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Article 
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Abstract: Background/Objectives: Embolic Stroke of Undetermined Source (ESUS) is a subtype of 

ischemic stroke characterized by a non-lacunar infarct in the absence of a clearly identifiable embolic 

source, despite comprehensive diagnostic evaluation. While ESUS patients are typically younger, 

have fewer cardiovascular comorbidities, and experience milder strokes than those with 

cardioembolic strokes (CE), their long-term functional recovery remains underexplored. Methods: 

We retrospectively analyzed data from 317 ischemic stroke patients (n = 37 ESUS, n = 280 CE) 

admitted to the Department of Neurology, University of Pécs, between February 2023 and September 

2024. Functional recovery was assessed using the modified Rankin Scale (mRS), adjusted for baseline 

differences (adjusted mRS-shift). Independent predictors of mRS-shift were identified using Firth 

penalized regression and extreme gradient boosting (XGBoost). Results: ESUS patients were 

significantly younger (53.8 ± 13.5 years vs. 75.1 ± 11.3 years, p <0.001), had lower pre-morbid modified 

Rankin Scale (pre-mRS) scores (0.22 ± 0.75 vs. 0.81 ± 1.23, p <0.001), were less likely to have 

hypertension (70.3% vs. 86.1%, p = 0.027), and presented with milder strokes at admission (National 

Institutes of Health Stroke Scale [NIHSS] score 5.5 ± 3.6 vs. 8.1 ± 6.3, p <0.001) and 72 hours post-stroke 

(2.8 ± 3.7 vs. 6.5 ± 6.3, p <0.001) compared to CE patients. After adjusting for baseline differences, 

ESUS patients had significantly better functional recovery (adjusted mRS-shift 1.30 ± 1.71 vs. 2.27 ± 

2.17, p <0.001). Conclusions: ESUS patients showed superior functional recovery compared to CE 

patients, even after adjusting for baseline differences. These findings highlight the need for further 

research into the pathophysiology and optimal treatment for ESUS. 

Keywords: functional recovery; embolic stroke of undetermined source; cardioembolic stroke 

 

1. Introduction 

Stroke remains one of the leading causes of disability worldwide, with ischemic strokes 

accounting for approximately 87% of all cases [1]. Within ischemic strokes, embolic stroke of 

undetermined source (ESUS) and cardioembolic stroke (CE) represent two distinct subtypes that 

share similar underlying mechanisms but differ in their identifiable causes and clinical management. 

CE is commonly linked to well-established embolic sources, such as atrial fibrillation (AF), allowing 

for targeted preventative measures, most notably anticoagulation therapy [2]. In contrast, ESUS, 

accounting for nearly 17% of all ischemic strokes, presents a diagnostic and therapeutic challenge due 

to the absence of a clearly identifiable embolic source, despite comprehensive diagnostic evaluations 

[3].  

Emerging evidence suggests that ESUS patients differ significantly from their CE counterparts 

in terms of baseline characteristics. ESUS patients are generally younger, have fewer cardiovascular 

comorbidities [4], and typically present with milder neurological deficits upon admission [5–7]. 

Despite these differences, both ESUS and CE patients share similar clinical and radiological features 

[8], making them comparable groups for evaluating differences in functional recovery. 
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Previous research has primarily focused on the risk of stroke recurrence and secondary 

prevention strategies in ESUS patients. Notably, large randomized clinical trials, including the 

RESPECT-ESUS, NAVIGATE-ESUS, ARCADIA and ATTICUS trials [9–12], aimed to evaluate the 

efficacy of anticoagulation in reducing recurrent strokes in ESUS patients, but failed to demonstrate 

a significant advantage over antiplatelet therapy. Consequently, optimal secondary prevention 

strategies for ESUS patients remain controversial.  

Despite growing recognition of ESUS as a distinct stroke subtype, research focusing on the long-

term functional recovery of ESUS patients compared to those with CE remains limited. A more 

comprehensive understanding of these recovery patterns could guide the development of 

personalized rehabilitation programs and improve long-term care strategies for ESUS patients.  

