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ABSTRACT

Objectives: There remains a conspicuous absence of systematic analysis concerning the risk factors for the development of
ischemic complications in the interventional treatment of IAs. Our study aimed to identify the risk factors for ischemic compli-
cations after the interventional treatment of IAs and to make an individualized prediction of the occurrence of ischemic compli-
cations, providing important reference guidance for clinicians.

Methods: This study encompassed a sample of 473 patients diagnosed with intracranial aneurysms (IA) and treated at our
center between February 2022 and April 2024. Ischemic complications were identified via clinical symptomatology and cor-
roborated with diagnostic subtraction angiography (DSA), computed tomography (CT), or magnetic resonance imaging (MRI).
We used a machine learning (ML) approach to screen potential variables for ischemic complications and identify correlations
between them, and subsequently constructed a logistic regression model to quantify these correlations.

Results: Patients were categorized based on the occurrence or absence of ischemic complications. A total of five potential factors
were screened using LASSO regression, XGBoost, and Randomforest algorithms: hypertension, history of alcohol consumption,
multiple IAs, rupture status, and antiplatelet agent. Multivariate analysis further disclosed that hypertension, history of alcohol
consumption, ruptured aneurysms, and antiplatelet agent were independent risk factors for postoperative ischemic complica-
tions. The predictive model, derived from the multivariate regression analysis results, demonstrated robust reliability.
Conclusions: Hypertension, history of alcohol consumption, ruptured aneurysms, and antiplatelet agent as independent risk
factors for ischemic complications following the interventional treatment of IAs. Accordingly, we constructed the first risk pre-
diction model regarding ischemic complications of all IAs based on these factors, aiming to enhance prognostic judgment and
treatment strategy planning.
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1 | Introduction

An intracranial aneurysm (IA) is a prevalent form of cerebro-
vascular disease, arising from tissue damage in the arterial wall
due to inherited or acquired factors. It typically manifests as lo-
calized inflammatory infiltration and destruction of the internal
elastic lamina, leading to potentially life-threatening complica-
tions [1]. This complex disease has been the focus of consider-
able clinical and research attention over the years.

The last few decades have witnessed a substantial shift in the
management of IA, due in large part to the advent of inno-
vative interventional technologies and materials. These ad-
vances have heralded a suite of new endovascular therapies,
such as surface-modified coiling, balloon-assisted coiling,
stent-assisted coiling, flow diversion, and flow disruption [2].
Consequently, endovascular treatment has emerged as the
front-line therapeutic strategy for IA, often yielding favorable
clinical outcomes [3, 4]. However, a notable caveat to this ap-
proach lies in its potential to precipitate ischemic complica-
tions, with ischemic stroke being cited as the most frequent
complication following coiling of unruptured cerebral aneu-
rysms [5].

Despite significant research efforts, the current understanding
of risk factors [6] that predispose to complications primarily fo-
cuses on specific types of aneurysms [7-10]. There remains a
conspicuous absence of systematic analysis concerning the risk
factors for the development of ischemic complications in the in-
terventional treatment of IAs. Relying solely on clinical intuition
is insufficient for managing this complex condition. To address
this knowledge gap, we collected data on a substantial cohort of
patients with TAs who underwent endovascular embolization.
Our study examined the incidence of ischemic complications
and their associated risk factors, leading to the creation of a no-
mogram for individualized prediction of ischemic complications
prognosis following interventional treatment of IAs. Our work's
substantial diagnostic utility was validated, and we aim to offer
critical reference guidelines to clinicians in the field.

2 | Methods
2.1 | Ethics Approval and Consent to Participate

The research protocol adhered to the ethical standards set out
by the World Medical Association's Code of Ethics and was ap-
proved by the Institutional Ethics Committee of Beijing Tiantan
Hospital, Capital Medical University (KY2023-261-01). All
participants or their authorized relatives signed informed con-
sent forms.

2.2 | Study Design and Participant Inclusion

We established a collected database containing data from pa-
tients undergoing interventional treatment of intracranial an-
eurysms at Beijing Tiantan Hospital and Beijing Chao-Yang
Hospital. This database, in operation for 2years from February
2022 to April 2024, was designed to improve patient survival
quality and optimize aneurysmal patient care.

