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Cerebrovascular diseases, including ischemic strokes, hemorrhagic strokes, and 
vascular malformations, are major causes of morbidity and mortality worldwide. 
The advancements in neuroimaging techniques have revolutionized the field 
of cerebrovascular disease diagnosis and assessment. This comprehensive 
review aims to provide a detailed analysis of the novel imaging methods used 
in the diagnosis and assessment of cerebrovascular diseases. We discuss the 
applications of various imaging modalities, such as computed tomography 
(CT), magnetic resonance imaging (MRI), positron emission tomography (PET), 
and angiography, highlighting their strengths and limitations. Furthermore, 
we delve into the emerging imaging techniques, including perfusion imaging, 
diffusion tensor imaging (DTI), and molecular imaging, exploring their potential 
contributions to the field. Understanding these novel imaging methods is 
necessary for accurate diagnosis, effective treatment planning, and monitoring 
the progression of cerebrovascular diseases.
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1 Introduction

Cerebrovascular diseases encompass a diverse range of conditions that affect the blood 
vessels in the brain and cause damage to brain tissue due to intracranial blood circulation 
disorders. These conditions mainly refer to ischemic stroke, intracerebral hemorrhage, 
transient ischemic attack, subarachnoid hemorrhage, subarachnoid hemorrhage and others. 
The epidemiological studies revealed that more than 62% of new strokes, 69.8% of prevalent 
strokes, and 45.5% of deaths from stroke because of stroke were in people younger than 
75 years, which further illustrated the syndrome of high morbidity, high mortality, and high 
recurrence (1). Besides, the huge economic burden of diseases continues to be a challenge 
worldwide. On a positive note, more and more researchers are working on the etiology, 
pathogenesis, diagnosis and treatment of cerebrovascular diseases and large quantities of 
remarkable achievements have been made. Among them, novel imaging methods have 
improved the understanding of the underlying pathophysiology and revolutionized the precise 
diagnosis, risk stratification and prognosis assessment of cerebrovascular diseases (2).

The emergence of advanced imaging techniques like Magnetic Resonance Imaging (MRI) 
and Computed Tomography (CT) has greatly improved the diagnostic capabilities in 
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cerebrovascular diseases. These techniques provide detailed 
anatomical information about the brain and blood vessels, allowing 
for the identification of abnormalities such as aneurysms, 
arteriovenous malformations (AVMs), stenosis and so on. Moreover, 
functional imaging techniques like Functional MRI (fMRI) and 
Perfusion Imaging offer insights into the brain’s functional activity and 
blood flow patterns, helping clinicians understand the impact of 
cerebrovascular diseases on brain function. These techniques have 
become invaluable in assessing the extent of ischemic brain damage, 
identifying viable brain tissue, and predicting functional outcomes. In 
addition to these well-established imaging methods, novel techniques 
such as Diffusion Tensor Imaging (DTI) and Positron Emission 
Tomography (PET) have emerged as valuable assets in diagnosing and 
assessing cerebrovascular conditions (3). DTI enables the evaluation 
of white matter integrity and connectivity, providing information 
about the structural changes in cerebrovascular diseases (4). This 
review aims to explore the novel imaging methods that have emerged 
as valuable assets in diagnosing and assessing various 
cerebrovascular conditions.

1.1 The role of neuroimaging in 
cerebrovascular disease management

Neuroimaging is of great significance in the management of 
cerebrovascular diseases. It provides vital information about the 
underlying cause, extent, and severity of brain damage. Additionally, 
neuroimaging techniques aid in assessing the risk of future strokes and 
guiding appropriate treatment strategies. First of all, CT and MRI are 
the primary imaging modalities used to evaluate cerebrovascular 
diseases. CT scans are commonly performed in the acute setting to 
assess for hemorrhage quickly, identify potential causes of stroke, and 
rule out other differential diagnoses (5). Conversely, MRI provides 
superior anatomical detail and is particularly useful in detecting 
ischemic lesions (6). In addition to structural imaging, advanced 
neuroimaging techniques can provide valuable functional and 
physiological information (7, 8). Perfusion imaging techniques, such 
as CT perfusion and MR perfusion, help assess the blood flow to the 
brain and identify regions of hypoperfusion (9–11). This information 
is pivotal in determining the extent of viable tissue and guiding 
reperfusion therapies, such as thrombolytic therapy or mechanical 
thrombectomy, in the management of acute ischemic strokes. 
Furthermore, neuroimaging can aid in the identification of the 
underlying vascular pathology and guide preventive measures (12, 
13). Angiographic techniques, such as CT angiography and magnetic 
resonance angiography, allow visualization of the brain’s blood vessels 
and help identify stenosis, occlusions, or aneurysms (14, 15). This 
information is invaluable in selecting patients who may benefit from 
surgical or endovascular interventions, like carotid endarterectomy or 
coil embolization (16, 17).

1.2 Importance of novel imaging methods 
for diagnosis and assessment

Emerging imaging methods are continuously improving our 
understanding and management of cerebrovascular diseases. One 
such technique is perfusion-weighted imaging (PWI) using arterial 

spin labeling, which allows quantitative assessment of cerebral 
blood flow without the need for exogenous contrast agents. PWI 
has shown promise in detecting subtle changes in cerebral blood 
flow, aiding in the detection of early-stage cerebrovascular diseases 
(18, 19). Another innovative approach is the use of DTI, which 
quantifies the diffusion of water molecules in the brain (20, 21). 
DTI has proved valuable in evaluating white matter damage 
associated with ischemic strokes and providing insights into 
microstructural changes that may contribute to cognitive 
impairment. Moreover, molecular imaging techniques, such as 
PET, can provide information on specific metabolic or molecular 
processes in the brain (22). For instance, PET imaging with 
amyloid tracers can aid in the diagnosis and differentiation of 
vascular dementia and Alzheimer’s disease, which often coexist or 
share similar clinical presentations (23, 24). In short, the use of 
advanced imaging techniques allows for better characterization of 
the underlying pathology, assessment of tissue viability, selection 
of appropriate treatment strategies, and monitoring of treatment 
response. Continued research and development of novel imaging 
methods will further enhance our ability to diagnose, treat, and 
prevent cerebrovascular diseases, ultimately improving 
patient outcomes.

2 MRI

MRI is a powerful imaging modality that plays a key role in 
the diagnosis and assessment of cerebrovascular diseases (25). 
MRI provides detailed anatomical and functional information 
non-invasively, allowing clinicians to evaluate the extent of brain 
damage, identify the underlying pathology, and guide appropriate 
treatment strategies. In this section, we will explore various MRI 
techniques and their applications in cerebrovascular diseases.

2.1 Conventional MRI techniques

Conventional MRI sequences, including T1-weighted (T1WI), 
T2-weighted (T2WI), and fluid-attenuated inversion recovery 
(FLAIR), are routinely used in the evaluation of cerebrovascular 
diseases. T1-weighted images provide excellent anatomical detail, 
allowing visualization of the brain structures and identification of 
acute hemorrhage. T2-weighted and FLAIR images are sensitive 
to abnormalities such as edema, ischemia, and chronic 
hemorrhage, making them valuable in the assessment of stroke-
related changes.

2.2 FMRI and its applications

In addition to Conventional MRI sequences, fMRI also has 
been used to study functional reorganization following stroke (26). 
It is a technique that measures and maps changes in blood 
oxygenation levels in the brain, allowing the assessment of 
functional activity. It relies on the blood oxygen level-dependent 
(BOLD) contrast, which is sensitive to changes in  local oxygen 
consumption and blood flow (27). FMRI can evaluate brain activity 
during tasks or at rest, providing valuable information about the 
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functional integrity of specific brain regions. Besides, it can 
identify areas of the brain that compensate for damaged regions 
and help predict motor recovery or cognitive outcomes (28–30). 
Furthermore, fMRI can aid in the mapping of eloquent areas of the 
brain, guiding surgical planning to minimize the risk of 
postoperative deficits (31).

2.3 PWI

PWI is a dynamic MRI technique that assesses cerebral blood flow 
(CBF) in real-time (32). PWI uses an exogenous contrast agent, such 
as gadolinium, to measure the transit of contrast material through the 
brain’s vasculature. By measuring the first pass of contrast, PWI 
provides quantitative information about CBF, cerebral blood volume 
(CBV), and mean transit time (MTT). PWI is beneficial in the 
evaluation of acute ischemic strokes as well (33). It can distinguish 
between regions of hypoperfusion and regions of completed 
infarction, aiding in the selection of patients who may benefit from 
reperfusion therapies. PWI can also identify the ischemic penumbra, 
a region of hypoperfused but viable tissue, which is essential for 
guiding treatment decisions.

2.4 Diffusion-weighted imaging (DWI)

DWI is a technique that measures the random motion of water 
molecules within the brain. In cerebrovascular diseases, DWI is highly 
sensitive to the early changes associated with acute ischemic strokes 
(34). Decreased diffusion (restricted water diffusion) on DWI images 
indicates cytotoxic edema, reflecting the loss of cell membrane 
integrity due to ischemia (35).

DWI is largely dispensable in the early diagnosis of ischemic 
strokes, as it can detect lesions within minutes of symptom onset. It 
can provide valuable information about the location, size, and severity 
of infarctions. Additionally, DWI can differentiate between acute and 
chronic lesions, helping to determine the time of stroke onset, which 
is essential for selecting appropriate treatment options. However, 
studies point out a small but significant percentage of patients with 
DWI-negative scan acute ischemic stroke, putting forward a clinical 
doctor should raise vigilance for current limitations in the diagnostic 
sensitivity of DWI (36).

2.5 DTI

DTI is a more advanced MRI technique that provides information 
about the microstructural organization of white matter in the brain 
based on anisotropic diffusion characteristics of water molecules (37). 
It measures the diffusion of water molecules in multiple directions and 
calculates the diffusion tensor, which represents the magnitude and 
directionality of diffusion in each voxel (38, 39). DTI has various 
applications in cerebrovascular diseases. It allows for the assessment 
of white matter integrity and provides insights into the structural 
changes occurring due to ischemic or hemorrhagic stroke (40). By 
reconstructing white matter tracts, DTI enables the study of 
connectivity patterns in the brain, providing valuable information 
about how cerebrovascular diseases affect the overall neural network 

(41). This can help in understanding the impact of stroke on brain 
connectivity and lead to a better understanding of functional deficits 
observed in patients (42). It allows for the identification of acute white 
matter injury and the evaluation of the extent and location of ischemic 
or hemorrhagic lesions (43). It can also provide key clues about the 
integrity of fiber tracts in the affected area, which is particularly 
important in predicting functional outcomes in stroke patients (44, 
45). Long-term DTI follow-up observation is important to deepen 
people’s understanding of the clinical-pathological evolution process 
after stroke.

2.6 Diffusion kurtosis imaging (DKI)

DKI is another advanced MRI technique in cerebrovascular 
diseases because it can provide valuable insights into the 
microstructural changes that occur in the brain due to these 
conditions (46). Jensen and his colleagues proposed that the DKI 
technique was an extension of DTI and introduced a fourth-order 
tensor into the DTI imaging formula, making the minimum number 
of DKI scanning directions 21 (47). DKI offers several advantages in 
the assessment of cerebrovascular diseases compared to traditional 
DTI. DTI measures the diffusion of water molecules in the brain and 
provides information about the average diffusivity and directional 
fiber orientation (48). However, in regions affected by cerebrovascular 
diseases, there can be substantial changes in water diffusion that are 
not accurately captured by DTI alone (49). In contrast, DKI measures 
both the diffusivity and the degree of non-Gaussian diffusion within 
brain tissue (50). This additional information is particularly valuable 
for capturing changes in microstructural complexity, such as in the 
presence of ischemic injury, edema, or tissue degradation (51). DKI 
can help differentiate acute from chronic lesions, distinguish between 
different stages of disease severity in cerebrovascular diseases, such as 
stroke and small vessel disease, and monitor treatment response (49). 
By quantifying non-Gaussian diffusion characteristics, DKI can 
provide more precise and sensitive information about tissue alterations 
in cerebrovascular diseases. This can aid in early diagnosis, 
individualized treatment planning, and monitoring of therapeutic 
efficacy. Ultimately, DKI contributes to a better understanding of the 
pathophysiology and progression of cerebrovascular diseases, 
facilitating improved patient management and outcomes (52). Here is 
a short table that may explain the difference among DWI, DTI and 
DKI clearly (Table 1).