Moreover, traditional statistical models have limitations in capturing the complex, multifactorial 

nature of stroke recovery. Recent advances in data analytics, such as machine learning algorithms 

like Extreme Gradient Boosting (XGBoost), offer more powerful and flexible methods for identifying 

nuanced predictors of recovery outcomes. XGBoost excels at handling high-dimensional data and 

uncovering intricate relationships between clinical variables, providing deeper insights into the 

factors that influence patient recovery. 

Therefore, the primary objective of this study is to compare long-term functional recovery 

between ESUS and CE patients while accounting for baseline differences. By combining traditional 

statistical models and advanced machine learning approaches, this study aims to identify critical 

predictors of functional recovery and deepen the understanding of factors influencing outcomes in 

ESUS patients. 

2. Materials and Methods 

2.1. Study Design and Patient Population  

This retrospective study utilized data from the Transzlációs Idegtudományi Nemzeti 

Laboratórium (TINL) STROKE-registry, which included patients with acute ischemic stroke (AIS) 

admitted to the Department of Neurology, University of Pécs, between February 2023 and September 

2024. 

Adult patients (≥18 years) with imaging-confirmed non-lacunar AIS, classified as either ESUS or 

CE following comprehensive diagnostic work-up, were included in the study. Patients with 

incomplete diagnostic evaluations or missing follow-up data were excluded from the analysis. 

The study was approved by the local Ethics Committee, and informed consent was waived due 

to the retrospective nature of the TINL STROKE-registry. 

2.2. Definitions 

ESUS was defined based on the Cryptogenic Stroke/ESUS International Working Group criteria 

as a visible non-lacunar infarct in the absence of extracranial or intracranial atherosclerosis causing 

≥50% luminal stenosis in arteries supplying the area of ischemia detected by computed tomography 

angiography (CTA), magnetic resonance angiography (MRA) or carotid ultrasonography, a major-

risk cardioembolic source (excluded through transthoracic echocardiography [TTE] and at least 24-

hour cardiac Holter monitoring), and any other specific cause of stroke (e.g., arterial dissection, 

arteritis, migraine/vasospasm, or drug abuse). Lacunar stroke was defined as a subcortical infarct ≤ 

1.5 cm (or ≤ 2.0 cm on magnetic resonance tomography [MRT] diffusion-weighted imaging) located 

in regions supplied by small penetrating cerebral arteries [13].  

CE was defined as a stroke caused by emboli originating from confirmed major cardiac sources 

(e.g. permanent or paroxysmal AF, intracardiac thrombus) according to the ASCOD phenotyping 

classification system [14]. 

2.3. Data Collection 
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Comprehensive data were prospectively collected. Baseline characteristics included 

demographics (age, sex), medical history (pre-stroke functional status assessed by the pre-morbid 

modified Rankin Scale [pre-mRS] score, hypertension, diabetes mellitus), cardiovascular risk factors 

(current smoking, alcohol consumption), and current medications (e.g. anticoagulation therapy). 

Stroke specific data included interval between stroke onset and hospital admission (onset-door-time), 

stroke severity assessed using the National Institutes of Health Stroke Scale (NIHSS) [15] at admission 

and at 72 hours post-stroke, laboratory values (plasma-glucose levels and bedside international 

normalized ratio [INR] at admission), and treatment modalities (standard care [SC], thrombolysis 

[TL], mechanical thrombectomy [MT] or combined therapy (TL + MT)].  

As part of the initial diagnostic work-up, all patients underwent a non-contrast computed 

tomography (NCCT) scan, CTA/MRA or carotid duplex ultrasonography, a 12-lead 

electrocardiogram (ECG), TTE, 24-hour Holter monitoring, and routine blood tests including 

coagulation profile and vasculitis markers. In selected cases, additional evaluations such as 

transesophageal echocardiography (TEE) with or without a bubble study, extended Holter 

monitoring, assessment for prothrombotic conditions, including genetic testing for 

hypercoagulability, were performed. 

2.4. Outcome Measure 

Functional recovery was assessed by trained neurology staff using the modified Rankin Scale 

(mRS) score. A favorable functional outcome was defined as an mRS score of 0-2, while an 

unfavorable outcome was defined as dependency or death (mRS score of 3-6). Additionally, the mRS-

shift was used to evaluate changes in functional status from pre-stroke to 90 days post-stroke. 