Patient evaluation included demographic information, medical
history, lifestyle factors, family history, and clinical condition
both pre- and post-treatment. Based on clinical and imaging
conditions, patients underwent endovascular embolization
treatment. We diligently recorded patient demographics, aneu-
rysm characteristics, treatment modality, procedural details,
and occurrence of cerebral vasospasm during aneurysm embo-
lization. Aneurysm locations across various arteries were docu-
mented, and the patients were imaged one or more times within
14 days after surgery. We used these postoperative imaging find-
ings to determine the presence of ischemic complications in the
patients in the present study.

The inclusion criteria for this study were: (1) a confirmed di-
agnosis of IA via imaging scans (computed tomography (CT),
magnetic resonance imaging (MRI)) or cerebral angiography,
(2) age above 18years and (3) received treatment at our center
between February 2022 and April 2024. Exclusion criteria in-
cluded: (1) no endovascular treatment, (2) the patient also has
other central nervous system (CNS) diseases such as moyamoya
disease, arteriovenous malformations, and brain tumors, and (3)
missing follow-up data. Ultimately, a cohort of 473 patients was
included in the present study, as depicted in the study flow dia-
gram (Figure 1).

2.3 | Outcome Measures and Evaluation

The primary study outcomes were centered around ischemic
complications associated with endovascular embolization
treatment of intracranial aneurysms. Ischemic side effects
primarily presented as new-onset neurological deterioration
post-surgery, characterized by movement weakness and/or
sensory abnormalities in the contralateral limb, alongside
contralateral eyelid insufficiency and a shallow nasolabial sul-
cus. On the emergence of such symptoms, a digital subtraction
angiography (DSA) or diffusion-weighted MRI was promptly
performed, with confirmation made by qualified imaging
professionals. Ischemic complications included severe isch-
emic strokes persisting for more than 7 days, mild neurologi-
cal strokes lasting less than 7 days, transient ischemic attacks
(TIA), and abnormalities in postoperative brain imaging, such
as low-density lesions on CT scans or high signal intensity le-
sions on diffusion-weighted MRI.

2.4 | Machine Learning Algorithms

A total of 473 patients were assigned to the training and valida-
tion sets in a 7:3 ratio using computer-generated random sam-
pling; 70% of the patients were assigned to the training set and
the remainder to the validation set. The validation set is applied
to verify the predictive efficacy of the predictive model con-
structed using the training set.

We selected four machine learning (ML) algorithms from a
variety of ML algorithms because they are more suitable for
developing clinical models. Logistic regression is designed to
analyze multiple variables simultaneously and can solve a wide
range of binary classification problems. Least absolute shrink-
age and selection operator (LASSO) regression is capable of
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FIGURE1 | Study flow diagram.

removing unimportant variables by penalizing regression co-
efficients for parameter size. The response variable of LASSO
regression is a binary variable, and alpha is 1. LASSO regres-
sion shrinks the coefficient estimates to zero; the degree of
shrinkage depends on the additional parameter 1. To deter-
mine the optimal value of 4, 10-fold cross-validation was used,
and we selected 4 by a minimum criterion. Secondly, we made
use of the Extreme Gradient Boosting Algorithm (XGBoost),
which is designed to minimize the loss function by adjusting
the weights of the samples and the features. The most import-
ant relevant variables are finally filtered out. Random forests
allow us to understand the importance of each feature for
prediction and ultimately pick the top 10 important factors.
Finally, the potential factors screened by LASSO regression,
XGBoost, and Random Forest are intersected to obtain the
pivotal factors, which will be incorporated into the logistic
multiple regression and ultimately result in the predictive
model for ischemic complications.

We use the “glmnet (version: 4.1.8),” “xgboost (version: 1.7.7.1),”
“randomForest (version: 4.7.1.1),” “ggvenn (version: 0.1.10),”
“stats (version: 4.3.3),” and “autoReg (version: 0.3.3)” packages
to perform these ML algorithms in R.

2.5 | Statistical Approach

Statistical analyses were conducted using R version 4.3.3 (R
Core Team, R Foundation for Statistical Computing, Vienna,
Austria). Continuous variables were represented as mean + stan-
dard deviation (SD) for normal distributions and median (range)
for skewed distributions. Categorical variables were presented
as number (%), and binary variables as median with interquar-
tile range (IQR).