2.7 Magnetic resonance angiography (MRA)

MRA is a non-invasive imaging technique that provides 
detailed visualization of the brain’s blood vessels. MRA uses 
various imaging sequences, such as time-of-flight (TOF) and 
contrast-enhanced MRA, to assess the arterial and venous 
vasculature. In cerebrovascular diseases, MRA is particularly 
useful in the evaluation of vascular abnormalities, such as stenosis, 
occlusions, aneurysms, or AVMs (56, 57). MRA can help identify 
the underlying cause of stroke and guide appropriate treatment 
options (58). It allows for preoperative planning in patients 
undergoing surgical interventions, such as carotid endarterectomy 
or aneurysm clipping.
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2.8 Advanced MRI techniques: magnetic 
resonance spectroscopy, functional 
connectivity MRI, and intravoxel incoherent 
motion imaging

MRS is a technique that measures specific biochemical concentrations 
in the brain (59). It provides information about metabolite levels, such as 
N-acetyl aspartate (NAA), choline, creatine, and lactate. MRS can be used 
to assess the metabolic changes associated with cerebrovascular diseases, 
such as ischemia, hypoxia, or mitochondrial dysfunction (60). Besides, a 
recent study reported that in patients monitored by targeted temperature 
management after cardiac arrest, brain MRS–determined decrease in total 
NAA/creatine and an increase in lactate/creatine correlate with poor 
prognosis, providing Class IV evidence (61).

FcMRI is a technique that measures the temporal correlation of 
BOLD signals between different brain regions (62, 63). It assesses the 
functional connectivity networks within the brain.

IVIM imaging, first proposed by LeBihan et  al. in 1986, is a 
technology in MRI gradually coming into view (64). IVIM can 
separate tissue diffusion and microvascular perfusion information, 
providing more accurate diffusion information to diagnostic 
physicians, and it has become a hot spot in recent years (65).

3 CT

CT is a widely used imaging modality in the diagnosis and 
assessment of cerebrovascular diseases. It provides rapid and detailed 
images of the brain, allowing clinicians to evaluate the presence, 
location, and extent of lesions, identify underlying vascular 
abnormalities, and guide appropriate treatment strategies. In this 
section, we will explore various CT techniques and their applications 
in cerebrovascular diseases.

3.1 Overview of CT techniques

CT imaging involves the use of X-rays and computer 
algorithms to generate cross-sectional images of the body. X-ray 

source and detectors rotate around the body of the patient, 
acquiring multiple X-ray images from different angles. These 
images are then reconstructed using specialized software, 
producing detailed images of the brain. Conventional CT 
techniques, such as non-contrast CT (NCCT) and contrast-
enhanced CT (CECT), are routinely used in the evaluation of 
cerebrovascular diseases. NCCT images provide excellent 
visualization of acute hemorrhage, calcifications, and bony 
structures (66). CECT, on the other hand, involves the 
administration of an iodinated contrast agent to enhance vascular 
structures, aiding in the evaluation of vascular abnormalities.

3.2 Computed tomography angiography (CTA)

CTA is a CT technique that provides detailed visualization of 
the blood vessels in the brain. CTA involves the injection of an 
iodinated contrast agent, which highlights the blood vessels, 
allowing for the assessment of arterial and venous vasculature 
(67). In cerebrovascular diseases, CTA is particularly useful in 
the evaluation of vascular abnormalities, such as stenosis, 
occlusions, aneurysms, or AVMs. CTA can help identify the 
underlying cause of stroke and guide appropriate treatment 
options. Additionally, CTA allows for preoperative planning in 
patients undergoing surgical interventions, such as carotid 
endarterectomy or aneurysm clipping (68, 69). Besides, advanced 
CTA techniques, such as time-resolved CTA (4D-CTA), have 
improved the temporal resolution of CTA images, allowing for 
better assessment of dynamic vascular abnormalities and 
providing valuable information about the flow patterns within 
the blood vessels (70, 71). In an imaging study of moyamoya 
disease, 4D-CTA showed strong consistency and correlation with 
digital subtraction angiography (DSA) but was not detailed 
enough for the assessment of collateral circulation. 4D-CTA can 
serve as an alternative option for the staging and follow-up of 
moyamoya disease (72). Studies suggest that color-mapping of 
4D-CTA can be  used to detect cranial arteriovenous shunts, 
making color-mapping a hopeful visualization tool for assessing 
temporal hemodynamics in 4D-CTA (73).

TABLE 1 Comparison among DWI, DTI, and DKI.

DWI DTI DKI

Time of occurrence E. O. Stejskal and J. E. Tanner in 

1964

P. J. Basser et al. in 1994 J. H. Jensen et al. in 2005

Theoretical basis Brownian motion of water 

molecules

Anisotropic diffusion characteristics of 

water molecules

The diffusion form of water molecules as a 

non-Gaussian distribution

Dimension Plane Three-dimensional Four-order

Time for examination 1–5 min 5–15 min 5–15 min

Main parameter Apparent diffusion coefficient, 

ADC

Mean diffusivity, MD;

Fractional anisotropy, FA;

Relative anisotropy, RA;

Volume ratio, VR; etc.

Mean kurtosis, MK;

Kurtosis anisotropy, KA;

Axial kurtosis, AK;

Radial kurtosis, RK; etc.

Application characteristics High sensitivity and specificity in 

diagnosing cerebral ischemia

Tracking white matter fiber bundles in 

the brain

Reflecting the microstructural 

characteristics of brain tissue

References (34, 53) (37, 54, 55) (46, 47, 50, 51)
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3.3 Perfusion CT (PCT)

PCT is a dynamic CT technique that assesses CBF, cerebral 
blood volume (CBV), and MTT in real-time. PCT involves the 
injection of an iodinated contrast agent, followed by rapid 
acquisition of CT images, capturing the passage of contrast 
material through the brain’s vasculature (74). PCT is particularly 
useful in the evaluation of acute ischemic strokes (75, 76). It can 
differentiate between regions of hypoperfusion and regions of 
completed infarction, aiding in the selection of patients who may 
benefit from reperfusion therapies. PCT can also identify the 
ischemic penumbra, a region of hypoperfused but viable tissue, 
which is essential for guiding treatment decisions (77).

3.4 Dual-energy CT (DECT)

DECT is an advanced CT technique that uses two different 
energy levels of X-rays to provide additional information about 
tissue composition (Figure  1) (78). With conventional CT, 
only one X-ray spectrum of mixed energy is used, thus losing all 
the energy dependence of a particular tissue. Unfortunately, 
for the same X-ray beam energy, if the decay of two tissues is 
similar (such as calcium and bone), the two tissues will 
be assigned the same Hounsfield unit value and it will be difficult 
to distinguish between them. Thus, the new technology called 
“dual-energy CT imaging” emerged as the times require. It can 
use two different energy X-ray image objects, and can accurately 
get the composition of the object proportion (79). By analyzing 
the differences in X-ray attenuation at different energy levels, 
DECT can distinguish between different tissue types and detect 
subtle changes that may not be  apparent in conventional CT 
images (80).

In cerebrovascular diseases, DECT has shown promise in the 
evaluation of cerebral hemorrhage, especially in differentiating 
between active bleeding and hemorrhagic transformation of an 
ischemic stroke (81). Although both cerebral hemorrhage and 
contrast agent extravasation present high-density shadows, they 
can still be distinguished by DECT according to water-based and 
iodine-based maps, which is hard for routine CT scans as they 
both present high-density shadows. DECT can also aid in 
differentiating between calcium and iodine in vascular structures, 

providing valuable information about vessel wall calcifications 
and enhancing the assessment of vascular abnormalities (82, 83).

4 PET

4.1 Principles and techniques of PET 
imaging

PET is a nuclear medicine imaging technique that provides 
functional information about various physiological processes in the 
body. PET imaging involves the administration of radiotracers, labeled 
with positron-emitting isotopes, into the patient’s body. These 
radiotracers undergo radioactive decay and emit positrons, which 
then interact with surrounding electrons, resulting in the emission of 
two gamma rays (84). These gamma rays are detected by a circular 
array of detectors surrounding the patient, allowing for the 
reconstruction of images (3).

PET imaging utilizes several different radiotracers to target 
specific physiological processes. For cerebrovascular diseases, 
commonly used radiotracers include fluorodeoxyglucose (FDG) 
(85), which measures glucose metabolism, and oxygen-15 labeled 
water (H2^15O), which measures regional cerebral blood flow 
(rCBF) (86). Other tracers such as carbon-11 labeled Pittsburgh 
compound B (PiB) and fluorine-18 labeled florbetapir have been 
used to evaluate cerebral amyloid deposition in conditions like 
Alzheimer’s disease (87, 88).

4.2 Applications of PET in cerebrovascular 
diseases

PET imaging has a wide range of applications in cerebrovascular 
diseases. One of the primary uses is the evaluation of cerebral blood 
flow and metabolism. PET can provide valuable information about 
the extent and severity of cerebral ischemia in patients with acute 
stroke or chronic cerebrovascular disease (45). It can also be used 
to assess the viability of brain tissue in regions at risk of infarction 
before interventional procedures such as carotid endarterectomy. It 
can also be  utilized for the detection and characterization of 
cerebral amyloid deposition in disorders like Alzheimer’s disease 
(89, 90). The use of specific amyloid-targeting tracers allows for the 

FIGURE 1

Sketch map of three main types DECT. (A) Dualsource-DECT: Composed of two independent x-ray tubes and two independent detectors. 
(B) Singlesource-DECT: Containing a dedicated generator that can quickly switch between low-energy and high-energy projections that are collected 
separately by a fast sampling-detector. (C) Duallayer-detector DECT: Composed of a two-layers-detector with different energy sensitivity.

https://doi.org/10.3389/fmed.2024.1269742
https://www.frontiersin.org/journals/medicine
https://www.frontiersin.org


Liu et al. 10.3389/fmed.2024.1269742

Frontiers in Medicine 06 frontiersin.org

quantification of amyloid plaques in the brain, aiding in diagnosis 
and monitoring disease progression (91, 92). Furthermore, PET 
imaging can help in the evaluation of other cerebrovascular 
disorders such as cerebral vasculitis and moyamoya disease. It can 
provide information regarding the inflammatory activity, regional 
blood flow, and metabolism in affected regions, aiding in the 
diagnosis and treatment planning (93).

4.3 Novel PET tracers and their diagnostic 
potential

Advancements in PET technology have led to the development 
of novel radiotracers with improved diagnostic potential (94). For 
example, flortaucipir, a tau-specific PET tracer, can be  used to 
visualize and quantify tau pathology in neurodegenerative diseases 
such as Alzheimer’s disease (95, 96). This allows for a better 
understanding of the underlying disease processes and potentially 
enables the development of targeted therapies. Other emerging PET 
tracers include those targeting specific neurotransmitter receptors 
or transporters, which can provide insights into neurochemical 
imbalances in cerebrovascular diseases (97). For instance, PET 
tracers targeting the dopamine receptors can help evaluate the 
presence and severity of vascular parkinsonism (98, 99).

