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Abstract

Background - Endovascular therapy (EVT) was the stan-
dard treatment for acute ischemic stroke with large vessel
occlusion. Prognosis after EVT is always a major concern.
Here, we aimed to explore a predictive model for patients
after EVT.

Method - A total of 156 patients were retrospectively
enrolled. The primary outcome was functional dependence
(defined as a 90-day modified Rankin Scale score < 2). Least
absolute shrinkage and selection operator and univariate
logistic regression were used to select predictive factors.
Various machine learning algorithms, including multivariate
logistic regression, linear discriminant analysis, support vector
machine, k-nearest neighbors, and decision tree algorithms,
were applied to construct prognostic models.

Result - Six predictive factors were selected, namely, age,
baseline National Institute of Health Stroke Scale (NIHSS)
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score, Alberta Stroke Program Early CT (ASPECT) score,
modified thrombolysis in cerebral infarction score, symp-
tomatic intracerebral hemorrhage (SICH), and complica-
tions (pulmonary infection, gastrointestinal bleeding, and
cardiovascular events). Based on these variables, various
models were constructed and showed good discrimination.
Finally, a nomogram was constructed by multivariate logistic
regression and showed a good performance.

Conclusion — Our nomogram, which was composed of
age, baseline NIHSS score, ASPECT score, recanalization
status, sICH, and complications, showed a very good per-
formance in predicting outcome after EVT.

Keywords: nomogram, mechanical thrombectomy, machine
learning algorithm, predictive models

1 Introduction

Ischemic stroke is a major disease threatening human life
and health, with high disability and mortality [1]. Previous
studies have demonstrated that endovascular thrombectomy
(EVT) improved functional outcome for acute ischemic stroke
patients due to large vessel occlusion (LVO) [2-7]. Therefore,
intravenous thrombolysis (IVT) plus EVT, or direct EVT when
IVT is contraindicated, are recommended within 6 h of stroke
onset. Studies also demonstrated the benefit of EVT in ima-
ging-selected stroke patients due to LVO in the anterior cir-
culation between 6 and 24 h [8,9].

The prognosis of stroke patients due to LVO after EVT
has been a concern of clinicians. A meta-analysis showed
that 46% of patients after EVT obtained functional indepen-
dence at 90 days [7]. Meanwhile, two major clinical trials
(DIRECT-MT investigation, MR CLEAN-NO IV investigation)
have shown that the proportion of good functional out-
come after EVT was lower in east Asian patients compared
with westerners (functional independence of 36.6 vs 50.1%)
[10,11], this could be caused by the higher frequency of
intracranial atherosclerotic lesions. The fact that a large
proportion of patients treated with EVT could not avoid
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death or major disability is frustrating. Several studies
have been conducted to analyze the clinical prognosis after
EVT, and the prognostic factors included age, baseline
National Institute of Health Stroke Scale (NIHSS) score,
Alberta stroke program early CT (ASPECT) score, etc. [12-17].
However, most of the findings were limited to moderate pre-
dictive power. Moreover, logistic regression analysis was
applied by most of the studies for screening clinical and ima-
ging variables, few other machine learning methods were
used to investigate this issue.

In recent years, various machine learning algorithms
have been applied in clinical researches, such as linear dis-
criminant analysis (LDA), support vector machine (SVM), k-
nearest neighbors (KNN), and decision tree algorithms
[18-21]. Furthermore, visualization and scoring systems
could help clinicians make clinical decisions easier and
faster. Nomogram is a graphical statistical tool which com-
bines variables to generate a continuous scoring system and
calculate the precise risk probability of a clinical event for
an individual patient [22]. It can serve as an important tool
in modern medical decision-making and has been used in
medical specialties like cancer and surgery [22-24].

The main objective of the present study was to develop
and validate various machine learning models to predict
3-month functional outcome after EVT for acute ischemic
stroke due to LVO in the anterior circulation. Our aim was
to establish a reliable model for predicting functional out-
come in stroke patients after EVT, thus guiding clinical
management.

