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Purpose: Early neurological deterioration (END) frequently complicates acute ischemic stroke (AIS), worsening prognosis, particularly in 
patients with type 2 diabetes mellitus (T2DM), where hyperglycemia accelerates atherosclerosis, increasing both stroke risk and subsequent 
END. This study aimed to identify predictors of END in minor stroke patients with T2DM and develop a nomogram integrating these factors 
with intracranial atherosclerosis (ICAS) scores, evaluating its performance against various machine learning (ML) models.
Methods: We retrospectively analyzed clinical data from 473 minor stroke patients with T2DM treated at our hospital between 
January 2021 and December 2023. Utilizing LASSO and multivariate logistic regression, we identified characteristic predictors. The 
cohort was randomly allocated into training (n = 331) and validation (n = 142) groups. Six ML algorithms—SVM, LR, RF, CART, 
KNN, and Naive Bayes—were assessed, and nomograms were used to visualize the predictive model’s performance, evaluated via 
Area Under the Curve (AUC), calibration plot, and Decision Curve Analysis (DCA).
Results: The ICAS score has been recognized as a pivotal determinant of END, alongside four other significant factors: NIHSS score, 
low-density lipoprotein cholesterol (LDL-C) levels, presence of branch atheromatous disease (BAD), and stenosis of the responsible 
vessel ≥50%. The model demonstrated robust predictive capabilities, achieving strong performance in training (AUC = 0.795) and 
validation (AUC = 0.799) sets. This advanced ML model, which integrates biochemical and imaging indicators, enables accurate risk 
assessment for END in minor stroke patients with T2DM.
Conclusion: By integrating the ICAS score with the NIHSS score, LDL-C levels, presence of BAD, and stenosis of responsible vessels 
≥50%, we developed a clinical model for predicting END in patients with minor stroke and T2DM. This model provides critical decision 
support for clinicians, facilitating early identification of high-risk patients, personalized treatment, and improved outcomes.
Keywords: early neurological deterioration, prediction model, type 2 diabetes mellitus, machine learning, nomograms

Introduction
Minor strokes constitute approximately one-third of ischemic cerebrovascular diseases. Although these strokes are 
typically associated with minor initial neurological deficits and are expected to recover swiftly, they often present with 
high rates of recurrence and substantial risks of disability.1,2 This risk is markedly amplified in patients with Type 2 
Diabetes Mellitus (T2DM), which has been shown to significantly elevate stroke risk compared to non-diabetic 
individuals, with an adjusted hazard ratio (HR) of 2.27.3 The potential for early neurological deterioration (END) in 
this population is a pressing concern due to the intricate relationship between diabetes and cerebrovascular health, 
thereby complicating clinical decision-making.

Intracranial atherosclerosis (ICAS) represents a progressive pathological condition characterized by the gradual 
narrowing of intracranial arteries and consequent cerebral hypoperfusion. It is a major contributor to both the incidence 
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and recurrence of stroke globally. Although the prevalence of symptomatic intracranial arterial stenosis is notably high, 
ranging between 20% and 53%,4 asymptomatic ICAS also presents a significant concern, with prevalence rates varying 
from 3.5% to 13%,5 particularly in Asian, African, and Hispanic populations.6,7 Due to variations in composition and 
metabolic processes, proliferative fibrotic lesions are more prevalent in intracranial atherosclerosis than lipid infiltration.8 

Mechanistically, intracranial atherosclerosis causes more severe obstruction of collateral circulation compared to extra
cranial arteries, leading to impaired blood flow and reduced capacity for embolic clearance.9 Despite milder neurological 
deficits in patients with minor strokes, evidence indicates that those with intracranial atherosclerotic stenosis are at 
a higher risk of experiencing new, disabling strokes or early neurological deterioration (END) post-event, leading to 
significant disability.10 Furthermore, individuals with ICAS face markedly increased risks of recurrent ischemic events 
and mortality relative to other stroke subtypes. Thus, utilizing ICAS as a predictive marker for neurological deterioration 
in ischemic stroke is highly justified.

This study introduces a novel predictive model integrating the ICAS score with machine learning techniques to 
forecast END specifically in minor stroke patients with T2DM. By focusing on this distinct patient cohort, our research 
addresses a critical gap in current predictive methodologies. The incorporation of advanced machine learning algorithms 
offers a sophisticated approach to enhance prediction accuracy beyond traditional methods.

Our aim is to develop a nomogram that leverages the ICAS score alongside additional clinical predictors to provide 
personalized risk assessments. This model promises to facilitate targeted interventions and improve clinical outcomes for 
minor stroke patients with T2DM, contributing valuable insights to the field of stroke research.

Materials and Methods
Patient Selection
This retrospective analysis was undertaken at Baoding No 1 Central Hospital, spanning from January 1, 2021, to 
December 31, 2023. We incorporated participants who experienced minor strokes, with symptom onset occurring within 
24 hours, and who were concurrently diagnosed with T2DM. Minor stroke was demarcated by a National Institutes of 
Health Stroke Scale (NIHSS) score ranging from 0 to 5.11 Given the milder condition, longer arrival times, and selective use 
of reperfusion therapy in patients with minor strokes, this study primarily focuses on those who did not receive reperfusion 
treatment. The exclusion criteria were rigorous and included: 1) individuals who underwent reperfusion therapies, encom
passing thrombolysis, interventional procedures, or surgical interventions; 2) those with severe inflammatory conditions, 
renal insufficiency, trauma, infections, or immune disorders; 3) patients with incomplete medical records. Upon admission, 
all eligible patients underwent a comprehensive battery of neuroimaging studies, encompassing cranial computed tomo
graphy (CT), head magnetic resonance imaging (MRI), diffusion-weighted imaging (DWI), magnetic resonance angiogra
phy (MRA), transcranial Doppler (TCD) ultrasonography, and carotid duplex ultrasound evaluations.