4.4 PET-CT and PET-MRI hybrid imaging

PET imaging can be combined with other imaging techniques 
such as CT or MRI to provide additional anatomical and functional 
information. Most PET scanners are actually PET/CT scanners that 
acquire a low-dose CT used for attenuation correction 
(compensation for signal loss due to structurally dense areas such 
as bone) during reconstruction of the PET images. This combination 
allows for the accurate localization of PET findings within the brain 
and facilitates the identification of potential underlying causes of 
cerebrovascular diseases, such as vascular stenosis or aneurysms 
(100). This fusion of modalities improves diagnostic accuracy and 
aids in treatment planning.

PET/MRI scanners have been slowly growing in popularity; 
these replace the low-dose CT with MRI-and artificial intelligence-
based substitutes to eliminate the CT’s dose of radiation to the 
participant (101). However, achieving CT-like bone contrast with 
MRI is not straightforward (102), and in neurodegeneration 
research studies PET/ CT scanners still far outnumber PET/
MRI scanners.

5 Single-photon emission computed 
tomography (SPECT)

SPECT has a pivotal role in the field of diagnosing and 
managing cerebrovascular diseases. It is revered for being a 
non-invasive technique and insightful images outlining cerebral 
blood flow and brain function. SPECT achieves its precise imaging 
by using radioactive tracers, which can penetrate the blood–brain 
barrier and remain in the brain cells for a long time for imaging. 

These tracers emit gamma rays, which the rotating camera around 
the patient captures. By incorporating images from various angles, 
SPECT effectively creates a three-dimensional representation of the 
distribution of the radiotracer. The amount of radioactive drugs 
stored in the brain is directly proportional to blood flow, so the 
radioactive distribution in brain tissue caught by SPECT can reflect 
rCBF and functional status (103, 104). For instance, it can lucidly 
distinguish between ischemic stroke and hemorrhagic stroke by 
spotlighting regions of reduced blood flow, which helps in 
identifying regions with compromised blood circulation in the 
brain, thereby indicating potentially pathologic areas. Compared 
with CT and MRI, SPECT has a higher sensitivity to blood flow and 
thus a higher positive diagnostic rate for transient ischemic attacks 
(TIA) and the hyperacute phase of cerebral infarction, which is of 
great significance for early detection of chronic hypoperfusion in 
TIA, prediction and prevention of cerebral infarction, and 
improvement of prognosis (105, 106). Besides, it can detect 
abnormalities in brain function, aiding in the diagnosis of diseases 
such as Alzheimer’s, Parkinson’s, and epilepsy (107). In summary, 
as technology continues to advance, SPECT imaging is expected to 
play an increasingly critical role in the field of neurology, 
contributing to further advancements in our understanding and 
treatment of cerebrovascular diseases.

6 DSA

DSA is the classic gold-standard imaging method for diagnosis 
in acute cerebrovascular diseases. It is of diagnostic and monitoring 
importance in cranial vascular stenosis or occlusion, aneurysms, 
arteriovenous malformations and moyamoya disease, as well as 
evaluation of the relationship between blood supply of intracranial 
lesions and adjacent blood vessels, etiological exploration of 
spontaneous intracranial hematoma and subarachnoid hemorrhage. 
The basic content of DSA is to perform two imaging tasks by 
applying X-ray examination technology and computer programs, 
subtracting two frames of images of the same part of the human 
body, in order to obtain its different parts. With the development of 
technology, the role of DSA is becoming increasingly prominent in 
directing the clinical treatment and judging the prognosis, rather 
than limited to diagnosis in the neuro-interventional field (108). In 
the endovascular treatment of acute ischemic stroke patients, DSA 
is commonly used to guide endovascular treatment, in order to 
identify thrombus retrieval and improve the therapeutic effect of 
stent retrieval thrombectomy. DSA has been shown to guide the 
treatment in patients with large vessel cerebral vasospasm, delayed 
cerebral ischemia in subarachnoid hemorrhage and aneurysms, 
such as endovascular surgery for symptomatic vasospasm treatment 
by balloon angioplasty. Besides, increasing clinical research 
illustrated the prognostic value in patients with ischemia, 
intracranial aneurysm, moyamoya disease and vasculitis according 
to different degrees, sites, collaterals or recanalization and so on 
(109, 110). For example, Liu and colleagues showed that the 
appearance of lateral lenticulostriate arteries before mechanical 
thrombectomy detected by DSA may help predict a good prognosis 
in patients with acute middle cerebral artery occlusion in M1 
segment (111). While considering the radiation exposure and 
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potential risks of intervention operations, DSA is not commonly 
used as the preferred method for vascular assessment 
and surveillance.

7 Challenges and limitations of novel 
imaging methods

7.1 Technical limitations

Novel imaging methods often come with technical limitations that 
can impact their utility and reliability. For example, some techniques 
may have lower spatial resolution, limiting their ability to detect small 
lesions or subtle changes in tissue. Similarly, certain imaging methods 
may have longer scan times, which can be challenging for patients 
who are unable to remain still for extended periods.

Furthermore, novel imaging methods may require specialized 
equipment or expertise, making them less accessible in certain 
healthcare settings or regions with limited resources. The availability 
of trained personnel and maintenance of complex imaging systems 
can also pose challenges.

Another technical limitation is the potential for artifacts or image 
distortions, which may arise due to patient motion, metallic implants, 
or other factors. These artifacts can compromise the accuracy and 
interpretation of imaging findings, requiring careful consideration 
and additional measures to mitigate their impact (112).

7.2 Interpretation challenges

Interpreting data from novel imaging methods can be complex 
and subjective, presenting challenges to clinicians and researchers. The 
interpretation of images may require specialized knowledge and 
expertise, and the reliability of these interpretations can vary 
among individuals.

Moreover, the lack of standardized protocols and established 
reference values can impede the consistency and comparability of 
findings across different healthcare institutions and studies (113, 114). 
This makes it challenging to establish reliable diagnostic criteria or 
thresholds for abnormality in novel imaging methods.

Additionally, the integration of imaging findings with clinical data, 
including patient history and other diagnostic tests, is necessary for 
accurate interpretation. However, incorporating this multimodal 
information can be challenging, requiring expertise in multiple domains 
and potentially leading to increased variability in interpretation.

7.3 Cost-effectiveness considerations

The adoption of novel imaging methods can be hindered by cost-
related factors. Advanced imaging techniques often require specialized 
equipment, software, and infrastructure, which can be expensive to 
acquire, maintain, and upgrade (115). The high costs associated with 
these technologies may limit their availability to only certain 
healthcare facilities or regions, preventing widespread access to these 
diagnostic tools.

Moreover, the cost-effectiveness of novel imaging methods must 
be carefully evaluated, considering the potential benefits and impact 

on patient outcomes. Assessing the cost-effectiveness of these methods 
requires robust evidence of their diagnostic accuracy, potential impact 
on clinical decision-making, and improvements in patient outcomes. 
Economic evaluations are crucial to determine whether the benefits 
outweigh the costs and can guide policy decisions regarding 
reimbursement and resource allocation (116).

7.4 Ethical and regulatory concerns

The use of novel imaging methods raises ethical and regulatory 
considerations. Ensuring patient safety and data privacy is paramount 
when implementing these techniques (117). Additionally, the ethical 
implications of novel imaging methods should be carefully considered. 
For instance, the potential for incidental findings that are unrelated to 
the initial clinical question may arise. Decisions on how to manage 
and communicate these incidental findings to patients require careful 
ethical considerations (118). Moreover, the development and 
validation of novel imaging methods may involve research on human 
subjects. Ethical review boards and regulatory bodies play a central 
role in ensuring that research involving these techniques is conducted 
with proper informed consent, minimizes risks, and adheres to ethical 
principles (119).

8 Future directions and conclusion

8.1 Potential advancements in imaging 
technology

The field of medical imaging is continuously evolving, and several 
potential advancements hold promise for the future of cerebrovascular 
disease management. Improved imaging techniques with higher 
spatial resolution and faster acquisition times may become available, 
allowing for more accurate and efficient diagnosis and monitoring of 
cerebrovascular diseases (120).

Advancements in hardware and software may lead to the 
development of more portable and accessible imaging devices, 
expanding their use in different healthcare settings, including 
remote areas and low-resource settings. Additionally, the 
integration of imaging technology with other modalities, such as 
genomics or proteomics, may provide comprehensive and 
personalized insights into the underlying pathophysiology of 
cerebrovascular diseases.

8.2 Role of AI in the future of 
cerebrovascular disease management

Artificial intelligence (AI) is poised to play a significant role in the 
future of cerebrovascular disease management (121, 122). Machine 
learning and deep learning algorithms can learn from vast datasets to 
identify patterns and predict outcomes (123). These algorithms can 
assist in the automated analysis of imaging data, allowing for faster 
and more consistent interpretation (124). Moreover, the integration of 
AI with imaging techniques can enable the development of predictive 
models to identify high-risk patients, tailor treatment plans, and 
monitor treatment response (125).
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FIGURE 2

A 52-year-old male patient was admitted to the hospital with “weakness of left limb for 5  h” and was treated with intravenous thrombolysis by alteplase 
combined with arterial thrombectomy. (A) CTA-MIP: occlusion of the basilar artery; (B) PCT: the picture contained four important parameters of PCT 
like CBF, CBV, MTT and TTD, which showed the value of CBF, CBV became lower and the value of MTT, TTD became longer in the right occipital lobe 
compared to the left, that meant hypoperfusion in the basilar artery supply area; (C,D) DSA: occlusion of the basilar artery was demonstrated by left 
vertebral artery angiography, and the basilar artery was recanalized with moderate proximal stenosis after thrombectomy, the left posterior cerebral 
artery was patent, and the distal right posterior cerebral artery did not have significant visualization; (E) MRI-T2WI, (F) MRI-DTI-FA, (G) MRI-DTI-colorful 
FA, (H) MRI-DTI-fiber tractography: 4  days after thrombectomy, T2WI showed the right temporo-occipital lobe had a patchy infarct focus, and DTI 
demonstrated the right tractus pyramidalis were thinner than those on the left side.

The integration of artificial intelligence algorithms with imaging 
technologies has the potential to significantly improve the diagnosis 
and assessment of cerebrovascular diseases (126). AI algorithms can 
analyze large amounts of imaging data, identify subtle abnormalities, 
and assist in the interpretation of images (127). AI algorithms can 
be  trained to automatically detect and segment lesions, such as 
ischemic infarctions, hemorrhages, or vascular abnormalities, from 
images. Newer algorithms using machine learning techniques are 
promising, but these algorithms require high-standard training 
datasets to optimize performance. J.E. Soun and colleagues 
summarized and compared several publicly available imaging 
datasets required for machine learning algorithm optimization 
execution, including ATLAS (Anatomical Tracings of Lesions After 
Stroke), CQ500 dataset (which was provided by the Center for 
Advanced Research in Imaging, Neurosciences and Genomics, New 
Delhi, India), Radiology Society of North America Brain 
Hemorrhage CT Dataset, ASFNR (American Society of Functional 
Neuroradiology) for stroke and ISLES (Ischemic Stroke Lesion 
Segmentation) for ischemic stroke (128–131). Recently, commercial 
software platforms, including Brainomix, RapidAI, Viz.ai, Avicenna.
AI and Aidoc, have been implemented in various stroke centers, 
utilizing AI to treat ischemic and hemorrhagic stroke (132). They 
can aid radiologists in the quantification and characterization of 
lesions, providing more accurate and reproducible measurements 
(133). Additionally, AI algorithms can help predict patient 
outcomes, such as the risk of recurrent strokes or response to 
treatment, based on imaging findings and clinical data (134, 135). 
While, a study conducted by Voter AF and colleagues showed 

unexpectedly lower sensitivity and positive predictive values for 
Aidoc in diagnosing intracranial hemorrhage, which has raised 
concerns about the generalizability of these commercial AI 
tools (136).