2 Materials and methods

2.1 Subjects

We analyzed acute ischemic patients who received EVT in
Zhongnan Hospital of Wuhan University from January 2018
to December 2020. Inclusion criteria were as follows: (1)
age 218 years; (2) conformed to the diagnostic criteria of
acute ischemic stroke in Chinese guidelines for diagnosis
and treatment of acute ischemic stroke 2018; (3) with LVO in
the anterior circulation; (4) received EVT, with or without
intravenous alteplase treatment within 4.5 h after symptom
onset; and (5) completed 90-day follow-up. Exclusion criteria
were as follows: (1) modified Rankin Scale (mRS) score 23
before stroke onset; (2) without magnetic resonance imaging
or CT examination after EVT; and (3) without complete clin-
ical data. In total, there were 156 patients enrolled in our
study. Patients were assigned to the favorable outcome
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group (90-day mRS <2) and the poor outcome group (90-
day mRS >2).

Demographic characteristics, including age, gender,
mRS score before stroke onset, baseline NIHSS score, blood
pressure at admission, baseline blood glucose levels, blood
routine test, cholesterol, and kidney function. Cardiovascular
risk factors, such as hypertension, diabetes mellitus, hyperlipi-
demia, atrial fibrillation, history of smoking, and history of
ischemic stroke, were recorded as well. Imaging parameters,
such as regional leptomeningeal score (rLMC) [25], TAN collat-
eral circulation scores [26], ASPECT score, and hyperdense
middle cerebral artery sign, were also analyzed in the study.
All images were analyzed by two neuroradiologists with more
than 5 years of image analysis experience. Reproducibility of
imaging feature quantification was calculated by comparing
the results from the two reviewers in 30 random samples.

Successful reperfusion was defined as a modified
thrombolysis in cerebral infarction (mTICI) score of 2b
or 3. Symptomatic intracerebral hemorrhage (sICH) was
defined as any type of ICH with an increase of NIHSS
score of >4 points compared to baseline within 24h or
leading to death [27]. ASPECT score was divided into
dichotomous variables according to <8 and >8. TAN scores
>2 were defined as good collateral circulation, while <2 was
defined as poor collateral circulation [26]. Complications
included pulmonary infection, gastrointestinal bleeding,
and cardiovascular events after EVT.

2.2 Primary outcome

The primary outcome was functional dependence (defined
as a mRS score of <2) at 90 days after EVT [10,11].

2.3 Feature selection and model building

First, least absolute shrinkage and selection operator (LASSO)
regression algorithm was performed to retain the most pre-
dictive features, followed by univariate logistic regression.
Variables with a p value of <0.05 were incorporated into sub-
sequent models. The importance of the selected variables was
evaluated by a random forest algorithm. Then, various machine
learning models were built, including logistic regression, LDA,
SVM, KNN, and decision tree. Receiver operating characteristic
(ROC) curves were constructed, and models were compared by
area under the curve (AUC). After comparisons, we chose a
multivariate logistic regression algorithm to construct an indi-
vidualized discriminatory nomogram. Collinearity of combina-
tions of variables in the model was evaluated by variation
inflation factors (VIF, <10 indicates no multicollinearity). The
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concordance index (C-index) and AUC were used to measure
the discrimination ability of the nomogram, the calibration plot
was performed to visually assess the calibration, and the
Hosmer-Lemeshow test was used to evaluate the goodness of
fit. Decision curve analysis (DCA), by quantifying net benefits
against a range of threshold probabilities, was used to evaluate
the clinical utility of the nomogram.

Lastly, a pairwise comparison of ROC curve was used
to compare the nomogram with previously published prog-
nostic scoring systems, including THRIVE (Total Health
Risks in Vascular Events-calculation) score [12], HAIT2
(Houston Intra-Arterial Therapy 2) score [13], SPAN-100
(Stroke Prognostication using Age and NIHSS) score [14],
WSPAN (Weighted Stroke Prognostication using Age and
NIHSS) score [15], and PRE (Pittsburgh Response to EVT)
score [16]. The THRIVE, HIAT2, SPAN, wSPAN, and PRE
index were calculated as previously described [12-16].
The THRIVE score assigned 1 point for age 60-79 years, 2
points for age >80 years, 2 points for NIHSS score 11-20, 4
points for NIHSS score >21, and 1 point each for hyperten-
sion, diabetes mellitus, and atrial fibrillation. The HIAT-2
score assigned 2 points for age 6079 years, 4 points for age
>80 years, 1 point for NIHSS score 11-20, 2 points for NTHSS
score 221, and 3 points for ASPECT score <7. The SPAN-100
score was defined as (NIHSS + age), and the score is posi-
tive if the sum of age and NIHSS >100. wSPAN index was
defined as ([3 x NIHSS] + age), and PRE score was defined
as (age + 2 x NIHSS - 10 x ASPECT score) score. Further-
more, we made a subgroup analysis of patients in different
time windows by the model. The flow of feature selection
and model building is shown in Figure S1.

