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Carotid atherosclerotic stenosis of the carotid artery is an important cause of

ischemic cerebrovascular disease. The aim of this study was to predict the

presence or absence of clinical symptoms in unknown patients by studying the

existence or lack of symptoms of patients with carotid atherosclerotic stenosis.

First, a deep neural network prediction model based on brain MRI imaging data of

patients withmultiplemodalities is constructed; it uses themulti-modality features

extracted from the neural network as inputs and the incidence of diagnosis as

output to train themodel. Then, amachine learning-based classification algorithm

is developed to utilize the clinical features for comparison and evaluation. The

experimental results showed that the deep learning model using imaging data

could better predict the clinical symptom classification of patients. As part of

preventive medicine, this study could help patients with carotid atherosclerosis

narrowing to prepare for stroke prevention based on the prediction results.

KEYWORDS

brain MRI, carotid atherosclerotic stenosis, ischemic stroke, deep learning, diagnostic

classification

1. Introduction

Ischemic stroke is a major cause of morbidity and mortality worldwide. Carotid
atherosclerotic stenosis is an important risk factor of ischemic stroke and accounts for
approximately 20% of stroke patients (Johnson et al., 2019). At present, it is proved that
the main mechanisms of stroke due to carotid atherosclerotic stenosis are the intracranial
arteries embolism caused by carotid unstable plaque rupture and the reduction of cerebral
blood flow caused by moderate and severe carotid stenosis (Gupta et al., 2013). Then,
cerebral ischemic injury occurs and patient presents with clinical symptoms of stroke.

Nowadays, the widely use of magnetic resonance imaging (MRI) in stroke clinical
practice makes carotid atherosclerotic stenosis-related cerebral ischemic injury easily to be
detected. Cerebral signal abnormality is the direct embodiment of the injury caused by
carotid stenosis. Cerebral signal abnormality is much more frequent than clinical stroke
and is highly prevalent in older people. Generally, the signal abnormalities of cerebral
ischemic injury can present as several types on routine MRI, including (but not limited
to) infarctions and white matter hyperintensities. Many studies have suggested that cerebral
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signal abnormalities are associated with an increased risk of
ischemic stroke (Debette et al., 2019; Epstein et al., 2022).
Therefore, better exploring the cerebral signal abnormalities on
MRI is crucial to stroke prediction strategies in patients with
carotid atherosclerotic stenosis. Best medical therapy has showed
the effectiveness in reducing stroke risk (Abbott, 2009; Reiff et al.,
2020). Patients with carotid stenosis who have a high possibility to
suffer stroke are more likely to benefit from intensive and rigorous
medical therapy.

In recent years, deep learning (DL) has been increasingly
applied in the medical field to solve clinical problems. Stroke
medicine is a quite suitable application for DL because vast
amount and wide variety of brain imaging data need to be
collected, combined and analyzed in making clinical decisions.
Most of previous studies adapted DL algorithms based on brain
MRI data have focused on acute ischemic stroke, either for
the infarction detection and segmentation, or for the clinical
prognosis evaluation (Yu et al., 2020; Li et al., 2022; Shin et al.,
2022). However, few has concerned about predicting risk of
ischemic stroke.

Given the clear correlation between cerebral signal
abnormalities and ischemic stroke, and the advantage of DL
techniques to integrated process variety of visible and invisible
features, we present a DL algorithm to predict the occurrence of
ischemic stroke in patients with carotid atherosclerotic stenosis
using their routine brain MRI images. Deep convolutional neural
networks require a large number of training parameters, which not
only create a classification burden but also may lead to overfitting.
We hope that the existing model can meet the clinical needs
without overtraining parameters. Finally, we chose 3d Resnet-18
(He et al., 2016) because it not only uses more hidden layers and
images for training, it also has a smaller convolutional kernel, which
can effectively improve model performance. T1-weighted imaging
(T1WI), T2-weighted imaging (T2WI), fluid attenuated inversion
recovery (FLAIR), and apparent diffusion coefficient (ADC) were
the most common sequences used in clinic and different modalities
can provide different information. For example, T2WI and FLAIR
were extremely useful to detect cerebral ischemic injury lesions
because most lesions presented as hyperintensities on these two
modals but often showed subtle or obvious differences. T1WI
could provide good cerebral anatomical information and helped to
discriminate infarctions and white matter hyperintensity. Besides,
ADC was also important for diagnosing cerebral ischemic injury
lesions in different stages.

Based on this consideration, we designed a channel attention
mechanism to learn salient regions in different modal images.
Feature fusion can enhance the ability of characterizing the
prognosis of ischemic stroke in patients with carotid atherosclerotic
stenosis. In addition, clinical data are used in the algorithm to
improve the prediction accuracy.