Furthermore, AI algorithms can assist in the triaging of patients, 
prioritizing urgent cases, and expediting the diagnosis and 
management of cerebrovascular diseases. They can flag critical 
findings, notify clinicians for immediate action, improve patient care, 
and reduce the time to treatment.

Machine learning and deep learning algorithms can learn from 
vast datasets to identify patterns and predict outcomes. These 
algorithms can assist in the automated analysis of imaging data, 
allowing for faster and more consistent interpretation. Moreover, the 
integration of AI with imaging techniques can enable the development 
of predictive models to identify high-risk patients, tailor treatment 
plans, and monitor treatment response.

8.3 Integration of multimodal imaging 
techniques

The integration of multiple imaging modalities can provide a 
more comprehensive and holistic assessment of cerebrovascular 
diseases. Combining data from different imaging techniques, such as 
PET, DTI, MRI, or CT, can provide complementary information 
about various aspects of the disease, including vascular and 
metabolic changes, tissue integrity, and functional connectivity 
(Figures 2, 3) (137).
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Multimodal imaging can help overcome the limitations of 
individual imaging techniques, enabling more accurate diagnosis, 
treatment planning, and monitoring of cerebrovascular diseases. 
However, challenges related to data fusion, standardization, and 
interpretation need to be addressed to fully leverage the potential of 
multimodal imaging.

8.4 Personalized medicine approaches

The future of cerebrovascular disease management is moving 
toward personalized medicine approaches. By integrating imaging 
data, genetic information, clinical data, and other biomarkers, it will 
be possible to tailor treatment strategies to individual patients.

Personalized medicine approaches can help identify patients at 
high risk of cerebrovascular diseases, optimize treatment selection, 
predict treatment response, and monitor disease progression. These 
approaches can lead to more targeted and effective interventions, 
improving patient outcomes and reducing the burden of 
cerebrovascular diseases.

9 Discussion and prospection

In recent years, cerebrovascular imaging technology has developed 
rapidly. In China, a potential developing country, basic technologies such 
as CTA, MRA and DSA have been widely applied in grassroots hospitals, 
revolutionizing the overall level of clinical working abilities in 

cerebrovascular diseases. The same situation applies worldwide, from 
traditional methods like CT and MRI to advanced techniques such as 
PET and DTI, these imaging modalities provide valuable insights into the 
underlying pathology, connectivity, and function of the brain. Still, there 
are some technologies under intense research that have great potential 
for clinical application. For instance, a prospective study conducted by 
Ma and colleagues cleared up the threshold of multidelay arterial spin 
labeling (MDASL) in penumbra volume of acute ischemic stroke, which 
has brought this technology closer to large-scale clinical applications 
(138). Moreover, the future of cerebrovascular disease management holds 
great promise with potential advancements in imaging technology, the 
integration of AI algorithms, the utilization of multimodal imaging 
techniques, and the adoption of personalized medicine approaches. 
These developments will enhance diagnostic accuracy, improve treatment 
planning, and enable better patient outcomes. However, challenges and 
limitations must be  addressed, including technical limitations, 
interpretation challenges, cost-effectiveness considerations, and ethical 
and regulatory concerns. By overcoming these challenges, the full 
potential of novel imaging methods can be harnessed to benefit patients 
with cerebrovascular diseases and advance our understanding of these 
complex conditions.

In conclusion, the ongoing advancements in imaging technology 
and the integration of AI algorithms, multimodal imaging, and 
personalized medicine approaches hold great promise for the future 
of cerebrovascular disease management. Continued research, 
technological developments, and collaborations are warranted to 
realize the full potential of these advancements and improve clinical 
applications in the field of cerebrovascular diseases.

FIGURE 3

A 59-year-old male patient was admitted to the hospital with “weakness of right limb for 13  h” and was treated with arterial thrombectomy. (A) CTA-
MIP: occlusion of the left middle cerebral artery; (B) PCT: the value of CBF, CBV became lower and the value of MTT, TTD became longer in the left 
middle cerebral artery supply area compared to the right, which meant hypoperfusion in the left middle cerebral artery supply area; (C,D) DSA: 
angiography suggested occlusion of the left middle cerebral artery, and after thrombectomy, re-angiography showed that the main trunk of the left 
middle cerebral artery was patent, with some thrombus escaping to the distal branches; (E) MRI-DWI, (F) MRI-ADC, (G) MRI-DTI-colorful FA: 3  days 
after thrombectomy, DWI and ADC demonstrated multiple infarct foci in the blood-supplying area of the left middle cerebral artery, and a few 
hemorrhagic transformed foci in the basal ganglia area, DTI showed the left nerve fiber bundles were thinner than those on the right side; (H) MRA-
TOF: 4  days after thrombectomy, the left middle cerebral artery was still patent.

https://doi.org/10.3389/fmed.2024.1269742
https://www.frontiersin.org/journals/medicine
https://www.frontiersin.org


Liu et al. 10.3389/fmed.2024.1269742

Frontiers in Medicine 10 frontiersin.org

Author contributions

FL: Writing – original draft. YiY: Writing – review & editing. 
YuY: Writing – review & editing. RR: Conceptualization, Writing 
– review & editing. YH: Conceptualization, Writing – review & 
editing. BZ: Visualization, Writing – review & editing.

Funding

The author(s) declare that financial support was received for 
the research, authorship, and/or publication of this article. Our 
study was supported financially by Single-cell Transcriptome 
Analysis Revealed that Hif1α-zeb1 Axis Regulates the 
Repopulation of Microglia after Spinal Cord Injury and its 
Mechanism Research (LQ23H090009), the Program of Science 
and Technology Development of Zhejiang Province 
(LQ22H090017) and Health Commission of Zhejiang Province 
Young Talent supporting program (2022RC160).

Acknowledgments

We appreciate the platform Figdraw for drawing figures.

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
 1. Feigin VL, Forouzanfar MH, Krishnamurthi R, Mensah GA, Connor M, Bennett 

DA, et al. Global and regional burden of stroke during 1990-2010: findings from the 
global burden of disease study 2010. Lancet. (2014) 383:245–54. doi: 10.1016/
s0140-6736(13)61953-4

 2. Chen L, Zhao N, Xu S. Research progress of imaging technologies for ischemic 
cerebrovascular diseases. J Int Med Res. (2021) 49:030006052097260. doi: 
10.1177/0300060520972601

 3. Schwarz CG. Uses of human MR and PET imaging in research of neurodegenerative 
brain diseases. Neurotherapeutics. (2021) 18:661–72. doi: 10.1007/s13311-021-01030-9

 4. Pantano P, Totaro P, Raz E. Cerebrovascular diseases. Neurol Sci. (2008) 29:314–8. 
doi: 10.1007/s10072-008-1006-2

 5. Nguyen TN, Abdalkader M, Nagel S, Qureshi MM, Ribo M, Caparros F, et al. 
Noncontrast computed tomography vs computed tomography perfusion or magnetic 
resonance imaging selection in late presentation of stroke with large-vessel occlusion. 
JAMA Neurol. (2022) 79:22–31. doi: 10.1001/jamaneurol.2021.4082

 6. Jiang X-H, Wang S-B, Tian Q, Zhong C, Zhang G-L, Li Y-J, et al. Right-to-left shunt 
and subclinical ischemic brain lesions in Chinese migraineurs: a multicentre MRI study. 
BMC Neurol. (2018) 18:18. doi: 10.1186/s12883-018-1022-7

 7. Meier EL, Bunker LD, Kim H, Hillis AE. Resting-state connectivity in acute and 
subacute poststroke aphasia: a functional near-infrared spectroscopy pilot study. Brain 
Connect. (2023) 13:441–52. doi: 10.1089/brain.2022.0065

 8. Sunil S, Jiang J, Shah S, Kura S, Kilic K, Erdener SE, et al. Neurovascular coupling 
is preserved in chronic stroke recovery after targeted photothrombosis. Neuroimage Clin. 
(2023) 38:103377. doi: 10.1016/j.nicl.2023.103377

 9. Thirugnanachandran T, Aitchison SG, Lim A, Ding C, Ma H, Phan T. Assessing the 
diagnostic accuracy of CT perfusion: a systematic review. Front Neurol. (2023) 
14:1255526. doi: 10.3389/fneur.2023.1255526

 10. Ma Y-C, Chen A-Q, Guo F, Yu J, Xu M, Shan D-D, et al. The value of whole-brain 
CT perfusion imaging combined with dynamic CT angiography in the evaluation of pial 
collateral circulation with middle cerebral artery occlusion. Technol Health Care. (2022) 
30:967–79. doi: 10.3233/THC-213118

 11. Le HL, Roh HG, Kim HJ, Kwak JT. A 3D multi-task regression and ordinal 
regression deep neural network for collateral imaging from dynamic susceptibility 
contrast-enhanced MR perfusion in acute ischemic stroke. Comput Methods Prog 
Biomed. (2022) 225:107071. doi: 10.1016/j.cmpb.2022.107071

 12. Shen G-C, Hang Y, Ma G, Lu S-S, Wang C, Shi H-B, et al. Prognostic value of 
multiphase CT angiography: estimated infarct core volume in the patients with acute 
ischaemic stroke after mechanical thrombectomy. Clin Radiol. (2023) 78:e815–22. doi: 
10.1016/j.crad.2023.07.015

 13. Strumph K, Morrone K, Dhillon P, Hsu K, Gomes W, Silver E, et al. Impact of 
magnetic resonance angiography parameters on stroke prevention therapy in pediatric 
patients with sickle cell anemia. Pediatr Blood Cancer. (2023) 70:e30109. doi: 10.1002/
pbc.30109

 14. Dolotova DD, Blagosklonova ER, Muslimov RS, Ramazanov GR, Zagryazkina TA, 
Stepanov VN, et al. Inter-rater reliability of collateral status assessment based on CT 

angiography: a retrospective study of middle cerebral artery Ischaemic stroke. J Clin 
Med. (2023) 12:5470. doi: 10.3390/jcm12175470

 15. Lee C-H, Chung J-W, Guk HS, Hong JM, Rosenson RS, Jeong S-K. Cerebral artery 
signal intensity gradient from time-of-flight magnetic resonance angiography and 
clinical outcome in lenticulostriate infarction: a retrospective cohort study. Front Neurol. 
(2023) 14:1220840. doi: 10.3389/fneur.2023.1220840

 16. Chu Y, Yin Z-X, Ni W-J, Lu S-S, Shi H-B, Liu S, et al. Prognostic value of venous 
outflow profiles on multiphase CT angiography for the patients with acute ischemic 
stroke after endovascular Thrombectomy. Transl Stroke Res. (2023). doi: 10.1007/
s12975-023-01187-9

 17. Andereggen L, Amin-Hanjani S, Beck J, Luedi MM, Gralla J, Schubert GA, et al. 
Prediction of long-term restenosis after carotid endarterectomy using quantitative 
magnetic resonance angiography. Front Neurol. (2022) 13:862809. doi: 10.3389/
fneur.2022.862809

 18. Wang Y, Wang L, Qiao P, Sheng F, Han C, Ye E, et al. Impact of aberrant cerebral 
perfusion on resting-state functional MRI: a preliminary investigation of Moyamoya 
disease. PLoS One. (2017) 12:e0176461. doi: 10.1371/journal.pone.0176461

