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Editorial on the Research Topic
 Cerebrovascular imaging—From micro- to macroscopic scales




Neurovascular diseases, including stroke, atherosclerosis, aneurysm, cerebral small vessel disease (cSVD), vascular cognitive impairment and dementia (VCID), and others, are major causes of death and disabilities. The prevalence of these neurovascular diseases has been steadily increasing due to the global population aging. During the past few decades, the technical advances of medical imaging methods, including MRI, CT, PET, optical and ultrasound (US) imaging, as well as photoacoustic imaging, have given the opportunities to image the neurovascular system in great details from micro to macro scales, from the capillaries (<10 um), arterioles/venules (~100 um) to large vessels (mm) including lumen, vessel wall and perivascular space.


Vessel wall imaging

While most of the vascular imaging methods focus on the flowing lumen, vessel wall MRI provides the ability to directly visualize the vessel wall, which is the source of pathology in atherosclerotic plaques, aneurysms and other vasculopathy. Most vessel MRI studies were performed at 3 Tesla due to its high signal to noise ratio (SNR) compared to 1.5 Tesla, and the use of ultra-high field 7 Tesla MRI scanners further increase the ability (Zhu et al., 2016; Rutland et al., 2020).

In this Research Topic collection, Zhang L. et al. developed a T2 prepared inversion recovery (IR) MRI sequence (T2IR-SPACE) which markedly suppressed the Cerebrospinal Fluid (CSF) signal without much SNR loss of the other tissues (i.e., vessel wall, white matter, and gray matter). Such sequence can be used in multi-contrast intracranial vessel wall imaging to achieve good CSF suppression and improve the vessel wall contrast. Kong et al. developed 3D inner-volume (IV) TSE (SPACE) sequence with optimized 2D spatially selective excitation (SSE) radio frequency (RF) pulses, and they achieved the highest resolution (0.3 mm isotropic) in vivo vessel wall MRI so far by using a 7T scanner. They found clearer delineation of lenticulostriate artery (LSA) than conventional SPACE images.

Xu et al. developed automatic segmentation methods for carotid and intracranial plaques on vessel wall MRI in 124 patients using machine learning. Their method demonstrated satisfactory agreement with the manual method, with dice values of 93.8% for lumen contours and 86.0% for outer wall contours, which were higher than those obtained from the traditional U-Net, Attention U-Net, and Inception U-Net. Lindenholz et al. found an interrelationship between large vessel wall lesion burden and cerebral parenchymal manifestations often linked to small vessel disease (SVD). Li J. et al. studied 68 patients with vertebrobasilar atherosclerosis using vessel wall MRI, and found the vertebrobasilar junction (VBJ) angle over 90° might aggravate the vessel wall condition of the atherosclerotic vertebrobasilar arteries, which might serve as a potential risk factor for vertebrobasilar atherosclerosis.

Eisenmenger et al. presented 9 cases of arteriovenous malformation (AVM) and found Vessel wall “enhancement” occurs in AVMs with no prior clinical rupture. Xiao et al. presented a case of intracranial plaque with serial vessel wall MRI follow up and they found vessel wall MRI can directly visualize the morphology and signal change of plaques. The suggest early identification of patients who do not respond well to medication is critical to prevent the recurrence of cardiovascular events in these patients.



Perfusion

Perfusion imaging plays an important role in the management of patients with neurovascular diseases. Jann et al. applied 3D pseudo-continuous arterial spin labeling (pCASL) MRI in the cohort of elderly Latinx subjects and found cerebral blood flow (CBF) in the leptomeningeal and perforator middle cerebral artery (MCA) territories were the most likely candidate biomarker of Vascular Cognitive Impairment and Dementia (VCID). Shi et al. compared several software for CT perfusion measurements and found F-STROKE software had excellent agreement with the widely used analysis tool of RAPID in measuring ischemic core volume (ICV) and penumbra volume (PV). Shou et al. developed super-resolution perfusion imaging and achieved high spatial resolution (isotropic-2 mm) using 2D simultaneous multi-slice (SMS) pseudo-continuous arterial spin labeling (pCASL) and slice dithered enhanced resolution (SLIDER) technique. de Bortoli et al. used T2*-weighted imaging and ultra-small superparamagnetic iron oxide nanoparticles to obtain subtraction angiographies and steady-state cerebral blood volume (ss-CBV) maps. They found the maps agreed well with first pass dynamic susceptibility contrast MRI (DSC-MRI). They concluded that iron oxide nanoparticle-based ss-CBV could serve as a robust, non-invasive imaging surrogate marker for neocortical vessels, with the potential to reduce and refine preclinical models targeting the development and outgrowth of cerebral collateralization.



Hemodynamics

Hemodynamics plays important roles in the development and progression of vascular diseases. The hemodynamics information could be either computed using computational fluid dynamics (CFD) by using image-derived geometry or directly acquired by flow imaging. Zhai et al. performed CFD analysis in 20 unruptured and 12 ruptured pericallosal artery aneurysms (PAA) with 3D digital subtraction angiography (DSA), and found a high mean oscillatory shear index (OSI) was an independent risk factor for PAA rupture. Zhang G. et al. studied the Hemodynamics using 4D flow MRI and found increased WSS, especially during the diastolic period and in the axial direction, may be a signal of a high-risk plaque and may cause cerebrovascular events in patients with moderate carotid artery stenosis.



Deeping learning in neurovascular imaging

Zhu et al. studied a total of 632 patients with 668 MCA aneurysms (423 ruptured aneurysms) from five hospitals and quantified their radiomics and morphological features from computed tomography angiography images. They concluded integrating radiomics features into conventional models might provide additional value in ruptured MCA aneurysms classification. Shou et al. applied deep learning methods in perfusion imaging, and Xu et al. applied deep learning in vessel wall imaging.



Other research

Bretzner et al. analyzed a multi-site cohort of 4,163 acute ischemic strokes (AIS) patients with T2-FLAIR MR images with total brain and white matter hyperintensity (WMH) segmentations. They found Radiomics extracted from T2-FLAIR images of AIS patients capture microstructural damage of the cerebral parenchyma and correlate with clinical phenotypes, suggesting different radiographical textural abnormalities per cardiovascular risk profile. Li T. et al. found high-resolution flat-detector computed tomography (HR-FDCT) improves visualization of the fine structures of intracranial stents deployed for symptomatic intracranial atherosclerotic stenosis (ICAS) compared with that visualized using conventional flat-detector computed tomography (FDCT). The concluded HR-FDCT improves assessment of stent deployment and could reduce the risk of complications. Du et al. reviewed the histological and imaging features of intimal and medial calcification within the large intracranial arteries and highlighted its clinical relevance.



Future direction

Vessel wall imaging is a hot topic with increasing research and clinical translation interests (Mossa-Basha et al., 2022) in the past decade and we include seven articles in this Research Topic. However, most of current studies were cross-sectional with limited sample sizes. Future larger scale longitudinal studies and randomized controlled trails are needed to establish vessel wall imaging markers to predict patients' outcome (Zhu and Mossa-Basha, 2021). Perfusion imaging with noninvasive ASL techniques continues to grow and translate into clinical use. Hemodynamic conditions in neurovascular disease have been studied for several decades but the clinical utility still need larger scale study to prove. Recent advances in 4D flow imaging with higher resolution and shorter scan time may facilitate its clinical translation. Deep learning is another hot topic in neurovascular imaging recently and it has great potential for image acceleration, reconstruction and automating image analysis.
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Cerebral small vessel disease (cSVD) affects arterioles, capillaries, and venules and can lead to cognitive impairments and clinical symptomatology of vascular cognitive impairment and dementia (VCID). VCID symptoms are similar to Alzheimer’s disease (AD) but the neurophysiologic alterations are less well studied, resulting in no established biomarkers. The purpose of this study was to evaluate cerebral blood flow (CBF) measured by 3D pseudo-continuous arterial spin labeling (pCASL) as a potential biomarker of VCID in a cohort of elderly Latinx subjects at risk of cSVD. Forty-five elderly Latinx subjects (12 males, 69 ± 7 years) underwent repeated MRI scans ∼6 weeks apart. CBF was measured using 3D pCASL in the whole brain, white matter and 4 main vascular territories (leptomeningeal anterior, middle, and posterior cerebral artery (leptoACA, leptoMCA, leptoPCA), as well as MCA perforator). The test-retest repeatability of CBF was assessed by intra-class correlation coefficient (ICC) and within-subject coefficient of variation (wsCV). Absolute and relative CBF was correlated with gross cognitive measures and domain specific assessment of executive and memory function, vascular risks, and Fazekas scores and volumes of white matter hyperintensity (WMH). Neurocognitive evaluations were performed using Montreal Cognitive Assessment (MoCA) and neuropsychological test battery in the Uniform Data Set v3 (UDS3). Good to excellent test-retest repeatability was achieved (ICC = 0.77–0.85, wsCV 3–9%) for CBF measurements in the whole brain, white matter, and 4 vascular territories. Relative CBF normalized by global mean CBF in the leptoMCA territory was positively correlated with the executive function composite score, while relative CBF in the leptoMCA and MCA perforator territory was positively correlated with MoCA scores, controlling for age, gender, years of education, and testing language. Relative CBF in WM was negatively correlated with WMH volume and MoCA scores, while relative leptoMCA CBF was positively correlated with WMH volume. Reliable 3D pCASL CBF measurements were achieved in the cohort of elderly Latinx subjects. Relative CBF in the leptomeningeal and perforator MCA territories were the most likely candidate biomarker of VCID. These findings need to be replicated in larger cohorts with greater variability of stages of cSVD.

Keywords: arterial spin labeling, item response theory, white matter hyperintensity, cerebral small vessel disease, cerebral blood flow, vascular cognitive impairment and dementia


INTRODUCTION

While Alzheimer’s disease (AD) is the most common cause of dementia, the contribution of vascular factors to cognitive impairment and dementia is becoming increasingly recognized (Gorelick et al., 2011). AD and cerebrovascular diseases share common risk factors such as hypertension, obesity, diabetes, and these conditions coexist in 40–50% of clinically diagnosed AD, making mixed AD-vascular dementia the most common cause of cognitive impairment in the aged (Iadecola, 2016). The clinical differentiation of AD from vascular cognitive impairment and dementia (VCID) is blurred (Schneider et al., 2007). Cerebral small vessel disease (cSVD) is the most common vascular cause of dementia, a major contributor to mixed dementia, and the cause of about one fifth of all strokes worldwide (Norrving, 2008; Pantoni, 2010). The aging population worldwide and the increase in vascular disease with age have led to projections of major growth in VCID over the next 30 years (Gorelick et al., 2011). However, the underlying mechanisms of cSVD remain poorly understood, resulting in no specific guidelines for its prevention and treatment.

The large knowledge gap in cSVD is partly because cerebral small vessels, including arterioles, capillaries, and venules, are inaccessible to existing imaging technologies. Clinical diagnosis of SVD relies on conventional MRI findings including lacunar infarcts, white matter hyperintensities (WMH), cerebral microbleeds, prominent perivascular spaces, and atrophy (Wardlaw et al., 2009). Large epidemiological studies have shown that silent cerebral infarction and WMHs are associated with both non-memory-related cognitive deficits (e.g., executive function and perceptual speed) (Mayda and Decarli, 2009; Rosenberg et al., 2015), and memory impairment (Breteler et al., 1994; DeCarli et al., 1995; Debette et al., 2010). Composite scores of MRI features of cSVD have also been proposed (Staals et al., 2015). However, these parenchymal lesions are the consequences of cSVD rather than the surrogate markers of microvascular changes and cannot guide early interventions to change the course of VCID. It is of paramount importance to identify and develop imaging markers of early microvascular changes related to cSVD for the design of future clinical trials to prevent and treat VCID.

Chronic hypoperfusion is thought to be a key mechanism of SVD and cause of WMHs on MRI. Although the etiology is not completely understood, chronic hypoperfusion may result from the narrowing of the arteriolar lumina secondary to lipohyalinosis and arteriolosclerosis (Yata et al., 2014). A recent systematic review and meta-analysis including 24 cross-sectional studies (n = 1161) showed that cerebral blood flow (CBF) is lower in subjects with more WMHs, globally and in most gray and white matter regions (Shi et al., 2016). Arterial spin labeling (ASL) perfusion MRI provides non-invasive quantitative CBF measurement with good test-retest repeatability and has been validated by PET (Kilroy et al., 2014). ASL can be standardized across major MRI platforms with 3D pseudo-continuous ASL (pCASL) (Alsop et al., 2015), which has started to be used in multi-site clinical trials. Therefore, ASL CBF may be applied as a marker of VCID caused by cSVD.

In this study we applied 3D pCASL perfusion MRI to assess the test-retest repeatability of regional CBF for an interval of ∼6 weeks as well as CBF alterations in association with cognitive impairment in a cohort of aged Latinx subjects with varying risks of vascular diseases. Latinx population is the fastest growing segment of the US population who are traditionally underrepresented in clinical research (US Census Bureau, 2016). Latinx population however are at a higher risk for AD and other dementias (Association, 2016), and cerebrovascular disease represents the fourth leading cause of death among Latinx (Heron, 2016). A prominent behavioral phenotype of cSVD is early executive dysfunction manifested by impaired capacity to use complex information, to formulate strategies, and to exercise self-control, with less pronounced episodic memory deficits compared to AD patients (Wallin et al., 2018). Therefore, ASL CBF measurements were correlated with a composite score of executive function developed using Item Response Theory (IRT) (Staffaroni et al., 2020a) and global cognitive measures as well as memory function, vascular risks, and WMHs.