Data Collection
Demographic and Clinical Data
Age, gender, diabetes duration, NIHSS score, a history of hypertension, prior stroke events, smoking and alcohol 
consumption habits, the time window of stroke onset, baseline systolic and diastolic blood pressure readings, TOAST 
classification, and the occurrence of early neurological deterioration.

Laboratory Investigations
Within the initial 24 hours of admission, an array of serological parameters were assayed, including fasting plasma 
glucose (FPG), homocysteine (HCY), glycosylated hemoglobin (HbA1C), hemoglobin (Hb), and a comprehensive blood 
count analysis (comprising white blood cell (WBC) count, platelet (PLT) count, neutrophil and lymphocyte counts). 
Furthermore, total cholesterol (TC), high-density lipoprotein cholesterol (HDL-C), low-density lipoprotein cholesterol 
(LDL-C), triglycerides (TG), urea nitrogen (BUN), serum creatinine (Scr), the urea nitrogen/creatinine ratio, albumin 
(ALB), fibrinogen, total bilirubin (TBIL), and plasma D-dimer levels were also assessed.
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Composite Indices
The red blood cell distribution width to platelet ratio (RPR)(calculated as the red blood cell distribution width divided by 
the PLT count), the neutrophil-lymphocyte ratio (NLR) (calculated as the neutrophil count divided by the lymphocyte 
count), the triglyceride-glucose index (TyG) index (calculated as the natural logarithm of the product of TG and FPG), 
the atherogenic index of plasma (AIP) [calculated as log10 (TG / HDL-C)], the hemoglobin-albumin-lymphocyte-platelet 
inflammatory index (HALP) [computed as Hb * ALB * lymphocyte count / PLT count], the neutrophil to haemoglobin 
ratio (NHR) [neutrophil count / Hb], the platelet to lymphocyte ratio (PLR) [platelet count / lymphocyte count], the 
prognostic nutritional index (PNI) [ALB + 5 * lymphocyte count], and the Stress Glycaemic Hyperglycaemia Ratio 
(SHR) [calculated as the admission blood glucose level divided by ((1.59 * HbA1C) - 2.59)].

Data Processing for Analysis: To facilitate analysis, SHR was categorized into quartiles (Q1 < 0.68; 0.68 ≤ Q2 < 0.80; 
0.80 ≤ Q3 < 0.94; Q4 ≥ 0.94). TyG index was categorized as T1 (<1.506), T2 (1.506 ≤ TyG < 2.126), and T3 (≥2.126). 
The AIP index was divided into T1 (<0.033), T2 (0.033 ≤ AIP < 0.278), and T3 (≥0.278). The HALP index was 
categorized as T1 (<36.960), T2 (36.960 ≤ HALP < 53.360), and T3 (≥53.360).

Imaging Assessment
The presence of responsible vessel stenosis was defined as a ≥50% reduction in the diameter of the vessel associated with 
the infarct lesion, as confirmed by carotid duplex ultrasound, TCD, or MRA. The Intracranial Atherosclerosis Score 
(ICAS) was determined based on the criteria established by Kim et al,12 taking into account the number and severity of 
stenosed and occluded cerebral arteries. Scores were assigned as follows: <50% stenosis = 0, 50–99% stenosis = 1, 
occlusion = 2. This scoring system was applied to intracranial arteries, including the middle cerebral artery, anterior 
cerebral artery, posterior cerebral artery, intracranial carotid artery, intracranial vertebral artery, and basilar artery. Each 
side was evaluated separately, and the total score was calculated to determine the ICAS. The definition of Branch 
atheromatous disease (BAD) relies on the observation of infarct lesions in transversal diffusion-weighted imaging (DWI) 
scans. These lesions must extend across at least three consecutive slices within LSA terminations or unilaterally 
involving the pons in connection with the cerebral surface of the ventral pons, without crossing the midline at the 
terminations of the paramedian pontine artery (PPA).13,14

Outcome Definition
END was characterized by the exacerbation of neurological deficit symptoms, manifesting as an increase of ≥2 points in 
the NIHSS score, or a ≥1 point increase in the level of consciousness or muscular strength category, or the emergence of 
new neurological injury symptoms within 7 days of admission.15 Between January 1, 2021, and December 31, 2023, the 
average length of stay (LOS) for minor stroke patients with type 2 diabetes was 8.16 days (Figure 1). The data were non- 
normally distributed, with an interquartile range of 7 to 9 days. Only 0.63% of patients (3 cases) were discharged within 
7 days. Of these, two patients experienced early neurological deterioration and were subsequently transferred to other 
hospitals for further treatment, while one patient, who stayed for 6.5 days, was discharged against medical advice without 
experiencing early neurological deterioration. This group represented just 0.21% of the total sample. To assess the 
potential impact of these cases on the overall results, a sensitivity analysis was performed. The results showed that the 
regression coefficient for LOS remained nearly identical in both scenarios (coefficient = 0.424, p = 2.19e-06), indicating 
that the missing data had no significant effect on the model’s conclusions.