2.5. Statistical Analyses  

Continuous variables were reported as mean ± standard deviation (SD), while categorical 

variables were expressed as absolute frequencies and percentages. Comparisons between ESUS and 

CE patients were performed using independent t-tests for continuous variables and chi-square (𝜒²) 

or Fisher’s Exact tests for categorical variables. The Cochran-Mantel-Haenszel shift test was used to 

analyze the distribution of mRS outcomes. Multiple logistic regression was applied to derive adjusted 

probabilities for functional recovery. 

Subgroup analyses assessed the impact of anticoagulation status at admission and treatment 

modalities on functional recovery. To identify independent predictors and mitigate small sample size 

bias, both Firth penalized logistic regression analysis and XGBoost with hyperparameter tuning, and 

k-fold cross-validation were employed. Results were reported as odds ratios (OR) with 95% 

confidence intervals (CI). A p-value <0.05 was considered statistically significant. Additionally, the 

XGBoost model generated mean SHapley Additive exPlanations (SHAP) values and percentage 

contributions, highlighting the relative importance of each feature in predicting outcomes. Together, 

these models provide complementary insights: Firth regression identifies statistically significant 

predictors, while the XGBoost model with SHAP analysis quantifies the relative impact of each 

predictor on functional recovery. All statistical analyses were conducted using Python (version 3.13) 

and R (version 4.4.2). 

3. Results 

This retrospective cohort study analyzed data from 914 AIS patients enrolled in the TINL 

STROKE-registry at the Department of Neurology, University of Pécs, between February 2023 and 

September 2024. Of these, 317 patients (34.7%) were diagnosed with CE and 235 patients (25.7%) were 

classified as having cryptogenic stroke. 

In the CE group, 37 (11.7%) were excluded due to missing 90-day mRS scores, leaving 280 CE 

patients for the final analysis. In the cryptogenic stroke group, 11 patients (4.7%) died before 

completing the diagnostic evaluation and were excluded. Among the remaining 224 patients, 41 
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(18.3%) met the criteria for ESUS. However, 4 of these (9.8%) lacked 90-day mRS scores and were 

excluded, resulting in 37 ESUS patients included in the final analysis (Figure 1).  

 

 

Figure 1. Flowchart of the study. Abbreviations: mRS = modified Rankin Scale, ESUS = embolic stroke of 

undetermined source. 

3.1. Baseline Differences 

The study cohort consisted of 170 male patients (53.63%) with a mean age of 72.64 ± 13.40 years. 

ESUS patients were significantly younger than CE patients (53.8 ± 13.5 years vs. 75.1 ± 11.3 years, p 

<0.001) and had lower pre-mRS scores (0.22 ± 0.75 vs. 0.81 ± 1.23, p <0.001). They were also less likely 

to have hypertension (70.3% vs. 86.1%, p = 0.027), although smoking was more prevalent among ESUS 

patients compared to CE patients (32.4% vs. 16.8%, p = 0.040). Additionally, fewer ESUS patients were 

on anticoagulation therapy at the time of their stroke (13.5% vs. 36.4%, p = 0.005).  

In terms of stroke severity, ESUS patients presented with significantly lower NIHSS scores at 

admission (5.5 ± 3.6 vs. 8.1 ± 6.3, p <0.001) and at 72 hours post-stroke (2.8 ± 3.7 vs. 6.5 ± 6.3, p <0.001), 

indicating milder strokes. Furthermore, ESUS patients were more likely to receive TL compared to 

CE patients (35.1% vs. 19.3%, p = 0.033). 
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Table 1. Baseline Differences between ESUS and CE patients. 

 ESUS n = 37 CE n = 280 p-Value 

Baseline Characteristics 

Age, years, mean (SD) 

Sex, male, n (%) 

Pre-mRS score, mean (SD) 

Hypertension, n (%) 

Diabetes mellitus, n (%) 

Current smoking, n (%) 

Alcohol consumption, n (%) 

Anticoagulation, n (%) 

53.8 (± 13.5) 

20 (54.1%) 

0.22 (± 0.75) 

26 (70.3%) 

9 (24.3%) 

12 (32.4%) 

18 (48.6%) 

5 (13.5%) 

75.1 (± 11.3) 

150 (53.6%) 

0.81 (± 1.23) 

241 (86.1%) 

