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Construction and validation of a nomogram for predicting 3-month outcome in elderly patients with nonvalvular atrial fibrillation-induced acute ischemic stroke
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Aim: Cardiogenic embolism caused by atrial fibrillation (AF) leads to higher disability, mortality, and recurrence rates compared to stroke independent of AF, resulting in a poorer prognosis for patients. Effective risk assessment and timely clinical intervention are essential. This study aimed to develop and validate a personalized nomogram to predict the 3-month outcomes for elderly patients with nonvalvular atrial fibrillation (NVAF) induced acute ischemic stroke (AIS).

Methods: A retrospective cohort study was implemented at Hefei First People’s Hospital. Participants were patients diagnosed with NVAF-induced acute ischemic stroke (NVAF-AIS) who fulfilled the study’s inclusion criteria. Data collection encompassed baseline demographic, clinical, and laboratory information. The primary endpoint was the 3-month outcome, evaluated using the modified Rankin Scale (mRS). To identify potential predictors, univariate logistic regression and the least absolute shrinkage and selection operator (LASSO) regression algorithm were employed. Subsequently, a binary regression model was established, and internal validation was conducted using bootstrap resampling with 1,000 iterations. The assessment tools included receiver operating characteristic (ROC) curves, calibration curves, and decision curve analysis (DCA). Ultimately, a nomogram was constructed to forecast the 3-month outcomes for this demographic.

Results: A total of 178 patients were included, of whom 95 (53.3%) had a poor outcome (mRS > 2). Independent risk factors for poor outcomes in NVAF-AIS patients included stroke history (OR = 9.140; 95% CI: 3.481–26.923), NIHSS score (OR = 1.167; 95% CI: 1.071–1.284), glycated hemoglobin (HbA1c) (OR = 2.211; 95% CI:1.573–3.220), D-dimer (OR = 1.157; 95% CI: 1.022–1.361), neutrophil-to-lymphocyte ratio (NLR) (OR = 1.531; 95%CI:1.242–1.972), and left atrial diameter (LAD) (OR = 1.163; 95%CI: 1.072–1.280). A nomogram was created based on these factors. The area under the ROC curve (AUC) for the nomogram was 0.933 (95%CI:0.897–0.969) before and 0.933(95%CI:0.895–0.964) after internal validation, demonstrating good discriminative ability. The nomogram also showed excellent calibration and clinical applicability, as confirmed by calibration curve analysis and DCA.

Conclusion: Stroke history, NIHSS score, HbA1c, D-dimer, NLR, and LAD are independent risk factors for poor outcomes in elderly patients with NVAF-AIS. The nomogram, integrating these factors, provides intuitive, individualized predictions for the risk of poor outcomes, aiding in the selection of treatment options for these patients.
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Introduction

Ischemic stroke (IS) represents the second most common cause of death and the third most common cause of disability globally, significantly impacting the economies of developing nations (1, 2). AF, a prevalent cardiac arrhythmia, is recognized as the primary contributor to increased cardiovascular mortality and a notable risk factor for stroke (3). In elderly patients with NVAF, the likelihood of stroke may increase fourfold to fivefold (4). AF-induced stroke typically presents with large, multiple, and bilateral cerebral infarcts. Furthermore, stroke associated with AF is often more severe than stroke independent of AF, leading to higher rates of disability, mortality, and recurrence (5, 6). This condition profoundly affects the quality of life of patients and imposes considerable economic and psychological strains on patients and their families alike. Several advancements, such as endovascular recanalization therapies including intravenous thrombolysis (IVT) and endovascular thrombectomy (EVT), have been adopted widely in clinical settings to enhance AIS patient outcomes (7, 8). However, many patients derive limited benefit from these therapies and experience poor outcomes. This may be due to the narrow therapeutic time window (4.5 h) after the onset of stroke and the low recanalization rate (approximately 20%) (9). Anticoagulation therapy also shows promise in reducing mortality in stroke patients with AF. Unfortunately, there remains a significant gap between guideline recommendations and clinical practice. Moreover, the effect of early oral anticoagulation on long-term functional outcomes in patients with varying stroke severity remains unclear. The risk factors for adverse outcomes associated with the early recovery phase following the onset of acute stroke in NVAF patients deserve early evaluation. Only when clinicians fully understand it will they be able to use early treatment protocols on such patients who are under their intensive medical management or monitoring, devise a strategy for the prevention and control of the disease, improve the prognosis, and reduce the mortality rate among the patients.