Statistical Analysis
Statistical analyses were conducted utilizing R software version 4.4.0. Continuous variables that adhered to normal 
distribution were succinctly represented as mean (standard deviation) and were compared using the t-test. Conversely, 
continuous variables that deviated from normal distribution were expressed as median (interquartile ranges) and analyzed 
via the Wilcoxon rank sum test. Categorical variables, on the other hand, were presented as count (percentage) and were 
compared through the Chi-squared test. Statistical significance was assigned to a two-sided p-value of less than 0.05. To 
discern characteristic variables, both LASSO regression and multivariate logistic regression were employed. The patient 
cohort was randomly assigned to a training set (n = 331) and a validation set (n = 142) in a 7:3 ratio. An ensemble of six 
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machine learning (ML) models, namely Support Vector Machine (SVM), Logistic Regression (LR), Random Forest (RF), 
Classification and Regression Tree (CART), K-Nearest-Neighbors (KNN), and Naive Bayes, were utilized to ascertain 
the optimal model predicated on the identified characteristic variables. Internal 10-fold cross-validation was implemented 
for refining model hyperparameters. The performance of the models was rigorously evaluated using the area under the 
Receiver Operating Characteristic (ROC) curve (AUC), calibration curves, and decision curve analysis (DCA).

Results
Patients’ Characteristics
As depicted in Figure 1, a cohort of 473 patients with minor stroke and T2DM was recruited between January 2021 and 
December 2023. The baseline demographics and clinical characteristics of this study population are outlined in Table 1. 
The cohort was stratified into a training set (n = 331) and a validation set (n = 142) via simple random sampling, adhering 
to a 7:3 ratio. Statistical analysis revealed no significant disparities in any of the included variables between the two 
groups (p>0.05), and the prevalence of END was comparable in both groups (27.46% versus 28.4%, P = 0.836), as 
depicted in Table 2.

Identification of END Risk Factors in Minor Stroke Patients With T2DM
To mitigate the risks of overfitting and severe multicollinearity, a Least Absolute Shrinkage and Selection Operator 
(LASSO) regression analysis was performed on the all variables. The variation in the coefficients of these variables is 
visualized in Figure 2A. The optimal model, characterized by robust performance and minimal variable inclusion, was 
identified at a lambda.1se value of 0.0372 (Figure 2B). The variables selected through this LASSO analysis included the 
NIHSS score at admission, ICAS score, LDL-C level, presence of BAD, stenosis of the responsible vessel ≥50%, 

Figure 1 Flowchart of patient selection. 
Abbreviations: NIHSS, National Institutes of Health Scale; T2DM, Type 2 Diabetes Mellitus.
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Table 1 Comparing Baseline Characteristics Between END and Non-END Groups in Patients

Variables Total (n = 473) Non-END (n = 340) END (n = 133) P

Demographic and Clinical Data
Age, M (Q₁, Q₃) 64.00 (55.00, 70.00) 65.00 (57.00, 71.00) 62.00 (54.00, 69.00) 0.066

Gender (male, n. %) 280 (59.20) 210 (61.76) 70 (52.63) 0.069

Diabetes duration (years) 5.00 (1.00, 10.00) 6.00 (1.00, 10.00) 5.00 (2.00, 10.00) 0.253
NIHSS score 2.00 (1.00, 4.00) 2.00 (1.00, 3.00) 3.00 (2.00, 5.00) <0.001

Hypertension (n. %) 375 (79.28) 263 (77.35) 112 (84.21) 0.098

Prior stroke events (n. %) 211 (44.61) 154 (45.29) 57 (42.86) 0.632
Smoking (n. %) 186 (39.32) 138 (40.59) 48 (36.09) 0.368

Drinking (n. %) 141 (29.81) 104 (30.59) 37 (27.82) 0.554
The time window of stroke onset (hour) 15.00 (8.00, 24.00) 15.00 (8.00, 24.00) 16.00 (7.00, 24.00) 0.516

Baseline systolic blood pressure (mmHg) 152.00 (141.00, 166.00) 150.50 (139.00, 164.00) 154.00 (144.00, 171.00) 0.011

Baseline diastolic blood pressure (mmHg) 89.00 (81.00, 96.00) 87.00 (80.75, 96.00) 91.00 (82.00, 98.00) 0.118
TOAST classification, n (%) 0.933

Large-artery atherosclerosis 229 (48.41) 63 (47.37) 166 (48.82)

Small-Vessel occlusion 155 (32.77) 42 (31.58) 113 (33.24)
Cardioembolism 29 (6.13) 9 (6.77) 20 (5.88)

Stroke of other determined etiology 31 (6.55) 9 (6.77) 22 (6.47)

Stroke of undetermined etiology 29 (6.13) 10 (7.52) 19 (5.59)
Laboratory data

Fasting plasma glucose (mmol/L) 8.12 (6.40, 10.51) 7.92 (6.36, 10.24) 8.60 (6.68, 12.03) 0.178

Homocysteine (μmol/L) 12.38 (10.12, 15.93) 12.58 (10.12, 15.92) 11.83 (10.13, 16.01) 0.204
Glycosylated hemoglobin 8.00 (7.00, 9.60) 7.70 (7.00, 9.33) 8.70 (7.20, 10.10) <0.001

WBC count (10^9/L) 7.09 (5.85, 8.81) 7.03 (5.72, 8.71) 7.13 (6.25, 9.17) 0.242

Hemoglobin (g/L) 140.00 (129.00, 151.00) 140.00 (129.00, 151.00) 140.00 (130.00, 148.00) 0.681
Platelet count (10^9/L) 218.00 (181.00, 257.00) 215.50 (181.00, 255.00) 227.00 (190.00, 262.00) 0.229

Neutrophil count (10^9/L) 4.58 (3.53, 6.08) 4.54 (3.52, 6.16) 4.79 (3.55, 5.95) 0.875

Lymphocyte count (10^9/L) 1.71 (1.24, 2.24) 1.73 (1.26, 2.26) 1.70 (1.21, 2.22) 0.979
Total cholesterol (mmol/L) 4.13 (3.24, 4.81) 4.13 (3.33, 4.71) 4.05 (3.01, 5.07) 0.899