103 (36.8%) 

47 (16.8%) 

117 (41.8%) 

102 (36.4%) 

<0.001* 

1.00 

<0.001* 

0.027 

0.148 

0.040 

0.481 

0.005 

Stroke Characteristics 

Onset-door-time, mean (SD) 

NIHSS score, mean (SD) 

72hNIHSS score, mean (SD) 

Plasma-glucose, mean (SD) 

INR, mean (SD) 

360 (455) 

5.5 (± 3.6) 

2.8 (± 3.7) 

7.46 (± 2.98) 

1.13 (± 0.50) 

590 (± 1860) 

8.1 (± 6.3) 

6.5 (± 6.3) 

7.51 (± 2.59) 

1.21 (± 0.63) 

0.087 

<0.001* 

<0.001* 

0.925 

0.394 

Treatment Modalities 

SC, n (%) 

TL, n (%) 

MT, n (%) 

TL + MT, n (%) 

12 (32.4%) 

13 (35.1%) 

8 (21.6%) 

4 (10.8%) 

133 (47.5%) 

54 (19.3%) 

65 (23.2%) 

28 (10.0%) 

0.113 

0.033 

1.00 

0.777 

Abbreviations: ESUS = embolic stroke of undetermined source, CE = cardioembolic stroke, SD = standard 

deviations, pre-mRS = pre-morbid modified Rankin Scale, NIHSS = National Institutes of Health Stroke Scale at 

admission, 72hNIHSS = National Institutes of Health Stroke Scale 72 hours post-stroke, INR = international 

normalized ratio, SC = standard care, TL = thrombolysis, MT = mechanical thrombectomy  . 

3.2. Functional Recovery 

A total of 75.7% of ESUS patients achieved a favorable functional outcome (mRS score 0-2), 

notably higher than the 41.4% observed in the CE group (OR = 4.40 [95% CI: 2.00-9.67], p <0.001). In 

contrast, only 24.3% of ESUS patients experienced moderate to severe disability or death (mRS score 

3-6), significantly lower than the 58.6% recorded in CE patients (Figure 2). 

 

Figure 2. Distribution of 90-day mRS. Abbreviations: mRS = modified Rankin Scale, ESUS = embolic stroke of 

undetermined source, CE = cardioembolic stroke. 

90-day mRS 
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After adjusting for baseline differences, ESUS patients showed significantly better functional 

recovery compared to CE patients (adjusted mRS-shift 1.30 ± 1.71 vs. 2.27 ± 2.17, p <0.001) (Figure 3). 

 

Figure 3. Density plot of adjusted mRS-shift. Abbreviations: mRS = modified Rankin Scale, ESUS = embolic 

stroke of undetermined source, CE = cardioembolic stroke. 

3.3. Subgroup Analyses  

Anticoagulation Status 

Non-anticoagulated CE patients had a better functional recovery compared to anticoagulated 

CE patients (adjusted mRS-shift 2.09 ± 2.08 vs. 2.59 ± 2.30), although this difference was not 

statistically significant (p = 0.104). Similarly, ESUS patients showed no significant difference in 

functional recovery between non-anticoagulated and anticoagulated groups (adjusted mRS-shift 1.16 

± 1.63 vs. 2.20 ± 2.17 p = 0.196).   

Treatment Modalities 

Across all treatment modalities, ESUS patients consistently demonstrated better functional 

recovery than CE patients, though the differences were not statistically significant. Specifically, ESUS 

patients had lower adjusted mRS-shifts compared to CE patients in SC: 2.00 ± 2.00 vs. 2.86 ± 2.15 (p = 

0.319), TL: 1.33 ± 1.78 vs. 2.35 ± 2.21 (p = 0.123), MT: 1.08 ± 1.66 vs. 1.48 ± 1.79 (p = 0.352), and TL + MT: 

0.50 ± 1.00 vs. 2.04 ± 2.32 (p = 0.213). 