MATERIALS AND METHODS


Human Subjects

Forty-five elderly Latinx subjects (12 males, 69 ± 7 years) participated in the present study as part of the MarkVCID study at the University of Southern California1. The inclusion criteria were: (1) Fluency in Spanish and/or English; (2) Age > 60 years; (3) Have capacity for and sign consents indicating so, or give assent and have an appropriate surrogate (as determined by California law) to sign consent; (4) For demented subjects, have an appropriate informant who is also willing and able to accompany the subject. Non-demented subjects must also have an informant willing to participate by phone. The exclusion criteria included history of prior clinical stroke, head trauma, contraindications to MRI, abnormal renal function, pregnancy, other concurrent neurologic or psychiatric illnesses, or abnormal structural MRI (e.g., mass lesions, cystic infarction, etc.). All subjects were required to refrain from caffeine intake and nicotine use 3 h before and during study visits. The demographic and clinical information of the subjects is listed in Table 1.


TABLE 1. Demographic characteristics of 45 subjects recruited in this study.
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MRI Experiments

MRI scans were performed on a Siemens 3T Prisma system (Erlangen, Germany) using a 20-channel head coil after subjects provided written informed consent according to a protocol approved by the Institutional Review Board (IRB) of the University of Southern California. Each subject underwent repeated MRI scans ∼6 weeks apart (6.7 ± 4.6 weeks). The MRI protocol included a 3D T1-weighted magnetization-prepared rapid gradient-echo (MPRAGE) scan (1 mm3 isotropic resolution, TR/TI/TE = 2,530/1,100/1.69 ms), a 3D T2-weighted Fluid-Attenuated Inversion Recovery (FLAIR) scan (1 mm3 isotropic resolution, TR/TI/TE = 5,000/1,800/388 ms), and a 3D gradient and spin-echo (GRASE) pCASL scan with background suppression (2.5 mm3 isotropic resolution, 48 slices, 4 segments, TR/TE = 4,300 ms/36.8 ms, label duration = 1,500 ms, post-labeling delay = 2,000 ms, 7 label/control image pairs and one M0 image with the same imaging parameters but no background suppression were acquired in 4 min 35 s).



Clinical and Cognitive Assessments

Clinical evaluation of the participants was performed by a board-certified neurologist (JMR) using the Clinical Dementia Rating (CDR) scores. The CDR is a structured interview of the subject and informant based on which subjects were rated as: 0 (asymptomatic), 0.5 (equivocal impairment), 1 (mild), 2 (moderate), or 3 (severe dementia). All participants were rated CDR 0 or 0.5 (Table 1). The Clinical Dementia Rating Sum of Boxes (CDR-SOB) scores were used for correlation analyses with CBF due to the wider score range of 0–18 (O’Bryant et al., 2008). The Montreal Cognitive Assessment (MoCA) was performed on 39 participants by a licensed neuropsychologist (LD) with scores ranging from 0 to 30 (Nasreddine et al., 2005). Testing was administered in English (5, 13%) or Spanish (34, 87%), determined by the comfort level of the subjects. Neurocognitive evaluations were performed using standard neuropsychological test battery in the Uniform Data Set v3 (UDS3). Domain specific assessment of executive function was performed using scores of Trail Making B—A and a composite score of executive function developed using IRT (Staffaroni et al., 2020a). Composite scores of executive function offer advantages such as better reliability, fewer statistical comparisons, and improved power to detect longitudinal change with smaller sample sizes (Gibbons et al., 2012; Staffaroni et al., 2020b). Memory scores were derived from the Spanish English Verbal Learning Test (SEVLT) which has been shown to be appropriate and have adequate normative data for use with older Latinx persons of Mexican descent (González et al., 2002). The memory scores included Total Learned (over the learning trials), Benefit of Cues (difference between delayed free recall and delayed cued recall), and percentage retained (Delayed Free Recall / Trial 5). Overall, 43 subjects had complete behavioral and clinical assessments.

Furthermore, presence or absence of hypertension, diabetes, and hypercholesterolemia (0 or 1) was defined by a past diagnosis and/or current treatment for these conditions. Vascular risk factor (0–3) was calculated as the combination of presences of hypertension, diabetes, or hypercholesterolemia, which was used for correlation analysis with CBF.



Data Analysis

ASL data were preprocessed and quantified using SPM12 and in-house Matlab scripts. Following motion correction, pair-wise subtraction of label and control images was performed and averaged across the time series to generate mean perfusion images. Quality control metrics were generated by the program and included framewise displacement for head motion and temporal SNR. Quantitative CBF maps were generated using the standard one-compartment perfusion model (Alsop et al., 2015) using voxel-wise calibration with the M0 image. Results were visually checked for any artifacts. Only one CBF dataset was found to have artifacts with abnormally low CBF, and this subject (66 years, F) was excluded for further analyses. CBF maps from the 1st and 2nd visit of the remaining 44 subjects were coregistered to individual T1w MRI and normalized to the Montreal Neurological Institute (MNI) template space. CBF was measured in the whole brain (WB), white matter (WM) and 4 main vascular territories [leptomeningeal anterior cerebral artery (ACA), middle cerebral artery (MCA) and posterior cerebral artery (PCA), as well as MCA perforator] using a template (Tatu et al., 1998; Wang et al., 2012). WM mask was created from tissue probability maps thresholded at 99%.

White matter hyperintensity (WMH) was segmented from T2-weighted FLAIR images using ITK-SNAP2 (Yushkevich et al., 2006) and its semi-automatic segmentation tool for supervised classification based on random forests. Three tissue classes (WMH, non-hyperintense tissue, and CSF) were identified as training examples for the classifier, and seeds were then placed in the observed WMH. The active contour algorithm was used to iteratively expand the seeds into the WMH segmentation, which was then carefully inspected by clinical fellows and manually adjusted if necessary. The final segmentation was used to quantify the total WMH volume which was normalized by the intracranial volume (ICV) segmented and measured using SPM12 (FIL, UCL, London, United Kingdom) in each subject. Severity of white matter lesions were quantified by the Fazekas scale (Fazekas et al., 1987), which is rated from 0 (absent) to 3 (large confluent areas) in periventricular white matter and deep white matter, respectively. Since Fazekas scores of periventricular and deep WM were highly correlated, we used total Fazekas scores for correlation analysis with CBF.

The test-retest repeatability of CBF was assessed by intra-class correlation coefficient (ICC) and within-subject coefficient of variation (wsCV). Absolute and relative CBF (vs. global mean CBF) were correlated with global cognitive measures, CDR-SOB scores and domain specific assessment of executive and memory function, with age, gender, years of education and testing language as covariates. Absolute and relative CBF (normalized by global mean CBF) were also correlated with vascular risk factor, Fazekas scores, and volumes of WMH, with covariates of age and gender. Data distribution was examined using histogram and Shapiro–Wilk test which has relatively strong statistical power to be suitable for small sample size, compared to other normality tests. Logarithm transformation was applied to skewed data when necessary. For unadjusted correlation, either Pearson or Spearman correlation was used depending on normality. To examine the adjusted correlation, data were first rescaled to z scores then fit with generalized linear multivariate regression model (GLM) with covariates. The beta coefficient from the regression model using z score can approximate the correlation coefficient and be comparable between variables of interest. For Fazekas scores, since they are categorical measurements (k levels), GLM with k-1 degree of freedom ANOVA test was used as the global association test. Residual plots were used to assess the model integrity and Cook’s d was used to detect outliers with extreme influence. Multivariate Adaptive Regression Spline (MARS) (Friedman, 1991) was used to explore the potential non-linear association. Scatter plots were used to illustrate the correlation with outliers highlighted. If a spline detected by MARS, the spline regression slope instead of linear regression slope was used to illustrate the potential non-linear association. Based on our hypothesis and literature evidence, we focused on CBF measurements in 3 regions for correlation with behavioral and imaging biomarkers of cSVD: leptomeningeal MCA (leptoMCA) and MCA perforator (MCAperf) territories, and WM. As an exploratory analysis, an α level of 0.05 (2-sided) was used for statistical significance without correction for multiple comparisons. SAS9.4 was used for statistical analysis.



RESULTS


Test-Retest Repeatability of CBF

Figure 1 shows CBF maps normalized to the MNI canonical space of three representative participants acquired on two visits. The three participants had above average, average and below average reproducibility of repeated CBF measurements, respectively. Mean CBF maps for visit1 and visit2 as well as the voxel-wise ICC and wsCW maps of test-retest results for all the 44 subjects are shown in Figure 2. Good to excellent test-retest repeatability was achieved (ICC = 0.77–0.85, wsCV 3–9%, Figure 3) for absolute CBF measurements in the WB [ICC(C-k) = 0.84], WM [ICC(C-k) = 0.77], and 4 vascular territories: leptomeningeal ACA (leptoACA, ICCabs = 0.77, wsCVabs = 0.09 ± 0.07); leptomeningeal MCA (leptoMCA, ICCabs = 0.85, wsCVabs = 0.08 ± 0.05); leptomeningeal PCA (leptoPCA, ICCabs = 0.83, wsCVabs = 0.08 ± 0.06);, and MCA perforator territory (MCAperf, ICCabs = 0.77, wsCVabs = 0.08 ± 0.07). For relative CBF, wsCV was calculated for test-retest repeatability since the inter-subject variation was very small due to normalization by global CBF. The wsCV of relative CBF ranged from 3 to 6% in the 4 vascular territories between repeated scans ∼6 weeks apart (Figure 3): leptoACA (wsCVrel = 0.05 ± 0.04); leptoMCA (wsCVrel = 0.03 ± 0.03); leptoPCA (wsCVrel = 0.06 ± 0.05);, and MCAperf (wsCVrel = 0.05 ± 0.04).
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FIGURE 1. CBF maps normalized to the MNI canonical space and displayed in coronal, sagittal, and axial views of three representative participants acquired on two visits. The three participants had above average, average and below average reproducibility of repeated CBF measurements.
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FIGURE 2. (A) Mean CBF maps for visit1 and visit2 as well as (B) the voxel-wise ICC and wsCW maps of test-retest results for all the 44 subjects.
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FIGURE 3. Scatter plots of absolute and relative CBF values acquired on two visits measured in the whole brain (global CBF), white matter (WM) and 4 vascular territories. ICC and wsCV (mean and SD) of each ROI are listed for absolute CBF while wsCV values are listed for relative CBF.




Correlations Between CBF and Cognitive Scores

Global mean CBF was not significantly correlated with any cognitive scores. Relative CBF normalized by global mean CBF in the leptoMCA territory was positively correlated with the executive function composite score [Figure 4A, beta = 0.33, 95% CI (0.08, 0.59), P = 0.02]. Relative CBF in the MCAperf territory [Figure 4B, beta = 0.29, 95% CI (0.04, 0.54), P = 0.03] and leptoMCA territory [Figure 4C, beta = 0.36, 95% CI (0.10, 0.63), P = 0.01] was positively correlated with MoCA scores, controlling for age, gender, years of education and testing language. However, relative CBF in WM was negatively correlated with MoCA scores [Figure 4D, beta = −0.36, 95% CI (−0.66, −0.07), P = 0.02], controlling for age, gender, years of education and testing language.


[image: image]

FIGURE 4. Scatter plots showing (A) positive correlations between relative CBF in the leptoMCA and executive function composite score [adjusted beta = 0.33, 95% CI (0.08, 0.59), P = 0.02]; (B) positive correlation between relative CBF in the leptoMCA territory and MoCA score [β = 0.29, 95% CI (0.04, 0.54), P = 0.03]; (C) positive correlation between relative CBF in the MCAperf territory and MoCA score [β = 0.36, 95% CI (0.10, 0.63), P = 0.01]; (D) negative correlation between relative CBF in WM and MoCA scores [β = –0.36, 95% CI (–0.66, –0.07), P = 0.02). Final associations were controlled for age, gender, years of education and testing language, and used standardized z scores for both independent and dependent variables.


For association with memory function, no CBF measurements in leptoMCA or MCAperf territories were found to be correlated with any of the three SEVLT scores. However, relative CBF of WM was positively correlated with the Benefit of Cues score of SEVLT [beta = 0.5, 95% CI (0.09, 0.9), P = 0.022]. No CBF measurements were significantly correlated with CDR-SOB scores.



Correlations Between CBF, Vascular Risks and WMH

No CBF measurements were found to be correlated with vascular risk factor—the combination of presences of hypertension, diabetes, or hypercholesterolemia (0–3).