Triglycerides (mmol/L) 1.50 (1.06, 2.10) 1.47 (1.05, 2.06) 1.65 (1.09, 2.24) 0.147

HDL-C (mmol/L) 1.04 (0.91, 1.22) 1.04 (0.93, 1.22) 1.04 (0.87, 1.22) 0.187
LDL-C (mmol/L) 2.83 (2.17, 3.42) 2.75 (2.11, 3.32) 3.03 (2.35, 3.62) 0.003

Urea nitrogen (mmol/L) 5.70 (4.80, 6.83) 5.73 (4.86, 6.90) 5.55 (4.64, 6.72) 0.218

Serum creatinine (μmol/L) 63.40 (53.07, 74.40) 64.55 (55.26, 77.07) 61.00 (48.00, 71.00) 0.003
BUN/Scr ratio, 0.09 (0.07, 0.11) 0.09 (0.07, 0.11) 0.09 (0.07, 0.12) 0.075

Albumin (g/L) 41.69 (38.70, 43.98) 41.66 (38.60, 43.82) 41.69 (38.90, 44.18) 0.505

Total bilirubin (μmol/L) 10.20 (7.50, 14.13) 9.68 (7.10, 14.22) 11.55 (8.13, 13.74) 0.026
Fibrinogen (g/L) 2.96 (2.51, 3.42) 2.95 (2.50, 3.42) 3.05 (2.55, 3.39) 0.658

Plasma D-dimer (mg/L) 0.26 (0.19, 0.47) 0.25 (0.19, 0.47) 0.26 (0.19, 0.47) 0.847

Composite Indices
Red blood cell distribution width to platelet ratio (RPR) 0.19 (0.15, 0.23) 0.19 (0.16, 0.23) 0.18 (0.15, 0.22) 0.148

Neutrophil-lymphocyte ratio (NLR) 2.54 (1.82, 3.83) 2.54 (1.81, 3.96) 2.55 (1.93, 3.66) 0.831

Platelet to lymphocyte ratio (PLR) 128.12 (101.93, 166.36) 126.43 (94.71, 164.80) 129.65 (105.53, 166.50) 0.401
The prognostic nutritional index (PNI) 49.95 (46.95, 54.25) 49.78 (46.89, 54.27) 50.50 (47.25, 53.93) 0.615

Triglyceride-glucose index, n (%) 0.131

T1 158 (33.40) 121 (35.59) 37 (27.82)
T2 157 (33.19) 114 (33.53) 43 (32.33)

T3 158 (33.40) 105 (30.88) 53 (39.85)

The atherogenic index of plasma, n (%) 0.058
T1 159 (33.62) 117 (34.41) 42 (31.58)

T2 156 (32.98) 120 (35.29) 36 (27.07)

T3 158 (33.40) 103 (30.29) 55 (41.35)

(Continued)
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Table 1 (Continued). 

Variables Total (n = 473) Non-END (n = 340) END (n = 133) P

HALP index, n (%) 0.358

T1 158 (33.40) 109 (32.06) 49 (36.84)
T2 157 (33.19) 111 (32.65) 46 (34.59)

T3 158 (33.40) 120 (35.29) 38 (28.57)

The stress glycaemic hyperglycaemia Ratio, n (%) 0.607
Q1 119 (25.16) 84 (24.71) 35 (26.32)

Q2 118 (24.95) 85 (25.00) 33 (24.81)

Q3 118 (24.95) 81 (23.82) 37 (27.82)
Q4 118 (24.95) 90 (26.47) 28 (21.05)

Imaging Assessment

Intracranial Atherosclerosis Score (n. %) 1.00 (0.00, 2.00) 0.00 (0.00, 1.00) 1.00 (0.00, 2.00) <0.001
Responsible vessel stenosis (n. %) 121 (25.58) 71 (20.88) 50 (37.59) <0.001

Branch atheromatous disease (n. %) 102 (21.56) 48 (14.12) 54 (40.60) <0.001

Notes: The P values are in italics and indicate the probability associated with the statistical tests.P < 0.001 indicates statistical significance. 
Abbreviations: WBC, white blood cell; HDL-C, high-density lipoprotein cholesterol; LDL-C, low-density lipoprotein cholesterol; BUN, urea nitrogen; Scr, serum 
creatinine.

Table 2 Comparison of Clinical Data Between Training Set and Validation Set

Variables Total (n = 473) Training (n = 331) Validation (n = 142) P

Demographic and Clinical Data
Age(years) 64.00 (55.00, 70.00) 64.00 (55.00, 70.00) 64.00 (57.00, 70.00) 0.759

Gender (male, n. %) 280 (59.20) 193 (58.31) 87 (61.27) 0.548

Diabetes duration(years) 5.00 (1.00, 10.00) 5.00 (2.00, 10.00) 5.00 (1.00, 10.00) 0.700
NIHSS score 2.00 (1.00, 4.00) 3.00 (1.00, 4.00) 2.00 (1.00, 4.00) 0.719

Hypertension (n. %) 375 (79.28) 262 (79.15) 113 (79.58) 0.917

Prior stroke events (n. %) 211 (44.61) 148 (44.71) 63 (44.37) 0.945
Smoking (n. %) 186 (39.32) 126 (38.07) 60 (42.25) 0.393

Drinking (n. %) 141 (29.81) 98 (29.61) 43 (30.28) 0.883
The time window of stroke onset(hour) 15.00 (8.00, 24.00) 15.00 (8.00, 24.00) 18.50 (7.62, 24.00) 0.324

Baseline systolic blood pressure(mmHg) 152.00 (141.00, 166.00) 152.00 (141.00, 167.50) 152.50 (141.25, 165.00) 0.938