2.4 Statistical analysis

Statistical analysis was performed using R software (ver-
sion 4.1.2, http://www.R-project.org). Continuous variables
were expressed as mean + standard deviation or median
(interquartile range, IQR) for normal or non-normal distri-
butions, respectively, followed by an unpaired t-test or
Wilcoxon rank sum test. Categorical variables were sum-
marized as counts (percentages) and compared using the
chi-square test or Fisher’s exact test, as appropriate. All tests
with two-sided p < 0.05 were considered statistically signifi-
cant. The R package “tableone” was used in these analyses.

The reproducibility of imaging features of lesion was eval-
uated by intraclass coefficient (ICC) using a two-way random
model with absolute measurements. The “irr” package was
used for the ICC algorithm, “tidyverse” package for data col-
lation and exploration, “glmnet” for LASSO regression, “car”
for multicollinearity detection, “rms” for nomogram, “Hmisc”
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for C-index calculation, “rmda” for DCA, “pROC” for ROC ana-
lysis, and “ResourceSelection” for goodness of fit test. The
packages “MASS,” “e1071,” “class,” “rpart,” “rpart.plot,”
“randomForest,” and “caret” were applied in different
machine learning models’ construction, respectively.

Ethical approval: The research related to human use has
been complied with all the relevant national regulations,
institutional policies, and in accordance with the tenets of the
Helsinki Declaration and has been approved by the authors’
institutional review board or equivalent committee. The studies
involving human participants were reviewed and approved by
the Ethics Committee of Zhongnan Hospital, Wuhan University
(No. 2023007K).

Informed consent: Written informed consent for partici-
pation was not required for this retrospective study in
accordance with the institutional requirement.

3 Results

3.1 Demographic and clinical characteristics

According to the forementioned inclusion and exclusion
criteria, a total of 156 patients were finally enrolled in
our study (Table 1). The median age of the patients was
65(55-74) years, and 84 patients (53.8%) were men. An
unfavorable outcome at 90 days was observed in 109
(69.9%) of the cases, and the overall mortality at 90 days
was 21.2%. The age of patients in the poor outcome group
was elder than that in the favorable outcome group (66.00
[57.00, 75.00] vs 62.00 [48.50, 70.00], p = 0.04). There was no
significant difference in the cardiovascular risk factors and
laboratory blood tests between two groups. Compared with
the favorable outcome group, the poor outcome group had
higher NIHSS score (18.00 [14.00,23.00] vs 13.00 [11.50,15.001],
p < 0.001), lower rates of ASPECT score >8 ( 32 [68.1%] vs 44
[40.4%], p = 0.003), successful recanalization (mTICI = 2b)
(78 [71.6%] vs 42 [89.4%], p = 0.027), and more rates of
complications (103 [94.5%] vs 27 [57.4%], p < 0.001) and
SICH (37 [33.9%] vs 2 [4.3%], p < 0.001).

3.2 Identification of significant predictors
for poor outcome following EVT

A total of 39 potential predictors were enrolled in LASSO
regression as shown in Figure 1(a) and (b), and 13 candidate
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Table 1: Demographic and clinical characteristics of patients at baseline
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Overall (n = 156)

Favorable outcome (n = 47)

Poor outcome (n =109) p

Age (median [IQR])
Gender, male (n, %)
mRS score before stroke onset (median [IQR])
Baseline NIHSS score (median [IQR])
Previous history
Hypertension (n, %)
Diabetes (n, %)
Hyperlipidemia (n, %)
Stroke history (n, %)
Atrial fibrillation (n, %)
Coronary heart disease (n, %)
Smoking (n, %)
SBP (mmHg, mean (SD))
DBP (mmHg, median [IQR])
WBC (><109) (median [IQR])
Neutrophils (x10°) (median [IQR])
Lymphocyte (x10°) (median [IQR])
NLR (median [IQR])
RBC (x10'%/L) (median [IQR])
PLT (x10%/L) (mean (SD))
Hemoglobin (g/L) (median [IQR])
Cholesterol (mmol/L, median [IQR])
TG (mmol/L, median [IQR])
LDL (mmol/L, mean (SD))
Glucose(mmol/L, median [IQR])
BUN (mmol/L, median [IQR])
Scr (pmol/L, median [IQR])
D-dimer (ng/mL, median [IQR])
Thrombolysis before EVT (n, %)
Location of intracranial artery occlusion (n, %)
ICA (n, %)
M1 or M2 segment of MCA (n, %)
Tandem (n, %)
ASPECT score 28 (n, %)
HMCAS (n, %)
rMLC (median [IQR])
Tan score 22 (n, %)
Stroke onset to puncture (min, median [IQR])
Stroke onset to revascularization (min,
median [IQR])
Successful recanalization (n, %)
Complications (n, %)
Any intracerebral hemorrhage (n, %)
SICH (n, %)
90-day mRS (median [IQR])
Mortality (n, %)