2. Related work

To date, several stroke risk prediction models were developed,
most of them were based on clinical data, especially the
demographic factors and common cardiovascular risk factors
(Flueckiger et al., 2018; Arafa et al., 2022; Chun et al., 2022).

The Framingham Stroke Risk Score (FSRS) (Flueckiger
et al., 2018) was one of the most widely used risk score for
prediction of stroke. It provided sex-specific predictions of
the absolute risks of total stroke in the future 5–10 years,
which representing important information for the patient.
The revised FSRS updated stroke risk factors prevalence
and stroke rate incidence and showed better discriminative
ability and calibration for incident stroke than original
FSRS (Flueckiger et al., 2018).

Computational learning offers opportunity to improve
accuracy by exploiting complex interactions between risk
factors. Recent years, some studies have tried to employ
machine learning (ML) algorithms to predict the stroke risk
(Weng et al., 2017; Teoh, 2018; Penafiel et al., 2020). Weng
et al. (2017) used four different algorithms including logistic
regression, random forest, gradient boosting machines, and
neural networks to predict the patients at risk of stroke. Teoh
(2018) proposed a Recurrent Neural Network method in
combination with a custom loss function to predict a diagnosis
of stroke. The best neural network of the model attained an
area under the curve (AUC) of 0.67. Penafiel et al. (2020)
presented a model for predicting stroke occurrences within a
year based on Dempster-Shafer theory. The model achieved
good performance for stroke risk prediction even with some
missing data.

Commonly used ML-based solutions require manual
computation of grayscale features (Acharya et al., 2013a,b;
Araki et al., 2017); then a training classifier is used to learn these
features. Thereafter, the model is trained, features from external
data can be learned to predict its class risk (Saba et al., 2019b).
However, this ML-based solution is ad-hoc, slow, and not universal,
in addition to lacking reliability and stability. In recent years, DL
techniques have dominated various industries, especially inmedical
imaging (Biswas et al., 2019; Khanna et al., 2019; Saba et al., 2019a).
This technique provides an alternative to ML strategies. It is
able to automatically learn feature maps in the original image.
Changes in grayscale contrast are dynamically adjusted through
neural network layers of the DL architecture. Lekadir et al. (2016)
developed a Convolutional Neural Network (CNN) model for
the classification of plaque components by extracting 90,000
plaques from 50 in vivo ultrasound images and achieved a
correlation coefficient of 0.90. This study aimed to develop and
design an automated carotid plaque characterization and binary
classification system, i.e., symptomatic and asymptomatic, with an
implementation on a supercomputer through a DL framework.

Generally, single modality medical images often do not contain
enough information to reach a reliable diagnosis. Clinical diagnosis
often uses multiple sources of information, such as brain tumor
segmentation with multiple MR images. Effective fusion of multi
modal information is of great importance in the medical field
for better diagnostic prediction. Mainly, CNNs use probabilistic
methods for information fusion, which can be divided into
three strategies:

• Image-level fusion, such as input data cross talk (Peiris et al.,
2021),

• Feature-level fusion, such as attention mechanism cross talk
(Zhou et al., 2020),
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• Decision-level fusion, such as weighted average (Kamnitsas
et al., 2017).

However, probabilistic fusion cannot effectively manage the
conflicts that occur when different labels based on several
modalities are assigned to the same voxel. In this paper, a feature-
level fusion is used to fuse the brain MRI images of the four
modalities extracted by themodel with shared structures, effectively
reducing the parameters while learning complementary features of
different modalities.

3. Method

3.1. Dataset

In this dataset, 282 patients are included (mean age 69.8 ±

9.4; 250 males, 66 females) from July 2020 to September 2022,
who had internal carotid artery stenosis of > 50% diagnosed by
computed tomograph (CT) angiography or magnetic resonance
(MR) angiography. Of all the patients, 151 have experienced
ischemic stroke before they were diagnosed of carotid stenosis,
the remaining 131 were asymptomatic with no neurological
abnormalities. The common clinical symptoms of ischemic stroke
include weakness or numbness of the face, arm or leg, trouble
speaking and understanding, and monocular blindness. The study
was approved by the ethics committee of our institution and
informed consent was obtained from all patients.

The exclusion criteria were as follows:

1. Non-atherosclerotic carotid artery stenosis,
2. Carotid artery occlusion,
3. Prior carotid artery procedures,
4. Cardiogenic stroke,
5. Hemorrhagic stroke,
6. Primary intracranial diseases.