 19. Saliou G, Krings T, Rutgers DR, Toulgoat F, Ozanne A, Lasjaunias P, et al. PWI-
MRI and contrast extravasation in brain AVM help to estimate angiogenic activity. 
Neuroradiology. (2011) 53:793–800. doi: 10.1007/s00234-011-0882-y

 20. Hao X, Liu Z, He S, Wang Y, Zhao Y, Wang R. Application of DTI and fMRI in 
moyamoya disease. Front Neurol. (2022) 13:948830. doi: 10.3389/fneur.2022.948830

 21. Pinheiro GR, Soares GS, Costa AL, Lotufo RA, Rittner L. Divergence map 
from diffusion tensor imaging: concepts and application to corpus callosum. Annu 
Int Conf IEEE Eng Med Biol Soc. (2016) 2016:1120–3. doi: 10.1109/
EMBC.2016.7590900

 22. Barca C, Wiesmann M, Calahorra J, Wachsmuth L, Döring C, Foray C, et al. 
Impact of hydroxytyrosol on stroke: tracking therapy response on neuroinflammation 
and cerebrovascular parameters using PET-MR imaging and on functional outcomes. 
Theranostics. (2021) 11:4030–49. doi: 10.7150/thno.48110

 23. Nagata K, Maruya H, Yuya H, Terashi H, Mito Y, Kato H, et al. Can PET data 
differentiate Alzheimer’s disease from vascular dementia? Ann N Y Acad Sci. (2000) 
903:252–61. doi: 10.1111/j.1749-6632.2000.tb06375.x

 24. Chételat G, Arbizu J, Barthel H, Garibotto V, Law I, Morbelli S, et al. Amyloid-PET 
and F-FDG-PET in the diagnostic investigation of Alzheimer’s disease and other 
dementias. Lancet Neurol. (2020) 19:951–62. doi: 10.1016/S1474-4422(20)30314-8

 25. Burke JF, Gelb DJ, Quint DJ, Morgenstern LB, Kerber KA. The impact of MRI on 
stroke management and outcomes: a systematic review. J Eval Clin Pract. (2013) 
19:987–93. doi: 10.1111/jep.12011

 26. Catalogna M, Hadanny A, Parag Y, Adler M, Elkarif V, Efrati S. Functional MRI 
evaluation of hyperbaric oxygen therapy effect on hand motor recovery in a chronic 
post-stroke patient: a case report and physiological discussion. Front Neurol. (2023) 
14:1233841. doi: 10.3389/fneur.2023.1233841

 27. Frangou P, Clarke WT. Where functional MRI stops, metabolism starts. eLife. 
(2022) 11:e78327. doi: 10.7554/eLife.78327

https://doi.org/10.3389/fmed.2024.1269742
https://www.frontiersin.org/journals/medicine
https://www.frontiersin.org
https://doi.org/10.1016/s0140-6736(13)61953-4
https://doi.org/10.1016/s0140-6736(13)61953-4
https://doi.org/10.1177/0300060520972601
https://doi.org/10.1007/s13311-021-01030-9
https://doi.org/10.1007/s10072-008-1006-2
https://doi.org/10.1001/jamaneurol.2021.4082
https://doi.org/10.1186/s12883-018-1022-7
https://doi.org/10.1089/brain.2022.0065
https://doi.org/10.1016/j.nicl.2023.103377
https://doi.org/10.3389/fneur.2023.1255526
https://doi.org/10.3233/THC-213118
https://doi.org/10.1016/j.cmpb.2022.107071
https://doi.org/10.1016/j.crad.2023.07.015
https://doi.org/10.1002/pbc.30109
https://doi.org/10.1002/pbc.30109
https://doi.org/10.3390/jcm12175470
https://doi.org/10.3389/fneur.2023.1220840
https://doi.org/10.1007/s12975-023-01187-9
https://doi.org/10.1007/s12975-023-01187-9
https://doi.org/10.3389/fneur.2022.862809
https://doi.org/10.3389/fneur.2022.862809
https://doi.org/10.1371/journal.pone.0176461
https://doi.org/10.1007/s00234-011-0882-y
https://doi.org/10.3389/fneur.2022.948830
https://doi.org/10.1109/EMBC.2016.7590900
https://doi.org/10.1109/EMBC.2016.7590900
https://doi.org/10.7150/thno.48110
https://doi.org/10.1111/j.1749-6632.2000.tb06375.x
https://doi.org/10.1016/S1474-4422(20)30314-8
https://doi.org/10.1111/jep.12011
https://doi.org/10.3389/fneur.2023.1233841
https://doi.org/10.7554/eLife.78327


Liu et al. 10.3389/fmed.2024.1269742

Frontiers in Medicine 11 frontiersin.org

 28. Nair VA, Raut RV, Prabhakaran V. Investigating the blood oxygenation level-
dependent functional MRI response to a verbal fluency task in early stroke before and 
after hemodynamic scaling. Front Neurol. (2017) 8:283. doi: 10.3389/fneur.2017.00283

 29. Nenert R, Allendorfer JB, Martin AM, Banks C, Vannest J, Holland SK, et al. 
Longitudinal fMRI study of language recovery after a left hemispheric ischemic stroke. 
Restor Neurol Neurosci. (2018) 36:359–85. doi: 10.3233/RNN-170767

 30. Jia W, Zhou Y, Zuo L, Liu T, Li Z. Effects of brain atrophy and altered functional 
connectivity on poststroke cognitive impairment. Brain Res. (1822) 1822:148635. doi: 
10.1016/j.brainres.2023.148635

 31. Ghinda DC, Wu J-S, Duncan NW, Northoff G. How much is enough-can resting 
state fMRI provide a demarcation for neurosurgical resection in glioma? Neurosci 
Biobehav Rev. (2018) 84:245–61. doi: 10.1016/j.neubiorev.2017.11.019

 32. Keir SL, Wardlaw JM. Systematic review of diffusion and perfusion imaging in 
acute ischemic stroke. Stroke. (2000) 31:2723–31. doi: 10.1161/01.str.31.11.2723

 33. Guo Y, Yang Y, Cao F, Liu Y, Li W, Yang C, et al. Radiomics features of DSC-PWI 
in time dimension may provide a new chance to identify ischemic stroke. Front Neurol. 
(2022) 13:889090. doi: 10.3389/fneur.2022.889090

 34. Guenego A, Mosimann PJ, Pereira VM, Nicholson P, Zuber K, Lotterie JA, et al. 
Proposed achievable levels of dose and impact of dose-reduction systems for 
thrombectomy in acute ischemic stroke: an international, multicentric, retrospective 
study in 1096 patients. Eur Radiol. (2019) 29:3506–15. doi: 10.1007/
s00330-019-06062-6

 35. Turtzo LC, Luby M, Jikaria N, Griffin AD, Greenman D, Bokkers RPH, et al. 
Cytotoxic edema associated with hemorrhage predicts poor outcome after traumatic 
brain injury. J Neurotrauma. (2021) 38:3107–18. doi: 10.1089/neu.2021.0037

 36. Edlow BL, Hurwitz S, Edlow JA. Diagnosis of DWI-negative acute ischemic stroke: 
a meta-analysis. Neurology. (2017) 89:256–62. doi: 10.1212/WNL.0000000000004120

 37. Zhou X, Liao J, Liu Y, Qin H, Xiao X. Symptom aggravation after withdrawal of 
metal chelating agent therapy in patients with Wilson’s disease. Brain Behav. (2023) 
13:e3170. doi: 10.1002/brb3.3170

 38. van Garderen KA, van der Voort SR, Wijnenga MMJ, Incekara F, Alafandi A, 
Kapsas G, et al. Evaluating the predictive value of glioma growth models for low-grade 
glioma after tumor resection. IEEE Trans Med Imaging. (2023) 43:253–63. doi: 10.1109/
TMI.2023.3298637

 39. Lock C, Kwok J, Kumar S, Ahmad-Annuar A, Narayanan V, Ng ASL, et al. DTI 
profiles for rapid description of cohorts at the clinical-research Interface. Front Med. 
(2018) 5:357. doi: 10.3389/fmed.2018.00357

 40. Magliocca A, Perego C, Motta F, Merigo G, Micotti E, Olivari D, et al. Indoleamine 
2,3-dioxygenase deletion to modulate kynurenine pathway and to prevent brain injury 
after cardiac arrest in mice. Anesthesiology. (2023) 139:628–45. doi: 10.1097/
ALN.0000000000004713

 41. Smits AR, van Zandvoort MJE, Ramsey NF, de Haan EHF, Raemaekers M. 
Reliability and validity of DTI-based indirect disconnection measures. Neuroimage Clin. 
(2023) 39:103470. doi: 10.1016/j.nicl.2023.103470

 42. Boren SB, Savitz SI, Gonzales N, Hasan K, Becerril-Gaitan A, Maroufy V, et al. 
Longitudinal morphometric changes in the corticospinal tract shape after hemorrhagic 
stroke. Transl Stroke Res. (2023). doi: 10.1007/s12975-023-01168-y

 43. Laaksonen M, Rinne J, Rahi M, Posti JP, Laitio R, Kivelev J, et al. Effect of xenon 
on brain injury, neurological outcome, and survival in patients after aneurysmal 
subarachnoid hemorrhage-study protocol for a randomized clinical trial. Trials. (2023) 
24:417. doi: 10.1186/s13063-023-07432-8

 44. Karakis R, Gurkahraman K, Mitsis GD, Boudrias M-H. Deep learning prediction 
of motor performance in stroke individuals using neuroimaging data. J Biomed Inform. 
(2023) 141:104357. doi: 10.1016/j.jbi.2023.104357

 45. Jolly AA, Zainurin A, Mead GE, Markus HS. Neuroimaging correlates of post-
stroke fatigue: a systematic review and meta-analysis. Int J Stroke. (2023) 18:1051–62. 
doi: 10.1177/17474930231192214

 46. Hu R, Kim H, Kim J, Allen JW, Sun PZ. Fast diffusion kurtosis imaging in acute 
ischemic stroke shows mean kurtosis-diffusivity mismatch. J Neuroimaging. (2022) 
32:941–6. doi: 10.1111/jon.13000

 47. Jensen JH, Helpern JA. MRI quantification of non-Gaussian water diffusion by 
kurtosis analysis. NMR Biomed. (2010) 23:698–710. doi: 10.1002/nbm.1518

 48. Guadilla I, Calle D, López-Larrubia P. Diffusion-weighted magnetic resonance 
imaging In: ML García Martín and P López Larrubia, editors. Preclinical MRI: methods 
in molecular biology. New York, NY: Springer New York (2018). 89–101.