65.00 [55.00, 74.25]
84 (53.8)

0.00 [0.00, 0.00]
17.00 [13.00, 21.00]

62.00 [48.50, 70.00]
22 (46.8)

0.00 [0.00, 0.00]
13.00 [11.50, 15.00]

82 (52.6) 23 (48.9)
44 (28.2) 9 (19.1)
13 (8.3) 5 (10.6)
24 (15.4) 3(6.4)
37 (23.7) 10 (21.3)
26 (16.7) 8 (17.0)
41 (26.3) 8 (17.0)

127.61 (23.56)
73.00 [64.00, 83.25]
8.15 [6.40, 9.80]
5.94 [4.66, 7.94]
1.15 [0.91, 1.69]
5.02 [3.04, 7.94]
4.23 [3.91, 4.51] 4.30 [3.90, 4.59]

192.11 (57.28) 195.13 (55.35)

132.30 [124.00, 145.00]  133.00 [120.25, 148.00]
4.32 [3.68, 5.08] 4.42 [4.03, 5.16]

1.07 [0.80, 1.58] 1.02 [0.79, 1.94]

2.76 (0.86) 2.59 (0.76)

7.56 [6.30, 9.58] 6.90 [6.17, 8.90]

4.72 [4.02, 6.25] 4.69 [4.08, 6.11]

64.25 [53.98, 72.85] 62.20 [52.75, 67.90]

125.85 (20.90)
72.00 [61.00, 82.00]
7.97 [6.20, 10.00]
5.80 [4.72, 7.66]
1.27 [0.96, 2.01]
4.97 [2.44,7.37]

447.50 [261.75, 920.00]  356.00 [266.00, 514.50]

74 (47.4) 24 (51.)

21 (13.5) 8 (17.0)

91 (58.3) 26 (55.3)

44 (28.2) 13 (27.7)

76 (48.7) 32 (68.1)

70 (44.9) 17 (36.2)

13.00 [10.00, 15.00] 13.00 [12.00, 15.00]

110 (70.5) 36 (76.6)

476.00 [306.00, 705.00]  465.00 [293.00, 647.50]
601.50 [431.50, 821.50] 526.00 [409.50, 730.50]

120 (76.9) 42 (89.4)

130 (83.3) 27 (57.4)

90 (57.7) 19 (40.4)

39 (25.0) 2(4.3)

3.00 [2.00, 5.00] 2.00 [1.00, 2.00]
33(21.2) 0(0.0)

66.00 [57.00, 75.00] 0.04
62 (56.9) 0.326
0.00 [0.00, 0.00] 0.289
18.00 [14.00, 23.00] <0.001
59 (54.1) 0.674
35(32.1) 0.145
8 (7.3) 0.713
21 (19.3) 0.071
27 (24.8) 0.791
18 (16.5) 1
33 (30.3) 0.127
128.37 (24.67) 0.542
74.00 [64.00, 84.00] 0.511
8.20 [6.40, 9.67] 0.818
6.04 [4.68, 8.08] 0.582
1.14 [0.90, 1.61] 0.219
5.14 [3.53, 8.21] 0.232
4.21 [3.94, 4.49] 0.443
190.81 (58.29) 0.667
132.00 [125.00, 144.90] 0.842
4.27 [3.64, 5.03] 0.295
1.09 [0.80, 1.56] 0.975
2.83(0.89) 0.105
7.80 [6.42, 10.20] 0.028
4.73 [3.98, 6.45] 0.885
64.80 [55.50, 75.20] 0.214
501.00 [256.00, 1043.00] 0.181
50 (45.9) 0.674
0.689
13 (11.9)
65 (59.6)
31(28.4)
44 (40.4) 0.003
53 (48.6) 0.208
13.00 [9.00, 15.00] 0.036
74 (67.9) 0.367