All the patients underwent brain MR examination using a 1.5
or 3.0 Tesla (T) MR scanner within 1 week of their carotid artery
examination. TheMRI protocol included T1WI, T2WI, FLAIR, and
diffusion weighted imaging (DWI)/ADC. The imaging parameters
were as follows: T1WI: repetition time (TR)/echo time (TE) =

2,000∼2,400/7.6∼18.0 ms; T2WI: TR/TE= 5,000∼6,000/100∼136
ms; FLAIR: TR/TE = 8,400∼9,000/87.0∼97.0 ms; and DWI/ADC:
TR/TE = 4,000∼5,000/77.0∼85.0 ms, b = 0, and 1,000 s/mm2.
Here, ms represents milliseconds and mm millimeters. Slice
thickness was 5 mm and slice spacing was 1.5 mm for all
the sequences.

Clinical features including sex, age, and vascular risk factors
(hypertension, diabetes mellitus, hyperlipidemia, and coronary
heart disease) were also recorded.

3.2. Deep learning architecture

In this paper, a multimodal fusion model is designed, and
the overall flowchart is shown in Figure 1. Specifically, the model
consists of a feature extraction encoder and a classification head for
multimodal fusion, where weights are shared among the unimodal

encoders and features are extracted from each unimodal input
encoder, which means that all spatial locations share the same
convolution kernel, which greatly reduces the number of parameter
layers required for convolution. The feature extraction encoder
consists of four residual blocks, and the specific flow is shown in
Figure 2. The CNNmodel constructed in this paper mainly consists
of a convolutional layer, a maximum pooling layer and a Dropout
layer, and finally a fully connected layer as the output layer.

3.2.1. Feature extraction module
In our dataset, the image format is digital imaging and

communications in medicine (DICOM). After preprocessing, the
image output size is 256 × 256 × 24. Then, after a 7 × 7 ×

7 convolutional layer with 64 channels and two steps, a 3×3×3
maximum pooling layer with two steps is connected to the output.
Next, four modules consisting of residual blocks are used, each
using several residual blocks with the same number of output
channels. The first module has the same number of channels as the
number of input channels. Each subsequent module doubles the
number of channels of the previous module in the first residual
block and halves the height and width. For each module, two
residual blocks are included, and the residual block structure is
shown in Figure 2A. The residual block is to fuse the features of the
(i)th layer with those of the (i+ 2)th layer, which can maximize the
retention of shallow features while the network level is deepening
to avoid overfitting. Four residual blocks are structured as shown in
Figure 2B, and the main parameters are as follows.

For each after two convolutions of 64 convolution kernels
of 3 × 3 × 3, a maximum pooling is used. Then, after two
convolutions of 128 convolution kernels, a maximum pooling is
used. Again, after three convolutions of 256 convolution kernels, a
maximum pooling is used. This continues to repeat twice with three
convolutions of 512 convolution kernels, followed by a maximum
pooling; and finally after fully connected layers, the output. As
the residual module deepens, the number of convolutional kernels
increases, so that more channels can be obtained and different
features can be extracted at a deeper level.

3.2.2. Feature fusion module
To better fuse multimodal features, the feature extraction

module express different modal data as low-dimensional semantic
vectors and finally train a semantic similarity model, at which
point the different modalities can be constrained to a unified
representation space and multimodal fusion representation. Here
we designed a channel attention for multimodal feature fusion.
Specifically, for the image of the mth modality, where m ∈

[1, 2, 3, 4]. The output features Fm of the feature extraction module
are pooled globally in one spatial dimension to obtain a channel
description of C× 1× 1× 1, where C is the number of channels of
a single modal feature. A sigmoid activation function is then used
to obtain the weighting coefficients. Finally, the weight coefficients
are multiplied with the corresponding input features Fm to obtain
the new weighted features. The calculation of the weighted features
is shown in the following equation:

F
′

m = [σ (wm · Fm)]⊗ Fm, (1)
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FIGURE 1

The overview of multimodal fusion containing T1WI, T2WI, FLAIR, and ADC images as input.

FIGURE 2

Schematic illustration of the deformed feature extraction module. (A) Residual block and (B) Four Residual layers.

where σ represents the sigmoid function, and wm represents
the parameter matrix at training time. The features of different
modalities are stitched together after the maximum pooling
layer. Finally, a Fully Connected (FC) layer is created in the
corresponding dimension of the channel and output to the classifier
to obtain the classification result.