The WMH was found to be generally mild (WMH volume < 20 ml) in the study cohort except two subjects with WMH volume greater than 60 ml (top two dots in Figure 5A). We found a significant negative correlation between relative WM CBF and the log transformation of normalized WMH volume [Figure 5A, beta = −0.37, 95% CI (−0.64, −0.10), P = 0.01], controlling for age and gender. There was also a negative correlation between relative WM CBF and total Fazekas scores of WMH (Figure 5B, p = 0.03). However, relative leptoMCA CBF was positively correlated with the log transformation of normalized WMH volume [Figure 5C, beta = 0.37, 95% CI (0.10, 0.64), P = 0.01] and total Fazekas scores of WMH (Figure 5D, p = 0.02).
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FIGURE 5. shows (A) negative correlations between relative WM CBF and log transformation of normalized WMH volume [β = –0.37, 95% CI (–0.64, –0.10), P = 0.01 adjusted for age and gender]; (B) linear decreasing trend of relative WM CBF by increasing in total Fazekas scores of WMH [β = –0.02, 95% CI (–0.0004, –0.04) P: 0.02]; (C) positive correlations between relative leptoMCA CBF with the log transformation of normalized WMH volume [β = 0.37, 95% CI (0.10, 0.64), P = 0.01 adjusted for age and gender]; (D) linear increasing trend of relative leptoMCA CBF by increasing in total Fazekas scores of WMH [β = 0.03, 95% CI (0.01, 0.05) P: < 0.01].




DISCUSSION

In this study, we evaluated CBF measurement by 3D pCASL as a potential biomarker of VCID in a cohort of elderly Latinx subjects at risk of cSVD. Good to excellent test-retest repeatability was achieved (ICC = 0.77–0.85, wsCV 3–9%) for CBF measurements in the whole brain, WM, and 4 vascular territories. Relative CBF normalized by global mean CBF in the leptoMCA territory was positively correlated with an IRT-derived composite score of executive function, while relative CBF in the MCA perforator and leptoMCA territory was positively correlated with MoCA scores of global cognitive function. Relative CBF in WM was negatively correlated with WMH volume and MoCA scores, while relative leptoMCA CBF was positively correlated with WMH volume.


Test-Retest Repeatability of CBF

The test-retest repeatability of ASL CBF measurements has been evaluated using different ASL techniques in different populations. Chen et al. (2011) compared three common ASL strategies with 2D EPI readout: pCASL, pulsed (PASL) and continuous ASL (CASL) in 12 young healthy subjects at 3T, with scan intervals up to 1 week. The authors reported a wsCV on the order of 10% for GM CBF for PASL (9.2 ± 0.12%) and pCASL (8.5 ± 0.14%), with higher variability for longer scan intervals. Kilroy et al. (2014) evaluated repeatability (∼4 weeks apart) and accuracy (by comparing to 15O-PET) of pCASL with 2D EPI and 3D GRASE readout in 13 elderly subjects including six MCI and one mild AD. GRASE pCASL demonstrated a higher repeatability for regional perfusion measurements (ICC = 0.707, wsCV = 10.9%) compared to EPI pCASL (ICC = 0.362, wsCV = 15.3%). Hodkinson et al. (2013) evaluated 3D pCASL in 16 healthy male volunteers (age range: 18–50 years) in a clinical model of post-surgical pain. The inter- and intra-session reliability of the post-surgical pCASL CBF measurements were good-to-excellent (ICC > 0.6), while the repeatability of ΔCBF between pre- and post-surgical states was moderate (ICC > 0.4). Between-subjects, the pCASL CBF measurements in the post-surgical pain state and ΔCBF were both characterized as moderately reliable (ICC > 0.4) across nine ROIs. Lin et al. (2020) compared test-retest repeatability of 3D pCASL with standard (1,500 ms) and long (3,500 ms) labeling duration in 20 adult volunteers (age 56.6 ± 17.2 years) with a 1 h interval. The ICCs were generally high (> 0.85) and wsCV < 10% across lobar ROIs with the long labeling duration pCASL showing higher repeatability.

Overall our results of test-retest repeatability of 3D pCASL CBF measurements in the cohort of elderly Latinx subjects are consistent with those reported in literature. To the best of our knowledge, this is the first pCASL study in Latinx population with a moderate sample size (N = 45 recruited from communities) that is larger than those in previous studies. The scan interval of ∼6 weeks is also longer than those in previous studies, adding challenges for achieving a high repeatability. Nevertheless, the test-retest repeatability of 3D pCASL CBF measurements in our study was comparable and even higher than those reported in literature. Our data strongly support that 3D pCASL CBF measurement can be applied as an imaging biomarker in community based clinical studies/trials.



Correlation of CBF With Neurocognitive Function

In this study, relative CBF in the leptoMCA territory was correlated with executive dysfunction (Staffaroni et al., 2020b) which is considered a prominent behavioral phenotype of cSVD. In contrast, episodic memory deficits are more pronounced in patients with AD (Wallin et al., 2018). The leptoMCA territory includes a large area of cerebral cortex including the frontal, parietal and temporal lobes. These regions comprise the default mode, dorsal attention and frontoparietal networks associated with attention and executive functions (22). A recent study also found positive associations between the executive function composite score and CBF in dorsolateral prefrontal cortex (Staffaroni et al., 2019). Therefore, it is not surprising that relative CBF in leptoMCA territory was correlated with the executive function composite score. In addition, leptoMCA relative CBF was correlated with MoCA scores of gross cognition. This finding is not surprising given the involvement of leptoMCA territory in a wide range of cognitive functions. A previous study in a cohort of Chinese patients with subcortical vascular cognitive impairment found diffuse global reductions in CBF and correlation of regional CBF with gross cognition in temporal, orbitofrontal and insular cortices (Sun et al., 2016). These areas partially overlap with the areas of the leptoMCA territory. A main difference is that the previous study did not account for the widespread global hypoperfusion, a factor that will be discussed below.

We also observed that relative CBF in the MCA perforator territory was positively correlated with MoCA scores of global cognitive function. The MCA perforator territory primarily consists of lenticulostriate arteries (LSAs) that supply important subcortical areas including the caudate nucleus, globus pallidus, putamen, and part of the posterior limb of the internal capsule (Ma et al., 2019). LSAs take origin directly from the high flow MCA with small diameters on the order of a few hundred microns (Marinković et al., 2001), therefore are particularly susceptible to damage (e.g., by hypertension) (Dichgans and Leys, 2017). Indeed, subcortical ischemic infarcts (e.g., lacunes) are a prominent hallmark of cSVD (Wardlaw et al., 2009). In addition, CBF in leptoMCA or MCA perforator territories were not associated with any of the 3 memory scores derived from the SEVLT. Relative MCAperf CBF was also correlated with retinal capillary density measured by optical coherence tomography angiography (OCTA) in the same cohort of Latinx subjects (Ashimatey et al., 2020). Our findings, in conjunction with existing evidence, prompt relative CBF in the leptomeningeal and perforator MCA territories as candidate biomarkers of VCID. However, the area of MCA perforator territory is much smaller than that of leptoMCA which may affect the reliability of CBF measurements (as indicated by lower ICC values in the former).

Previous studies have shown the advantages of using psychometrically robust composite scores over a single or multiple cognitive test scores to quantify cognitive performance (Crane et al., 2012; Gibbons et al., 2012; Staffaroni et al., 2020b). The IRT-based score used in the present study is sensitive to impairments in MCI, AD, and frontotemporal dementia (Staffaroni et al., 2020b). Furthermore, it was associated with gray matter volume of frontal, parietal, and temporal lobes, the same regions that make up the leptoMCA territory. A different IRT-based composite score of executive function derived from the NIH-EXAMINER has been shown to detect longitudinal declines in asymptomatic carriers of mutations that cause frontotemporal dementia and is sensitive to premanifest Huntington’s disease (You et al., 2014), two conditions that present with executive dysfunction. This suggests these composite scores may be sensitive to the earliest changes in executive abilities. In the present study, we did not observe associations between CBF and another common metric of executive function (Trail Making B—A), providing additional evidence that an IRT-based composite score may provide a more robust measure of executive function than its component tests.

We found relative CBF in WM was negatively correlated with MoCA scores, which contradicts the positive association between MCA CBF and MoCA scores. The reason for this observation is not known. It is possible that normalization with global mean CBF may play a role in different trends of relative CBF between GM and WM regions. However, absolute CBF was not associated with behavioral measures or WMH in our study, suggesting the importance of controlling variations in global CBF with normalization for regional CBF values. This notion is in line with previous reports that inter-individual differences in global CBF are higher than within-subject CBF variations (Henriksen et al., 2012), and thus, detection of small inter-subject regional CBF variations associated with cognitive or clinical assessments requires global CBF bias correction or normalization. It also has been demonstrated that relative CBF is more sensitive in detecting regional differences across subjects compared to absolute CBF (Aslan and Lu, 2010).



Correlation of CBF With WMH

WMH is the most prominent imaging feature of cSVD (Wardlaw et al., 2009). WMHs are associated with increased risk of cognitive impairment and dementia (Alber et al., 2019), and are presumed to be caused by chronic hypoperfusion, blood-brain barrier (BBB) breakdown, dysfunction of oligodendrocyte precursor cells, and venous collagenosis (Kim et al., 2020). A recent systematic review and meta-analysis with a large pooled sample (n = 1,161) showed that CBF is lower in subjects with more WMHs (Shi et al., 2016). Several studies also investigated perfusion changes in the WMH penumbra, which is the normal appearing WM around the hyperintensities (Promjunyakul et al., 2015, 2016; Rane et al., 2018). These studies found that hypoperfusion in the WMH penumbra are associated with cognition and future WMH growth. In the present study, we found a significant negative correlation between relative WM CBF and the log transformation of normalized WMH volume, as well as total Fazekas scores of WMH. This finding is consistent with the hypothesis of chronic hypoperfusion as a main etiology of WMH in literature. However, this trend was reversed for relative CBF in leptoMCA which is positively correlated with the log transformation of normalized WMH volume and total Fazekas scores of WMH. The WMH was generally mild (WMH volume < 20 ml) in the study cohort except two subjects with WMH volume greater than 60 ml (top two dots in Figure 5A). Excluding these two subjects with large WMH volume, none of the reported associations between CBF and WMH were significant (P > 0.05). Therefore, the reported findings need to be interpreted with caution and should be verified in larger cohorts with greater variability of WMH.



Limitations and Future Directions

There are several limitations of this study: (1) The sample size is moderate and the study cohort is all aged Latinx subjects. This is both a strength and weakness since our study is the first of its kind in a Latinx population; nevertheless, the relatively uniform cohort may not have large enough variability in the stages of cSVD (e.g., WMH); (2) Our study was performed on a single 3T MRI scanner. It would be ideal to evaluate the test-retest repeatability of ASL CBF across MRI scanners by different manufacturers, as shown by Mutsaerts et al. (2015). This has become feasible with the recommended implementation of pCASL with background suppressed 3D acquisitions across major MRI platforms (Alsop et al., 2015); (3) We did not perform correction for multiple comparisons for exploratory analyses. The sample size was only powered for reliability test, but was underpowered for testing the association with clinical outcomes. Such an exploratory analysis can provide us the insight for directing further confirmative studies with larger sample sizes.



CONCLUSION

Reliable 3D pCASL CBF measurements were achieved in the cohort of elderly Latinx subjects. Relative CBF in the leptomeningeal and perforator MCA territories were the most likely candidate biomarker of VCID. These findings need to be replicated in larger cohorts with greater variability of stages of cSVD.
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The impairment of microvessels can lead to neurologic diseases such as stroke and vascular dementia. The imaging of lumen and vessel wall of perforating arteries requires an extremely high resolution due to their small caliber size. Current imaging techniques have the difficulty in observing the wall of perforating arteries. In this study, we developed a 3D inner-volume (IV) TSE (SPACE) sequence with optimized 2D spatially selective excitation (SSE) RF pulses. The optimized SSE RF pulses were designed through a series of optimization including iterative RF pulse design, trajectory optimization, and phase convention of Carr-Purcell-Meiboom-Gill (CPMG) condition to meet the perforating arteries imaging demands. High resolution of isotropic 0.30 mm within 10 min was achieved for the black- blood images of lenticulostriate artery (LSA). The LSA lumen and vessel wall were imaged by the IV-SPACE sequence simultaneously. Images obtained by the optimized RF pulse has fewer aliasing artifacts from outside of ROI than the traditional pulse. The IV-SPACE images showed clearer delineation of vessel wall and lumen of LSA than conventional SPACE images. IV-SPACE might be a promising method for detecting microvasculopathies of cerebral vascular diseases.

Keywords: vessel wall imaging, perforating arteries, 7T, high-resolution, inner-volume imaging


INTRODUCTION

Lacunar infarction (LI) may be caused by lipohyalinotic small artery disease (SAD) (Fisher, 1982), atherosclerotic SAD (Caplan, 1989), and the occlusion of perforators because of parental artery atherothrombosis (Bang et al., 2002). Distinguishing the causes of LI is essential for potential guiding therapeutic intervention. Unfortunately, current imaging techniques cannot differentiate atherosclerotic from lipohyalinotic SAD (Kim and Yoon, 2013) due to the difficulty in observing the wall of small arteries. Visualization of the vessel wall of small arteries (such as perforating artery) requires extremely high spatial resolution and signal-to-noise ratio (SNR) due to their small caliber size and slow flow.