500.00 [325.00, 705.00] 0.542
626.00 [447.00, 847.00] 0.277

78 (71.6) 0.027
103 (94.5) <0.001
71 (65.1) 0.007
37 (33.9) <0.001
4.00 [3.00, 6.00] <0.001
33 (30.3) <0.001

mRS, modified Rankin scale; SBP, systolic blood pressure; DBP, diastolic blood pressure; WBC, white blood cell; RBC, red blood cell; BUN, blood urea
nitrogen; NLR, neutrophil-to-lymphocyte ratio; CHOL, total cholesterol; TG, triglyceride; LDL, low-density lipoprotein; ASPECT, Alberta stroke program
early CT score; ICA, internal carotid artery; MCA, middle cerebral artery; rLMC, regional leptomeningeal collateral; NIHSS, National Institute of Health
Stroke Scale; mTICI, modified thrombolysis in cerebral infarction; HMCAS, hyperdense middle cerebral artery sign.

predictors with nonzero coefficients were selected, including age,

low-density lipoprotein, ASPECT score, mTICI score, complica-

gender, baseline NIHSS score, smoking history, coronary heart tions, and sICH. These variables were further analyzed by uni-
disease, diabetic mellitus, blood urea nitrogen, lymphocyte count, variate logistic analysis, and characteristics with p < 0.05 were
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age, baseline NIHSS score, mTICI score, ASPECT score, complica-
tions, and sICH (Figure 1c). A variable importance measure was
used to evaluate the impact of each variable. The order of impor-
tance of the variables was as follows (highest to lowest): baseline
NIHSS score, age, complications, ASPECT score, SICH, and mTICI
score (Figure 2a). Based on the forementioned significant vari-
ables, we constructed different models. The ROC curves indicated
that logistic regression was as good as LDA, SVM, and KNN (p >
0.05) and non-significantly better than the decision tree (AUC,
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0.886 vs 0.831, p = 0.075) (Figure 2b, Table 2). Logistic regression
model was used for further analysis due to its better perfor-
mance. No effect of collinearity was observed for the variables
in the logistic regression analysis. The results of these variables
in the multivariate logistic regression demonstrated that age
(odds ratio [OR] = 1.04, 95% confidence interval [CI]: 1.00-1.07,
p = 0.033), baseline NIHSS score (OR = 117, 95% CI: 1.05-1.30,
p = 0.005), ASPECT score (=8 vs <8: OR = 0.37, 95% CI:
0.15-0.96, p = 0.041), mTICI score (=2b vs <2b: OR = 0.21,
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Figure 1: Identification of significant predictors for poor outcome after endovascular treatment in acute anterior circulation stroke patients. (a) LASSO
coefficient profiles of the candidate predictors. (b) Selection of the optimal penalization coefficient in LASSO regression. (c) Univariate and multivariate
logistic regressions of the predictors.
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DE GRUYTER

NIHSS_baseline 1

Complications

ASPECT scores

sICH

mTICI

e _

Mean Decrease Gini

(b) The Comparison of Five Models
e
©
@4
©
z ° ]
=
.‘%
c
Q
2 <
s
- — Logistic regression(AUC=0.886)
o 1 — LDA(AUC=0.886)p=0.951
— SVM(AUC=0.895)p=0.459
— KNN(AUC=0.894)p=0.746
& — Decision tree(AUC=0.831)p=0.075
=
15 T T T T T T
0.0 0.2 0.4 0.6 0.8 1.0
1-Specificity

Figure 2: (a) Importance value of clinical variables. Mean Decrease Gini indicates a decrease in the Gini coefficient after variable substitution. A higher
value indicates a higher importance. (b) ROC curves of different predictive models using logistic regression (red), LDA (orange), SVM (blue), KNN

(purple) method, and decision tree (green).

95% CI: 0.06-0.78, p = 0.020), complications (yes vs no:
OR = 7.74, 95% CI: 2.46-24.37, p < 0.001), SICH (yes vs no:
OR = 5.13, 95% CI: 1.05-25.10, p = 0.043) were significant
independent predictors for outcome after EVT (Figure 1c).