3.2.3. Loss function
In statistics, loss functions allow an evaluation of the difference

values between the true value of the degree and the predicted value.
The appropriate loss function usually increases the complexity of

the model. There are a number of loss functions including Mean-
Absolute loss function category Error (MAE), categorical cross-
entropy, Mean Squared Error (MSE) and binary cross-entropy.
This last lost function is used for our study, whose formula is
defined as:

Loss =
∑T

j=1
ŷj · log(yj)+ (1− ŷj) · log(1− ŷj), (2)

where T denotes the number of samples. yj is the true label value,
and ŷj is the predicted probability value.
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FIGURE 3

The original images of the four modalities in (a) T1WI, (b) T2WI, (c) FLAIR, and (d) ADC, and their pre-processed images. Patients in group (A) have

yellow dashed circles indicating symptomatic areas and patients in group (B) have red arrows indicating symptomatic areas. Note that visually,

symptoms in (A) are more obvious.

3.3. Machine learning architecture

On the one hand, clinical data is indispensable for physicians’
diagnosis. On the other hand, for the collected clinical features,
we used a ML analysis method. The data were divided in exactly
the same way as the deep learning approach. We measured four
commonMLmethods to predict stroke recurrence. These methods
are as follows: random forest (Breiman, 2001), logistic regression
and extreme gradient boosting (XGBoost):

1. Random forest is composed of many independent stand-alone
decision trees that are individually trained on a random sample
of data. The flexibility of random forest is one of its most
attractive features. It can be used for recurrence detection and
grouping tasks, and the overall weight of the overall weighted
features on the information is obvious.

2. Logistic regression uses a collection of independent factors
to predict a categorical dependent variable. Using logistic
regression, the output of the categorical dependent variable is

TABLE 1 Comparison of classification performance based on di�erent

modalities.

Modality AUC (%) Accuracy (%) Recall (%)

T1WI 62.2 60.5 78.3

T2WI 68.9 60.5 100

FLAIR 65.4 65.1 87.0

ADC 60.4 53.5 69.7

The bold values represent the best values.

predicted. Therefore, the output must be discrete or categorical
(it can be yes or no, 0 or 1, true or false, and so on).

3. The basis of XGBoost idea is to keep generating new trees. Each
tree is learned based on the difference between the previous
tree and the target value, thus reducing the bias of the model.
Therefore, it is using multiple base learners, each of which is
relatively simple to avoid overfitting. The next learner is the
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FIGURE 4

ROC curves of our network and compared methods. (A) Single modality and (B) Multi modality fusion.

result of learning the previous base learner, and the difference
between the model value and the actual value is continuously
reduced through the learning of multiple learners.

The comparison experimental results of different classifiers are
shown in Table 3.

4. Experiments

4.1. Evaluation metrics

For the analysis of the results, we used accuracy, recall,
and AUC scores for evaluation. In that respect, accuracy is
used to determine the performance of a classification model.
It determines the ratio of the correct predictions to the total
number of predictions. Recall is the ratio of true positives to
the sum of true positive and false negative predictions. The area
under the Receiver Operating Characteristic (ROC) is denoted
as the AUC. The closer the ROC curve is to the upper left
corner of the ROC curve, the more accurate the model is
and the more desirable the model is. The AUC score is what
determines the ability of the model to distinguish between different
categories, and higher values indicate better model performance. It
determines the ratio of the correct prediction to the total number
of predictions.

4.2. Implementation details

As our data were collected from different hospitals and different
machines, the voxels of the data were not the same. In order
to reduce the influence of unrelated other organ regions on
feature extraction in the lesion region, thus achieving the goal of
weakening data noise and improving model stability, we resampled
the original unique hedge and normalized the different sized
voxels in the medical images to the same size. In addition, all

data were normalized to adjust the feature values of different
dimensions to a similar range, and then a uniform learning rate
could be used to accelerate the model training. The two sets
of sample images shown in Figure 3 were original image of (a)
T1WI, (b) T2WI, (c) FLAIR, and (d) ADC, and their images
after pre-processing. Patients in group (Figure 3A) have a larger
symptomatic area, indicated by the yellow dotted circle. Patients
in group (Figure 3B) have a smaller symptomatic area, indicated by
the red arrow.

For data set partitioning, in this paper, the provided

training data set (four-modality MRI images) was randomly

divided into training set, validation set, and test set according

to the principle of positive and negative sample balance,
according to whether there are bleeding symptoms for the
dichotomous classification task. The main aim was to ensure
that the validation samples did not overlap with the training
samples, leading to the random division of the training set
(n = 197, 70%), validation set (n = 42, 15%), and test set
(n= 43, 15%).

