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ABSTRACT

KEY WORDS

Objective: Early neurological improvement (ENI) is an important prognostic indicator in
patients with acute ischemic stroke (AIS) receiving intravenous thrombolytic therapy. This
study aims to develop and validate a machine learning-based prediction model for ENI,
enabling early and accurate estimation of the probability of ENI after intravenous
thrombolysis in AIS patients and providing support for clinical decision-making.

Methods: Clinical data from 305 AIS patients who underwent intravenous thrombolytic
therapy were retrospectively collected and analyzed. The performance of 5 machine
learning algorithms, including Logistic regression, least absolute shrinkage and selection
operator (LASSO) regression, support vector machine (SVM), extreme gradient boosting
(XGBoost), and random forest, was compared to identify the optimal predictive model. The
best-performing algorithm was then used to select key predictors associated with ENI from
candidate variables and to construct a visualized nomogram prediction model. Model
performance was evaluated using receiver operating characteristic (ROC) curves,
calibration curves, the Hosmer-Lemeshow goodness-of-fit test, and decision curve analysis
(DCA) to assess predictive accuracy and clinical utility.

Results: Among the 5 algorithms, the LASSO regression model demonstrated the best
overall performance, with an area under the curve (AUC) of 0.843 (95% CI 0.760 to 0.926)
in the testing set. The model identified nine key predictors of ENI: sex, baseline National
Institutes of Health Stroke Scale (NIHSS) score at admission, admission-to-thrombolysis
time, white blood cell count, lymphocyte count, D-dimer level, body mass index (BMI),
thrombus location, and onset-to-treatment time. The nomogram constructed based on these
predictors showed good calibration (Hosmer-Lemeshow test, P>0.05). DCA demonstrated
that the nomogram provided significant net clinical benefit across a wide range of threshold
probabilities.

Conclusion: The nomogram model based on LASSO regression exhibited good predictive
performance for ENI following intravenous thrombolysis in patients with AIS. It may serve

as a useful tool for individualized clinical decision-making.

acute ischemic stroke; early neurological improvement; machine learning; LASSO

regression; nomogram
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The patients with acute ischemic
stroke who met the inclusion criteria
and received intravenous
thrombolysis (#=340)

Exclusions:
Data missing >20% (n=18)

Bleeding transformation beyond PH-2 grade (n=6)
Comorbid with other major organ dysfunction (#=7)
Death within 24 hours after thrombolysis (n=4)

The final group of patients with
acute ischemic stroke who received
intravenous thrombolysis (#»=305)

Random allocation

Traning set (n=214)

Modeling

(LASSO)( LR ) (XGBOOSD CSVM )( RF )—

1 ARABRNHRRZE

Internal
verification

Test set (n=91)

( Monogram )

Figure 1 Flow chart of inclusion and exclusion of the study population

LR: Logistic regression; LASSO: Least absolute shrinkage and selection operator; SVM: Support vector machine; XGBoost:

Extreme gradient boosting; RF: Random forest.
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Table 1 Baseline data of training and test groups

Variables Training set (n=214) Test set (n=91) Zly P
Age/Years 62.50(55.41, 72.37) 59.31(53.69, 69.70) 1.041 0.299
Male/[No.(%)] 142(66.4) 65(71.4) 0.540 0.463
BMI/(kg'm™) 24.13(22.54, 26.36) 24.78(22.58, 27.99) 1.282 0.201
Hypertension/[No.(%)] 168(78.5) 70(76.9) 0.020 0.878
Diabetes mellitus/[No.(%)] 63(29.4) 27(29.7) 0.000 1.000
Atrial fibrillation/[No.(%)] 17(7.9) 8(8.8) 0.000  0.985
Smoking/[No.(%)] 122(57.0) 51(56.0) 0.001 0.977
Admission NIHSS score 5.64(4.62,7.61) 5.37(4.63, 7.10) 0.494 0.628
Door-to-needle time/h 0.39(0.29, 0.61) 0.37(0.27, 0.49) 1.170 0.243
Onset-to-needle time/min 108.06(85.49, 148.65) 111.48(87.86, 171.88) -0.521 0.604
Admission systolic blood pressure/mmHg 141.32(128.00, 163.00) 141.93(131.00, 165.00) -0.639 0.522
Admission diastolic blood pressure/mmHg 84.24(75.93, 97.45) 87.62(76.66, 103.21) -0.970 0.334
Serum creatinine/(umol-L™") 65.42(60.25, 75.63) 64.56(60.30, 73.62) 0.752 0.452
Blood urea nitrogen/(mmol-L™) 6.25(5.68, 7.28) 6.27(5.70, 7.51) -0.154 0.881
C-reactive protein/(mg-L™") 6.53(4.53,9.79) 6.65(4.57, 8.86) 0.622 0.538
Total cholesterol/(mmol-L™) 3.66(3.23, 4.34) 3.91(3.29,4.51) -1.380 0.168
Fasting blood glucose/(mmol-L™") 7.28(6.48, 8.04) 7.05(6.47, 8.27) -0.072 0.949
D-dimer/(mg-L™") 0.43(0.29, 0.86) 0.40(0.31, 0.72) 0.373 0.714
Fibrinogen/(g-L™) 3.33(2.51, 4.29) 3.07(2.41, 4.08) 1.621  0.104
White blood cell count/(x10°-L™) 7.16(6.25, 9.05) 7.07(6.37, 8.76) -0.554 0.581
Lymphocyte count/(x10°-L™") 1.13(1.05, 1.42) 1.14(1.04, 1.46) -0.072 0.944
Monocyte count/(x10°-L™) 0.35(0.32, 0.42) 0.36(0.33, 0.42) -0.805  0.426
Neutrophil count/(x10°-L™") 5.64(5.10, 6.75) 5.57(5.07,7.10) -0.333 0.745
Platelet count/(x10°-L™") 224.92(171.86, 308.30) 207.10(163.00, 289.90) 1.082 0.281
Clot location/[No.(%)] 3.389 0.184