3.3 Construction and validation of the
prediction nomogram

Based on the above-mentioned significant predicting fac-
tors, we established a predictive nomogram. Each of the six
predictors was assigned a score ranging from 0 to 100 on a
point scale. After adding the scores of all variables to “Total
Point”, the corresponding value was the probability of
unfavorable outcome event (Figure 3a).

Based on the maximum Youden index, the optimal
cutoff value of the nomogram predicted probability was
0.695. At this cutoff value, the sensitivity, specificity, positive

Table 2: Differential efficacy of models at optimal predicted probability

predictive value, and negative predictive value for differen-
tiating the presence from the absence of unfavorable out-
come events were 81.7, 83.0, 91.8, and 66.1%, respectively.
The patient would have poor outcome when the total pre-
diction probability is beyond the cutoff point. ROC curve of
the model is demonstrated in Figure 3b. Figure 3c shows the
calibration curves for the nomogram model. The calibration
curve and an insignificant Hosmer-Lemeshow test statistic
(X-squared = 7.09, p = 0.527) showed a good agreement
between the predicted model and actual observation in the
study, along with the C-index (0.886, 95% CI 0.832—0.940) indi-
cating that the nomogram is a discriminant tool. Five-fold 100
times cross-validation was performed, in which the C-index
was 0.850 (95% CI 0.843-0.857). Given that a C-index >0.75 is
generally considered to indicate reliable discrimination, this
nomogram performed well in the study. DCA results showed
that the nomogram had more benefits in the clinic practice
than taking the measures that treat all patients or treat none of
patients (Figure 3d).

Method Cutoff AUC (95% CI) Sensitivity Specificity Positive Negative
point predictive value predictive value
Logistic regression 0.695 0.886(0.832-0.940) 0.817 0.830 0.918 0.661
LDA 0.806 0.886(0.834-0.939) 0.734 0.936 0.964 0.603
SVM 0.800 0.895(0.848-0.942) 0.688 0.957 0.974 0.570
KNN 0.731 0.894(0.845-0.942) 0.771 0.872 0.933 0.621
Decision tree 0.782 0.831(0.757-0.905) 0.734 0.809 0.899 0.567

LDA, linear discriminant analysis; SVM, support vector machine; KNN, k-nearest neighbors.
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Figure 3: Construction of the predictive nomogram for poor outcome after endovascular treatment in acute anterior circulation stroke patients. (a)
Development of the nomogram. For example, if a patient with an age of 55, baseline NIHSS score of 10, mTICI <2b, ASPECT score 28, with sICH and
without complications, the corresponding points for each factor were 19, 14, 29, 0, 0, and 38, respectively. The total point for this patient was 100, with
a probability of 0.65 for having unfavorable outcome after endovascular treatment. (b) ROC curves of the nomogram. (c) Calibration curve of the

nomogram. (d) DCA in the cohort.

3.4 ROC curve analysis comparing
nomogram with other outcome
prediction scores

We compared the AUC of the nomogram with previously
published risk models (Figure 4a). The AUC of the nomo-
gram for predicting poor functional outcome was superior
to the THRIVE score (AUC, 0.886 vs 0.688, p < 0.001), HAIT2
score (AUC, 0.886 vs 0.737, p = 0.002), SPAN-100 score (AUC,
0.886 vs 0.687, p < 0.001), wSPAN score (AUC, 0.886 vs 0.750,
p = 0.008), and PRE score (AUC, 0.886 vs 0.757, p = 0.007).
This result indicated that our nomogram is a distinctive
tool for the outcome prediction after EVT. A similar signif-
icant difference was also observed in the prediction of

mortality (Figure 4b). Besides, our nomogram was superior
to the other two prediction models [28,29], as it is shown in
Figure S2.

3.5 Subgroup analysis in patients with
different time windows

We divided patients into two groups according to whether
they were admitted to hospital within 6 h. The AUC of the
nomogram in the within 6-h time window group was 0.914
(95% CI, 0.833-0.995), and the AUC in the other group was
0.889 (95% CI, 0.828-0951).
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Figure 4: Discriminability analysis. (a) Models predicting poor outcome after EVT. (b) Models predicting mortality after EVT. Comparison of dis-
criminability of the nomogram, THRIVE (Total Health Risks in Vascular Events) score, HAIT2 (Houston Intra-Arterial Therapy 2) score, SPAN-100 (Stroke
Prognostication using Age and NIHSS) score, wSPAN (weighted Stroke Prognostication using Age and NIHSS) score, and PRE (Pittsburgh Response to
EVT) score was performed by ROC curve analysis. AUC of the nomogram was apparently superior to that of any other prediction model.