3.4. Predictors of Functional Recovery 

Firth Regression and XGBoost  

Both Firth regression analysis and XGBoost with hyperparameter tuning and k-fold cross-

validation identified age, pre-mRS score and NIHSS score as significant predictors of mRS-shift 

(Table 2, Figure 4 and 5). Age was negatively associated with recovery, with each additional year 

reducing the likelihood of better outcomes by 4% (p <0.001). Higher pre-mRS scores were linked to 

poorer recovery, indicating that patients with greater pre-stroke disability were less likely to recover 

(p <0.001). Furthermore, stroke severity, measured by NIHSS, strongly influenced recovery - each 

point increase at admission lowered the odds of improvement by 3%, and by 12% at 72 hours post-
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stroke (p <0.001). SHAP analysis from the XGBoost model reinforced these findings, highlighting 72-

hour NIHSS score (38.97%) as the most impactful predictor, followed by pre-mRS score (10.68%) and 

age (7.58%).  

Table 2. Predictors of mRS-shift. 

 
Firth  

Coefficient 
OR 95% CI p-Value 

Mean 

SHAP 

Value 

95% CI 
Feature  

Importance  

Baseline Characteristics 

Age 

Sex 

Pre-mRS score 

Hypertension 

Diabetes mellitus 

Current smoking 

Alcohol consumption 

-0.045 

0.014 

0.508 

0.104 

-0.331 

-0.348 

-0.021 

0.96 

1.01 

1.66 

1.11 

0.72 

0.71 

0.98 

0.94-0.97 

0.67-1.54 

1.42-1.95 

0.64-1.92 

0.47-1.09 

0.40-1.23 

0.64-1.49 

<0.001* 

0.948 

<0.001* 

0.712 

0.120 

0.223 

0.923 

0.039 

-0.002 

-0.017 

-0.000 

-0.003 

-0.001 

-0.000 

-0.005-0.082 

-0.003-0.000 

-0.069-0.034 

-0.002-0.001 

-0.009-0.002 

-0.003-(-0.000) 

-0.004-0.004 

7.58% 

4.89% 

10.68% 

2.96% 

5.80% 

3.34% 

4.79% 

Stroke Characteristics 

Onset-door-time 

NIHSS score 

72hNIHSS score 

Plasma-glucose 

INR 

0.000 

-0.026 

-0.131 

-0.046 

-0.009 

1.00 

0.97 

0.88 

0.96 

0.99 

1.00-1.00 

0.94-1.02 

0.85-0.90 

0.88-1.03 

0.98-1.00 

0.407 

0.226 

<0.001* 

0.251 

0.110 

-0.009 

-0.008 

0.078 

-0.002 

0.006 

-0.022-0.005 

-0.013-(-0.003) 

-0.082-0.237 

-0.016-0.011 

-0.009-0.022 

5.91% 

4.19% 

38.97% 

5.25% 

5.63% 

Abbreviations: mRS = modified Rankin Scale, OR = odds ratio, CI = confidence interval, SHAP = SHapley 

Additive exPlanations, pre-mRS = pre-morbid modified Rankin Scale, NIHSS = National Institutes of Health 

Stroke Scale at admission, 72hNIHSS = National Institutes of Health Stroke Scale 72 hours post-stroke, INR = 

international normalized ratio, SC = standard care, TL = thrombolysis, MT = mechanical thrombectomy. 
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Figure 4. Forest plot of predictors of mRS-shift. Abbreviations: mRS = modified Rankin Scale, pre-mRS = pre-

morbid modified Rankin Scale, NIHSS = National Institutes of Health Stroke Scale at admission, 72hNIHSS = 

National Institutes of Health Stroke Scale 72 hours post-stroke, INR = international normalized ratio, OR = odds 

ratio. 

 

Figure 5. Beeswarm plot of mean SHAP values of predictors of mRS-shift. Abbreviations: SHAP = SHapley 

Additive exPlanations, mRS = modified Rankin Scale, 72hNIHSS = National Institutes of Health Stroke Scale 72 

hours post-stroke, pre-mRS = pre-morbid modified Rankin Scale, INR = international normalized ratio, NIHSS 

= National Institutes of Health Stroke Scale at admission. 

Model Performance 

The Firth penalized logistic regression analysis demonstrated strong statistical significance (𝜒² = 

321.79, degrees of freedom [df] = 12, p <0.001), indicating that at least one predictor meaningfully 

contributes to explaining functional recovery. Complementing this, the XGBoost model, optimized 

through hyperparameter tuning and validated via k-fold-cross-validation, explained 77.8% of the 

variability in mRS-shift (R2 = 0.778, p <0.001). The SHAP analysis further highlighted the relative 

importance of key predictors, confirming the model’s strong predictive performance in identifying 

factors influencing functional recovery. 