Baseline diastolic blood pressure(mmHg) 89.00 (81.00, 96.00) 89.00 (81.00, 97.00) 89.50 (81.00, 96.00) 0.770
END (yes, n.%) 133 (28.12) 94 (28.40) 39 (27.46) 0.836

TOAST classification, n(%) 0.291

Large-artery atherosclerosis 229 (48.41) 72 (50.70) 157 (47.43)
Small-Vessel occlusion 155 (32.77) 43 (30.28) 112 (33.84)

Cardioembolism 29 (6.13) 9 (6.34) 20 (6.04)

Stroke of other determined etiology 31 (6.55) 13 (9.15) 18 (5.44)
Stroke of undetermined etiology 29 (6.13) 5 (3.52) 24 (7.25)

Laboratory data

Fasting plasma glucose (mmol/L) 8.12 (6.40, 10.51) 8.22 (6.27, 10.57) 7.83 (6.57, 10.10) 0.748
Homocysteine (μmol/L) 12.38 (10.12, 15.93) 12.20 (10.03, 15.79) 12.73 (10.38, 16.09) 0.315

Glycosylated hemoglobin 8.00 (7.00, 9.60) 8.10 (7.00, 9.60) 7.60 (7.00, 9.67) 0.661

WBC count (10^9/L) 7.09 (5.85, 8.81) 7.13 (6.04, 8.71) 6.95 (5.40, 8.92) 0.226
Hemoglobin (g/L) 140.00 (129.00, 151.00) 140.00 (129.00, 151.00) 140.00 (130.00, 151.00) 0.975

Platelet count (10^9/L) 218.00 (181.00, 257.00) 216.00 (179.50, 255.00) 221.50 (188.25, 261.25) 0.420

Neutrophil count (10^9/L) 4.58 (3.53, 6.08) 4.55 (3.50, 5.94) 4.77 (3.65, 6.24) 0.452
Lymphocyte count (10^9/L) 1.71 (1.24, 2.24) 1.71 (1.31, 2.25) 1.71 (1.13, 2.24) 0.274

Total cholesterol (mmol/L) 4.13 (3.24, 4.81) 4.04 (3.16, 4.78) 4.24 (3.47, 4.83) 0.054

(Continued)
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diabetes duration, HbA1c, Scr, and BUN/Scr Ratio. Utilizing these LASSO-selected variables, a refined multivariate 
logistic regression model was constructed (Table 3). Ultimately, the NIHSS score at admission, ICAS, LDL-C level, 
presence of BAD, and stenosis of the responsible vessel ≥50% emerged as characteristic factors predictive of END in this 
patient population.

Integrated Multi-Model Analysis
The ROC curves of six machine learning models, both in the training and validation sets, are depicted in Figure 3A and 
B. The outcomes indicated that KNN exhibited the superior performance in the training set, whereas Logistic Regression 
surpassed all other models in the validation set. Through a rigorous examination of model performance across both sets, 
methodologies such as KNN and Random Forests, which manifested pronounced overfitting, were eliminated. Logistic 
Regression emerged as the most viable option owing to its robustness and commendable generalization prowess. The 
clinical validity of the model was affirmed by DCA graphs (Figure 4A and B), and the calibration curve illustrated 

Table 2 (Continued). 

Variables Total (n = 473) Training (n = 331) Validation (n = 142) P

Triglycerides (mmol/L) 1.50 (1.06, 2.10) 1.48 (1.04, 2.08) 1.52 (1.12, 2.15) 0.411

High-density lipoprotein cholesterol (mmol/L) 1.04 (0.91, 1.22) 1.04 (0.91, 1.22) 1.06 (0.94, 1.22) 0.876
Low-density lipoprotein cholesterol (mmol/L) 2.83 (2.17, 3.42) 2.79 (2.17, 3.42) 2.89 (2.25, 3.43) 0.484

Urea nitrogen (mmol/L) 5.70 (4.80, 6.83) 5.70 (4.70, 6.86) 5.70 (4.92, 6.71) 0.768

Serum creatinine (μmol/L) 63.40 (53.07, 74.40) 62.01 (53.09, 74.00) 64.84 (52.97, 76.16) 0.377
BUN/Scr ratio, 0.09 (0.07, 0.11) 0.09 (0.07, 0.11) 0.09 (0.07, 0.10) 0.464

Albumin (g/L) 41.69 (38.70, 43.98) 41.66 (38.90, 44.00) 41.75 (38.60, 43.89) 0.831

Total bilirubin (μmol/L) 10.20 (7.50, 14.13) 10.14 (7.35, 14.01) 10.88 (7.60, 14.65) 0.484
Fibrinogen (g/L) 2.96 (2.51, 3.42) 3.00 (2.51, 3.44) 2.85 (2.50, 3.36) 0.161

Plasma D-dimer (mg/L) 0.26 (0.19, 0.47) 0.25 (0.19, 0.45) 0.26 (0.19, 0.50) 0.608

Composite Indices
Red blood cell distribution width to platelet ratio(RPR) 0.19 (0.15, 0.23) 0.19 (0.15, 0.23) 0.19 (0.16, 0.22) 0.706

Neutrophil-lymphocyte ratio(NLR) 2.54 (1.82, 3.83) 2.49 (1.79, 3.71) 2.64 (2.00, 4.20) 0.116

Platelet to lymphocyte ratio(PLR) 128.12 (101.93, 166.36) 126.47 (98.27, 163.01) 131.08 (106.06, 186.95) 0.056
The prognostic nutritional index(PNI) 49.95 (46.95, 54.25) 50.46 (47.25, 54.25) 49.55 (46.73, 54.09) 0.271