In recent years, various prognostic models for post-stroke outcome have also been presented, including a Totaled Health Risks in Vascular Events (THRIVE) score (10), the Acute Stroke Registry and Analysis of Lausanne (ASTRAL) score (11), and the mRS score (12), the latter being probably the most commonly used primary outcome measure applied in stroke clinical trials performed to date. It is simple and easy to interpret and, therefore, is very commonly used to assess functional outcome in AIS patients. However, these models cannot make individualized predictions for stroke associated with NVAF due to the complexity and specificity of the underlying mechanisms. Up to date, there is no effective prediction tool for outcomes in patients with NVAF-associated stroke.

A nomogram is a graphical tool that can precisely calculate the risk probability of a clinical event by combining significant risk factors (13). It has been widely used to predict outcomes in various diseases, including IS. In this study, a cohort study was conducted with NVAF-AIS patients as participants. Clinical, laboratory, imaging, and 3-month follow-up data were collected, and a nomogram for predicting outcomes was developed. This study may provide valuable evidence for future clinical decision-making and treatment, ultimately aiming to improve patient outcomes.



Methods


Study population

This single-center, retrospective, observational clinical study involved NVAF-AIS patients experiencing their first onset. From April 1, 2022, to April 1, 2024, 178 patients over 60 years old were recruited at Hefei First People’s Hospital. Baseline and follow-up data were collected and analyzed. Investigators were blinded to the study objectives and design during data collection. Inclusion criteria: (1) AF patients aged over 60 years; (2) AIS diagnosed by neurologists according to the Trial of Org 10,172 in Acute Stroke Treatment (TOAST) criteria (14). Exclusion criteria: (1) Hemorrhagic stroke; (2) Lacunar cerebral infarction or transient ischemic attack; (3) History of rheumatic heart disease or echocardiographic evidence of rheumatic valve disease; (4) History of prosthetic heart valve surgery; (5) history of malignancy; (6) incomplete clinical data; (7) loss to follow-up. The study received approval from the Ethics Committee of the hospital, and all participants gave informed consent, as depicted in the study flowchart (Figure 1).
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FIGURE 1
 Flow chart of the study selection. NVAF-AIS, nonvalvular atrial fibrillation induced acute ischemic stroke; TIA, transient ischemic attack.




Baseline data

Baseline demographic and clinical data, including age, gender, smoking history, alcohol consumption, complications, AF type, and medication history, were collected. Additional data included CHA2DS2-VASc and HAS-BLED scores. Admission blood pressure and fasting laboratory markers were collected. Inflammatory indicators were also obtained. Echocardiographic parameters included LAD, left ventricular end-systolic diameter (LVESD), and left ventricular ejection fraction (LVEF).

AF patients in this study were those diagnosed with AF before the onset of stroke, according to the 2024 Chinese Guidelines on Diagnosis and Management of AF. Patients diagnosed with AF during the stroke (first onset) were excluded, as their stroke was believed to be caused by other factors, which later led to AF due to physiological stress. All patients with cardioembolic stroke were assessed by cardiology specialists. Based on the source of the cardioembolic thrombus, the patients were categorized into the following types: (a) structural heart diseases associated with arrhythmias, such as hypertensive heart disease with ventricular hypertrophy and rheumatic mitral valve disease; (b) structural heart disease with persistent sinus rhythm, such as systolic left ventricular dysfunction due to ischemic or non-ischemic causes; (c) isolated atrial arrhythmias, such as atrial fibrillation and atrial flutter (15). The final cohort of this study included patients with cardioembolic stroke caused by non-valvular structural heart disease associated with atrial fibrillation.