3.6 Reproducibility of imaging data

The ICCs of the imaging data for the two reviewers in mea-
suring mTICI, infarct site, ASPECT score, hyperdense middle
cerebral artery sign, rMLC, and TAN score were 0.819, 0.929,
0.963, 0.806, 0.747, and 0.804, respectively.

4 Discussion

It is of great clinical value to predict the functional outcome
of acute ischemic stroke patients. In this study, we estab-
lished and compared various machine learning models to
predict functional outcomes after EVT for acute ischemic
stroke due to LVO in the anterior circulation. We screened
variables by Lasso regression and univariate logistic regres-
sion, demonstrating that prognostic factors were age, admis-
sion NIHSS score, mTICI score, SICH, baseline ASPECT score,
and complications. The combination of these variables
was compared in different machine learning methods.
Furthermore, a reliable nomogram model based on these
selected variables was developed to predict the probability
of poor outcome following EVT.

Previous studies mainly analyzed patients who received
EVT within 6 h after stroke onset and may not be suitable for

patients with longer time window. Studies have confirmed
that patients with stroke onset within 6-24 h who received
CT perfusion evaluation and met the DAWN or DEFUSE 3
eligibility criteria could benefit from the treatment of EVT
[8,9]. In addition, a recent meta-analysis strengthened the
evidence of benefit of EVT in patients with sufficient rever-
sible cerebral ischemia within the time window of 6-24 h [30].
The result showed that EVT was associated with a higher rate
of functional independence than best medical therapy alone
(the proportion of mRS 0-2, 45.9% vs 19.3%; p < 0.001). In our
study, we included patients who underwent EVT for acute
anterior circulation LVO stroke patients within 24h, con-
structed a nomogram, and performed a subgroup analysis,
showing that our model has good predictive ability.

Up to now, several prognostic assessment systems have
been applied to patients after EVT. However, their applic-
abhility for predicting 3-month functional outcome showed a
moderate discriminative performance. The THRIVE score
included age, admission NIHSS score, and medical history,
but without laboratory data and imaging features [12]. The
predictive accuracy of the HIAT2 score was limited by cate-
gorizing the continuous variables including age, baseline
NIHSS score, blood glucose, and ASPECT score [13]. Although
the wSPAN score and the PRE score obtained a higher pre-
dictive accuracy than the SPAN-100 score when applied in the
present study population (AUC were 0.750, 0.757, and 0.687,
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respectively), all of them presented unsatisfactory predictive
efficacy. The novel nomogram in our study demonstrated a
good predictive power with good discrimination (C-index
0.886, 95% CI 0.832-0.940) and calibration (Hosmer—Leme-
show test, X-squared = 7.09, p = 0.527). The result of the
internal cross-validation by bootstrap analysis further con-
firmed the reliability of the nomogram. Besides, DCA further
showed that our nomogram conferred significantly high clinical
net benefits. Collectively, our nomogram presented a potential
value for individual assessment of functional outcome in ante-
rior circulation stroke patients following EVT; therefore, it could
provide information for early identification of patients who are
appropriate candidates for post-EVT intensive management.

Consistent with most previous prediction models, base-
line NIHSS score and age were the most predictive factors
for 3-month outcome after EVT [12-16]. According to our
variable importance analysis, NIHSS score and age ranked
first and second in importance, and the result was basically
in line with the findings of Ospel et al. [15], which showed
that a 1-point increase in NIHSS score roughly corresponded
to a 3-year increase in patient’s age. NHISS score represents
the severity of nerve damage. The higher the NIHSS is, the
greater the possibility of unfavorable prognosis after EVT
will be. The increase in age means the decline in organ
function, not only the reduction of intracranial collateral
circulation and poor reperfusion but also the decline of
immunity, and the increase of postoperative infection and
other complications. Several studies have demonstrated
that despite successful revascularization, increasing age
and high NIHSS score were still associated with unfavor-
able outcome [31,32]. These data indicate that it is a great
challenge for EVT to reverse severe neurological dysfunc-
tion in elderly patients.