According to previous radiological studies (Mandell et al., 2017), the following features were required for vessel wall imaging (VWI) of intracranial arteries: high spatial resolution, sufficient SNR, suppression of signal in luminal blood and CSF, and multiple tissue weightings. To meet these requirements, turbo spin echo (TSE) and its variants become the most widely used MR sequence for intracranial VWI (Van der Kolk et al., 2011; Zhu et al., 2016; Harteveld et al., 2017). And for 3D acquisition, TSE sequence with variable flip angle (named SPACE by Siemens) is usually used to obtain isotropic high-resolution images to reduce partial volume effects (Fan et al., 2017). Qiao et al. used 3D TSE to obtain 0.4 mm isotropic images to evaluate intracranial vessels at 3.0T (Qiao et al., 2011), which is the highest resolution currently reported for 3D VWI. The SPACE at 7T has higher SNR and intrinsic black blood characteristics, which is very suitable for high-resolution VWI.

Nevertheless, the isotropic 0.40 mm voxel is not sufficient to delineate the vessel wall of intracranial small arteries, of which the thickness was 0.05–0.40 mm. To visualize the thinner vasculature, the spatial resolution of VWI must be further improved. However, conventional 3D TSE employed hard pulse for excitation and required whole-brain acquisition to avoid image aliasing. As a result, high spatial resolution increased phase-encoding (PE) steps in 3D TSE, which means four times the acquisition time (TA) when the dimension of a voxel is halved.

Theoretically, TA can be shortened by increasing acceleration factors. However, too aggressive down-sampling further impaired the limited SNR of small voxels and downgraded the quality of displaying tiny structures in images. The inner volume imaging (IVI) was another way to reduce the PE steps and shorten TA. This can be achieved by limiting the excitation area to reduce the field of view (FOV) (Feinberg et al., 1985). To obtain inner volume selection, orthogonal excitation in combination with refocusing pulses (Feinberg et al., 1985), or 2D spatially selective excitation (SSE) radio frequency (RF) pulses can be used (Pauly et al., 1989). SSE was particularly suited for IVI using 3D TSE sequences because magnetization not tipped by the initial excitation pulse did not generate signal at any of the subsequent echo times so long as sufficient spoiling was included to suppress free induction decay (FID) signals produced by refocusing pulses.

Previous work has verified the feasibility of combining 2D RF pulse and 3D TSE sequence (Mitsouras et al., 2006). However, because it is a preliminary study, some limitations still exist and hinder its practical application, such as incomplete background suppression and long RF pulse durations. Background suppression is critical for inner-volume imaging, particularly when selecting a small sub-volume since the volume contributing undesired background signals is large. In addition, the RF designed method that previous work used is non-ideal in minimizing excitation error. This work designed the SSE RF pulses successfully to meet the perforating arteries (especially lenticulostriate artery, LSA) imaging demands through a series of optimization including iterative RF pulse design, trajectory optimization, and phase convention of Carr-Purcell-Meiboom-Gill (CPMG) condition (Meiboom and Gill, 1958). The optimized 2D SSE RF pulses were used to replace the excitation pulses of the conventional SPACE sequence. Inner volume (IV) imaging of SPACE (IV-SPACE) was achieved to reduce the acquisition matrix and obtain high-resolution VWI images of LSA. The LSA lumen and vessel wall were imaged by the IV-SPACE sequence with black-blood 0.30 mm isotropic resolution. The imaging results from the optimized RF pulse were compared to the traditional 2D RF pulse. The LSA vessel wall imaging from the IV-SPACE sequence was also compared with conventional SPACE.



MATERIALS AND METHODS


Subjects

With the approval of the local institutional review board, eleven healthy volunteers were recruited and scanned. Four of the subjects were male, seven females, and the average age was 26 (± 2) years. Written informed consent was obtained from all subjects.



MRI System

All scans were performed on a whole-body human 7T MR research system (Siemens Healthcare, Erlangen, Germany), with a maximum gradient amplitude of 70 mT/m and maximum gradient slew rate of 200 mT/m/ms. A 32-channel head coil was used for signal reception at 7T.



2D Spatially Selective RF Pulse Design

The traditional 2D SSE RF pulse (FA = 90°) was designed with a constant angular rate spiral-in transmit k-space trajectory, 32 turns, and a pulse length of 16.75 ms (Figure 1). The calculation method was described in Pauly et al. (1989). The disk diameter was 5 cm, and the excitation FOV was 17 cm to avoid excitation aliasing. These parameters were selected based on the anatomical distribution of the middle cerebra artery (MCA) and LSA. The Bloch simulation was performed to verify the performance of SSE RF pulse and phase relaxation and off-resonance were ignored.


[image: image]

FIGURE 1. Comparisons of the traditional 2D SSE pulse (top row) and the optimized method (bottom row): trajectory, gradient, RF pulse, excitation pattern in the excitation plane, and the signal of the center line.


To design the optimized RF pulse that excited the desired 2D profile, B0 and B1 information together with the subject’s geometry were needed. Therefore, maps of the local B0 offsets (echo time (TE) difference: 2.3 ms, scan time: 18 s) and B1 efficiency [dual repetition time (TR) method (Insko and Bolinger, 1993), TR: 80 ms, scan time: 74 s] were acquired of a sagittal slice in the brain. A mask indicating the subject’s brain was obtained from the threshold of the first echo image of the B0 map. The position of the LSA in the sagittal plane was determined from sagittal localizer images.

Variable-density spiral trajectories were used to under-sample k-space regionally, thus reducing pulse length. The variable-density spiral-in trajectory within hardware limitations of the gradient system was designed to adequately sampled excitation k-space near the origin (XFOV = 25 cm), and under sampled in the high-frequency region (XFOV = 6 cm) (Figure 1). The optimized SSE RF pulses (FA = 90°) were calculated following the method described in Yip et al. (2005) and using the natural suppression mechanism of the CPMG condition. The feature of TSE sequences is that excitation and refocusing pulses must rotate the magnetization vector around orthogonal axes. If this condition is not met, echo amplitudes rapidly decrease when the refocusing angle is not precisely 180° (Meiboom and Gill, 1958). Therefore, the component of the excited magnetization that is perpendicular to the rotation axis of the refocusing pulses (i.e., the non-CPMG component) will yield echoes that quickly die away through the imaging sequence. If long echo trains are used with linear phase encode ordering the resulting signals are strongly suppressed. This work achieved this enhanced background suppression by performing a weighted least squares minimization like the methods proposed by Malik and Hajnal (2016). Weighting factor wr = 0.25 and regularization parameter λ = 100 was used for RF pulse designs based on pilot data performance. A typical example was shown in Figure 1. The pulse length was 14.10 ms. The delay time between gradient and RF pulse was corrected in the scanner. Individual pulse design processes took approximately 1 min using MATLAB (R2017b, The MathWorks, Inc., Natick, MA, United States) on a computer with a 3.1 GHz dual core processor and 8 GB RAM.



Experiment

A phantom experiment was performed to explore the performance of the traditional 2D RF pulse and the optimized RF pulse. The phantom was a sphere filled with a solution of NiSO4 (T1/T2: 420 ms/240 ms). The IV-SPACE for phantom imaging had field of view (FOV) 190 mm × 190 mm, TR = 1500 ms, TE = 10 ms, Matrix = 144 × 144 × 128, Resolution = 1.3 ×1.3 ×1.3 mm3, ETL = 50, TA = 2 min 5 s.

The effect of the 2D SSE pulses (two methods) was also assessed on a low resolution (1.8 ×1.8 ×1.8 mm3) scan of the entire brain (scan time = 3 min 11 s). The local higher resolution scan of the MCA region was performed subsequently. The scan parameters were as follows: TR = 1500 ms, TE = 10 ms, Matrix = 848 ×212 ×192, Resolution = 0.3 ×0.3 ×0.3 mm3, ETL = 30, Average = 1.6, GRAPPA = 3, TA = 9 min 57 s. High-resolution imaging was performed for both two pulses. In order to evaluate the LSA vessel wall of the IV-SPACE sequence, a 0.4 mm isotropic conventional SPACE data acquisition was also performed in this study. The detailed imaging parameters can be found in previous work (Kong et al., 2019).



Data Analysis

To quantitatively assess the degree of suppression outside of ROI which optimized method achieved, the suppression ratio was calculated for both pulses. The suppression ratio was calculated as the ratio of the average signal inside a 1 cm2 volume within the excited inner volume to the outer volume region. In order to compare the uniformity of the signal in ROI, the ratio of standard deviation and magnitudes within the ROI was calculated for both two methods. The line profile through the excitation center was also extracted and normalized to quantitatively assess the performance of the optimized method.

Coronal MinIP (projection thickness = 18 mm) was generated with VWI images of all three methods. When generating the MinIP, the center of the slab was adjusted until the maximal number and the longest visible length of LSAs were obtained. The number of stems and branches were counted by two independent readers (Z.H.Z., Q.L.K.; 5 and 3 years of experience in VWI, respectively). Stems were defined as the LSAs that originated directly from the MCA M1, and branches were defined as daughter vessels originating from the parent LSA stems plus stems without any branches. The signal-to-noise ratio (SNR) was also calculated for all three methods. The ROI of signal was obtained from the brain tissue adjacent to LSA (circle, diameter = 5 mm). The noise was estimated as the standard deviation of the ROI (circle, diameter = 5 mm) at the margin of images without brain tissue. The ROIs were kept consistent in the images acquired by all three methods.

To demonstrate the feasibility of using IV-SPACE to visualize the LSAs vessel wall, curved multi-planar reconstruction (curved-MPR) was constructed along the MCAs and transverse minimum intensity projections (MinIP, projection thickness = 2 mm) was generated with VWI images from both IV-SPACE and conventional SPACE. The section view of LSA was built perpendicular to the center line of LSA so that the vessel wall of LSAs could be readily identified in the plane. A cut line through the vessel center was extracted and normalized to compare the wall characterization of two pulses. All the analysis was executed in OsiriX (Rosset et al., 2004).

All quantitative data were expressed as means ± standard deviations. Wilcoxon signed-rank test was used to compare the numbers of stems and branches between the pairwise comparison of the three imaging methods. A p-value of less than 0.05 indicated statistical significance. The intraclass correlation coefficient (ICC) was calculated and reported for the measurements of LSA. All statistical analyses were performed using commercial software (SPSS 22.0, IBM).



RESULTS

The Bloch simulation of the traditional 2D RF pulse and optimized RF pulse were shown in Figure 1. The simulation results showed that the designed SSE pulse achieved inner volume selection successfully. The phantom results of the excitation profile for two methods were shown in Figure 2. They were consistent with the simulation results. The images were set to have the same window level and to show the residual signal outside the ROI as much as possible. Images in Figure 2 showed that the optimized RF pulse had less residual signal outside the ROI. The line profile through the excitation center was also extracted and normalized, as shown in the right column of Figure 2. The average signal outside the ROI of the image obtained by optimized RF pulse was 2%, and by traditional 2D RF pulse was 8%, which further showed that the optimized RF pulse had better signal suppression outside the ROI and fewer side lobes. The line profile before the normalization was shown in Supplementary Figure 1.
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FIGURE 2. Comparison of the phantoms excited by traditional SSE RF pulse and optimized pulse. Images were shown in the same window-level which was increased the to show the signal residuals outside the ROI. The optimized RF pulse exhibits less residual signal in the outer-volume, which is most obvious in sagittal plane. The line profile through the center of ROI was shown in right column. The solid line is for the optimized pulse and the dashed line is the traditional pulse. Optimized RF pulse has better signal suppression outside the ROI and fewer side lobes.


In order to compare the uniformity of the signal in ROI, the ratio of standard deviation and magnitudes within the ROI was calculated for both pulses. The ratio within ROI of the optimized RF pulse was 0.0016, while the 2D RF pulse was 0.0021. Obviously, the optimized RF pulse had a better uniformity in ROI, which may be due to the better correction of B1 and B0. The widths of the transition band of the phantom images obtained by the two pulses were similar, accounting for about 25% (1.25 / 5) of the pass bandwidth.

The B0 and B1 maps obtained from a volunteer for optimized RF pulse design were shown in Figures 3C,D. The desired target was 5 cm ×5 cm (Figure 3A). The mask obtained by threshold processing accurately depicted the brain contour of subjects (Figure 3B), which further improved the excitation accuracy. The typical excitation pattern of the 2D SSE pulses designed by the optimized method and the traditional method was shown in Figure 4, in a low-resolution scan across the entire brain. A large signal intensity difference between the ROI and the rest of the ROI can be observed. Figure 4 showed that the optimized RF pulse had better suppression of signals outside the ROI, which was especially important for local high-resolution imaging. The more thorough signal suppression outside the ROI, the smaller the aliasing artifacts in the ROI of the high-resolution image.
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FIGURE 3. The desired pattern (A), mask (B), B0 (C), and B1 (D) field map for optimized RF pulse design on a volunteer.
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FIGURE 4. The comparison of full-FOV IV-SPACE images using different RF pulse designs. The upper is from a traditional SSE RF pulse and the bottom is from an optimized pulse. Optimized RF pulse has better suppression of signals outside the ROI.