Outcome indicator

Patients were classified into two groups based on their 3-month mRS scores: those with a good outcome (mRS ≤ 2, n = 83) and those with a poor outcome (mRS > 2, n = 95). Patients in this study were previously diagnosed with AF, according to the 2024 Chinese Guidelines on Diagnosis and Management of AF, prior to the onset of stroke. Factors associated with the outcome were analyzed. Investigators were blinded during data collection to ensure unbiased results.



Statistical analysis

All statistical analyses were conducted using R 4.4.1. Continuous variables adhering to a normal distribution were presented as means ± standard deviations (SD) and analyzed using the independent samples t-test. Those not following a normal distribution were expressed as medians (P25, P75) and analyzed with the rank sum test. Categorical data were presented as frequencies (%) and analyzed using the Chi-square test or Fisher’s exact test as appropriate. Missing data were addressed through multiple imputation using the R package “missRanger.”

Univariate logistic regression was utilized to explore potential predictors of patient outcomes (p < 0.1). This was followed by LASSO regression to refine the selection of significant predictive factors, utilizing nonzero regression coefficients. The optimal model parameters, including the penalty parameter lambda, were defined through 10-fold cross-validation based on the minimum criteria. Subsequent analysis involved stepwise multiple logistic regression, leading to the construction of a nomogram for variables significant at p < 0.05. Internal model validation was performed using bootstrap resampling with 1,000 iterations. Model calibration was examined via a calibration curve, and the Hosmer-Lemeshow test assessed model fit. The discriminative ability of the model was evaluated by plotting a ROC curve and calculating the AUC, sensitivity, and specificity. Decision curve analysis (DCA) was applied to measure the clinical utility of the model across various decision thresholds.




Results


Baseline and laboratory data between two groups

Initially, 223 patients with cardiogenic stroke were recruited; of these, 178 were included in the final analysis as shown in Figure 1. Classification based on the 3-month mRS scores identified 95 patients (53.30%) in the poor outcome group and 83 (46.70%) in the good outcome group. Baseline characteristics of both groups are detailed in Table 1. Patients in the poor outcome group were generally older, had a history of stroke, more frequently used antiplatelet drugs, and exhibited higher CHA2DS2-VASc and NIHSS scores. Additionally, they had elevated levels of HbA1c, D-dimer, NC, LC, NLR, and LAD compared to those in the good outcome group (p < 0.05). Conversely, levels of HDL-C were significantly lower in the poor outcome group (p < 0.05). No significant differences in other variables were observed between the groups (p > 0.05).



TABLE 1 Comparison of baseline data between poor prognosis group and good prognosis group.
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Univariate logistic regression analysis

Univariate logistic regression was utilized to pinpoint potential predictors of outcomes within this population (Table 2). Identified potential risk factors included age, heart failure history, previous strokes, systolic blood pressure, usage of antiplatelet drugs, CHA2DS2-VASc and NIHSS scores, HbA1c, D-dimer levels, NC, LC, NLR and LAD. Conversely, HDL-C was recognized as a potential protective factor.



TABLE 2 Univariate logistic regression analysis of factors affecting the prognosis of elderly NVAF-AIS.
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LASSO regression analysis

The 14 variables selected by univariate regression were subjected to LASSO regression analysis, which identified 10 significant variables with prognostic value. Age, heart failure history, previous strokes, NIHSS score, HDL-C, HbA1c, D-dimer, NC,NLR, and LAD were predictors of poor outcomes in elderly patients with NVAF-AIS (Figures 2A,B).
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FIGURE 2
 (A,B) Predictor plots screened by least absolute shrinkage and selection operator (LASSO) regression analysis. (A) Coefficient profiles were generated from the log(lambda) series. (B) In LASSO regression, the regularization parameter (lambda) for bias was selected using the minimum criterion (left dashed line) and the 1-SE criterion (right dashed line). In this study, predictors were chosen based on the 1-SE criterion (right dashed line). The optimal result is represented by the features with five non-zero coefficients. LASSO, least absolute shrinkage and selection operator; SE, standard error.




Multivariate logistic regression analysis

The 10 significant variables were incorporated into a multivariate regression model. Previous strokes, NIHSS score, HbA1c, D-dimer, NLR, and LAD were independent predictors of poor outcomes in elderly patients with NVAF-AIS (p < 0.05, Table 3). All variables had a variance inflation factor (VIF) lower than 1.2 and a tolerance less than 0.7, indicating no collinearity between them.