Due to the small amount of data obtained from the hospital,
less coverage of imaging features may lead to over-fitting problems.
The model may not apply to other untrained data. Therefore,
data expansion methods including zooming in, zooming out
and moving this study compensated for the lack of data. The
final softmax classifier of the convolutional neural network had
final nodes that predicted the probability of each class based
on the features extracted from the network. The models were
implemented using PyTorch and trained by the Adam (Kingma
and Ba, 2014) optimization algorithm. The models were trained
for 300 epochs. All models were trained from scratch using
an initial learning rate of 1 × 10−4. The final loss function
was computed for each task for all samples in the batch with
known base fact labels and averaged to a global loss, which was
then back-propagated through the models to a predictive loss
for the final labels. These parameters were well-verified in the
industry empirically.
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TABLE 2 Comparison of classification performance based on di�erent

modalities.

Modality AUC (%) Accuracy (%) Recall (%)

T2WI and ADC 70.0 65.1 82.6

T2WI and FLAIR and
ADC

72.0 67.4 60.9

MF_CAM (ours) 78.5 76.7 87.0

The bold values represent the best values.

4.3. Analysis on single modality

Based on the same data partitioning method and the same
experimental setup as above, we first performed feature extraction
and classification of the unimodal MRI images. The experimental
results are reported in Table 1. In the single-modality experiments,
the AUC metrics of the four different modalities reached 62.2,
68.9, 65.4, and 60.4%, respectively, with the T2WI modality being
8.5% higher than the ADC modality AUC metric. Comparing the
accuracy classification performance of the four different modalities
longitudinally, the ADC modality was relatively poor, 11.6% lower
than the better-performing FLAIR. The ROC curves based on four
single modality image classifications are shown in Figure 4A.

4.4. Analysis on multi-modal fusion

In order to verify the effectiveness of data fusion of different
modes, we designed a fusion experiment of different modes, and
the experimental results are shown in Table 2. Compared with
the experimental results in Table 1, the classification effect of
multimodal fusion is improved, which verifies the theory that
different modalities can provide richer information. In addition,
for AUC measurement, the fusion result of T2WI and ADC mode
is lower than the fusion classification result of T2WI, FLAIR and
ADC, which indicates that FLAIR mode provides richer features.

In addition, to verify the effectiveness of different fusion
methods, we designed three groups of different fusion experiments,
all of which fused the features of four modes. Table 3 shows the
results of ablation research. Specifically, MF_Add directly adds the
features of different modes, and MF_Concat splices the features
of different modes through channels. In this paper, MF_CAM is
used. Before feature fusion, the attention mechanism of single-
mode images is increased, and then the features of key areas of
single mode are enhanced and then spliced by channels. From the
experimental results, the performance of MF_Add is the worst,
which shows that the feature addition fusion method is not a
desirable choice. In addition, MF_Concat does not fully consider
the importance of different modal features, and direct splicing
may have feature redundancy. In contrast, the model MF_CAM
with attention mechanism has achieved better fusion classification
results. It is verified that the attention mechanism designed in this
paper can help the model to focus on the same symptomatic area
after fusing the features of differentmodalities, so feature fusion can
obtain richer and more comprehensive tumor features of different
modalities, which greatly improves the classification results. ROC

TABLE 3 Comparison of classification performance based on di�erent

modalities.

Modality AUC (%) Accuracy (%) Recall (%)

MF_Add 67.0 60.5 56.5

MF_Concat 72.8 67.4 60.9

MF_CAM (ours) 78.5 76.7 87.0

The bold values represent the best values.

TABLE 4 A quantitative comparison of the e�ectiveness of di�erent

machine learning algorithms based on clinical data.

Methods AUC (%) Accuracy
(%)

Recall (%)

Random forest 50.6 54.8 63.6

Logistic regression 64.8 64.3 63.6

XGBoost 66.8 59.5 72.7

The bold values represent the best values.

curves based on four kinds of multimodal image classification are
shown in Figure 4B.

4.5. E�ectiveness of machine learning

The results of classification based on clinical features using three
different machine learning algorithms (RF, logistic regression, and
XGBoost) were shown in Table 4. The AUCs of the three algorithms
were 50.6, 64.8, and 66.8%, respectively. Among them, the value
of AUC of XGBoost classification algorithm reached 66.8%, which
was the highest among the three classification algorithms, and the
classification effect was average compared with the deep learning
methods based on image data in Table 1. Therefore, compared
with clinical features, image data can provide more abundant
information, which is indispensable for doctors’ diagnosis.