The high-resolution 0.3 mm isotropic images obtained by the optimized RF pulse and the traditional 2D RF pulse were shown in Figure 5. Similar to the low-resolution results, the images obtained by the optimized RF pulse had fewer aliasing artifacts from outside of ROI, making it easier to observe the LSA vessel wall.
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FIGURE 5. The comparison of high resolution IV-SPACE images using a traditional 2D SSE RF pulse and an optimized RF pulse. Images obtained by the optimized RF pulse has fewer aliasing artifacts from the outer volume than the traditional pulse.


Finally, ten datasets were used for analysis (one was removed due to head motion). The numbers of stems and branches of the LSAs are summarized in Table 1. The p values of Wilcoxon signed-rank test on SNR and the numbers of stems and branches listed in Table 2. The numbers of stems visualized among three different methods were comparable. The number of branches visualized by 2D RF and conventional SPACE were comparable, and both them were lower than that by optimized method (Optimized vs. Conventional SPACE = 7.8 ± 1.54 vs. 7.1 ± 1.33, p = 0.002, ICC = 0.817; 2D RF vs. Optimized = 7.0 ± 1.78 vs. 7.8 ± 1.54, p = 0.001, ICC = 0.805). Optimized methods yielded a better SNR than 2D RF (p = 0.017), and both these two methods were significantly lower than conventional SPACE (Optimized vs. Conventional SPACE: p = 0.001, 2D RF vs. Conventional SPACE: p < 0.001).


TABLE 1. The numbers of stems and branches of LSAs and SNR among the three methods.
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TABLE 2. The comparison of the numbers of stems, branches, SNR among conventional SPACE, 2D RF and optimized methods (*p < 0.050, **p < 0.005).

[image: Table 2]The representative coronal MinIP images of a volunteer were shown in Figure 6 for 2D RF (a), optimized method (b), and conventional SPACE (c). The optimization method achieves more thorough signal suppression compare to traditional 2D RF and suffers from fewer aliasing artifacts (white arrow). Benefiting from the advantages of increased spatial resolution, the optimized method shows more branches that are invisible to conventional SPACE images (yellow arrows).
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FIGURE 6. Coronal MinIP (projection thickness = 18 mm) images of 2D SSE pulse (a), optimized method (b), and conventional SPACE (c). The optimized method achieves better signal suppression compare to traditional 2D RF and exhibits fewer aliasing artifacts (white arrow). Due to the higher spatial resolution, the optimized method shows more branches that are invisible in conventional SPACE images (yellow arrows).


Axial images and curved multi-planar reconstruction along the MCA were shown in Figure 7. The lumen of an LSA in the IV-SPACE image is clearly depicted and longer than conventional SPACE.
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FIGURE 7. Comparison of IV-SPACE and conventional SPACE in displaying LSA. The enlarged images at the bottom are curved-MPR results along the right MCA [the green lines in (A,B)] of IV-SPACE (C) and conventional SPACE (D). The lumen of an LSA in the IV-SPACE image is clearly depicted. The visible length of the LSA is longer than that in conventional SPACE.


In Figure 8, the section view of an LSA was shown and analyzed. The LSA vessel wall was obvious in IV-SPACE (red arrow) but almost invisible in the conventional SPACE image. The increased spatial resolution of the IV-SPACE image can be appreciated in the sharper depiction of the LSA vessel wall as compared with the conventional SPACE image. With a cut line through the vessel center, IV-SPACE images showed a significant signal drop at the lumen, which was almost absent in conventional SPACE images. Figure 9 showed another example that the lumen and orifice of an LSA were clearly depicted in the IV-SPACE image, whereas the lumen and orifice were blurred in conventional SPACE. On the line profile extracted by IV-SPACE, the lumen and wall of the two LSAs could be clearly identified, but the signal contrast of the wall to the lumen in SPACE was weak. The wall-to-lumen signal ratio of the LSA for IV-SPACE was 2.6, and the ratio for conventional SPACE was 1.5. The contrast between the vessel wall and lumen for LSA in IV-SPACE was better than conventional SPACE.
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FIGURE 8. The section view of an LSA that is only visible in the IV-SPACE image. The position of the section was at the red line in coronal view (A). The sections of conventional SPACE and IV-SPACE are shown in (B,C), respectively. The line profiles through the LSA lumen are also shown in (D).



[image: image]

FIGURE 9. The comparisons of IV-SPACE and conventional SPACE (using optimized RF pulse) in coronal plane. The enlarged image is displayed in the second column and line profiles through the LSA lumen is shown on the right column.




DISCUSSION

Although optimized forms of 3D TSE imaging have become available, the adoption of 3D sequences into routine clinical imaging has been limited primarily by long image acquisition times. Long acquisition time also hinders its high-resolution applications. Inner volume methods offer a potential solution to this limitation by combining multidimensional RF excitations to confine coherent transverse magnetization within a given volume of interest (Alley et al., 1997; Yang et al., 1999). This enables reduced FOV imaging of an anatomic region without aliasing artifacts and with significantly reduced acquisition times or achieve high resolution. In this study, the SSE RF pulse is combined with the SPACE sequence to selectively excite the basal ganglia region where MCA and LSA are located, thereby reducing the imaging FOV and reducing the size of the sampling matrix. Multiple scans are used to improve the image SNR after increasing the scanning speed. This achieves local high-resolution LSA vessel wall imaging.

This work successfully produced a clear vessel wall image of the proximal LSA. This is the first time intracranial black-blood images with isotropic 0.30 mm resolution within 10 min have been demonstrated. The optimized SSE RF pulse is robust, and no obvious signal folding from outer excitation FOV is observed. The results demonstrate that IV-SPACE imaging of the LSA vessel wall is feasible in a population of healthy volunteers.

The numbers of stems of LSAs visualized by three methods showed no significant difference, demonstrating comparable abilities of these methods on displaying primary structures of LSAs. The higher number of branches of optimized methods may be due to the higher resolution reveals much more details. The lower number of branches in 2D RF methods may be due to interference of aliased signals caused by incomplete signal suppression outside ROI (Figure 6, white arrows). The optimization method achieves more thorough signal suppression and shows more details and more branches. Of course, it must be realized that the acquisition of higher resolution comes at the expense of the signal-to-noise ratio. However, the higher resolution at the expense of the SNR seems to be beneficial, because more branches are revealed, and the sacrifice of the SNR does not cause much damage to the image quality.

Conventional SPACE uses a non-selective pulse with whole-brain coverage. Slab-selective SPACE reduces the matrix size only in the head-foot direction, while the longer duration of the excitation pulse prolongs the occurrence of the first echo and reduces the SNR. In contrast, the optimized 2D SSE RF pulse reduces FOV in both the anterior-posterior and head-foot directions. Therefore, IV-SPACE needs a smaller acquisition matrix to cover MCA and LSA than conventional SPACE to achieve the same resolution. IV-SPACE can be used to reduce acquisition times or have a higher resolution. Moreover, the inherently long and symmetric slab-selective pulse requires an extra 180° pulse as the first echo to reduce the subsequent echo spacing. However, it is not needed with a spiral-in 2D SSE pulse, resulting in a stronger signal that is suitable for a perforating artery image.

A higher spatial resolution reduces the partial volume effect, so the LSA delineation is significantly improved in the IV-SPACE images in Figure 7. The reduction of the echo train length from 50 to 30 might also contribute to the sharpness of the vessel walls due to less signal decay (Figure 8). The sharper vessel wall potentially benefits the diagnosis and also the study of cerebral vascular diseases, such as the microvasculopathy in small vessel disease, quantitative evaluation of the aneurysmal wall, and microstructure of atherosclerotic plaques.

The initial results reported herein are encouraging as they demonstrate IV-SPACE to be a robust, reliable technique for imaging of LSA wall. Using the inner volume technique, it is possible to excite a small FOV without aliasing artifacts, thus yielding high-quality imaging within the selected volume of interest. As zoomed imaging reduces the acquisition matrix while maintaining acquisition time, higher spatial resolution (not previously implemented) is achieved. Thus, IV-SPACE imaging may become the preferred approach for VWI of LSA.

The work that can be done in the future is to extend the IV-SPACE sequence to 3T scanners. Due to the popularity of 3T scanners in the clinical environment, the IV-SPACE sequence may be widely used and may exhibit more advantages. The better homogeneity of the magnetic field at 3T (Ma et al., 2019) benefits the observation of the perforating arteries originating from the M2 segment, and the lower SAR value at 3T relaxed the restrictions on sequence parameters of the IV-SPACE. But the challenge of 3T is that the SNR is only half of that at 7T, which may hinder the depiction of the LSA wall clearly. Although the nominal resolution can be set to 0.30 mm, it certainly needs further improvement on the imaging sequence to compensate for the low SNR.

This study has several limitations. The first limitation is the small sample size and that only images from healthy volunteers were acquired, so it remains to be seen how these findings translate into the clinical evaluation of patients. However, vessel wall lesions generally thicken the wall, so it is believed that the IV-SPACE sequence will have a clearer depiction of the LSA wall. Another limitation is that collecting the field map and designing RF pulse for each subject is time-consuming, so some general pulse design methods should be considered for further study.



CONCLUSION

The inner-volume 3D TSE sequence was developed to achieve isotropic 0.30 mm within ten minus black-blood images within a clinically acceptable time. A higher resolution produces sharper delineation of the vessel wall and lumen of intracranial perforating arteries. The technique is promising for the evaluation of microvasculopathies of cerebral vascular diseases.
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Purpose: This study aims to investigate the agreement of three software packages in measuring baseline ischemic core volume (ICV) and penumbra volume (PV), and determine their predictive values for unfavorable clinical outcome in patients with endovascular thrombectomy (EVT).

Methods: Patients with acute ischemic stroke who underwent computed tomographic perfusion (CTP) were recruited. Baseline CTP measurements including ICV and PV were calculated by three software packages of IntelliSpace Portal (ISP), Rapid Processing of Perfusion and Diffusion (RAPID), and fast-processing of ischemic stroke (F-STROKE). All patients received EVT, and the modified Rankin scale (mRS) at 90 days after EVT was assessed to determine the clinical outcomes (favorable: mRS = 0–2; unfavorable: mRS = 3–6). The agreement of CTP measurements among three software packages was determined using intraclass correlation coefficient (ICC). The associations between CTP measurements and unfavorable clinical outcome were analyzed using logistic regression. Receiver operating characteristic curves were conducted to calculate the area under the curve (AUC) of CTP measurements in predicting unfavorable clinical outcome.

Results: Of 223 recruited patients (68.2 ± 11.3 years old; 145 males), 17.0% had unfavorable clinical outcome after EVT. Excellent agreement between F-STROKE and RAPID was found in measuring ICV (ICC 0.965; 95% CI 0.956–0.973) and PV (ICC 0.966; 95% CI 0.956–0.973). ICVs measured by three software packages were significantly associated with unfavorable clinical outcome before (odds ratios 1.012–1.018, all P < 0.01) and after (odds ratios 1.003–1.014, all P < 0.05) adjusted for confounding factors (age, gender, TOAST classification, and NIHSS on admission). In predicting unfavorable clinical outcome, ICV measured by F-STROKE showed similar performance to that measured by RAPID (AUC 0.701 vs. 0.717) but higher performance than that measured by ISP (AUC 0.629).

Conclusions: The software of F-STROKE has excellent agreement with the widely used analysis tool of RAPID in measuring ICV and PV. The ischemic core volume measured by both F-STROKE and RAPID is a stronger predictor for unfavorable clinical outcome after EVT compared to ISP.

Keywords: ischemic stroke, penumbra, computed tomography, perfusion imaging, outcome, software


INTRODUCTION

The current challenges in the management of acute ischemic stroke (AIS) owing to large-vessel occlusion (LVO) mainly include predicting the clinical outcome before endovascular thrombectomy (EVT), optimizing imaging analysis methods for patient selection, and evaluating the therapeutic strategy. Several recent studies demonstrated that the measurements of acute ischemic core volume (ICV) and penumbra volume (PV) have been considered as effective predictors for clinical outcome in patients receiving EVT (Bivard et al., 2015; Fiehler et al., 2019). It is well evidenced that endovascular therapy will be more beneficial for patients with a small infarct core and a large penumbra, whereas patients with a large ischemic core are at risk of developing unfavorable clinical outcome after EVT (Wannamaker et al., 2018). Therefore, accurately and reliably measuring ICV and PV is important for predicting clinical outcomes (Austein et al., 2016).

