing a “high-risk phenotype” that needs
intensive monitoring or targeted prophylaxis, while safely avoiding unnecessary interventions in
most patients who will remain in sinus rhythm.

Although our sample size was limited, the multivariable model showed acceptable
discrimination after internal validation, with an optimism-corrected AUC of 0.77. We recognize that
the relatively few POAF events in our cohort may increase the risk of overfitting. To address this, the
final model was intentionally limited to three predictors, resulting in an events-per-variable ratio of
5.3. While this straightforward approach and internal bootstrap validation enhance the model’s
robustness, the findings should still be interpreted cautiously and require validation in larger,
independent cohorts (38,39). This underscores the importance of combining clinical and
inflammatory variables but also highlights the need for cautious interpretation until external
validation is completed. It demonstrates that detailed biological data, especially active cytokines and
metabolic markers, provide greater power for risk stratification than large clinical datasets alone. The
consistent results across various surgical procedures (CABG, Valve, and Combined) further suggest
a shared inflammatory mechanism underlying POAF, rather than a procedure-specific artifact.

3.5. Clinical Application of the Predictive Model

The practical use of this model in the 24-hour post-surgery period can help clinicians identify
high-risk patients early. This allows for targeted preventive measures, such as initiating prophylactic
antiarrhythmic therapy (like amiodarone) or extending and intensifying telemetric monitoring in
intensive care units, ultimately optimizing hospital resources.

In conclusion, we present a proof-of-concept predictive model that combines clinical-surgical
and inflammatory data for early POAF risk assessment. Although the model showed moderate but
consistent performance during internal validation, additional multicenter studies with independent
cohorts are necessary to confirm its wider applicability.

4. Materials and Methods
4.1. Study Design and Population

A prospective, analytical, longitudinal cohort study was carried out between June 2022 and
December 2025. Patients aged 50 or older undergoing cardiac surgery with cardiopulmonary bypass
(CPB) were consecutively enrolled at the Cardiac Surgery Service of the UMAE Hospital de
Especialidades, Centro Médico Nacional de Occidente (IMSS), Guadalajara, Mexico. Eligible
procedures included coronary artery bypass grafting (CABG), valve replacement surgery (aortic,
mitral, and/or tricuspid), and combined CABG-valvular surgeries. Participants were referred from
Jalisco and the western region of Mexico.

4.2. Inclusion and Exclusion Criteria

Patients were included if they had no prior history of atrial fibrillation, as confirmed by their
clinical histories. Additionally, they were verified as non-AF through a 12-lead electrocardiogram
and 12-24-hour Holter monitoring performed preoperatively (Holter Mod. TCL5000, Contec, China),
and, if complete clinical, echocardiographic, laboratory, and surgical records were available.
Exclusion criteria included hemoglobinopathies, acute and chronic kidney or liver diseases,
autoimmune disorders, coagulation abnormalities, heparin-induced thrombocytopenia, asthma,
active malignancy, or inability to obtain preoperative baseline samples. Patients were excluded
during follow-up if samples were inadequate or insufficient for analysis, if they withdrew consent,
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or if major intraoperative or postoperative complications occurred, including severe CPB-related
events, reoperation for bleeding, intra-aortic balloon pump requirement, or infectious or
inflammatory complications. Death during follow-up was not considered an exclusion criterion; all
available data collected before death were included in the analysis.

4.3. Clinical, Laboratory, and Surgical Data Collection

Clinical data were gathered using a standardized questionnaire and included demographic
information, cardiovascular diagnoses, comorbidities, anthropometric measurements, and surgical
risk scores such as EuroSCORE II and STS. Laboratory parameters were recorded before surgery and
24 hours afterward, including hemoglobin, hematocrit, platelet count, leukocytes, glucose, urea,
creatinine, electrolytes (calcium, sodium, potassium, chloride, magnesium), and total proteins.
Surgical variables covered CPB duration, aortic cross-clamp time, number of grafts or valves
replaced, prosthesis type, activated clotting time (initial and final), and perioperative bleeding
volumes.

4.4. Blood Sampling and Biomarker Analysis

Peripheral blood samples were collected at four predefined time points: preoperative baseline
(T1), 24 hours (T2), 48 hours (T3), and at hospital discharge (T4).