The ASPECT score was used to assess early ischemic
changes on computed tomography [33]. It has been univer-
sally applied since the pre-thrombectomy era as a prag-
matic, reliable, and easily applicable scoring template
and was used for patient selection in clinical trials [34].
Another major focus of thrombectomy is successful reca-
nalization. Rapid, early, and effective recanalization to
rescue the ischemic penumbra is a strong predictor of
good prognosis in random control trials [2-6,35]. Consistent
with previous studies [7,36-38], lower ASPECT score (<7)
and unsuccessful recanalization (mTICI 0-2a) predict an
unfavorable outcome in patients after EVT in our model.

In majority of previous studies, SICH was considered a
secondary outcome after EVT, indicating its importance in
the overall prognosis [36,39]. sICH could predict further neu-
rological impairment, secondary cerebral edema, intracra-
nial hypertension, and even death [10,11,40,41]. Few studies
have investigated complications of other organs in stroke
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patients after EVT, even though poor recovery and high
mortality rate after EVT are largely due to several complica-
tions, such as pneumonia, severe infection, gastrointestinal
hemorrhage, and cardiovascular events. Stroke patients
with LVO usually present severe symptoms, low conscious-
ness, throat paralysis, and prolonged bedridden, increasing
the risk of infection [42]. In addition, gastrointestinal bleeding
caused by stress ulcer after EVT has always been a problem
for clinicians, which limits the use of antiplatelet agents and
increases the risk of arterial re-occlusion, leading to cata-
strophic consequences [43]. Cardiovascular events, such as
myocardial infarction and heart failure, can also affect the
prognosis of stroke patients, leading to stroke recurrence and
death [44]. To sum up, these complications, as an independent
risk factor in our model, should be considered seriously in the
management of post-procedure besides sICH.

Previous evidence suggested that the extent of hemo-
dynamic impairment on CT perfusion before treatment
had limited predictive value after EVT [45]. Our results
with available data presented a similar opinion. As shown
in Figure S3 and Table S1, compared to the poor outcome
group, patients with favorable prognosis had smaller infarct
core, larger ischemic penumbra, and larger mismatch volume;
however, there was no statistical significance between the two
groups. It should be viewed with caution due to the small
sample size in the present study.

Several studies have confirmed collateral circulation
plays a vital role in maintaining the blood supply to brain
tissue and vessels within the oligemic regions. Hence, poor
collateral circulation would aggravate blood vessel damage,
leading to reperfusion injury and hemorrhagic transforma-
tion after revascularization therapy [46,47]. In our study, the
collateral circulation score (TAN score, rLMC score) failed to
finalize into the model, and this may be related to variable
screening in the LASSO algorithm, which implies that other
variables (such as sICH, complications) are better predictors
of poor prognosis after EVT than collateral circulation scores.
However, this requires more studies to flesh out our results.

Hyperdense middle cerebral artery sign (HMCAS) on
non-contrast head CT scan of AIS patients, reflecting the
presence of an intravascular thrombus rich in red blood
cells in middle cerebral artery territory, has demonstrated
that it increases the risk of poor outcomes in AIS patients
treated with IV thrombolysis in several studies [48,49]. In
our study, patients with HMCAS approximately account for
44.9%. Comparing patients in favorable outcome groups,
those in poor prognosis groups have more frequency in
HMCAS (36.2 vs 48.6%); however, statistical comparisons
did not reveal meaning result (p = 0.208). The finding
shows that in patients due to LVO treated with EVT, those
with HMCAS might not have a worse outcome at 3 months
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compared to those with no-HMCAS, and it is basically in
line with a recently published study [50].

Several limitations of our study should be noted. First,
the nature of retrospective single-center study with a small
sample size limited the generalization of the conclusion to
other geographical and ethnic groups. A prospective multi-
center study is required to confirm the validity of this
model. Second, some potential variables were not included
in our study, such as final infarct volume and arterial re-
occlusion rate after EVT. Nevertheless, we confirmed the
effectiveness of our model via comparing to different
machine learning algorithms and enhanced the reliability
of the model.

In conclusion, our nomogram composed of age, NIHSS
score at admission, baseline ASPECT score, recanalization
status, SICH, and complications could predict 3-month out-
come in LVO-ischemic stroke patients treated with EVT. The
discrimination and calibration of the nomogram performed
well in internal validation. The AUC of the nomogram was
higher than that of several previous prediction assessment
systems. Further studies in other populations and areas are
warranted to validate the efficacy of the nomogram.
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