Computed tomographic perfusion (CTP) is widely used to evaluate cerebral ischemic status by calculating the perfusion maps of cerebral blood flow (CBF) and time to maximum (Tmax) (Austein et al., 2016). The calculation of these quantitative CTP measurements is based on different algorithms and combined in different ways to quantitatively estimate the extent of the ischemic core and penumbral tissue (Murphy et al., 2006; Wintermark et al., 2006), which have been proved to be a predictor for clinical outcomes in patients treated with reperfusion strategies (Albers et al., 2018; Nogueira et al., 2018; Vinny et al., 2018). Recently, semi-automatic commercialized CTP software, such as brain CTP package of IntelliSpace Portal (ISP), is broadly used for measuring cerebral perfusion in the routine clinical workup. Despite the widespread utility, complex postprocessing, variability in image acquisition capabilities, and a lack of standardization of perfusion thresholds have hampered the use of ISP in clinical settings (Wintermark et al., 2006). In contrast, automatic and operator-independent CTP software packages, such as Rapid Processing of Perfusion and Diffusion (RAPID), could overcome above limitations and enable routine diagnostic workup of acute stroke, (Rose et al., 2001; Yin et al., 2015; Pinto et al., 2018) which has been utilized to quantify ischemic lesions in many randomized control trials on EVT (Straka et al., 2010). However, some disadvantages of the RAPID software package still exist. Fast-processing of ischemic stroke (F-STROKE), a fully automatic processing software, which is similar to RAPID, can segment and label large vessels, parenchyma, and cerebrospinal fluid according to their time-intensity curves. F-STROKE could avoid the incorrect labeling on those low-signal volumes, including cerebrospinal fluid and arachnoid cysts. However, whether F-STROKE could improve the accuracy in measuring ICV and PV as compared with ISP and RAPID software packages is unknown.

Furthermore, investigators reported that the final infarct core and the growth of volume of infarct region were strongly associated with clinical outcomes (Austein et al., 2016; Albers et al., 2018; Nogueira et al., 2018). However, there is no consensus on the optimal CTP measurements at baseline, which could accurately predict clinical outcomes after EVT. The predictive value of ICV and PV measured by F-STROKE for clinical outcomes in patients receiving EVT is also unclear.

In the present study, we sought to investigate the agreement of F-STROKE with ISP and RAPID software packages in measuring ICV and PV using CTP data. The second aim of this study was to determine the predictive value of ICV and PV measured by F-STROKE for unfavorable clinical outcome in patients with EVT.



MATERIALS AND METHODS


Patients

Patients with AIS who underwent CTP and referred to EVT with and without intravenous alteplase between September 2017 and December 2018 were retrospectively recruited in this study. The inclusion criteria were as follows: (1) age ≥ 18 years old; (2) AIS caused by LVO of the anterior circulation (the intracranial segment of internal carotid artery, M1 segment of the middle cerebral artery, or proximal M2 segment of the middle cerebral artery); and (3) National Institutes of Health Stroke Scale (NIHSS) ≥ 6 (acute stroke with substantial neurological deficits). Patients were excluded if they had: (1) intracranial hemorrhage; (2) the modified Rankin scale (mRS) > 2 at baseline; or (3) severe motion artifacts or poor cardiac output generating erroneous CTP data. The study protocol was approved by the Institutional Review Board of Changhai Hospital of Shanghai, and all patients provided written informed consent.



Clinical Assessment

Clinical data including age; gender; medical history, including hypertension, hyperlipidemia, diabetes, smoking, drinking, and heart disease; and clinical scales including Glasgow Coma Scale, NIHSS, and mRS were collected from the medical record. The Trial of Org10172 in Acute Stroke Treatment (TOAST) classification was used to classify stroke types. The NIHSS assessment was performed at baseline (on admission), 1 and 24 h after EVT. The mRS was assessed at discharge and 90 days after EVT. The favorable clinical outcome after EVT was defined as a 90-days mRS of 0–2, and the unfavorable one was defined as a 90-days mRS of 3–6 (Albers et al., 2018; Nogueira et al., 2018).



CT Examinations

All CT scans were performed on a 256-slice CT scanner (Brilliance iCT, Philips Healthcare, Cleveland, OH, United States), which included scanning parameters (non-contrast CT) and reconstruction parameters [Computed tomographic angiography (CTA) and CTP]. The scanning parameters for helical non-contrast CT were as follows: tube voltage 120 kV, tube current 350 mAs, thickness 5 mm, slice number 30, field-of-view (FOV) 250 × 250 mm2, and matrix 496 × 496. The imaging parameters for CTP were as follows: tube voltage 80 kV, tube current 180 mAs, whole-brain coverage in the Z-axis, FOV 220 × 220 mm2, matrix 512 × 512, slice thickness 5 mm, and 14 consecutive phases acquired with a temporal resolution of 4 s. A total of 50 mL of iobitridol (Xenetix-350; Guerbet, France) was intravenously injected with a flow rate of 5 mL/s, followed by a 20-mL saline flush with the same flow rate. CTA was performed after 3 min once CTP was completed with the following parameters: tube voltage 120 kV, tube current 300 mAs, FOV 220 × 220 mm2, matrix 512 × 512, slice thickness1 mm, and slice number 399. The same contrast agent was injected intravenously with the same flow rate to CTP, and the dose of contrast agent was 45 mL.



Post-processing of Computed Tomographic Perfusion Images

Computed tomographic perfusion images were processed using three common commercial software independently:


IntelliSpace Portal

Brain CTP package of ISP Version 10.1 (Philips Health System, Best, Netherlands) offers a semi-automatic way to process CTP data, including computation of delay-insensitive parameter. ISP is a software program that requires human intervention. In this analysis, one observer (ZS) who was blinded to clinical information, and the results of the analysis using other two software utilized ISP to adjust the location of the seeds in the M1 segment of middle cerebral artery and the superior sagittal sinus to obtain the arterial inflow function, venous outflow function, and cerebral mid-line. Default 2D motion correction and brain map were used. During the calculation phase, an arrival-time-insensitive method was chosen to calculate relative CBF and Tmax. To make it comparable with RAPID software, the summary map was generated with impaired perfusion as Tmax > 6s and severely impaired perfusion (considered as ischemic core) as relative CBF < 30% compared to the contralateral hemisphere.



Rapid Processing of Perfusion

Rapid processing of perfusion and diffusion (iSchemaView, Menlo Park, CA, United States) is a DICOM-In/DICOM-Out black box server, which automatically processes CT perfusion data. This software is tested and wildly used by many hospitals and research centers (Albers et al., 2018; Nogueira et al., 2018). RAPID also additionally provides a graphic user interface on the webpage to offer limited manual adjustment. It defines CBF < 30% as an ICV and relative Tmax > 6s of that in normal tissue as PV, which was the inclusion criteria of the recent clinical trials of DEFUSE 3 (Albers et al., 2018) and DAWN (Nogueira et al., 2018).



Fast-Processing of Ischemic Stroke

Fast-processing of ischemic stroke software (Version 1.0; Neuroblem Ltd. Company, Shanghai, China) is a software running on Windows 64 server. It provides a fully automatic CTP processing combined with manual rerun mechanism in a Windows graphic user interface. It segments large vessels, parenchyma, bone, cerebrospinal fluid according to their time-intensity curves and labels the region of either ischemic core or penumbra in the time-intensity curve of parenchyma, which could avoid the incorrect labeling on those low-signal volumes, such as an arachnoid cyst. Similar to RAPID (Straka et al., 2010), F-STROKE calculates (1) Tmax, (2) relative cerebral blood volume (rCBV), (3) relative CBF (rCBF), and (4) mean transit time but with only arterial inflow function input.
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where r(t) is tissue property, ct(t) is the perfusion image signal, ca(t) is arterial inflow function, and H is a pre-defined constant.

To make it comparable with RAPID results, thresholds of Tmax > 6s and relative CBF < 30% compared to the median relative CBF of brain tissues were configured to calculate ICV and PV, respectively. Note that using CBF with or without venous outflow function input to calculate infarct core volume is mathematically identical. Since per selection of vein output function cv(t),

[image: image]

And when divided by median of relative CBF, ∫cv(t)dt along with other constant is eliminated as a scaling factor.



Statistical Analysis

The calculation of sample size was based on a two independent sample unpaired t-test with 0.80 power and 0.05 significance level (two sided). The ratio of favorable group vs. unfavorable group is 4:1. The mean and standard deviation (SD) of ICV in favorable group are 25.5 and 36.0, while the mean and SD are 64.5 and 62.9 in unfavorable group. Considering the image quality and follow-up censoring rate is 15–20% in our study, a sample size of 76 patients in favorable group and 19 in unfavorable group was needed based on PASS 15 software.

Mean values and SD were described for the continuous variables with normal distribution while median values and interquartile ranges (IQRs) were calculated for continuous variables with abnormal distribution. CTP measurements were compared among three software packages using the Friedman test with Bofferoni correction or Chi-square analysis. The agreement of CTP measurements between two software packages was determined using intraclass correlation coefficient (ICC) and Bland-Altman analysis. The agreement categories include poor (ICC < 0.4), fair to good (ICC 0.4–0.75), and excellent (ICC > 0.75) agreement. Continuous variables and categorical variables were compared between patients with unfavorable and favorable clinical outcome using independent t test, Mann-Whitney U test, or Chi-square test. Univariate and multivariate logistic regression analyses were performed to calculate the odds ratios (ORs) and corresponding 95% confidence intervals (CIs) of CTP measurements in predicting unfavorable clinical outcome. Receiver operating characteristic (ROC) curves were also conducted to calculate the area under curve (AUC) of CTP measurements in discriminating unfavorable clinical outcome. ROC curves were compared using the method developed by DeLong et al. (1988). P values of <0.05 were considered statistically significant. All statistical analyses were performed with IBM SPSS Statistics 24.0 (SPSS Inc an IBM Company, Chicago, IL, United States).



RESULTS


Clinical Characteristics

A total of 245 patients were recruited in this study, of which 22 were excluded due to pre-stroke cases (n = 9), motion artifacts (n = 8), and poor cardiac output (n = 5). Of the remaining 223 patients, 145 are male, and the mean age was 68.2 ± 11.3 years old. Table 1 summarized the baseline clinical characteristics of this study population. Of 223 patients, 38 (17.0%) had unfavorable clinical outcome and 185 (83.0%) patients had favorable clinical outcome after EVT, respectively. Patients with unfavorable clinical outcome had less atherosclerotic stroke (44.7 vs. 60.0%, P = 0.040) and higher NIHSS [22.4 (IQR 17.0–29.0) vs. 16.5 (IQR 12.0–22.0), P < 0.001] at baseline compared with those with favorable clinical outcome. No significant differences were found in other clinical characteristics between patients with unfavorable and favorable clinical outcome (all P > 0.05).


TABLE 1. Baseline demographic and clinical characteristics (n = 232).

[image: Table 1]During EVT treatment, 63.2% of patients with unfavorable clinical outcome were beyond 6 h, whereas this percentage in those with favorable clinical outcome was 28.1%. In contrast, during EVT treatment, the prevalence of not using intravenous alteplase in patients with unfavorable clinical outcome was lower than that of those with favorable outcome (17.6 vs. 82.4%). The NIHSS [22.3 (16.8–28.0) vs. 11.7 (IQR 7.0–17.0), P < 0.001] and mRS [4.9 (4.0–5.0) vs. 1.3 (IQR 0–2.0), P < 0.001] at discharge in patients with unfavorable clinical outcomes were significantly higher than those in patients with favorable clinical outcomes. After EVT treatment, 90.1% of patients achieved successful recanalization (mTICI 2b, n = 64; mTICI 3, n = 137), while 9.9% did not (mTICI 1, n = 9; mTICI 2a, n = 13). Additionally, there were four patients suffered from fresh hemorrhage and nine with fresh infarct after EVT treatment.



Comparison and Agreement of Computed Tomographic Perfusion Measurements Among Three Software Packages

The value of ICV measured by ISP was significantly greater than thatmeasured by RAPID [29.7 mL (IQR 11.5–56.7) vs. 13.9 mL (IQR0–46.0), P < 0.001] and F-STROKE [29.7 mL (IQR 11.5–56.7) vs. 13.1 mL (IQR 0–42.5), P < 0.001] (Figure 1A). No significant difference was found in the measurement of ICV between RAPID and F-STROKE (P = 0.959). The PV measured by ISP was significantly greater than that measured by RAPID [254.5 mL (IQR 172.2–341.2) vs. 150.0 mL (IQR 92.0–214.0), P < 0.001] and F-STROKE [254.5 mL (IQR 172.2–341.2) vs. 117.1 mL (IQR 70.9–181.8), P < 0.001] (Figure 1B). The PV measured by F-STROKE was significantly smaller than that measured by RAPID (P = 0.038) (Figure 1B).
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FIGURE 1. Comparison of ischemic core volume in panel (A) and penumbra volume in panel (B) among three software packages [Package 1: IntelliSpace portal (ISP); Package 2: Rapid processing of perfusion and diffusion (RAPID); Package 3: Fast-processing of ischemic stroke (F-STROKE)].


In measuring ICV, the software of ISP showed fair to good agreement with RAPID (ICC 0.693; 95% CI 0.622–0.753) and F-STROKE (ICC 0.656; 95% CI 0.578–0.722). Excellent agreement was found between RAPID and F-STROKE (ICC 0.965; 95% CI 0.956–0.973) in measuring ICV. Similarly, in measuring PV, ISP showed fair to good agreement with RAPID (ICC 0.646; 95% CI 0.567–0.714) and F-STROKE (ICC 0.604; 95% CI 0.517–0.678), but excellent agreement was found between RAPID and F-STROKE (ICC 0.966; 95% CI 0.956–0.973). The Bland-Altman analysis showed that F-STROKE (mean bias 1.6; 95% CI –19.2 to 22.4) showed smaller bias than ISP (mean bias 9.0; 95% CI –52.0 to 70.0) as compared with RAPID in measuring ICV (Figure 2A). Similarly, F-STROKE (mean bias 22.2; 95% CI –27.7 to 72.2) showed smaller bias than ISP (mean bias 110.2; 95% CI –76.9 to 297.2) as compared with RAPID in measuring PV (Figure 2B).
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FIGURE 2. Bland-Altman plots for the agreement and bias in measuring ischemic core volume in panel (A) and penumbra volume in panel (B) between any two software packages.