Testing cohort
(n=142)

Subsequently, we constructed a nomogram using the rms
package in R to validate the predictive capacity of the logistic
regression model. Calibration curves were plotted to evaluate
the nomogram's calibration ability, which assesses the congru-
ence between the nomogram predictions and actual observed
outcomes.

The model's predictive ability was evaluated through the area
under the receiver operating characteristic curves (AUC),
with an AUC over 0.700 indicating good discrimination. The
Hosmer-Lemeshow test assessed each model's calibration,
where lower p values suggest a poorer fit. Decision curve
analysis (DCA) was used to assess the net benefit of our estab-
lished nomogram.

3 | Results

3.1 | Patient Demographics and Baseline
Characteristics

Between February 2022 and April 2024, a total of 473 patients
with intracranial aneurysms (IAs) were enrolled in our study.
The characteristics of the patients, aneurysms, and treatment
procedures are detailed in Table 1. Of these participants, 192
(40.506%) were male and the median age was 59years, rang-
ing from 19 to 89years. The prevalence of smoking was noted
in 83 individuals, while 35 reported alcohol consumption. In
total, postoperative ischemic complications were diagnosed in
48 patients. Regarding medical history, 201 (42.405%) patients
had hypertension. We noted that 32 patients (6.751%) had mul-
tiple IAs, while 164 (34.599%) presented with ruptured IAs. At
the same time, we made statistics on the form of aneurysms, in-
cluding 362 (76.533%) saccular aneurysms, 47 (9.937%) fusiform
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TABLE 1 | Baseline characteristics of patients, aneurysms, and
treatment procedures.

Characteristic

Patients (n=473)

Baseline characteristics

Age, year
Gender, male
Hypertension
Hyperlipidemia
Diabetes

Heart comorbidities

Cerebral infarction

Smoking
Drinking

Characteristics of aneurysms
Maximum diameter, mm

Multiple aneurysms

IA rupture

IA location
ACA
ACoA
AChA
MCA
ICA
VA
BA
PCA
PCoA

IA form
Saccular
Fusiform
Lobulated
Dissecting

Irregular

Treatment related

Chief complaint

Discovered during physical

59 (19-89)
192 (40.592)
201 (42.495)

6 (1.268)

30 (6.342)

21 (4.440)

42 (8.879)

83 (17.548)

35 (7.300)

5.690 (1.3-25)
32 (6.765)
164 (34.672)

10 (2.114)
95 (20.085)
11 (2.326)
38(8.034)
97 (20.507)
28 (6.131)
26 (5.497)
9 (1.903)
176 (37.209)

362 (76.533)
47(9.937)
19 (4.017)
12(2.537)
33(6.977)

116 (24.524)

examination

Symptoms of cerebral 280 (59.197)

hemorrhage

Postoperative recurrence 5(1.057)

Others 72 (15.222)
(Continues)

TABLE1 | (Continued)

Characteristic Patients (n=473)
Modality of treatment
Coiling only 130 (27.484)
Balloon/stent-assisted coiling 314 (65.962)
Double microcatheter technique 22 (4.651)
PAO 9(1.903)

Degree of embolism

Complete embolism 287 (60.677)
Proximal total embolism 110 (23.256)
Most embolism 53 (11.205)
Partial embolism 23 (4.863)
Antiplatelet agent 357 (75.476)

Abbreviations: ACA, anterior cerebral artery; AChA, anterior choroidal artery;
ACo0A, anterior communicating artery; BA, basilar artery; IA, intracranial
aneurysm; ICA, internal carotid artery; MCA, middle cerebral artery; PCA,
posterior cerebral artery; PCoA, posterior communicating artery; VA, vertebral
artery.

aneurysms, 19 (4.017%) lobulated aneurysms, 12 (2.537%) dis-
secting aneurysms, and 33 (6.977%) irregular aneurysms.