TABLE 3 Multivariate logistic regression analysis of factors affecting the prognosis of elderly NVAF-AIS.
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Nomogram construction and validation

The logistic regression analysis revealed six independent risk factors associated with poor outcomes in elderly patients with NVAF-AIS: history of stroke, NIHSS score, HbA1c, D-dimer, NLR, and LAD. These six variables were incorporated into a nomogram, with each assigned a specific score on the x-axis. An overall risk score was calculated by summing the individual scores of these variables. A higher overall score corresponded to a higher risk of poor outcome, while a lower score indicated a lower risk (Figure 3). In one NVAF-AIS patient with a history of stroke, the scores assigned to stroke history, NIHSS score (9), HbA1c (7.6), D-dimer (1.6), NLR (5.4), and LAD (38) were 27, 16, 24, 2.5, 25, and 32.5, respectively. The overall score was 127. According to the nomogram, the probability of poor outcome for this patient was approximately 85%, indicating a high risk of poor outcome (Figure 3).
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FIGURE 3
 Nomogram for predicting the probability of 3-month unfavorable outcome in patients with Elderly NVAF - AIS. The nomogram incorporates variables such as history of stroke, NIHSS score, HbA1c, D-dimer, NLR, and LAD. The process for constructing the nomogram is as follows: First, for each variable in AIS patients, locate the corresponding score on the points line at the top. Next, sum all the scores and find the corresponding point on the total points line. Finally, identify the predicted probability corresponding to the patient on the predicted value line. NIHSS, the National Institute of Health Stroke Scale score; HbA1C, glycosylated hemoglobin, Type A1C; NLR, neutrophil-to-lymphocyte ratio; LAD, left atrial diameter.


To prevent overfitting, bootstrap resampling with 1,000 iterations was performed for internal validation. The results of the ROC curve analysis indicate that the AUC values, both prior to and following internal validation of the nomogram, were 0.933 (95% CI: 0.897–0.969) (Figure 4A) and 0.933 (95% CI: 0.895–0.964) (Figure 4B), respectively. Meanwhile, the sensitivity values before and after internal validation were 0.895 and 0.905, specificity values were 0.855 and 0.831, positive predictive values were 0.876 and 0.860, negative predictive values were 0.877 and 0.885, and accuracy rates were 0.876 and 0.871. These results indicated good discriminative performance of the nomogram. The deviation between observed and predicted outcomes was not statistically significant, as confirmed by the Hosmer-Lemeshow test (χ2 = 3.616, p = 0.306). Similarly, the average absolute error for the model calibration curve was 0.018, and the predicted probabilities closely matched the actual probabilities (Figure 4C). These results suggest high calibration and accuracy for the nomogram.
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FIGURE 4
 (A) Receiver operating characteristic (ROC) curve of nomogram model in predicting the efficacy of 3-month unfavorable outcome in patients with Elderly NVAF - AIS. (B) ROC curve of nomogram model in predicting the efficacy of 3-month unfavorable outcome in patients with Elderly NVAF-AIS. (validation sample with 1,000 bootstrap resamples). (C) Calibration curve of validation sample for nomogram models. (D) Clinical decision curve analysis (DCA) of validation sample for nomogram models.


DCA was plotted with threshold probability on the x-axis and net clinical benefit on the y-axis (Figure 4D). The blue horizontal line represents “None,” where no intervention is applied to any patient, resulting in a net benefit of 0. The green diagonal line represents “All,” where all patients are treated, and the net benefit curve has a negative slope. The red curve represents the DCA curve of the predictive model. As shown in the figure, the DCA curve lies above the “None” and “All” ineffective lines within the x-axis range of 0.05–0.97. This indicates that, within this range, the model demonstrates a favorable performance, confirming its high clinical utility in predicting outcomes for NVAF-AIS patients.