Intraoperative sampling was excluded to prevent analytical bias from cardiopulmonary bypass-
induced hemolysis, focusing only on the 24—48-hour post-surgery period to capture the peak of the
acute inflammatory response. At each time point, 5 mL of blood was drawn into tubes without
anticoagulant, centrifuged at 3500 rpm for 15 minutes, and the serum was aliquoted and stored at
—80 °C until analysis. Serum levels of IL-6, IL-8, and IL-10 were measured using a multiplex
immunoassay (Bio-Plex Pro™ Human Cytokine-8 Panel; Bio-Rad Laboratories, Hercules, CA, USA)
on a Luminex-based platform, following the manufacturer’s instructions. C-reactive protein (CRP)
levels were determined using a turbidimetric method (BioSystems, No. Cat. 31321, Spain) with an
automated clinical chemistry analyzer (Mindray® BS-200; Mindray Bio-Medical Electronics Co.,
Shenzhen, China).

4.5. Outcome Definition and Follow-Up

Postoperative atrial fibrillation was defined as any episode lasting at least 30 seconds,
documented by continuous telemetry monitoring or confirmed by a 12-lead electrocardiogram
during the hospital stay. Patients were followed from surgery until hospital discharge or death.

4.6. Statistical Analysis

Descriptive statistics summarized clinical characteristics. Continuous variables were expressed
as mean + standard deviation or median (interquartile range), as appropriate, and categorical
variables as frequencies and percentages. Normality was assessed using the Shapiro-Wilk test.
Group comparisons employed Student’s t-test or Mann—Whitney U test for continuous variables and
X2 or Fisher’s exact test for categorical variables. Associations between inflammatory biomarkers,
clinical and surgical variables, and POAF were evaluated with Spearman’s correlation and binary
logistic regression. To identify independent predictors of POAF, multivariable logistic regression
models were built, including clinically relevant variables and those showing associations in
univariate analyses. A backward stepwise selection was used to develop a parsimonious model
appropriate for the number of events observed. Multicollinearity was checked using the variance
inflation factor (VIF), with no significant collinearity detected. Considering the limited number of
POAF events, the possibility of model overfitting was addressed by restricting the number of
predictors in the final model. The final model included three predictors, resulting in an events-per-
variable ratio of 5.3. Receiver operating characteristic (ROC) curves assessed the predictive ability of
individual and combined variables. Internal validation was performed with bootstrap resampling
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(1000 iterations) to estimate model optimism. Statistical analyses were conducted with SPSS version
25, with p < 0.05 indicating significance.

5. Conclusions

The integration of inflammatory mediators with clinical and surgical variables produced a
predictive model with moderate but robust discriminative ability (apparent AUC = 0.82; optimism-
corrected AUC =0.77).

Supplementary Materials: The following supporting information can be downloaded at the website of this
paper posted on Preprints.org, Table S1. Correlations between clinical, biochemical, and surgical parameters.
Table S2. Significant correlations among inflammatory biomarkers at different pre and postoperative times.
Table S3. Comparative analysis of inflammatory biomarkers in different pre and postoperative times and surgery
types. Table S4. Optimal cutoff values of predictors included in the postoperative atrial fibrillation risk model.

Table S5. Sensitivity and specificity of the combined predictive model for postoperative atrial fibrillation.
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ACT Activated Clotting Time
AMI Acute Myocardial Infarction
AUC Area Under the Curve
BMI Body Mass Index
CABG Coronary Artery Bypass Grafting
CCI Chronic Cardiac Insufficiency
CCS Chronic Coronary Syndrome
CPB Cardiopulmonary Bypass
CRP C-Reactive Protein
CVDs Cardiovascular Diseases
EuroSCORE II European System for Cardiac Operative Risk Evaluation II
1L-6 Interleukin-6
1L-8 Interleukin-8
IL-10 Interleukin-10
IQR Interquartile Range
LVEF Left Ventricular Ejection Fraction
POAF Postoperative Atrial Fibrillation
ROC Receiver Operating Characteristic
SAH Systemic Arterial Hypertension
STS score Society of Thoracic Surgeons score
T2DM Type 2 Diabetes Mellitus
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