The most frequently treated aneurysm locations were the ante-
rior communicating artery (ACoA, 20.042%), internal carotid
artery (ICA, 20.464%), and posterior communicating artery
(PCoA, 37.131%). A majority of patients (59.072%) sought med-
ical assistance due to symptoms of cerebral hemorrhage, such
as limb weakness and speech disorders. The primary treatment
techniques included coiling only (27.426%), balloon or stent-
assisted coiling (65.823%), double Microcatheter Technique
(4.641%), and parent artery occlusion (1.899%). Postoperative
evaluation indicated that complete embolization was achieved
in 287 (60.549%) patients. In terms of medication, 357 (75.476%)
patients received antiplatelet therapy.

By comparing the two groups with and without ischemic com-
plications, we found statistically significant differences in hy-
pertension (p<0.001), smoking (p<0.001), history of alcohol
drinking (p<0.001), IA rupture (p<0.001), and antiplatelet
agents (p<0.001) (Table 2). There were no significant differ-
ences in other factors.

3.2 | Identifying Predictors for Ischemic
Complications

Plot the binomial deviation curve versus log (1), where A is the
tuning hyperparameter. The vertical solid line represents the bi-
nomial deviation =+ standard error (SE). The vertical dashed line is
plotted at the optimum value using the minimum criteria and 1-SE
criteria. The optimal value of 1 was selected for the LASSO model
by using a 10-fold cross-validation of the minimum criterion
(Figure 2A). We chose the optimal A value of 0.01878406. A coeffi-
cient distribution plot was generated based on the log (1) sequence
(Figure 2B). Eight relevant factors were finally selected, including
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TABLE 2 | Clinical characteristics of ischemic complications subgroups.

Ischemic complications Ischemic complications
Characteristics incurred (n=48) non-incurred (n=425) p
Age, mean (year) 59.104 58.802 0.869
Gender, male 19 (39.583) 173 (40.706) 0.999
Hypertension 38 (49.167) 163 (38.353) <0.001
Hyperlipidemia 0(0) 6(1.412) 0.882
Diabetes 3(6.250) 27 (6.353) 0.999
Heart comorbidities 4(8.333) 17 (4.000) 0.312
Cerebral infarction 2(4.167) 40 (9.412) 0.346
Smoking 18 (37.500) 65 (15.294) <0.001
Drinking 12 (25.000) 23(5.412) <0.001
Characteristics of aneurysms
Maximum diameter, mm 6.152 5.638 0.397
Multiple aneurysms 6 (12.500) 26 (6.118) 0.172
IA rupture 34(70.833) 130 (30.588) <0.001
IA location
ACA 1(2.083) 9(2.118) 0.999
AcoA 13 (27.083) 82 (19.294) 0.277
AChA 1(2.083) 10 (2.353) 0.999
MCA 6 (12.500) 32(7.529) 0.357
ICA 5(10.417) 92 (21.647) 0.101
VA 3(6.250) 25(5.882) 0.999
BA 2(4.167) 24 (5.647) 0.926
PCA 3 (6.250) 6 (1.412) 0.077
PCoA 15 (31.250) 161 (37.882) 0.457
IA form
Saccular 31 (64.583) 331(77.882) 0.072
Fusiform 7 (14.583) 40 (9.412)
Lobulated 3(6.250) 16 (3.765)
Dissecting 0(0) 12 (2.824)
Irregular 7 (14.583) 26 (6.118)
Treatment related
Chief complaint
Discovered during physical 11 (22.917) 105 (24.706) 0.431
examination
Symptoms of cerebral hemorrhage 32 (66.667) 248 (58.353)
Postoperative recurrence 1(2.083) 4(0.941)
Others 4(8.333) 68 (16.000)

(Continues)
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TABLE 2 | (Continued)

Ischemic complications Ischemic complications
Characteristics incurred (n=48) non-incurred (n=425) P
Modality of treatment
Coiling only 8(16.667) 122 (28.706) 0.205
Balloon/stent-assisted coiling 37 (77.083) 275 (64.706)
Double microcatheter technique 3(6.250) 19 (4.471)
PAO 0(0) 9(2.118)
Degree of embolism
Complete embolism 21 (43.750) 266 (62.588) 0.054
Proximal total embolism 16 (33.333) 94 (22.118)
Most embolism 9 (18.750) 44 (10.353)
Partial embolism 2 (4.167) 21 (4.941)
Antiplatelet agent 26 (54.167) 90 (21.176) <0.001