Internal carotid artery 61(28.5) 33(36.3)

Middle cerebral artery 88(41.1) 39(42.9)

Other 65(30.4) 19(20.9)

1 mmHg=0.133 kPa. Continuous variables are expressed as median (25th percentile, 75th percentile), and between-group

comparisons were performed using the Mann-Whitney U test (corresponding to Z values). Categorical variables are expressed as

frequencies (percentages), and between-group comparisons were performed using the y° test (corresponding to y* values). BMI:

Body mass index; NIHSS: National Institutes of Health Stroke Scale.
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Table 2 Comparison of performance indicators among S machine learning models

Model Dataset AUC (95% CI) Sen Spe PPV NPV Acc Pre Rec F1
LR Training 0.845(0.789 t0 0.901)  0.779  0.803  0.690 0.866  0.794  0.690 0.779  0.732
Test 0.796(0.693 t0 0.899)  0.667  0.845 0.710  0.817 0.780  0.710  0.667  0.688
LASSO Training 0.818(0.761 t0 0.874)  0.701  0.788  0.651  0.824  0.757  0.651  0.701  0.675
Test 0.843(0.76 to 0.926) 0.879 0.690 0.617 0.909 0.758 0.617 0.879 0.725
SVM Training 0.935(0.892t0 0.977)  0.104  0.095 0.061  0.159  0.098 0.061 0.104 0.077
Test 0.780(0.674 t0 0.885) ~ 0.333  0.172  0.186 0312 0231 0.186 0.333  0.239
XGBoost Training 0.873(0.827t0 0.919) 0909  0.664  0.603 0929  0.752  0.603  0.909  0.725
Test 0.778(0.681 t0 0.877)  0.788  0.690  0.591  0.851  0.725 0.591  0.788  0.675
RF Training 0.936(0.907 t0 0.966) ~ 0.883  0.810  0.723 0925 0.836  0.723  0.883  0.795
Test 0.807(0.715t0 0.899)  0.727  0.793  0.667 0.836  0.769  0.667  0.727  0.696

LR: Logistic regression; LASSO: Least absolute shrinkage and selection operator; SVM: Support vector machine; XGBoost:

Extreme gradient boosting; RF: Random forest; AUC: Area under the curve; Sen: Sensitivity; Spe: Specificity; PPV: Positive

predictive value; NPV: Negative predictive value; Acc: Accuracy; Pre: Precision; Rec: Recall; F1: F1 score.
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Figure 2 Comparison of AUCs among 5 machine learning models

AUC: Area under the curve.
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Figure 3 Feature selection based on the LASSO model
A: Determination of the optimal penalization coefficient A in the LASSO model. B: Selection of the tuning parameter in the LASSO

model via 10-fold cross-validation.
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Figure 4 Nomogram for predicting the probability of early neurological improvement
NIHSS: National Institutes of Health Stroke Scale; DNT: Door-to-needle time; WBC: White blood cell count; Lym: Lymphocyte

count; BMI: Body mass index; ONT: Onset-to-treatment time.
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Figure 5 Performance validation of the LASSO nomogram model for predicting early neurological improvement

A: Decision curve analysis curve of the training group. B: Decision curve analysis curve of the testing group. C: Calibration curve of

the training group. D: Calibration curve of the testing group.
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