 49. Weber RA, Hui ES, Jensen JH, Nie X, Falangola MF, Helpern JA, et al. Diffusional 
kurtosis and diffusion tensor imaging reveal different time-sensitive stroke-induced 
microstructural changes. Stroke. (2015) 46:545–50. doi: 10.1161/
STROKEAHA.114.006782

 50. Jensen JH, Helpern JA, Ramani A, Lu H, Kaczynski K. Diffusional kurtosis 
imaging: the quantification of non-gaussian water diffusion by means of magnetic 
resonance imaging. Magn Reson Med. (2005) 53:1432–40. doi: 10.1002/mrm.20508

 51. Zhu L-H, Zhang Z-P, Wang F-N, Cheng Q-H, Guo G. Diffusion kurtosis imaging 
of microstructural changes in brain tissue affected by acute ischemic stroke in different 
locations. Neural Regen Res. (2019) 14:272–9. doi: 10.4103/1673-5374.244791

 52. Cheung J, Doerr M, Hu R, Sun PZ. Refined ischemic penumbra imaging with 
tissue pH and diffusion kurtosis magnetic resonance imaging. Transl Stroke Res. (2021) 
12:742–53. doi: 10.1007/s12975-020-00868-z

 53. Stejskal EO, Tanner JE. Spin diffusion measurements: spin echoes in the presence 
of a time-dependent field gradient. J Chem Phys. (1965) 42:288–92. doi: 
10.1063/1.1695690

 54. Martín-Noguerol T, Mohan S, Santos-Armentia E, Cabrera-Zubizarreta A, Luna 
A. Advanced MRI assessment of non-enhancing peritumoral signal abnormality in brain 
lesions. Eur J Radiol. (2021) 143:109900. doi: 10.1016/j.ejrad.2021.109900

 55. Basser PJ, Mattiello J, LeBihan D. MR diffusion tensor spectroscopy and imaging. 
Biophys J. (1994) 66:259–67. doi: 10.1016/S0006-3495(94)80775-1

 56. Bista B, Yousra A, Bosemani T, Gedeon D, Bista A, Shrestha S, et al. The utility of 
time resolved magnetic resonance angiography in differentiating vascular 
malformations. Clin Imaging. (2023) 101:150–5. doi: 10.1016/j.clinimag.2023.06.010

 57. Mensing LA, van Tuijl RJ, Greving JP, Velthuis BK, van der Schaaf IC, Wermer 
MJH, et al. Aneurysm prevalence and quality of life during screening in relatives of 
patients with Unruptured intracranial aneurysm: a prospective study. Neurology. (2023) 
101:e904–12. doi: 10.1212/WNL.0000000000207475

 58. Ballout AA, Libman RB, Schneider JR, Black K, Sideras P, Wang JJ, et al. 
Vertebrobasilar stroke: association between infarction patterns and quantitative 
magnetic resonance angiography flow state. J Am Heart Assoc. (2022) 11:e023991. doi: 
10.1161/JAHA.121.023991

 59. Smith LGF, Milliron E, Ho M-L, Hu HH, Rusin J, Leonard J, et al. Advanced 
neuroimaging in traumatic brain injury: an overview. Neurosurg Focus. (2019) 47:E17. 
doi: 10.3171/2019.9.FOCUS19652

 60. Holshouser B, Pivonka-Jones J, Nichols JG, Oyoyo U, Tong K, Ghosh N, et al. 
Longitudinal metabolite changes after traumatic brain injury: a prospective pediatric 
magnetic resonance spectroscopic imaging study. J Neurotrauma. (2019) 36:1352–60. 
doi: 10.1089/neu.2018.5919

 61. Lee JW, Sreepada LP, Bevers MB, Li K, Scirica BM, Santana da Silva D, et al. 
Magnetic resonance spectroscopy of hypoxic-ischemic encephalopathy after cardiac 
arrest. Neurology. (2022) 98:e1226–37. doi: 10.1212/WNL.0000000000013297

 62. Haneef Z, Lenartowicz A, Yeh HJ, Engel J, Stern JM. Network analysis of the 
default mode network using functional connectivity MRI in temporal lobe epilepsy. J 
Visual Exp. (2014) 90:e51442. doi: 10.3791/51442

 63. Jann K, Gee DG, Kilroy E, Schwab S, Smith RX, Cannon TD, et al. Functional 
connectivity in BOLD and CBF data: similarity and reliability of resting brain networks. 
Neuroimage. (2015) 106:111–22. doi: 10.1016/j.neuroimage.2014.11.028

 64. Le Bihan D, Breton E, Lallemand D, Grenier P, Cabanis E, Laval-Jeantet M. MR 
imaging of intravoxel incoherent motions: application to diffusion and perfusion in 
neurologic disorders. Radiology. (1986) 161:401–7. doi: 10.1148/radiology.161.2.3763909

 65. Le Bihan D. What can we see with IVIM MRI? NeuroImage. (2019) 187:56–67. doi: 
10.1016/j.neuroimage.2017.12.062

 66. Wannamaker R, Buck B, Butcher K. Multimodal CT in acute stroke. Curr Neurol 
Neurosci Rep. (2019) 19:63. doi: 10.1007/s11910-019-0978-z

 67. Pomerantz SR, Harris GJ, Desai HJ, Lev MH. Computed tomography angiography 
and computed tomography perfusion in ischemic stroke: a step-by-step approach to 
image acquisition and three-dimensional postprocessing. Semin Ultrasound CT MR. 
(2006) 27:243–70. doi: 10.1053/j.sult.2006.03.001

 68. Philipp LR, McCracken DJ, McCracken CE, Halani SH, Lovasik BP, Salehani AA, 
et al. Comparison between CTA and digital subtraction angiography in the diagnosis of 
ruptured aneurysms. Neurosurgery. (2017) 80:769–77. doi: 10.1093/neuros/nyw113

 69. Kargiotis O, Psychogios K, Safouris A, Spiliopoulos S, Karapanayiotides T, Bakola 
E, et al. Diagnosis and treatment of acute isolated proximal internal carotid artery 
occlusions: a narrative review. Ther Adv Neurol Disord. (2022) 15:175628642211363. doi: 
10.1177/17562864221136335

 70. Saake M, Goelitz P, Struffert T, Breuer L, Volbers B, Doerfler A, et al. Comparison 
of conventional CTA and volume perfusion CTA in evaluation of cerebral arterial 
vasculature in acute stroke. AJNR Am J Neuroradiol. (2012) 33:2068–73. doi: 10.3174/
ajnr.A3155

 71. Kortman HGJ, Smit EJ, Oei MTH, Manniesing R, Prokop M, Meijer FJA. 4D-CTA 
in neurovascular disease: a review. AJNR Am J Neuroradiol. (2015) 36:1026–33. doi: 
10.3174/ajnr.A4162

 72. Tian B, Jiang Y, Kang Q, Xu B, Liu R, Liu Q, et al. Comparative study of 4D CTA 
and DSA for vascular assessment in moyamoya disease. Clin Imaging. (2018) 48:74–8. 
doi: 10.1016/j.clinimag.2017.10.005

 73. Meijs M, Pegge SAH, Murayama K, Boogaarts HD, Prokop M, Willems PWA, et al. 
Color-mapping of 4D-CTA for the detection of cranial arteriovenous shunts. AJNR Am J 
Neuroradiol. (2019) 40:1498–504. doi: 10.3174/ajnr.A6156

 74. Ippolito D, Pecorelli A, Querques G, Drago SG, Maino C, Franzesi CT, et al. 
Dynamic computed tomography perfusion imaging: complementary diagnostic tool in 
hepatocellular carcinoma assessment from diagnosis to treatment follow-up. Acad 
Radiol. (2019) 26:1675–85. doi: 10.1016/j.acra.2019.02.010

 75. Zha X, Liu Q, Deng K, Lu X, Xu Y. Prediction of intracranial hemorrhage after 
internal carotid artery stenting in patients with symptomatic severe carotid stenosis by 

https://doi.org/10.3389/fmed.2024.1269742
https://www.frontiersin.org/journals/medicine
https://www.frontiersin.org
https://doi.org/10.3389/fneur.2017.00283
https://doi.org/10.3233/RNN-170767
https://doi.org/10.1016/j.brainres.2023.148635
https://doi.org/10.1016/j.neubiorev.2017.11.019
https://doi.org/10.1161/01.str.31.11.2723
https://doi.org/10.3389/fneur.2022.889090
https://doi.org/10.1007/s00330-019-06062-6
https://doi.org/10.1007/s00330-019-06062-6
https://doi.org/10.1089/neu.2021.0037
https://doi.org/10.1212/WNL.0000000000004120
https://doi.org/10.1002/brb3.3170
https://doi.org/10.1109/TMI.2023.3298637
https://doi.org/10.1109/TMI.2023.3298637
https://doi.org/10.3389/fmed.2018.00357
https://doi.org/10.1097/ALN.0000000000004713
https://doi.org/10.1097/ALN.0000000000004713
https://doi.org/10.1016/j.nicl.2023.103470
https://doi.org/10.1007/s12975-023-01168-y
https://doi.org/10.1186/s13063-023-07432-8
https://doi.org/10.1016/j.jbi.2023.104357
https://doi.org/10.1177/17474930231192214
https://doi.org/10.1111/jon.13000
https://doi.org/10.1002/nbm.1518
https://doi.org/10.1161/STROKEAHA.114.006782
https://doi.org/10.1161/STROKEAHA.114.006782
https://doi.org/10.1002/mrm.20508
https://doi.org/10.4103/1673-5374.244791
https://doi.org/10.1007/s12975-020-00868-z
https://doi.org/10.1063/1.1695690
https://doi.org/10.1016/j.ejrad.2021.109900
https://doi.org/10.1016/S0006-3495(94)80775-1
https://doi.org/10.1016/j.clinimag.2023.06.010
https://doi.org/10.1212/WNL.0000000000207475
https://doi.org/10.1161/JAHA.121.023991
https://doi.org/10.3171/2019.9.FOCUS19652
https://doi.org/10.1089/neu.2018.5919
https://doi.org/10.1212/WNL.0000000000013297
https://doi.org/10.3791/51442
https://doi.org/10.1016/j.neuroimage.2014.11.028
https://doi.org/10.1148/radiology.161.2.3763909
https://doi.org/10.1016/j.neuroimage.2017.12.062
https://doi.org/10.1007/s11910-019-0978-z
https://doi.org/10.1053/j.sult.2006.03.001
https://doi.org/10.1093/neuros/nyw113
https://doi.org/10.1177/17562864221136335
https://doi.org/10.3174/ajnr.A3155
https://doi.org/10.3174/ajnr.A3155
https://doi.org/10.3174/ajnr.A4162
https://doi.org/10.1016/j.clinimag.2017.10.005
https://doi.org/10.3174/ajnr.A6156
https://doi.org/10.1016/j.acra.2019.02.010


Liu et al. 10.3389/fmed.2024.1269742

Frontiers in Medicine 12 frontiersin.org

computed tomography perfusion. Quant Imaging Med Surg. (2023) 13:3927–37. doi: 
10.21037/qims-22-1148

 76. Jia ZZ, Shi W, Shi JL, Shen DD, Gu HM, Zhou XJ. Comparison between perfusion 
computed tomography and dynamic contrast-enhanced magnetic resonance imaging in 
assessing glioblastoma microvasculature. Eur J Radiol. (2017) 87:120–4. doi: 10.1016/j.
ejrad.2016.12.016

 77. Klug J, Dirren E, Preti MG, Machi P, Kleinschmidt A, Vargas MI, et al. Integrating 
regional perfusion CT information to improve prediction of infarction after stroke. J 
Cereb Blood Flow Metab. (2021) 41:502–10. doi: 10.1177/0271678X20924549

 78. Hamid S, Nasir MU, So A, Andrews G, Nicolaou S, Qamar SR. Clinical applications 
of dual-energy CT. Korean J Radiol. (2021) 22:970–82. doi: 10.3348/kjr.2020.0996

 79. Greffier J, Villani N, Defez D, Dabli D, Si-Mohamed S. Spectral CT imaging: 
technical principles of dual-energy CT and multi-energy photon-counting CT. Diagn 
Interv Imaging. (2023) 104:167–77. doi: 10.1016/j.diii.2022.11.003

 80. Borges AP, Antunes C, Curvo-Semedo L. Pros and cons of dual-energy CT 
systems: "one does not fit all". Tomogr. (2023) 9:195–216. doi: 10.3390/
tomography9010017