Association Between Computed Tomographic Perfusion Measurements and Unfavorable Clinical Outcomes

Patients with unfavorable clinical outcome had significantly larger ICV measured by all three software packages compared to those with favorable clinical outcome (all P < 0.01, Figure 3). There was no significant difference in PV measured by any software package between patients with unfavorable and favorable clinical outcome (all P > 0.05, Figure 3).
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FIGURE 3. Comparison of ischemic core volume and penumbra volume measured by three software packages between patients with favorable and unfavorable clinical outcomes after endovascular thrombectomy (EVT) (Package 1: ISP; Package 2: RAPID; Package 3: F-STROKE).


Table 2 summarized the results of the regression analysis. Univariate logistic regression showed that ICV measured by any software package was significantly associated with unfavorable clinical outcome (OR 1.012 to 1.018, all P < 0.01). After adjusted for confounding factors of the baseline data including age, gender, TOAST classification, and NIHSS on admission, these associations remained statistically significant (OR 1.012–1.028, all P < 0.05). No significant associations were found between PV measured by any software package and unfavorable clinical outcome before and after adjusted for confounding factors of the baseline data (all P > 0.05).


TABLE 2. Association between CTP measurements and unfavorable clinical outcome.
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Receiver Operating Characteristic Analysis

Receiver operating characteristic analysis showed that, in predicting unfavorable clinical outcome, RAPID had the highest AUC (0.717, 95% CI 0.577–0.832), followed by F-STROKE (0.701, 95% CI 0.548–0.831) and ISP (0.629, 95% CI 0.499–0.739) (Figure 4A). Furthermore, in predicting unfavorable clinical outcome among the patients with complete reperfusion after EVT (mTICI = 3), the AUC values of F-STROKE (0.879, 95% CI 0.794–0.931), RAPID (0.858, 95% 0.788–0.919), and ISP (0.717, 95% CI 0.633–0.792) were significantly improved (Figure 4B). However, there was no significant difference in the AUC values between RAPID and F-STROKE in all patients (z = 1.563; P = 0.118) or in patients achieving the complete reperfusion (z = 1.422; P = 0.155).
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FIGURE 4. Receiver operating characteristic (ROC) curves of ischemic core volume calculated by three computed tomographic perfusion (CTP) software packages in predicting unfavorable clinical outcomes in all the patients in panel (A) and patients achieved complete reperfusion in panel (B) after EVT.




DISCUSSION

This study investigated the agreement between three software packages of ISP, RAPID, and F-STROKE in measuring ICV and PV using CTP data and determine their performance in predicting unfavorable clinical outcome after EVT. We found excellent agreement and smaller bias between F-STROKE and RAPID in measuring both ICV and PV. In predicting unfavorable clinical outcome, the ICV measured by F-STROKE showed similar strength to that measured by RAPID but higher strength than that measured by ISP. Our study indicated that the software package of F-STROKE might be an alternative analysis tool for CTP data, and the measurements of F-STROKE may have the potential in predicting adverse prognosis after EVT.

In the present study, we found that the software package of F-STROKE had an excellent agreement with RAPID in measuring ICV and PV. Similar to RAPID, F-STROKE provided a fully automatic CTP processing and defined CBF < 30% as ICV and relative Tmax > 6s of that in normal tissue as PV. In the algorithm of F-STROKE, the thresholds of Tmax > 6s and relative CBF < 30% compared to the median relative CBF of brain tissues were calculated with only arterial inflow function input, which is similar to RAPID. The present study also showed fair to good agreement between ISP and RAPID and F-STROKE, and the bias between F-STROKE and RAPID was smaller than that between ISP and RAPID in measuring ICV and PV. This may indicate that software package with automatic segmentation and calculation would be more accurate in measuring the volume of ischemic lesions than semi-automatic software package of ISP. Although ISP could create the CTP maps and quantify ICV and PV automatically, the regions of ischemic core and penumbra should be manually segmented by the radiologists, which may introduce subjective bias due to the experience and the measurements. Notably, our results illustrated that the PV measured by F-STROKE was significantly smaller than that measured by RAPID (P = 0.038). Because large vessels, parenchyma, bone, and cerebrospinal fluid were segmented by F-STROKE according to time-intensity curves and the labeled region of ischemic core in the time-intensity curve of parenchyma, this will avoid the incorrect labeling on those low-intensity volumes, such as an arachnoid cyst. Therefore, the differences identified by these two software packages could be attributed to the over the removal of cerebrospinal by RAPID (Supplementary Figure 1).

We found the baseline ICV measured by any software package was an independent predictor for unfavorable clinical outcome after EVT. Although some previous studies (Austein et al., 2016; Albers et al., 2018; Nogueira et al., 2018) showed that the final infarct core and the growth of volume of infarct region were strongly associated with the functional outcomes, the assessment of baseline ICV was still indispensable and crucial for selecting patients before undergoing either EVT or IVT and predicting their clinical outcomes (Chen et al., 2019). Recently, Panni et al. (2019) reported that increased baseline diffusion-weighted imaging (DWI) lesion volume was the strongest predictors for 90-days mortality in stroke patients with a large ICV. However, in these studies, the attention was only paid to the large ICV, and investigators did not evaluate the relationship between ICV and the subsequent clinical outcomes. In our data, patients with smaller baseline ICV would benefit from EVT compared to those with large one regardless of the penumbral size at baseline. Our finding was similar to the previous study of International Stroke Perfusion Imaging Registry (INSPIRE) (Chen et al., 2019). This indicated that ICV might have a stronger correlation with clinical outcome compared with PV. However, Chen et al. (2019) investigated that the patients with a larger baseline ICV who underwent EVT would be achieving a greater clinical benefit compared to intravenous thrombolysis alone. But our finding considered the smaller baseline ICV as a strong predictor of favorable clinical outcome in the patients suffering from EVT, which indicated the size of injured brain tissue. Furthermore, an increasing number of studies (Miles and Knuckey, 1998; Radak et al., 2017) reported that apoptosis might contribute to the death of a significant proportion of neurons during AIS, and the ischemic core of the brain experienced a sudden reduction of blood flow, overproduction of free radicals, an overload of Ca2+, and excitotoxicity as well as necrosis started in the first hours after the onset of AIS in the ischemic core (Radak et al., 2017). However, apoptosis within the ischemic penumbra may occur after several hours or days. Therefore, when patients suffered from EVT within the time window of the recovery (<6 h), the ischemic region of the brain, especially in the penumbral area, would be reperfused and saved, but the ischemic core would not. This may be the molecular reason why the patients who had larger ICV achieved unfavorable outcomes.

Our data showed that, in predicting unfavorable clinical outcome, the ICV measured by F-STROKE had similar performance to that measured by RAPID. These results may be explained by our findings of excellent consistency in the measurement of ICV between F-STROKE and RAPID. F-STROKE utilized the similar algorithm and standard definition of ischemic parameters with RAPID, which is a reliable CTP software validated by many RCTs (Campbell et al., 2015; Albers et al., 2018; Nogueira et al., 2018; Vinny et al., 2018). Additionally, we found that both RAPID and F-STROKE had stronger predictive value for an unfavorable clinical outcome compared to ISP. This result may be contributed to the automatic computation based on the robust algorithm of RAPID and F-STROKE. In contrast, there was subjective bias from manual segmentation of ISP. Of note, the AUC values of ICV measured by the two automatic software packages of F-STROKE and RAPID for predicting unfavorable clinical outcome in our study were higher among patients who achieved complete recanalization after EVT. Our results are in line with the previous study by Chen et al. (2019) (AUC = 0.868).

There are several limitations to our study. First, we only explored the predictive value of baseline CTP measurements by F-STROKE for clinical outcomes of acute stroke patients after EVT. Future studies are warranted to determine the performance of ICV measured by F-STROKE in predicting clinical outcome with other treatments. Second, our study only focused on the short-term clinical outcome (mRS at 90 days) after EVT. The predictive value of CTP measurements by F-STROKE for long-term clinical outcome will be explored in future studies. And the lack of golden standard for baseline ischemic core and PV might be another important limitation. Third, we didn’t do a direct comparison of the regions intensified by the three software packages since the voxels of the labeled regions could not be gotten due to the commercial reasons. And although CTP has an additional diagnostic value for detection of AIS in the anterior and posterior circulation, this study only recruited the patients with anterior circulation AIS. Further studies on both circulation ischemic status should be included together. Last, this study evaluated the consistency of two automatic software packages (F-STROKE and RAPID) in measuring CTP data. However, CTP examination has ionizing radiation and does not apply for patients with allergy to iodine or renal dysfunction. Recently, investigators demonstrated that MR perfusion, particularly dynamic susceptibility contrast (Seiler et al., 2020; Seners et al., 2020; Zhu et al., 2020) and arterial spin labeling-based perfusion techniques (Nael et al., 2013; Tan et al., 2018; Yu et al., 2018), can be reliably utilized to assess cerebral ischemic lesions. It is valuable to test the performance of F-STROKE in analyzing MR perfusion data in future studies.



DATA AVAILABILITY STATEMENT

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



ETHICS STATEMENT

The studies involving human participants were reviewed and approved by Institutional Review Board of Changhai Hospital of Shanghai. The patients/participants provided their written informed consent to participate in this study.



AUTHOR CONTRIBUTIONS

ZS, JLi, and MZO contributed to the study concept and design, analysis and interpretation of data, drafting/revising the manuscript for content, and statistical analysis. MZN and TW were involved in analysis and interpretation of data, drafting/revising the manuscript for content, and statistical analysis. LC performed analysis and interpretation of data. QL took part in the study concept and design, analysis, and interpretation of data. HW, JLU, and XZ contributed to the study concept and design, acquisition, analysis, and interpretation of data, and drafting/revising the manuscript for content. All authors reviewed this manuscript and approved the version to be published.



FUNDING

This research was supported by the National Key R&D Program of China (Grant No. 2018YFC1312900), National Natural Science Foundation of China (Grant Nos. 81670396, 31470910, and 81971583), and Shanghai Municipal Science and Technology Major Project (Grant Nos. 2017SHZDZX01 and 2018SHZDZX01).



ACKNOWLEDGMENTS

We would like to thank Dr. Ming Yang for providing the F-STROKE software.



SUPPLEMENTARY MATERIAL

The Supplementary Material for this article can be found online at: https://www.frontiersin.org/articles/10.3389/fnins.2021.608799/full#supplementary-material



REFERENCES

Albers, G. W., Marks, M. P., Kemp, S., Christensen, S., Tsai, J. P., Ortega-Gutierrez, S., et al. (2018). Thrombectomy for stroke at 6 to 16 hours with selection by perfusion imaging. N. Engl. J. Med. 378, 708–718.

Austein, F., Riedel, C., Kerby, T., Meyne, J., Binder, A., Lindner, T., et al. (2016). Comparison of perfusion CT software to predict the final infarct volume after thrombectomy. Stroke 47, 2311–2317. doi: 10.1161/strokeaha.116.013147

Bivard, A., Levi, C., Krishnamurthy, V., McElduff, P., Miteff, F., Spratt, N. J., et al. (2015). Perfusion computed tomography to assist decision making for stroke thrombolysis. Brain 138, 1919–1931. doi: 10.1093/brain/awv071

Campbell, B. C., Mitchell, P. J., Kleinig, T. J., Dewey, H. M., Churilov, L., Yassi, N., et al. (2015). Endovascular therapy for ischemic stroke with perfusion-imaging selection. N. Engl. J. Med. 372, 1009–1018.

Chen, C., Parsons, M. W., Levi, C. R., Spratt, N. J., Miteff, F., Lin, L., et al. (2019). Exploring the relationship between ischemic core volume and clinical outcomes after thrombectomy or thrombolysis. Neurology 93, e283–e292.

DeLong, E. R., DeLong, D. M., and Clarke-Pearson, D. L. (1988). Comparing the areas under two or more correlated receiver operating characteristic curves: a nonparametric approach. Biometrics 44, 837–845. doi: 10.2307/2531595

Fiehler, J., Thomalla, G., Bernhardt, M., Kniep, H., Berlis, A., Dorn, F., et al. (2019). Eraser. Stroke 50, 1275–1278.

Miles, A. N., and Knuckey, N. W. (1998). Apoptotic neuronal death following cerebral ischaemia. J. Clin. Neurosci. 5, 125–145. doi: 10.1016/s0967-5868(98)90027-3

Murphy, B. D., Fox, A. J., Lee, D. H., Sahlas, D. J., Black, S. E., Hogan, M. J., et al. (2006). Identification of penumbra and infarct in acute ischemic stroke using computed tomography perfusion-derived blood flow and blood volume measurements. Stroke 37, 1771–1777. doi: 10.1161/01.str.0000227243.96808.53

Nael, K., Meshksar, A., Liebeskind, D. S., Wang, D. J., Ellingson, B. M., Salamon, N., et al. (2013). Periprocedural arterial spin labeling and dynamic susceptibility contrast perfusion in detection of cerebral blood flow in patients with acute ischemic syndrome. Stroke 44, 664–670. doi: 10.1161/strokeaha.112.672956

Nogueira, R. G., Jadhav, A. P., Haussen, D. C., Bonafe, A., Budzik, R. F., Bhuva, P., et al. (2018). Thrombectomy 6 to 24 hours after stroke with a mismatch between deficit and infarct. N. Engl. J. Med. 378, 11–21.