Triglyceride-glucose index, n(%) 0.590

T1 158 (33.40) 115 (34.74) 43 (30.28)
T2 157 (33.19) 106 (32.02) 51 (35.92)

T3 158 (33.40) 110 (33.23) 48 (33.80)
The atherogenic index of plasma, n(%) 0.452

T1 159 (33.62) 117 (35.35) 42 (29.58)

T2 156 (32.98) 105 (31.72) 51 (35.92)
T3 158 (33.40) 109 (32.93) 49 (34.51)

HALP index, n(%) 0.148

T1 158 (33.40) 102 (30.82) 56 (39.44)
T2 157 (33.19) 117 (35.35) 40 (28.17)

T3 158 (33.40) 112 (33.84) 46 (32.39)

The stress glycaemic hyperglycaemia Ratio, n(%) 0.997
Q1 119 (25.16) 84 (25.38) 35 (24.65)

Q2 118 (24.95) 82 (24.77) 36 (25.35)

Q3 118 (24.95) 82 (24.77) 36 (25.35)
Q4 118 (24.95) 83 (25.08) 35 (24.65)

Imaging Assessment

Intracranial Atherosclerosis Score (n. %) 1.00 (0.00, 2.00) 1.00 (0.00, 2.00) 0.00 (0.00, 1.00) 0.355
Responsible vessel stenosis (n. %) 121 (25.58) 83 (25.08) 38 (26.76) 0.700

Branch atheromatous disease (n. %) 102 (21.56) 69 (20.85) 33 (23.24) 0.562
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a harmonious alignment between predicted probabilities and actual occurrence rates (Hosmer-Lemeshow test yielded 
P-values of 0.602 and 0.251 for the training and validation sets respectively) (Figure 5A and B). Consequently, Logistic 
Regression was deemed the optimal model.

Assessment of Model Robustness
To evaluate the robustness of the model, we implemented a 10-fold cross-validation procedure on the training set (Figure 6). 
The results yielded an average Area Under the Curve (AUC) of 0.78, attesting to the model’s accuracy and reliability.

Model Presentation
The prediction model was constructed utilizing logistic regression, and its outcomes were visually portrayed through the 
utilization of a nomogram. To showcase the model’s applicability in a real-world setting, a case study was integrated into 
the nomogram (Figure 7). Specifically, a patient with an NIHSS score of 3 upon admission, a low-density lipoprotein 
level of 1.5 mmol/L, a nil intracranial atherosclerosis score, absence of branch atheromatous disease, and responsible 
vessel stenosis below 50% was evaluated, yielding a total score of 149. This score corresponded to a remarkably low 
likelihood of early neurological deterioration, amounting to 0.0754. To assess the model’s efficacy, an array of metrics, 
encompassing AUC, accuracy, sensitivity, specificity, positive predictive value (PPV), and negative predictive value 
(NPV), were employed for both the training and validation datasets, as detailed in Table 4.

Figure 2 Feature selection using Lasso regression. (A) LASSO coefficient profiles: A plot showing the changes in regression coefficients for selected features across different 
values of the regularization parameter λ. (B) Cross-validation error plot: Variation in cross-validated errors for different λ values in Lasso regression. The vertical dashed line 
on the right indicates the optimal λ for the most simplified model, λ.1se=0.0372.

Table 3 Multivariate Logistic Regression

Variables β S.E Z P OR (95% CI)

Stenosis of the responsible vessel ≥50% (yes/no) 1.01 0.40 2.53 0.011 2.74 (1.26 ~ 5.96)
Branch atheromatous disease (yes/no) 1.77 0.35 5.00 <0.001 5.89 (2.94 ~ 11.81)

NIHSS score 0.34 0.10 3.49 <0.001 1.41 (1.16 ~ 1.71)

Intracranial Atherosclerosis Score 0.32 0.12 2.67 0.008 1.38 (1.09 ~ 1.75)
Diabetes duration −0.04 0.02 −1.91 0.056 0.96 (0.92 ~ 1.00)

LDL levels 0.40 0.17 2.34 0.019 1.49 (1.07 ~ 2.07)

Scr levels −0.01 0.01 −1.37 0.170 0.99 (0.97 ~ 1.00)
HbA1C levels 0.06 0.08 0.76 0.449 1.06 (0.90 ~ 1.25)

BUN/Scr Ratio 3.53 4.72 0.75 0.455 33.97 (0.00 ~ 351,796.97)
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Discussion
There is a well-established association between renal dysfunction and cerebrovascular disease,16 with serum creatinine 
levels serving as a crucial biomarker for renal impairment. Typically, elevated Scr levels correlate positively with an 
augmented risk and severity of stroke.12 Nevertheless, our study revealed an intriguing contrast, as baseline Scr levels 
were markedly lower in the END group compared to the non-END group, contradicting conventional expectations. 
Following a rigorous data quality assessment, we confirmed the absence of significant measurement inaccuracies. We 
postulate that this observed decline in Scr may be attributable to post-stroke alterations in physiological status, 
particularly fluid imbalances.17 Post-stroke complications such as diminished consciousness, communication challenges, 
dysphagia, and reduced oral intake may elevate plasma osmolality, precipitating dehydration and fluid depletion.18 This 
cascade of events could exacerbate brain ischemia and deteriorate neurological outcomes among stroke patients, 
necessitating further investigation.

Figure 3 ROC curves for six machine learning models. (A) and (B) present ROC curves for the training and validation sets, respectively.