 81. Mangesius S, Janjic T, Steiger R, Haider L, Rehwald R, Knoflach M, et al. Dual-
energy computed tomography in acute ischemic stroke: state-of-the-art. Eur Radiol. 
(2021) 31:4138–47. doi: 10.1007/s00330-020-07543-9

 82. Gupta R, Phan CM, Leidecker C, Brady TJ, Hirsch JA, Nogueira RG, et al. 
Evaluation of dual-energy CT for differentiating intracerebral hemorrhage from 
iodinated contrast material staining. Radiology. (2010) 257:205–11. doi: 10.1148/
radiol.10091806

 83. Phan CM, Yoo AJ, Hirsch JA, Nogueira RG, Gupta R. Differentiation of 
hemorrhage from iodinated contrast in different intracranial compartments using dual-
energy head CT. AJNR Am J Neuroradiol. (2012) 33:1088–94. doi: 10.3174/ajnr.A2909

 84. Pratt EC, Lopez-Montes A, Volpe A, Crowley MJ, Carter LM, Mittal V, et al. 
Simultaneous quantitative imaging of two PET radiotracers via the detection of 
positron-electron annihilation and prompt gamma emissions. Nat Biomed Eng. (2023) 
7:1028–39. doi: 10.1038/s41551-023-01060-y

 85. Carli G, Meles SK, Reesink FE, de Jong BM, Pilotto A, Padovani A, et al. 
Comparison of univariate and multivariate analyses for brain [18F]FDG PET data 
in α-synucleinopathies. Neuroimage Clin. (2023) 39:103475. doi: 10.1016/j.
nicl.2023.103475

 86. Li L, Yang B, Dmytriw AA, Li Y, Gong H, Bai X, et al. Correlations between 
intravascular pressure gradients and cerebral blood flow in patients with symptomatic, 
medically refractory, anterior circulation artery stenosis: an exploratory study. J 
Neurointervent Surg. (2023):jnis-2023-020144. doi: 10.1136/jnis-2023-020144

 87. Prokopiou PC, Engels-Domínguez N, Schultz AP, Sepulcre J, Koops EA, Papp KV, 
et al. Association of Novelty-Related Locus Coeruleus Function with Entorhinal tau 
Deposition and Memory Decline in preclinical Alzheimer disease. Neurology. (2023) 
101:e1206–17. doi: 10.1212/WNL.0000000000207646

 88. Zhao Q, Du X, Chen W, Zhang T, Xu Z. Advances in diagnosing mild cognitive 
impairment and Alzheimer’s disease using C-PIB-PET/CT and common 
neuropsychological tests. Front Neurosci. (2023) 17:1216215. doi: 10.3389/
fnins.2023.1216215

 89. Finze A, Biechele G, Rauchmann B-S, Franzmeier N, Palleis C, Katzdobler S, et al. 
Individual regional associations between Aβ-, tau-and neurodegeneration (ATN) with 
microglial activation in patients with primary and secondary tauopathies. Mol 
Psychiatry. (2023) 28:4438–50. doi: 10.1038/s41380-023-02188-8

 90. Storti B, Canavero I, Gabriel MM, Capozza A, Rifino N, Stanziano M, et al. 
Iatrogenic cerebral amyloid Angiopathy: an illustrative case of a newly introduced 
disease. Eur J Neurol. (2023) 30:3397–9. doi: 10.1111/ene.15997

 91. Yadollahikhales G, Rojas JC. Anti-amyloid immunotherapies for Alzheimer’s 
disease: a 2023 clinical update. Neurotherapeutics. (2023) 20:914–31. doi: 10.1007/
s13311-023-01405-0

 92. Nemes S, Logan PE, Manchella MK, Mundada NS, La Joie R, Polsinelli AJ, et al. 
Sex and APOE ε4 carrier effects on atrophy, amyloid PET, and tau PET burden in 
early-onset Alzheimer’s disease. Alzheimers Dement. (2023) 19:S49–63. doi: 10.1002/
alz.13403

 93. D’Anna L, Searle G, Harvey K, Matthews PM, Veltkamp R. Time course of 
neuroinflammation after human stroke - a pilot study using co-registered PET and MRI. 
BMC Neurol. (2023) 23:193. doi: 10.1186/s12883-023-03178-7

 94. Bonaventura J, Boehm MA, Jedema HP, Solis O, Pignatelli M, Song X, et al. 
Expression of the excitatory opsin ChRERα can be traced longitudinally in rat and 
nonhuman primate brains with PET imaging. Sci Transl Med. (2023) 15:eadd1014. doi: 
10.1126/scitranslmed.add1014

 95. Sintini I, Graff-Radford J, Schwarz CG, Machulda MM, Singh NA, Carlos AF, et al. 
Longitudinal rates of atrophy and tau accumulation differ between the visual and 
language variants of atypical Alzheimer’s disease. Alzheimers Dement. (2023) 
19:4396–406. doi: 10.1002/alz.13396

 96. Quattrini G, Ferrari C, Pievani M, Geviti A, Ribaldi F, Scheffler M, et al. 
Alzheimer’s Disease Neuroimaging Initiative. Unsupervised [F]Flortaucipir cutoffs for 
tau positivity and staging in Alzheimer’s disease. Eur J Nucl Med Mol Imaging. (2023) 
50:3265–75. doi: 10.1007/s00259-023-06280-7

 97. Wang Z, Song Y, Bai S, Xiang W, Zhou X, Han L, et al. Imaging of microglia in 
post-stroke inflammation. Nucl Med Biol. (2023) 118-119:108336. doi: 10.1016/j.
nucmedbio.2023.108336

 98. Kang SY, Yun JY, Kang Y-K, Moon BS, Yoon H-J, Yoo MY, et al. Salivary gland 
uptake on F-FP-CIT PET as a new biomarker in patients with parkinsonism. Korean J 
Radiol. (2023) 24:690–7. doi: 10.3348/kjr.2023.0066

 99. Kang S, Jeon S, Lee Y-G, Ye BS. Striatal dopamine transporter uptake, 
parkinsonism, and cognition in Alzheimer’s disease. Eur J Neurol. (2023) 30:3105–13. 
doi: 10.1111/ene.15995

 100. Thomas RG, Kim J-H, Kim J-H, Yoon J, Choi K-H, Jeong Y-Y. Treatment of 
ischemic stroke by atorvastatin-loaded PEGylated liposome. Transl Stroke Res. (2023) 
15:388–98. doi: 10.1007/s12975-023-01125-9

 101. Islam S, Inglese M, Grech-Sollars M, Aravind P, Dubash S, Barwick TD, et al. 
Feasibility of [F]fluoropivalate hybrid PET/MRI for imaging lower and higher grade 
glioma: a prospective first-in-patient pilot study. Eur J Nucl Med Mol Imaging. (2023) 
50:3982–95. doi: 10.1007/s00259-023-06330-0

 102. Vandenberghe S, Marsden PK. PET-MRI: a review of challenges and solutions in 
the development of integrated multimodality imaging. Phys Med Biol. (2015) 
60:R115–54. doi: 10.1088/0031-9155/60/4/R115

 103. Zhao MY, Woodward A, Fan AP, Chen KT, Yu Y, Chen DY, et al. Reproducibility 
of cerebrovascular reactivity measurements: a systematic review of neuroimaging 
techniques. J Cereb Blood Flow Metab. (2022) 42:700–17. doi: 
10.1177/0271678X211056702

 104. McArthur C, Jampana R, Patterson J, Hadley D. Applications of cerebral SPECT. 
Clin Radiol. (2011) 66:651–61. doi: 10.1016/j.crad.2010.12.015

 105. Giubilei F, Lenzi GL, Di Piero V, Pozzilli C, Pantano P, Bastianello S, et al. 
Predictive value of brain perfusion single-photon emission computed tomography in 
acute ischemic stroke. Stroke. (1990) 21:895–900. doi: 10.1161/01.str.21.6.895

 106. Camargo EE. Brain SPECT in neurology and psychiatry. J Nucl Med. (2001) 
42:611–23.

 107. Oliveira FPM, Walker Z, Walker RWH, Attems J, Castanheira JC, Silva Â, et al. 
I-FP-CIT SPECT in dementia with Lewy bodies, Parkinson’s disease and Alzheimer’s 
disease: a new quantitative analysis of autopsy confirmed cases. J Neurol Neurosurg 
Psychiatry. (2021) 92:662–7. doi: 10.1136/jnnp-2020-324606

 108. Shaban S, Huasen B, Haridas A, Killingsworth M, Worthington J, Jabbour P, et al. 
Digital subtraction angiography in cerebrovascular disease: current practice and 
perspectives on diagnosis, acute treatment and prognosis. Acta Neurol Belg. (2022) 
122:763–80. doi: 10.1007/s13760-021-01805-z

 109. Jansen IGH, Berkhemer OA, Yoo AJ, Vos JA, Nijeholt LÀ, MES GJS, et al. 
Comparison of CTA-and DSA-based collateral flow assessment in patients with anterior 
circulation stroke. AJNR Am J Neuroradiol. (2016) 37:2037–42. doi: 10.3174/ajnr.A4878

 110. Hong JM, Lee SE, Lee S-J, Lee JS, Demchuk AM. Distinctive patterns on CT 
angiography characterize acute internal carotid artery occlusion subtypes. Medicine. 
(2017) 96:e5722. doi: 10.1097/MD.0000000000005722

 111. Liu F, Chen C, Hong L, Shen H, Cao W, Dong Q, et al. Lenticulostriate arteries 
appearance before thrombectomy predicts good outcome in acute middle cerebral artery 
occlusion. BMC Neurol. (2020) 20:139. doi: 10.1186/s12883-020-01716-1

 112. Bammer R, Auer M, Keeling SL, Augustin M, Stables LA, Prokesch RW, et al. 
Diffusion tensor imaging using single-shot SENSE-EPI. Magn Reson Med. (2002) 
48:128–36. doi: 10.1002/mrm.10184

 113. Schnack HG, van Haren NEM, Brouwer RM, van Baal GCM, Picchioni M, 
Weisbrod M, et al. Mapping reliability in multicenter MRI: voxel-based morphometry 
and cortical thickness. Hum Brain Mapp. (2010) 31:1967–82. doi: 10.1002/hbm.20991

 114. Klunk WE, Koeppe RA, Price JC, Benzinger TL, Devous MD, Jagust WJ, et al. 
The Centiloid project: standardizing quantitative amyloid plaque estimation by PET. 
Alzheimers Dement. (2015) 11:1. doi: 10.1016/j.jalz.2014.07.003

 115. Van Den Brink H, Doubal FN, Duering M. Advanced MRI in cerebral small 
vessel disease. Int J Stroke. (2023) 18:28–35. doi: 10.1177/17474930221091879

 116. Kim D, Liebeskind DS. Neuroimaging advances and the transformation of acute 
stroke care. Semin Neurol. (2005) 25:345–61. doi: 10.1055/s-2005-923529

 117. Wilkenfeld DA, Orbell SL, Lingler JH. Ethical considerations in communicating 
Alzheimer’s disease neuroimaging biomarker test results to symptomatic individuals. 
Neurotherapeutics. (2021) 18:673–85. doi: 10.1007/s13311-021-01047-0

 118. Fenton A, Meynell L, Baylis F. Ethical challenges and interpretive difficulties with 
non-clinical applications of pediatric fMRI. Am J Bioeth. (2009) 9:3–13. doi: 
10.1080/15265160802617829

 119. Crosson B, Rodriguez AD, Copland D, Fridriksson J, Krishnamurthy LC, 
Meinzer M, et al. Neuroplasticity and aphasia treatments: new approaches for an old 
problem. J Neurol Neurosurg Psychiatry. (2019) 90:1147–55. doi: 10.1136/
jnnp-2018-319649