4. Discussion 

This study demonstrated that ESUS patients experienced significantly better functional recovery 

than CE patients, even after adjusting for baseline differences. While ESUS patients generally 

presented with more favorable baseline characteristics, these factors alone do not fully 
account for their better recovery. 

Consistent with existing literature, ESUS patients in our cohort were younger, had lower pre-

stroke disability, fewer cardiovascular comorbidities, and experienced less severe strokes [5,16–18]. 

Beeswarm plot of mean SHAP values of predictors of mRS-shift 
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Our findings align with previous studies reporting more favorable functional outcomes in ESUS 

patients compared to CE patients [5,19–22]. However, some research has reported comparable 

outcomes between ESUS and CE strokes [23], suggesting that the recovery advantage in ESUS may 

not be uniform across all populations. Notably, in our cohort, only 24.3% of ESUS patients had poor 

outcomes at 90 days (mRS score 3-6), which is within the range of previously reported rates of 17.5% 

[24] to 33.2% [25]. 

4.1. Impact of Age on Neuroplasticity and Recovery 

The younger age of ESUS patients likely contributes to their better recovery. Age significantly 

impacts neuroplasticity, the brain's ability to reorganize and recover after injury. Younger patients 

have greater capacity for neuroplasticity, allowing for more effective recovery of lost functions. 

Additionally, younger patients are generally more physically capable of participating in intensive 

rehabilitation programs, unlike older CE patients who often have multiple comorbidities that may 

limit rehabilitation efforts. 

4.2. Stroke Pathophysiology and Infarct Patterns   

Differences in functional recovery between ESUS and CE patients may be partly attributed to 

stroke pathophysiology. ESUS often arises from minor-risk embolic sources, such as a patent foramen 

ovale (PFO), leading to smaller, localized infarcts [13]. In contrast, CE strokes are typically due to 

high-risk emboli (e.g., from AF), causing larger infarcts that inflict more extensive damage to critical 

brain regions like the motor cortex, resulting in poorer long-term outcomes [26].  

4.3. Complexity of Embolic Sources and Treatment Implications  

ESUS patients frequently have multiple potential embolic sources [27,28], often involving minor-

risk sources like atrial cardiopathy, PFO, or cancer, leading to red thrombi that respond well to 

anticoagulation. Conversely, some ESUS cases involve white thrombi from sources like aortic arch or 

intracranial atherosclerosis, which are more responsive to antiplatelet therapy [29]. This diversity in 

thrombogenesis complicates optimal treatment strategies. 

While CE patients with AF are routinely managed with anticoagulation, identifying embolic 

sources in ESUS remains challenging. AF was detected in 29% of ESUS patients over 3.2 years in one 

study [4], with detection rates varying between 7.6% and 33% in larger cohorts [30–32].  

4.4. Limitations and Future Directions  

Despite providing important insights, this study has several limitations. Firstly, the small ESUS 

sample size (n = 37) limits generalizability and reduces statistical power, particularly in subgroup 

analyses. Secondly, the retrospective, single-center design introduces potential selection bias, despite 

rigorous statistical adjustments. Thirdly, excluding patients with missing 90-day mRS scores (n = 41) 

or incomplete diagnostic work-ups (n = 11) may have further biased the results.  

Furthermore, the study's focus on 90-day outcomes may not fully capture long-term functional 

recovery, underscoring the need for longer follow-up to assess sustained recovery and stroke 

recurrence. Moreover, the study focused solely on functional outcomes and did not assess patient-

reported outcomes or quality of life, which are important indicators of recovery and well-being.  

Therefore, these findings should be considered hypothesis-generating. Future research should 

involve larger, multi-center, prospective studies with extended follow-up to validate and expand 

upon these results. 

5. Conclusions 

ESUS patients showed superior functional recovery compared to CE patients, even after 

adjusting for baseline differences. These findings highlight the need for further research into the 
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distinct pathophysiology and optimal treatment strategies for ESUS, given its diverse underlying 

mechanisms and implications for personalized stroke care.  
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