5. Discussion

Carotid atherosclerotic stenosis-related cerebral ischemic
injury, especially infarctions and white matter hyperintensities, can
be easily assessed with routine brain MRI. The signal abnormalities
of cerebral ischemic injury on MRI is far more common than
clinical cardiovascular risk factors. These imaging findings are
strong, independent risk factors for future symptomatic stroke.
Meta-analysis of a large amount of studies showed that presence
of bran infarctions and extensive white matter hyperintensities
burden were associated with higher risk of ischemic stroke (hazard
ratio, 2.18 and 2.39, respectively) (Debette et al., 2019). In this
paper, the AUC value of the classification experiment based on
single mode can reach 68.9% (T2WI), and the AUC value of
the experiment based on the fusion of T1WI, T2WI, FLAIR,
and ADC can reach 72.8%. To the best of our knowledge,
this is the first study that used brain MRI data to build a
prediction model using deep learning algorithms. The performance
of the model is better than the Meta-analysis also used brain
MRI data and the revised FSRS which is widely used in
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clinic (Flueckiger et al., 2018; Debette et al., 2019). The multiple
resources of MRI data partly ensured the reliability of the model
in real-world clinical situations.

6. Conclusion

In this paper, we first collected 282 cases of carotid artery
stenosis, each of which contained four different modes of brain
MRI images, namely: T1WI, T2WI, FLAIR, and ADC. In this
way, a multi-modal data set is constituted for judging whether
patients had symptoms or not. In addition, we propose a multi-
modal fusion learning classification network. Our method can
fuse multi-modal image features, effectively enhance the model
representation ability, and effectively improve the classification
performance compared with single-modality MRI images. As they
are widely used in clinical practice, our current study included
only routine brain MRI sequences. In the future, the data of
perfusion weighted imaging, also susceptibility weighted imaging
and functional MRI could be added to a comprehensive model to
provide more imaging information.

Data availability statement

The raw data supporting the conclusions of this article will be
made available by the authors, without undue reservation.

Author contributions

PL: study concept and design, analysis and interpretation
of data, drafting/revising the manuscript for content, and

statistical analysis. JY and JW: design the experimental methods,
investigation and the verification of experimental results,
and the writing of the manuscript. YG and QT: analysis
and interpretation of data. BM: investigation, verification,
writing—review, and editing. JL and JZ: study concept and
design and drafting/revising the manuscript for content. All
authors contributed to the article and approved the submitted
version.

Funding

This work was supported by the Science and Technology
Guided Project of Fujian Province (grant number: 2019D025) and
the Scientific Research Cultivation and Medical Innovation Project
of Fujian Province (grant number: 2019CXB33).

Conflict of interest

The authors declare that the research was conducted in the
absence of any commercial or financial relationships that could be
construed as a potential conflict of interest.

Publisher’s note

All claims expressed in this article are solely those of the
authors and do not necessarily represent those of their affiliated
organizations, or those of the publisher, the editors and the
reviewers. Any product that may be evaluated in this article, or
claim that may be made by its manufacturer, is not guaranteed or
endorsed by the publisher.

References

Abbott, A. L. (2009). Medical (nonsurgical) intervention alone is now
best for prevention of stroke associated with asymptomatic severe carotid
stenosis: results of a systematic review and analysis. Stroke 40, e573-e583.
doi: 10.1161/STROKEAHA.109.556068

Acharya, U. R., Faust, O., Alvin, A., Krishnamurthi, G., Seabra, J. C., Sanches,
J., et al. (2013b). Understanding symptomatology of atherosclerotic plaque by
image-based tissue characterization. Comput. Methods Programs Biomed. 110, 66–75.
doi: 10.1016/j.cmpb.2012.09.008

Acharya, U. R., Sree, S. V., Mookiah, M., Saba, L., Gao, H., Mallarini, G., et
al. (2013a). Computed tomography carotid wall plaque characterization using a
combination of discrete wavelet transform and texture features: a pilot study. Proc. Inst.
Mech. Eng. H:J. Eng. Med. 227, 643–654. doi: 10.1177/0954411913480622

Arafa, A., Kokubo, Y., Sheerah, H. A., Sakai, Y., Watanabe, E., Li, J., et al. (2022).
Developing a stroke risk prediction model using cardiovascular risk factors: the suita
study. Cerebrovasc. Dis. 51, 323–330. doi: 10.1159/000520100

Araki, T., Jain, P. K., Suri, H. S., Londhe, N. D., Ikeda, N., El-Baz, A., et al. (2017).
Stroke risk stratification and its validation using ultrasonic echolucent carotid wall
plaque morphology: a machine learning paradigm. Comput. Biol. Med. 80, 77–96.
doi: 10.1016/j.compbiomed.2016.11.011

Biswas, M., Kuppili, V., Saba, L., Edla, D. R., Suri, H. S., Cuadrado-Godia, E., et al.
(2019). State-of-the-art review on deep learning in medical imaging. Front. Biosci. 24,
380–406. doi: 10.2741/4725

Breiman, L. (2001). Random forests. Mach. Learn. 45, 5–32.
doi: 10.1023/A:1010933404324