Discussion

AF is a common arrhythmia and a major risk factor for IS, especially in the elderly. The risk of stroke in patients with NVAF has been reported to increase by 4–5 times (4, 5). Cardiogenic brain infarctions are generally more severe than those caused by other factors, and they are associated with worse prognosis, higher recurrence rates, and increased mortality (6). Since prognosis related to NVAF-AIS is inextricably linked with the disease severity, identification of predictors for outcome and establishment of a clinical prediction model form one major cornerstone for making informed decisions of therapies in elderly patients with NVAF-AIS. Thus, the LASSO regression model was used in the present study to incorporate all the data from demographic, clinical, laboratory, and imaging features without overfitting and skewing its distribution. In the multivariate logistic regression analysis, independent predictors were determined and a predictive nomogram was generated. A predictive nomogram incorporating stroke history, NIHSS score, HbA1c, D-dimer, NLR, and LAD showed good performance regarding discrimination, calibration, and clinical applicability.

The NIHSS score has been generally recognized as an independent predictor of short- and long-term adverse outcomes following stroke and atrial fibrillation (16, 17). Generally, the higher the NIHSS score, representing larger infarct volumes and significant brain edema, poorer the patient outcomes it usually foretells (18, 19). This scoring system is integral to assessing the severity of ischemic stroke and forecasting patient prognoses. In this study, NIHSS was confirmed as an independent risk factor for poor outcomes in NVAF-AIS patients, which is in agreement with previous studies (OR = 1.271, 95% CI: 1.109–1.500). The baseline NIHSS scores in the nomogram remarkably increased its predictive precision. Moreover, a history of stroke was also confirmed as an independent risk factor for acute ischemic stroke in NVAF patients (20, 21). This may be due to more serious intracranial stenosis and lower compensatory capacity of collateral circulation in this population, which is closely related to the recurrence, prognosis, and mortality of AIS. Many literature reports have supported this result (22, 23). In this study, stroke history was also identified as an independent risk factor for poor outcomes in NVAF-AIS patients (OR = 7.441, 95% CI: 2.567–23.860). It is hypothesized that with each additional stroke episode, patients may experience worse outcomes. However, further validation in future studies is necessary.

HbA1c has been shown to correlate with poor functional outcomes after stroke onset in patients with chronic hyperglycemia (24, 25). Elevated levels of reactive oxygen species (ROS) in this population, often due to factors like intracellular acidosis, a procoagulant state, endothelial dysfunction, or hyperglycemia (26, 27), are known to exacerbate brain and reperfusion injuries, thus contributing to worse outcomes. High HbA1c levels, often indicative of an unhealthy lifestyle, limited awareness of associated vascular risk factors, or poor medication adherence, were also observed. HbA1c reflects the average blood glucose level over the 2–3 months prior to and following the onset of AIS. It is less influenced by single glucose fluctuations and therefore has higher predictive value than a single glucose measurement. Research has shown that elevated HbA1c is an independent risk factor for hemorrhagic transformation of AIS induced by NVAF (28). Consistent with these findings, this study found that high HbA1c levels were closely correlated with poor outcomes at 3 months in elderly patients with NVAF-AIS, independent of transient glucose increases upon admission. For patients with cardiogenic stroke, tight glucose control is crucial in reducing the risk of poor outcomes after stroke onset.

In this study, D-dimer levels were notably higher in the poor outcome group, underscoring its role as an independent predictor of adverse outcomes. Literature, including findings by Wang et al. (29), supports the association of elevated serum D-dimer levels with severe neurological impairment, early neurological deterioration, and overall poorer outcomes in patients with acute cerebral infarction. Multiple studies have also shown that admission plasma D-dimer levels significantly correlate with infarct volume and functional outcomes after cardiogenic embolic stroke in NVAF patients (30, 31). D-dimer, a fibrin degradation product, is significantly associated with thrombosis in patients with acute cardiogenic brain embolism. Elevated serum D-dimer indicates thrombus formation in the atria and possibly in cerebral vessels (32). Furthermore, D-dimer elevation can trigger the secretion of pro-inflammatory cytokines from monocytes, leading to an inflammatory response. Activated coagulation and inflammation exert synergistic effects, ultimately contributing to stroke development (33, 34). Therefore, D-dimer levels have important implications for the diagnosis, efficacy assessment, and prognosis of thrombotic diseases. Additionally, this study validated that elevated NLR significantly distinguished the poor outcome group from their counterparts. Logistic regression verified NLR as an independent risk factor for adverse outcomes in elderly NVAF-AIS patients.