Diabetes, Metabolic Syndrome and Obesity 2025:18                                                                          https://doi.org/10.2147/DMSO.S494980                                                                                                                                                                                                                                                                                                                                                                                                    499

Shang et al

Powered by TCPDF (www.tcpdf.org)Powered by TCPDF (www.tcpdf.org)



In our study, despite amassing an array of biomarkers potentially correlated with neurological deterioration— 
encompassing RPR, NLR, TyG, AIP, HALP, NHR, PLR, PNI, and SHR—none exhibited a substantial predictive capacity 
for END in minor stroke patients afflicted with T2DM. Consequently, these biomarkers were omitted from the definitive 
model. While biomarkers like NLR, PLR, HALP, RPR, and NHR signify systemic inflammation and have been 
implicated in adverse stroke outcomes and END across diverse investigations,19–22 they failed to distinctly stratify the 
risk of END in our research. Likewise, AIP, a lipid abnormality marker frequently associated with coronary heart disease 

Figure 4 Decision curve analysis for predicting END in T2DM patients with minor stroke. (A) Training set and (B) validation set.X-axis: High Risk Threshold—The 
probability threshold used to decide whether to act. Y-axis: Net Benefit—The net benefit of using the model at different threshold probabilities.The dashed line denotes no 
action, Orange signifies that action will always be taken, and green illustrates the net benefit of employing the forecasting model.
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and atherosclerosis, has demonstrated a connection with END in prior studies.23 The TyG index, routinely employed to 
gauge insulin resistance, and PNI, mirroring overall nutritional status, have also been linked to END.24,25 SHR, which 
quantifies the severity of stress hyperglycemia, has been established as a pertinent indicator.26 Nevertheless, the absence 
of noteworthy predictive efficacy for these biomarkers in our study might be ascribed to the muted alterations observed in 
this particular cohort of patients with minor stroke and T2DM, in contrast to more severe pathological presentations. This 
underscores the need for further exploration to uncover alternative potential biomarkers or composite indices that could 
more accurately forecast the risk of neurological deterioration in this patient demographic.

Figure 5 Calibration curves for the END prediction model. (A) Training set and (B) validation set.X-axis: Predicted Probability—The probability of END as predicted by the 
model. Y-axis: Actual Probability—The actual rate of END occurrence in the dataset.
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The concomitance of diabetes mellitus and stroke is escalating annually, underpinned by potential mechanisms 
encompassing vascular endothelial dysfunction stemming, premature arterial stiffening, systemic inflammation, and 
capillary basement membrane thickening.27The concomitance of diabetes mellitusThese factors conspire to initiate and exacerbate 
stroke, with patients diagnosed with type 2 diabetes mellitus (T2DM) experiencing poorer post-stroke clinical outcomes, 
exemplified by heightened mortality rates, increased rehospitalizations and complications, prolonged hospital stays.28–30

Figure 6 10-fold cross-validation results using the logistic regression model on training set.

Figure 7 Nomogram for predicting END in minor stroke patients with T2DM. A case study demonstrates the model’s application: a patient with an NIHSS score of 3, LDL- 
C level of 1.5 mmol/L, no ICAS score, absence of BAD, and responsible vessel stenosis below 50% had a total score of 149, indicating a low END probability of 0.0754.

Table 4 Performance of the Model

Data AUC (95% CI) Accuracy (95% CI) Sensitivity (95% CI) Specificity (95% CI) PPV (95% CI) NPV (95% CI) Cut off

Training 0.80 (0.74–0.85) 0.75 (0.70–0.80) 0.76 (0.71–0.81) 0.72 (0.63–0.81) 0.87 (0.83–0.92) 0.54 (0.46–0.63) 0.33

Validation 0.80 (0.72–0.87) 0.75 (0.67–0.82) 0.74 (0.65–0.82) 0.77 (0.64–0.90) 0.89 (0.83–0.96) 0.53 (0.40–0.66) 0.33

Abbreviations: PPV, positive predictive value; NPV, negative predictive value.
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Our study identified the NIHSS score, ICAS score, LDL-C levels, presence of BAD, and responsible vessel stenosis 
≥50% as independent predictors of END. Utilizing these variables, we devised a predictive nomogram tailored to T2DM 
patients with minor stroke, aimed at facilitating early identification of high-risk individuals, expeditious decision-making, 
and the formulation of preventive measures. The subsequent discourse delves into the significance of these indicators in 
relation to END:

NIHSS Score Upon Admission
The NIHSS serves as a universally acknowledged standardized instrument for evaluating the clinical acuity of stroke 
cases. Concurrent predictive models for END in acute ischemic stroke patients have consistently identified the NIHSS 
score as a pivotal variable.31–33 Recent investigations into patients with lacunar infarcts have underscored the significance 
of an elevated initial NIHSS score, which is markedly correlated with END and unfavorable outcomes at discharge,32 

echoing the findings of our current study.

Responsible Vessel Stenosis≥50% and ICAS
Atherosclerotic stroke represents a prominent cause of stroke among Asian, African, and Hispanic populations.6 

Intracranial atherosclerosis can more severely impede collateral circulation than extracranial stenosis, contributing to 
blood flow stagnation and diminished embolus clearance.9 The CICAS study in China revealed that intracranial 
atherosclerosis of large arteries is the most prevalent vascular lesion in Chinese cerebrovascular patients, who experience 
more severe strokes, elevated NIHSS scores, and prolonged hospital stays compared to those without intracranial 
stenosis.7 Our study reinforces this perspective, demonstrating that the ICAS score, which quantitatively assesses 
intracranial atherosclerosis, and the criterion of “Responsible vessel stenosis ≥50%” for evaluating stenosis in the lesion- 
related major vessel, are crucial risk factors for END. Other Studies have established a higher prevalence of intracranial 
atherosclerosis in individuals with diabetes and metabolic syndrome.34 Intriguingly, related research suggests that the 
severity of intracranial atherosclerosis is not correlated with serum glucose levels or HbA1c,35 aligning with our findings 
regarding END in patients with type 2 diabetes and minor strokes. This may elucidate why intensive insulin therapy for 
post-stroke hyperglycemia neither reduces stroke mortality nor improves functional outcomes, but instead heightens the 
risk of hypoglycemia.36,37