 120. Botz J, Lohner V, Schirmer MD. Spatial patterns of white matter hyperintensities: 
a systematic review. Front Aging Neurosci. (2023) 15:1165324. doi: 10.3389/
fnagi.2023.1165324

 121. Jiao Y, Zhang J-Z, Zhao Q, Liu J-Q, Wu Z-Z, Li Y, et al. Machine learning-enabled 
determination of diffuseness of brain arteriovenous malformations from magnetic 

https://doi.org/10.3389/fmed.2024.1269742
https://www.frontiersin.org/journals/medicine
https://www.frontiersin.org
https://doi.org/10.21037/qims-22-1148
https://doi.org/10.1016/j.ejrad.2016.12.016
https://doi.org/10.1016/j.ejrad.2016.12.016
https://doi.org/10.1177/0271678X20924549
https://doi.org/10.3348/kjr.2020.0996
https://doi.org/10.1016/j.diii.2022.11.003
https://doi.org/10.3390/tomography9010017
https://doi.org/10.3390/tomography9010017
https://doi.org/10.1007/s00330-020-07543-9
https://doi.org/10.1148/radiol.10091806
https://doi.org/10.1148/radiol.10091806
https://doi.org/10.3174/ajnr.A2909
https://doi.org/10.1038/s41551-023-01060-y
https://doi.org/10.1016/j.nicl.2023.103475
https://doi.org/10.1016/j.nicl.2023.103475
https://doi.org/10.1136/jnis-2023-020144
https://doi.org/10.1212/WNL.0000000000207646
https://doi.org/10.3389/fnins.2023.1216215
https://doi.org/10.3389/fnins.2023.1216215
https://doi.org/10.1038/s41380-023-02188-8
https://doi.org/10.1111/ene.15997
https://doi.org/10.1007/s13311-023-01405-0
https://doi.org/10.1007/s13311-023-01405-0
https://doi.org/10.1002/alz.13403
https://doi.org/10.1002/alz.13403
https://doi.org/10.1186/s12883-023-03178-7
https://doi.org/10.1126/scitranslmed.add1014
https://doi.org/10.1002/alz.13396
https://doi.org/10.1007/s00259-023-06280-7
https://doi.org/10.1016/j.nucmedbio.2023.108336
https://doi.org/10.1016/j.nucmedbio.2023.108336
https://doi.org/10.3348/kjr.2023.0066
https://doi.org/10.1111/ene.15995
https://doi.org/10.1007/s12975-023-01125-9
https://doi.org/10.1007/s00259-023-06330-0
https://doi.org/10.1088/0031-9155/60/4/R115
https://doi.org/10.1177/0271678X211056702
https://doi.org/10.1016/j.crad.2010.12.015
https://doi.org/10.1161/01.str.21.6.895
https://doi.org/10.1136/jnnp-2020-324606
https://doi.org/10.1007/s13760-021-01805-z
https://doi.org/10.3174/ajnr.A4878
https://doi.org/10.1097/MD.0000000000005722
https://doi.org/10.1186/s12883-020-01716-1
https://doi.org/10.1002/mrm.10184
https://doi.org/10.1002/hbm.20991
https://doi.org/10.1016/j.jalz.2014.07.003
https://doi.org/10.1177/17474930221091879
https://doi.org/10.1055/s-2005-923529
https://doi.org/10.1007/s13311-021-01047-0
https://doi.org/10.1080/15265160802617829
https://doi.org/10.1136/jnnp-2018-319649
https://doi.org/10.1136/jnnp-2018-319649
https://doi.org/10.3389/fnagi.2023.1165324
https://doi.org/10.3389/fnagi.2023.1165324


Liu et al. 10.3389/fmed.2024.1269742

Frontiers in Medicine 13 frontiersin.org

resonance angiography. Transl Stroke Res. (2022) 13:939–48. doi: 10.1007/
s12975-021-00933-1

 122. Ben Alaya I, Limam H, Kraiem T. Applications of artificial intelligence for DWI 
and PWI data processing in acute ischemic stroke: current practices and future 
directions. Clin Imaging. (2022) 81:79–86. doi: 10.1016/j.clinimag.2021.09.015

 123. Cui L, Fan Z, Yang Y, Liu R, Wang D, Feng Y, et al. Deep learning in ischemic 
stroke imaging analysis: a comprehensive review. Biomed Res Int. (2022) 2022:1–15. doi: 
10.1155/2022/2456550

 124. Chavva IR, Crawford AL, Mazurek MH, Yuen MM, Prabhat AM, Payabvash S, 
et al. Deep learning applications for acute stroke management. Ann Neurol. (2022) 
92:574–87. doi: 10.1002/ana.26435

 125. Heo J, Yoon JG, Park H, Kim YD, Nam HS, Heo JH. Machine learning–based 
model for prediction of outcomes in acute stroke. Stroke. (2019) 50:1263–5. doi: 10.1161/
STROKEAHA.118.024293

 126. Yang X, Yu P, Zhang H, Zhang R, Liu Y, Li H, et al. Deep learning algorithm 
enables cerebral venous thrombosis detection with routine brain magnetic resonance 
imaging. Stroke. (2023) 54:1357–66. doi: 10.1161/STROKEAHA.122.041520

 127. Yu Y, Christensen S, Ouyang J, Scalzo F, Liebeskind DS, Lansberg MG, et al. 
Predicting Hypoperfusion lesion and target mismatch in stroke from diffusion-weighted 
MRI using deep learning. Radiology. (2023) 307:e220882. doi: 10.1148/radiol.220882

 128. Liew S-L, Anglin JM, Banks NW, Sondag M, Ito KL, Kim H, et al. A large, open 
source dataset of stroke anatomical brain images and manual lesion segmentations. Sci 
Data. (2018) 5:180011. doi: 10.1038/sdata.2018.11

 129. Chilamkurthy S, Ghosh R, Tanamala S, Biviji M, Campeau NG, Venugopal VK, 
et al. Deep learning algorithms for detection of critical findings in head CT scans: a 
retrospective study. Lancet. (2018) 392:2388–96. doi: 10.1016/S0140-6736(18)31645-3

 130. Flanders AE, Prevedello LM, Shih G, Halabi SS, Kalpathy-Cramer J, Ball R, et al. 
Construction of a machine learning dataset through collaboration: the RSNA 2019 brain 

CT hemorrhage challenge. Radiol Artif Intell. (2020) 2:e190211. doi: 10.1148/
ryai.2020190211

 131. Soun JE, Chow DS, Nagamine M, Takhtawala RS, Filippi CG, Yu W, et al. 
Artificial intelligence and acute stroke imaging. AJNR Am J Neuroradiol. (2021) 42:2–11. 
doi: 10.3174/ajnr.A6883

 132. Gilotra K, Swarna S, Mani R, Basem J, Dashti R. Role of artificial intelligence and 
machine learning in the diagnosis of cerebrovascular disease. Front Hum Neurosci. 
(2023) 17:1254417. doi: 10.3389/fnhum.2023.1254417

 133. Chen X, Lei Y, Su J, Yang H, Ni W, Yu J, et al. A review of artificial intelligence in 
cerebrovascular disease imaging: applications and challenges. Curr Neuropharmacol. 
(2022) 20:1359–82. doi: 10.2174/1570159X19666211108141446

 134. Gong C, Jing C, Chen X, Pun CM, Huang G, Saha A, et al. Generative AI for brain 
image computing and brain network computing: a review. Front Neurosci. (2023) 
17:1203104. doi: 10.3389/fnins.2023.1203104

 135. Agarwal S, Wood D, Grzeda M, Suresh C, Din M, Cole J, et al. Systematic review 
of artificial intelligence for abnormality detection in high-volume neuroimaging and 
subgroup Meta-analysis for intracranial hemorrhage detection. Clin Neuroradiol. (2023) 
33:943–56. doi: 10.1007/s00062-023-01291-1

 136. Voter AF, Meram E, Garrett JW, Yu J-PJ. Diagnostic accuracy and failure mode 
analysis of a deep learning algorithm for the detection of intracranial hemorrhage. J 
Am Coll Radiol. (2021) 18:1143–52. doi: 10.1016/j.jacr.2021.03.005

 137. Evans NR, Tarkin JM, Walsh J, Chowdhury MM, Patterson AJ, Graves MJ, et al. 
Carotid Atheroinflammation is associated with cerebral small vessel disease severity. 
Front Neurol. (2021) 12:690935. doi: 10.3389/fneur.2021.690935

 138. Yan C, Yu F, Zhang Y, Zhang M, Li J, Wang Z, et al. Multidelay arterial spin 
labeling versus computed tomography perfusion in penumbra volume of acute 
ischemic stroke. Stroke. (2023) 54:1037–45. doi: 10.1161/STROKEAHA.122.040759

https://doi.org/10.3389/fmed.2024.1269742
https://www.frontiersin.org/journals/medicine
https://www.frontiersin.org
https://doi.org/10.1007/s12975-021-00933-1
https://doi.org/10.1007/s12975-021-00933-1
https://doi.org/10.1016/j.clinimag.2021.09.015
https://doi.org/10.1155/2022/2456550
https://doi.org/10.1002/ana.26435
https://doi.org/10.1161/STROKEAHA.118.024293
https://doi.org/10.1161/STROKEAHA.118.024293
https://doi.org/10.1161/STROKEAHA.122.041520
https://doi.org/10.1148/radiol.220882
https://doi.org/10.1038/sdata.2018.11
https://doi.org/10.1016/S0140-6736(18)31645-3
https://doi.org/10.1148/ryai.2020190211
https://doi.org/10.1148/ryai.2020190211
https://doi.org/10.3174/ajnr.A6883
https://doi.org/10.3389/fnhum.2023.1254417
https://doi.org/10.2174/1570159X19666211108141446
https://doi.org/10.3389/fnins.2023.1203104
https://doi.org/10.1007/s00062-023-01291-1
https://doi.org/10.1016/j.jacr.2021.03.005
https://doi.org/10.3389/fneur.2021.690935
https://doi.org/10.1161/STROKEAHA.122.040759


Liu et al. 10.3389/fmed.2024.1269742

Frontiers in Medicine 14 frontiersin.org

Glossary

ADC Apparent diffusion coefficient

AI Artificial intelligence

AVMs Arteriovenous malformations

BOLD Blood oxygen level-dependent

CBF Cerebral blood flow

CBV Cerebral blood volume

CECT Contrast-enhanced CT

CT Computed Tomography

CTA Computed tomography angiography

DECT Dual-energy CT

DKI Diffusion kurtosis imaging

DSA Digital subtraction angiography

DTI Diffusion Tensor Imaging

DWI Diffusion-weighted imaging

FA Fractional anisotropy

fcMRI Functional connectivity MRI

FDG Fluorodeoxyglucose

FLAIR Fluid-attenuated inversion recovery

fMRI Functional MRI

IVIM Intravoxel incoherent motion

MDASL Multidelay arterial spin labeling

MIP Maximum intensity projection

MRA Magnetic resonance angiography

MRI Magnetic Resonance Imaging

MRS Magnetic resonance spectroscopy

MTT Mean transit time

NAA N-acetyl aspartate

NCCT Non-contrast CT

PCT Perfusion CT

PET Positron Emission Tomography

PiB Pittsburgh compound B

PTC Perfusion computed tomography

PWI Perfusion-weighted imaging

rCBF Regional cerebral blood flow

SPECT Single-Photon Emission Computed Tomography

T1WI T1-weighted

T2WI T2-weighted

TIA Transient ischemic attacks

TOF Time of flight

TTD Time to drain
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