Chun, M., Clarke, R., Zhu, T., Clifton, D., Bennett, D. A., Chen, Y., et al. (2022).
Development, validation and comparison of multivariable risk scores for prediction of

total stroke and stroke types in chinese adults: a prospective study of 0.5 million adults.
Stroke Vascular Neurol. 2021, 1251. doi: 10.1136/svn-2021-001251

Debette, S., Schilling, S., Duperron, M.-G., Larsson, S. C., and Markus, H. S.
(2019). Clinical significance of magnetic resonance imaging markers of vascular
brain injury: a systematic review and meta-analysis. JAMA Neurol. 76, 81–94.
doi: 10.1001/jamaneurol.2018.3122

Epstein, A., Schilter, M., Vynckier, J., Kaesmacher, J., Mujanovic, A., Scutelnic, A.,
et al. (2022). Chronic covert brain infarctions and white matter hyperintensities in
patients with stroke, transient ischemic attack, and stroke mimic. J. Am. Heart Assoc.
11, e024191. doi: 10.1161/JAHA.121.024191

Flueckiger, P., Longstreth, W., Herrington, D., and Yeboah, J. (2018). Revised
framingham stroke risk score, nontraditional risk markers, and incident stroke in a
multiethnic cohort. Stroke 49, 363–369. doi: 10.1161/STROKEAHA.117.018928

Gupta, A., Baradaran, H., Schweitzer, A. D., Kamel, H., Pandya, A., Delgado,
D., et al. (2013). Carotid plaque mri and stroke risk: a systematic review
and meta-analysis. Stroke 44, 3071–3077. doi: 10.1161/STROKEAHA.113.00
2551

He, K., Zhang, X., Ren, S., and Sun, J. (2016). “Deep residual learning for image
recognition,” in Proceedings of the IEEE Conference on Computer Vision and Pattern
Recognition (Las Vegas, NV: IEEE), 770–778.

Johnson, C. O., Nguyen, M., Roth, G. A., Nichols, E., Alam, T., Abate, D., et
al. (2019). Global, regional, and national burden of stroke, 1990-2016: a systematic
analysis for the global burden of disease study 2016. Lancet Neurol. 18, 439–458.
doi: 10.1016/S1474-4422(19)30034-1

Kamnitsas, K., Bai, W., Ferrante, E., McDonagh, S., Sinclair, M., Pawlowski, N., et
al. (2017). “Ensembles of multiple models and architectures for robust brain tumour

Frontiers inNeuroscience 08 frontiersin.org

https://doi.org/10.3389/fnins.2023.1118376
https://doi.org/10.1161/STROKEAHA.109.556068
https://doi.org/10.1016/j.cmpb.2012.09.008
https://doi.org/10.1177/0954411913480622
https://doi.org/10.1159/000520100
https://doi.org/10.1016/j.compbiomed.2016.11.011
https://doi.org/10.2741/4725
https://doi.org/10.1023/A:1010933404324
https://doi.org/10.1136/svn-2021-001251
https://doi.org/10.1001/jamaneurol.2018.3122
https://doi.org/10.1161/JAHA.121.024191
https://doi.org/10.1161/STROKEAHA.117.018928
https://doi.org/10.1161/STROKEAHA.113.002551
https://doi.org/10.1016/S1474-4422(19)30034-1
https://www.frontiersin.org/journals/neuroscience
https://www.frontiersin.org


Lv et al. 10.3389/fnins.2023.1118376

segmentation,” in International MICCAI Brainlesion Workshop (Quebec: Springer),
450–462.

Khanna, N. N., Jamthikar, A. D., Gupta, D., Piga, M., Saba, L., Carcassi, C.,
et al. (2019). Rheumatoid arthritis: atherosclerosis imaging and cardiovascular risk
assessment using machine and deep learning-based tissue characterization. Curr.
Atheroscler. Rep. 21, 1–14. doi: 10.1007/s11883-019-0766-x

Kingma, D. P., and Ba, J. (2014). Adam: a method for stochastic optimization. arXiv
preprint arXiv:1412.6980. doi: 10.48550/arXiv.1412.6980

Lekadir, K., Galimzianova, A., Betriu, À., del Mar Vila, M., Igual, L., Rubin, D.
L., et al. (2016). A convolutional neural network for automatic characterization of
plaque composition in carotid ultrasound. IEEE J. Biomed. Health Inform. 21, 48–55.
doi: 10.1109/JBHI.2016.2631401

Li, J., Peng, Y., Liu, J., Wu, J., Yao, Y., Gu, S., et al. (2022). Estimation of ischemic
core in acute ischemic stroke with ct angiography and non-contrast ct: attenuation
changes in aspects regions vs. automated aspects scoring. Front. Neurosci. 16, 933753.
doi: 10.3389/fnins.2022.933753