In spite of the moderate clinical presentations observed in minor strokes and transient ischemic attacks (TIA), 
a notable proportion of patients suffering from intracranial atherosclerotic stenosis may experience novel, disabling 
strokes or END subsequent to these events, resulting in profound disability.10 An earlier Korean investigation categorized 
END into ischemic progression, symptomatic hemorrhage, and cerebral edema, pinpointing ischemic progression as the 
primary contributor to END following thrombolysis. Additionally, it highlighted that large artery intracranial athero
sclerosis serves as an independent predictor of END by ischemic progression within 24 hours, consonant with our 
observations.38 The ICAS score, which quantifies atherosclerosis according to the stenosis severity, demonstrates a robust 
correlation with END. Elevated ICAS scores are associated with a heightened risk of END. Recent research frequently 
emphasizes the link between ICAS and stroke in patients who have undergone coronary artery bypass grafting 
(CABG).39 One study revealed a 1.3-fold augmentation in stroke risk for every 1-point increment in the atherosclerosis 
score.40

Low-Density Lipoprotein Cholesterol
Elevated levels of LDL-C, a subtype of hyperlipidemia, constitute a prominent risk factor for cerebral infarction. Our 
research underscores a robust association between heightened LDL-C concentrations and END in minor stroke patients 
with T2DM. The WORSEN score, incorporating LDL as a pivotal parameter, is prevalently employed to predict END, 
corroborating our findings. Extensive literature underscores the predictive value of the WORSEN score.40,41 Studies on 
END in acute ischemic stroke underscore that elevated LDL identifies a high-risk cohort that may benefit from intensified 
surveillance and therapeutic interventions.42 Furthermore, a machine learning model for predicting END in penetrating 
artery infarction (PAI) also aligns LDL with END, mirroring our results. Notably, this study observed a heightened 
incidence of END in patients with branch atheromatous disease (BAD), a finding that is congruent with our research.43 
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Additionally, high LDL levels emerge as an independent predictor of aspirin resistance, which, along with clopidogrel 
resistance, is associated with END.44 These discoveries augment our comprehension of the mechanisms underlying 
dyslipidemia’s contribution to END.

Branch Atheromatous Disease
As elucidated by Caplan,45 BAD represents a prevalent subtype of acute ischemic stroke, accounting for approximately 
10–15% of all cases. It is distinct from large-artery atherosclerotic stroke and is characterized by an early symptomatic 
progression,14 with END occurring in 17–75% of patients, often leading to unfavorable clinical outcomes.46 

Contemporary research has identified a correlation between increased middle cerebral artery tortuosity, elevated 
NIHSS scores, and END in BAD patients.47 Currently, there is no definitive treatment for BAD. Intravenous thrombo
lysis (IVT) appears to be considered the optimal option for eligible patients within the therapeutic time window, however, 
studies have shown that IVT does not prevent neurological deterioration48 and may even be associated with symptom 
recurrence.49 Tirofiban or argatroban in combination with dual antiplatelet therapy may be explored in BAD patients.50 

Notably, a recent single-center retrospective study in China reported that PCSK9 inhibitors in conjunction with statins 
significantly reduced the incidence of END in BAD patients.51

Currently, several methodologies exist for prognosticating early neurological deterioration (END), including those 
that concentrate on ischemic stroke cohorts post-thrombolysis52 and those investigating non-reperfusion therapeutic 
strategies for ischemic stroke.53 However, these studies frequently encompass a broad spectrum of stroke patients, 
potentially introducing confounding variables stemming from varying severities, thereby diminishing their applicability. 
Conversely, our model is expressly tailored to anticipate END in individuals experiencing minor stroke and Type 2 
Diabetes Mellitus (T2DM), pinpointing distinct features and bridging a gap in extant research. Our predictive framework 
integrates laboratory assays, demographic attributes, imaging modalities, and composite indices. In contrast to models 
that concentrate on a constrained array of biochemical markers and underscore inflammatory cell proportions,31 our 
multifaceted variable selection and sophisticated machine learning techniques substantially elevate predictive precision 
and clinical applicability. Notably, while grounded in single-center retrospective data, this approach facilitates an in- 
depth examination of specific demographic characteristics, with future multi-institutional studies anticipated to further 
substantiate the model’s universal applicability.

This investigation is not devoid of constraints. Firstly, the modest sample size, derived from a single establish
ment, restricts the extensibility of our findings. Additionally, internal validation alone was undertaken, necessitating 
external validation to fortify the robustness of our machine learning paradigm. Lastly, owing to the retrospective 
nature of the study, certain variables, including glycemic variability, were omitted, which may have introduced 
selection prejudices. Consequently, multi-center investigations with enlarged sample sizes are imperative to corro
borate our observations.

Conclusion
Logistic regression models were developed using predictive factors such as NIHSS at admission, ICAS score, LDL-C 
levels, presence of BAD, and stenosis of the responsible vessel ≥50%. These models offer a robust framework for 
identifying high-risk individuals with minor stroke and T2DM, facilitating personalized interventions. By leveraging 
these predictive markers, clinicians can more effectively stratify patients at risk for early neurological deterioration 
(END), thereby guiding targeted treatment strategies. Interventions, including optimizing LDL-C, managing BAD, and 
monitoring vessel stenosis, can reduce the risk of END and improve patient outcomes.
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