Abbreviations: ACA, anterior cerebral artery; AChA, anterior choroidal artery; ACoA, anterior communicating artery; BA, basilar artery; IA, intracranial aneurysm;
ICA, internal carotid artery; MCA, middle cerebral artery; PCA, posterior cerebral artery; PCoA, posterior communicating artery; VA, vertebral artery.
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FIGURE 2 | Machine learning and variable screening. (A) Cross-validation results. The two dashed lines on the left and right are the range of
positive and negative standard deviations of log(4). The dashed line on the left indicates the value of the harmonic parameter log(1) when the model
error is minimized. (B) LASSO coefficient curves for 25 variables. (C) Variables screened by LASSO regression. (D) Top 10 features selected using
XGBoost and the corresponding variable importance score. (E) Top 10 important features selected using randomForest. (F) The factors screened by
LASSO regression, XGBoost, and Random Forest methods are summarized, and the figure shows the hub variables.

gender, hypertension, history of cerebral infarction, history of = with coefficients of —0.280, 1.284, —0.155, 1.110, 0.539, 0.857,
alcohol drinking, multiple IAs, rupture status, location as PCA, 0.002, 0.114, and —0.700, respectively (Figure 2C). We screened the
treatment modality, degree of embolism, and antiplatelet agent,  variables based on the contribution of the XGBoost model to each
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factor, and Figure 2D demonstrates the top 10 important factors,
which are age, maximum diameter of IAs, hypertension, antiplate-
let agent, treatment modality, rupture status, location as PCoA,
history of alcohol drinking, IAs form, and degree of embolism. We
used Random Forest to analyze the correlation factors and sorted
them according to IncNodePurity values, and finally we filtered
the top 10 important factors as age, maximum diameter of IAs, an-
tiplatelet agent, hypertension, history of drinking, rupture status,
chief complaint, degree of embolism, IAs form, and treatment mo-
dality (Figure 2E). We combined the factors screened by LASSO
regression, XGBoost modeling, and random forests to identify hub
factors associated with ischemic complications, including hyper-
tension, history of drinking, rupture status of IAs, and antiplatelet
agent (Figure 2F). We then performed multivariate logistic regres-
sion analysis of these six potential correlated factors.

Table 3 depicts the outcomes of the multivariate logistic regres-
sion analyses. Our multivariate analysis identified hypertension
as an independent risk factor for postoperative ischemic com-
plications, with an odds ratio (OR) of 6.468 (95% confidence
interval [CI]: 2.673-18.292, p<0.001), and history of drinking
with an OR of 4.476 (95% CI: 1.525-12.622, p=0.005). Ruptured
IA (OR=2.746, 95% CI: 1.137-6.882, p=0.027) and antiplatelet
agent (OR=0.417,95% CI: 0.177-0.974, p=0.044) were also a po-
tent independent risk factors.

3.3 | Nomogram Construction and Validation
for Predicting Ischemic Complications

Utilizing the independent risk factors identified by the multivar-
iate logistic regression analysis, a nomogram was constructed to
predict the prognosis of ischemic complications. Each variable
was assigned a point score from 0 to 100, which corresponded to
the coefficients of the independent risk factors. The total score
was determined by summing the scores associated with each
factor. The higher the overall nomogram score, the greater the
influence of the contributing variables. As indicated by the de-
veloped nomogram, hypertension exerted the most substantial
influence on ischemic outcomes, followed by history of drink-
ing, ruptured aneurysms, and antiplatelet agent (Figure 3).

3.4 | Evaluation of Nomogram Prediction Efficacy
The receiver operating characteristic (ROC) curve demonstrated
the nomogram's high diagnostic utility, with an area under

the curve (AUC) of 0.826, signifying that the model exhibited

TABLE3 | Multivariablelogistic analysis for ischemic complications.