Logistic regression analysis indicated that NLR was an independent risk factor for bad outcomes in older patients with NVAF-AIS, and the study found a statistically significant increase in NLR in the poor outcome group compared to the good outcome group. NLR is a simple clinical biomarker that is easily accessible and can reliably predict 3-month functional outcomes in stroke patients (35, 36). An observational study revealed a close relationship between NLR and hospital mortality as well as NIHSS score in patients with NVAF-AIS (37). Currently, NLR is used as a biomarker for the prognosis of various inflammatory diseases, including cerebrovascular and coronary artery diseases (38). Multiple mechanisms underlie these associations. Neutrophils secrete large amounts of inflammatory mediators, leading to severe endothelial cell dysfunction, axonal injury, and increased blood–brain barrier permeability. These changes exacerbate neural injury. On the other hand, regulatory T and B cells, lymphocytes with neuroprotective properties, exert regulatory functions in AIS, reducing ischemic brain tissue damage and improving neurological deficits. Neutrophils and lymphocytes play important but distinct roles. Neither neutrophils nor lymphocytes alone have strong clinical utility, as their associations may be overlooked. Incorporating NLR, a potential biomarker for cerebrovascular events in AF patients, into our model is essential.

Increased LAD was also identified as an independent risk factor for poor outcomes in patients with NVAF-AIS in this study. Left atrial abnormality is a well-known marker of structural heart disease, left ventricular pressure, and volume overload (39). It is also independently associated with AF, cardiogenic embolic stroke, and all-cause mortality (40–43). Xue et al. found that left atrial enlargement correlated with more severe neurological deficits in patients with cardiogenic embolism (44). As left atrial volume increases, the blood flow speed within the left atrial appendage (which contains about 90% of thrombi in the left atrium) decreases, increasing the risk of blood stasis and thrombus formation. Moreover, the study suggested that the severity of ischemic stroke could correlate with the size of the left atrial appendage. Enlargement of the left atrium is a well-established risk factor for atrial fibrillation, often leading to large vessel occlusion in stroke. Research indicates that acute stroke patients with large vessel occlusion and left atrial enlargement face a doubled risk of poor collateral circulation compared to those with normal atrial dimensions (45). This finding suggests that left atrial abnormality may increase stroke risk and lead to poor outcomes. Endothelial dysfunction is known to be associated with both left atrial enlargement and poor collateral circulation, but further research is needed.

This study has several advantages. First, participants were confined to elderly patients diagnosed with NVAF-AIS, and the model could be tailor-made for this group. Second, the nomogram combined many clinically important risk factors; thus, it could enable precise calculations of the probability of every clinical event. Third, further addition of some very valuable predictors, like serum inflammatory markers, improves the reliability and robustness of the model. Fourth, all the variables included in the nomogram were easily accessible and important to understand when it came to poor outcome prediction among this population.

However, there are several limitations in this study. First, the sample size was small; more samples should be added in further studies to raise the accuracy. Second, as a single-center retrospective study, some bias may exist. Besides, external validation in other stroke centers is needed because of the difference in races, economic conditions, hospitals, and treatment protocols. Third, there is a lack of the inclusion of magnetic resonance imaging and computed tomography angiography data in this study, which could weaken the scientific rigor in this model. Despite such limitations, the model established in this study might be of clinical interest.

In conclusion, a nomogram consisting of stroke history, NIHSS score, HbA1c, D-dimer, NLR, and LAD was developed to predict 3-month outcomes in elderly patients with NVAF-AIS. However, further external validation is essential to assess the broader applicability of this model. Additionally, incorporating machine learning techniques could enhance the accuracy of future prognostic predictions, while dynamic monitoring of laboratory indicators may further refine the precision of long-term prognosis assessments for elderly patients with acute cardioembolic stroke. Such advancements would be beneficial for improving long-term rehabilitation outcomes for these patients.
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