Peiris, H., Hayat, M., Chen, Z., Egan, G., and Harandi, M. (2021). A volumetric
transformer for accurate 3d tumor segmentation. arXiv preprint arXiv:2111.13300.
doi: 10.1007/978-3-031-16443-9_16

Penafiel, S., Baloian, N., Sanson, H., and Pino, J. A. (2020). Predicting
stroke risk with an interpretable classifier. IEEE Access 9, 1154–1166.
doi: 10.1109/ACCESS.2020.3047195

Reiff, T., Eckstein, H., Mansmann, U., Jansen, O., Fraedrich, G., Mudra, H., et
al. (2020). Angioplasty in asymptomatic carotid artery stenosis vs. endarterectomy
compared to best medical treatment: one-year interim results of space-2. Int. J. Stroke,
15, 638–649. doi: 10.1177/1747493019833017

Saba, L., Biswas, M., Kuppili, V., Godia, E. C., Suri, H. S., Edla, D. R., et al. (2019a).
The present and future of deep learning in radiology. Eur. J. Radiol. 114, 14–24.
doi: 10.1016/j.ejrad.2019.02.038

Saba, L., Jain, P. K., Suri, H. S., Ikeda, N., Araki, T., Singh, B. K., et al. (2019b).
“Plaque tissue morphology-based stroke risk stratification using carotid ultrasound:
a polling-based pca learning paradigm,” in Vascular and Intravascular Imaging
Trends, Analysis, and Challenges, Volume 2: Plaque Characterization (Moscow: IOP
Publishing).

Shin, H., Kim, J. K., Choo, Y. J., Choi, G. S., and Chang, M. C. (2022).
Prediction of motor outcome of stroke patients using a deep learning algorithm
with brain mri as input data. Eur. Neurol. 85, 460–466. doi: 10.1159/00052
5222

Teoh, D. (2018). Towards stroke prediction using electronic health
records. BMC Med. Inform. Decis. Mak. 18, 1–11. doi: 10.1186/s12911-018-
0702-y

Weng, S. F., Reps, J., Kai, J., Garibaldi, J. M., and Qureshi, N. (2017).
Can machine-learning improve cardiovascular risk prediction using
routine clinical data? PLoS ONE 12, e0174944. doi: 10.1371/journal.pon
e.0174944

Yu, Y., Xie, Y., Thamm, T., Gong, E., Ouyang, J., Huang, C., et al.
(2020). Use of deep learning to predict final ischemic stroke lesions from
initial magnetic resonance imaging. JAMA Netw. Open 3, e200772-e200772.
doi: 10.1001/jamanetworkopen.2020.0772

Zhou, T., Canu, S., and Ruan, S. (2020). Fusion based on attention mechanism and
context constraint for multi-modal brain tumor segmentation. Comput. Med. Imaging
Graphics 86, 101811. doi: 10.1016/j.compmedimag.2020.101811

Frontiers inNeuroscience 09 frontiersin.org

https://doi.org/10.3389/fnins.2023.1118376
https://doi.org/10.1007/s11883-019-0766-x
https://doi.org/10.48550/arXiv.1412.6980
https://doi.org/10.1109/JBHI.2016.2631401
https://doi.org/10.3389/fnins.2022.933753
https://doi.org/10.1007/978-3-031-16443-9_16
https://doi.org/10.1109/ACCESS.2020.3047195
https://doi.org/10.1177/1747493019833017
https://doi.org/10.1016/j.ejrad.2019.02.038
https://doi.org/10.1159/000525222
https://doi.org/10.1186/s12911-018-0702-y
https://doi.org/10.1371/journal.pone.0174944
https://doi.org/10.1001/jamanetworkopen.2020.0772
https://doi.org/10.1016/j.compmedimag.2020.101811
https://www.frontiersin.org/journals/neuroscience
https://www.frontiersin.org

	Ischemic stroke prediction of patients with carotid atherosclerotic stenosis via multi-modality fused network
	1. Introduction
	2. Related work
	3. Method
	3.1. Dataset
	3.2. Deep learning architecture
	3.2.1. Feature extraction module
	3.2.2. Feature fusion module
	3.2.3. Loss function

	3.3. Machine learning architecture

	4. Experiments
	4.1. Evaluation metrics
	4.2. Implementation details
	4.3. Analysis on single modality
	4.4. Analysis on multi-modal fusion
	4.5. Effectiveness of machine learning

	5. Discussion
	6. Conclusion
	Data availability statement
	Author contributions
	Funding
	Conflict of interest
	Publisher's note
	References