Multivariate analysis

Characteristics OR (95% CI) p
Hypertension 6.468 (2.673-18.292) <0.001
Drinking 4.476 (1.525-12.622) 0.005
Ruptured IA 2.746 (1.137-6.882) 0.027
Antiplatelet agent 0.417 (0.177-0.974) 0.044

Abbreviations: CI, confidence interval; IA, intracranial aneurysm; OR, odds
ratio.

good discrimination (Figure 4A). At the same time, we apply
this model in the validation set for verification, and the AUC
of the ROC curve plotted using the validation set data is 0.836
(Figure 4B). This proves that the predictive effectiveness of this
prediction model is relatively stable.

The calibration curve for both the training and validation sets
displayed favorable alignment (Figure 4C,D). The training
set decision curve indicated that if the threshold probability
is >0% and <70%, the nomogram used in this study to pre-
dict risk of poor recovery added more benefit than either the
intervention-all-patients scheme or the intervention-none-
patient scheme (Figure 4E). On the other hand, the decision
curves in the validation set showed that nomograms used
to predict the risk of poor recovery in the range added more
benefit than either the intervention-all-patients scheme or the
intervention-none-patient scheme, with the threshold proba-
bility greater than 0% and less than 70% were more beneficial
(Figure 4F).

4 | Discussion

Intracranial aneurysms (IAs) have a prevalence of approxi-
mately 2% within the general population [11]. Since the advent
of the 21st century, endovascular therapy has been progressively
favored over surgical procedures for the treatment of 1As [12].
Despite the refinement and maturation of these technologies,
complications during endovascular treatment persist, with
thromboembolic events representing a principal concern follow-
ing endovascular coiling [13].

Current research on postoperative ischemic complications
tends to concentrate on aneurysms that are specific to certain
arteries. These include the ophthalmic segment aneurysms
[14], anterior choroidal artery (AChA) [8], and intracranial
vertebral artery dissecting aneurysms [15]. While some stud-
ies have examined overall clinical outcomes, they have yet
to develop comprehensive models or hypotheses [16]. All pa-
tients with IAs at different sites were included in this study
and screened for clinical and imaging indicators using ML.
We identified three independent risk factors that were sig-
nificantly associated with these ischemic complications:
hypertension, drinking, and history of rupture. These three
independent risk factors are eventually used to construct a
risk prediction model, which shows stable prediction perfor-
mance in both the training and validation sets.

Hypertension has been associated with the formation, growth,
and rupture of IAs [17]. The increased risk of ischemic compli-
cations in hypertensive patients can potentially be attributed
to the following reasons: (1) Increased risk of arteriosclero-
sis: Hypertensive patients have a higher risk of developing
arteriosclerosis. Changes in hemodynamics during and after
surgery may trigger the detachment of plaques or thrombosis,
thereby leading to cerebral embolism. (2) Propensity for cere-
bral vasospasm: Patients with hypertension are more likely to
experience cerebral vasospasm [18], although induced hyper-
tension is an important therapeutic approach to maintain ce-
rebral blood flow when cerebral vasospasm occurs [19, 20]. (3)
Induction of aneurysm enlargement: Hypertension can lead
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to the enlargement of arterial aneurysms. Larger aneurysms
have a higher likelihood of forming thrombi in the lumen,
which may result in cerebral embolism if the thrombi dislodge
[21, 22].

Alcohol abuse may lead to the development and rupture of
cerebral aneurysms, resulting in aneurysmal subarachnoid
hemorrhage (aSAH). In a study that included 6411 patients
with intracranial aneurysms, univariate and multivariate
logistic regression found that alcohol consumption was as-
sociated with aneurysm rupture and that alcohol consump-
tion increased the risk of aneurysm rupture [23]. Aneurysmal
subarachnoid hemorrhage resulting from aneurysm rupture
can cause vasospasm and delayed cerebral ischemia. This was
confirmed by a study that included 236 patients with aneu-
rysmal subarachnoid hemorrhage, which found that alcohol
abuse can lead to an increased risk of vasospasm and delayed
cerebral ischemia [24]. Related previous studies have shown
that alcohol can cause vessel constriction in several ways.
Alcohol can increase sympathetic nervous system activity as
well as catecholamine release, which ultimately leads to vessel
constriction [25, 26]. Alcohol abuse can also lead to a higher
procoagulant state by stimulating the production of fibrino-
gen activator inhibitor 1 (PAI-1), which inhibits fibrinolytic
activity [27]. In addition, an animal study has demonstrated
that alcohol can increase the risk of thrombosis. This study
showed that serum sulfatide level was significantly decreased
in mice fed alcohol. And, sulfatide has anti-thrombotic prop-
erties [28]. These related mechanisms help to explain why

100

150 200 250 300
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T
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| Nomogram for predicting ischemic complications in patients with intracranial aneurysm. IA, intracranial aneurysm.

alcohol consumption was an independent risk factor for isch-
emic complications after endovascular treatment of IA in the
present study.

The status of rupture emerged as a major independent predictor
for ischemic complications of IAs, a finding that is in alignment
with previous research [29-31]. Previous studies have investi-
gated the potential mechanisms by which aneurysm rupture
increases the risk of ischemic complications. First, aneurysmal
hemorrhage leads to aneurysmal subarachnoid hemorrhage,
which results in cerebral arterial vascular tissue thromboplas-
tin activation and focal type of disseminated intravascular co-
agulation [32, 33]. Secondly, subarachnoid hemorrhage causes
excessive neuroinflammation, which may be one of the poten-
tial mechanisms contributing to vasospasm. Toll-like receptors
(TLR) play an important role in neuroinflammation, and upreg-
ulation of TLR4 is associated with activation of NF-xB signaling
and ultimately leads to vasospasm. High levels of TLR4 in pe-
ripheral blood mononuclear cells have also been shown to be an
independent predictor of vasospasm and poor prognosis due to
subarachnoid hemorrhage in a clinical study [34]. These poten-
tial mechanisms could explain the rupture state as a potential
risk factor for ischemic complications.

Based on our research findings, perioperative antiplatelet ther-
apy is associated with ischemic complications following aneu-
rysm interventional treatment. The use of antiplatelet therapy
can be helpful in preventing and managing ischemic complica-
tions. However, there are still certain limitations, particularly
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FIGURE 4 | Evaluation of Nomogram prediction efficacy. (A) The receiver operating characteristic (ROC) curve of the predictive value of isch-
emic complications according to the risk score in train sets. (B) The ROC curve of the predictive value of ischemic complications according to the
model in test sets. (C) Calibration curve for predicting ischemic complications in training cohort. (D) Calibration curve for predicting ischemic com-

plications in testing cohort. (E) Decision curve analysis (DCA) for nomogram in training cohort. (F) DCA for nomogram in testing cohort.

in patients with ruptured aneurysms, where the application of
antiplatelet therapy remains controversial. In a study on isch-
emic and hemorrhagic complications in patients treated with
Pipeline embolization devices, the authors found that high-dose
acetylsalicylic acid therapy and clopidogrel treatment for at least
6 months were associated with a reduced incidence of ischemic
events, without affecting the risk of hemorrhagic events [35].
Another study on coil embolization of ruptured aneurysms
suggested that antiplatelet therapy significantly reduced the in-
cidence of immediate thromboembolic events after the proce-
dure but was not significantly associated with delayed ischemic
complications [36]. Although the use of antiplatelet therapy may
increase the risk of postoperative hemorrhagic complications, it
remains the preferred approach for preventing ischemic com-
plications [37]. Therefore, the types and dosages of antiplatelet
drugs, as well as the timing of their use, should be explored
through large-scale clinical trials.

5 | Limitation

However, there are still some limitations in this study. Firstly,
this study was retrospective. In the future, this predictive model
should be applied to prospective studies to better reflect the effi-
cacy of the model and improve the predictive model. Secondly, the
threshold range of DCA curves in the training set was narrowed,
which may be limited by the sample size. Therefore, the sample
size should be further expanded to improve this prediction model
so that it can have a more stable and better prediction ability.

6 | Conclusion

In conclusion, this study successfully developed an individual-
ized prediction model for assessing the risk of ischemic compli-
cations in patients with intracranial aneurysms (IA). The model
accurately identifies patients at higher risk, enabling proactive
measures to reduce the overall impact of ischemic complica-
tions. Implementation of this prediction model in clinical prac-
tice has the potential to improve patient care and outcomes in IA
treatment. Further validation and integration of the model can
enhance the precision and effectiveness of interventions, bene-
fiting patients with IA.
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