Panni, P., Gory, B., Xie, Y., Consoli, A., Desilles, J. P., Mazighi, M., et al. (2019). Acute stroke with large ischemic core treated by thrombectomy. Stroke 50, 1164–1171.

Pinto, A., McKinley, R., Alves, V., Wiest, R., Silva, C. A., and Reyes, M. (2018). Stroke lesion outcome prediction based on mri imaging combined with clinical information. Front. Neurol. 9:1060. doi: 10.3389/fneur.2018.01060

Radak, D., Katsiki, N., Resanovic, I., Jovanovic, A., Sudar-Milovanovic, E., Zafirovic, S., et al. (2017). Apoptosis and acute brain ischemia in ischemic stroke. Curr. Vasc. Pharmacol. 15, 115–122. doi: 10.2174/1570161115666161104095522

Rose, S. E., Chalk, J. B., Griffin, M. P., Janke, A. L., Chen, F., McLachan, G. J., et al. (2001). MRI based diffusion and perfusion predictive model to estimate stroke evolution. Magn. Reson. Imaging 19, 1043–1053. doi: 10.1016/s0730-725x(01)00435-0

Seiler, A., Lauer, A., Deichmann, R., Nöth, U., Herrmann, E., Berkefeld, J., et al. (2020). Signal variance-based collateral index in DSC perfusion: a novel method to assess leptomeningeal collateralization in acute ischaemic stroke. J. Cereb. Blood Flow Metab. 40, 574–587. doi: 10.1177/0271678x19831024

Seners, P., Turc, G., Lion, S., Cottier, J. P., Cho, T. H., Arquizan, C., et al. (2020). Relationships between brain perfusion and early recanalization after intravenous thrombolysis for acute stroke with large vessel occlusion. J. Cereb. Blood Flow Metab. 40, 667–677. doi: 10.1177/0271678x19836288

Straka, M., Albers, G. W., and Bammer, R. (2010). Real-time diffusion-perfusion mismatch analysis in acute stroke. J. Magn. Reson. Imaging 32, 1024–1037. doi: 10.1002/jmri.22338

Tan, X., Guo, Y., Dun, S., and Sun, H. (2018). Crossed aphasia following cerebral infarction in a right-handed patient with atypical cerebral language dominance. J. Neurol. 265, 1671–1675. doi: 10.1007/s00415-018-8901-0

Vinny, P. W., Vishnu, V. Y., and Srivastava, M. V. P. (2018). Thrombectomy for stroke with selection by perfusion imaging. N. Engl. J. Med. 378:1849. doi: 10.1056/nejmc1803856

Wannamaker, R., Guinand, T., Menon, B. K., Demchuk, A., Goyal, M., Frei, D., et al. (2018). Computed tomographic perfusion predicts poor outcomes in a randomized trial of endovascular therapy. Stroke 49, 1426–1433. doi: 10.1161/strokeaha.117.019806

Wintermark, M., Flanders, A. E., Velthuis, B., Meuli, R., van Leeuwen, M., Goldsher, D., et al. (2006). Perfusion-CT assessment of infarct core and penumbra: receiver operating characteristic curve analysis in 130 patients suspected of acute hemispheric stroke. Stroke 37, 979–985. doi: 10.1161/01.str.0000209238.61459.39

Yin, J., Sun, H., Yang, J., and Guo, Q. (2015). Automated detection of the arterial input function using normalized cut clustering to determine cerebral perfusion by dynamic susceptibility contrast-magnetic resonance imaging. J. Magn. Reson. Imaging 41, 1071–1078. doi: 10.1002/jmri.24642

Yu, S., Ma, S. J., Liebeskind, D. S., Yu, D., Li, N., Qiao, X. J., et al. (2018). Aspects-based reperfusion status on arterial spin labeling is associated with clinical outcome in acute ischemic stroke patients. J. Cereb. Blood Flow Metab. 38, 382–392. doi: 10.1177/0271678x17697339

Zhu, G., Federau, C., Wintermark, M., Chen, H., Marcellus, D. G., Martin, B. W., et al. (2020). Comparison of MRI IVIM and MR perfusion imaging in acute ischemic stroke due to large vessel occlusion. Int. J. Stroke. 15, 332–342. doi: 10.1177/1747493019873515


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.

Copyright © 2021 Shi, Li, Zhao, Zhang, Wang, Chen, Liu, Wang, Lu and Zhao. This is an open-access article distributed under the terms of the Creative Commons Attribution License (CC BY). The use, distribution or reproduction in other forums is permitted, provided the original author(s) and the copyright owner(s) are credited and that the original publication in this journal is cited, in accordance with accepted academic practice. No use, distribution or reproduction is permitted which does not comply with these terms.











	
	ORIGINAL RESEARCH
published: 06 May 2021
doi: 10.3389/fneur.2021.637556






[image: image2]

Intracranial Atherosclerotic Burden and Cerebral Parenchymal Changes at 7T MRI in Patients With Transient Ischemic Attack or Ischemic Stroke
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The relevance of intracranial vessel wall lesions detected with MRI is not fully established. In this study (trial identification number: NTR2119; www.trialregister.nl), 7T MRI was used to investigate if a higher vessel wall lesion burden is associated with more cerebral parenchymal changes in patients with ischemic stroke or transient ischemic attack (TIA). MR images of 82 patients were assessed for the number of vessel wall lesions of the large intracranial arteries and for cerebral parenchymal changes, including the presence and number of cortical, small subcortical, and deep gray matter infarcts; lacunes of presumed vascular origin; cortical microinfarcts; and periventricular and deep white matter hyperintensities (WMHs). Regression analyses showed that a higher vessel wall lesion burden was associated with the presence of small subcortical infarcts, lacunes of presumed vascular origin, and deep gray matter infarcts (relative risk 1.18; 95% CI, 1.03–1.35) and presence of moderate-to-severe periventricular WMHs (1.21; 95% CI, 1.03–1.42), which are all manifestations of small vessel disease (SVD). The burden of enhancing vessel wall lesions was associated with the number of cortical microinfarcts only (1.48; 95% CI, 1.04–2.11). These results suggest an interrelationship between large vessel wall lesion burden and cerebral parenchymal manifestations often linked to SVD or, alternatively, that vascular changes occur in both large and small intracranial arteries simultaneously.

Keywords: intracranial arteries, intracranial atherosclerosis, intracranial vessel wall MR imaging, small vessel disease, large vessel disease, white matter hyperintensity


INTRODUCTION

Intracranial atherosclerosis (ICAS) is an important cause of ischemic stroke (1). Historically, ICAS has been evaluated by measuring the presence of intracranial stenosis using lumenographic techniques or by detecting vessel wall calcifications that generally reflect a more advanced stage of ICAS (2–5). Over the last two decades, however, intracranial vessel wall MRI sequences have enabled in vivo visualization of the intracranial vessel wall itself (6–8). With these dedicated MRI sequences, both subtle (non-stenotic) and more advanced vessel wall pathology of the proximal cerebral large arteries can be assessed.

Vessel wall changes of the large intracranial arteries are frequently observed on intracranial vessel wall MR images, both in patients with cerebrovascular disease and in healthy elderly individuals, but the nature and clinical relevance of these changes have not been fully established (9–12). Ex vivo studies applying intracranial vessel wall MRI to postmortem samples suggest that these changes represent vessel wall disease at an early stage to halfway on the developmental timeline of ICAS (13–18). At the end of this timeline, plaque disruption, thrombus formation, and large vessel stenosis or occlusion can lead to transient ischemic attack (TIA) or ischemic stroke. The parenchymal consequences of vessel wall changes presumably reflecting less advanced ICAS, however, are less clear, hampering interpretation of these changes in clinical practice.

ICAS in the smaller arteries, arterioles, and capillaries—while difficult to visualize using vessel wall MRI due to their small caliber—or emboli disrupted from atherosclerotic plaques located in larger parent arteries may lead to (small) subcortical infarcts, deep gray matter infarcts, lacunes of presumed vascular origin, cortical microinfarcts, or white matter hyperintensities (WMHs) (19, 20). Often, these cerebrovascular changes of the small vessels and their sequelae are categorized as a separate disease entity [cerebral small vessel disease (SVD)] compared with large artery stroke, although both small and large cerebral arteries comprise one vascular bed that is physiologically connected, suggesting that pathology in one “type” of vessel bed will inevitably affect the other. Recent studies have shown evidence for this connection: for example, large (intracranial) artery disease may result in endothelial damage and blood–brain barrier damage of the smaller arteries by the release of inflammatory molecules and enzymes, while alternatively, atherosclerotic plaques located in the larger intracranial arteries may obstruct orifices of smaller branching arteries resulting in small vessel pathology (21, 22). Nevertheless, the exact role and direction of effect—cerebrovascular changes of the small arteries by large artery pathology, vice versa, or bilateral—remains to be elucidated (22).

In this study, we hypothesize that the burden of intracranial vessel wall lesions of the larger intracranial arteries might be associated with a variety of cerebral parenchymal changes, including large and small infarcts and WMHs. The purpose of this study was therefore to investigate whether a greater burden of intracranial vessel wall lesions assessed using 7-tesla (T) vessel wall MRI is associated with more cerebral parenchymal changes.



MATERIALS AND METHODS


Study Population

Between December 2009 and May 2018, patients presenting at our University hospital with TIA or ischemic stroke of the anterior circulation were eligible for inclusion in the prospective Intracranial Vessel wall Imaging (IVI) study (NTR2119, www.trialregister.nl). The main inclusion criteria were age 18 years or older and ability to undergo a 7T MRI examination within 3 months after the ischemic event. The main exclusion criteria were ischemic stroke or TIA secondary to a surgical or interventional procedure and any contraindication to 7T MR imaging or to gadolinium-containing contrast agents. A flowchart of the study inclusion is shown in Figure 1. The full eligibility criteria and other details of the study have been reported before (6, 23). The study was approved by the medical ethics committee of the University Medical Center Utrecht according to the guidelines of the Declaration of Helsinki of 1975, and all patients provided written informed consent. Baseline characteristics including cardiovascular risk factors and characteristics of the ischemic event [final diagnosis and subtype classified by the Trial of Org 10172 in Acute Stroke Treatment (TOAST) criteria] were recorded (24).


[image: Figure 1]
FIGURE 1. Flowchart showing the number of participants who were included for analyses. IC, informed consent.




Imaging Protocol

Imaging was performed on a 7T whole-body system (Philips Healthcare, Best, The Netherlands) with either a 16-channel (n = 35) or 32-channel (n = 47) receive coil and a volume transmit-receive coil for transmission (Quad TR; Nova Medical, Wilmington, MA, USA). The protocol included a pre- and post-contrast T1-weighted intracranial vessel wall sequence [magnetization-prepared inversion recovery turbo spin-echo (MPIR-TSE)], time-of-flight MR angiography (TOF-MRA), diffusion-weighted imaging (DWI), and fluid-attenuated inversion recovery (FLAIR) imaging. The post-contrast MPIR-TSE sequence was acquired 5 min after the administration of 0.1 ml/kg of a gadolinium-containing contrast agent (gadobutrol, Gadovist 1.0 mmol/ml, Bayer Schering Pharma, Newbury, UK). The TOF-MRA images were used for anatomical verification of the large intracranial vessels seen on the MPIR-TSE images. The following acquisition parameters were used for the MPIR-TSE sequence: field of view (FOV) 220 × 180 × 13 mm3 (n = 40), which was extended during the study period to 250 × 250 × 190 mm3 (n = 42) (23), acquired spatial resolution 0.8 × 0.8 × 0.8 mm3, reconstructed spatial resolution 0.5 × 0.5 × 0.5 mm3, repetition time (TR) 3,952 ms, echo time (TE) 37 ms, inversion time (TI) 1,375 ms, and acquisition time 10 min 40 s. In case of the smaller FOV sequence, the FOV was placed in such a way that all large intracranial arteries of the anterior circulation were within the imaging plane, which included the anterior cerebral arteries (ACAs; A1 and A2 segments), middle cerebral arteries (MCAs; M1 and M2 segments), and the distal parts of the internal (intracranial) carotid arteries (ICAs; clinoid, supra-clinoid, and terminal segments). Acquisition parameters for the other sequences were as follows: for the TOF-MRA, FOV 190 × 190 × 102 mm3, acquired spatial resolution 0.4 × 0.5 × 0.6 mm3, reconstructed spatial resolution 0.4 × 0.4 × 0.3 mm3, TR 21 ms, TE 2.3 ms, and acquisition time 9 min 18 s; for the DWI, FOV 220 × 220 × 123 mm3, acquired and reconstructed spatial resolution 1.5 × 1.5 × 1.5 mm3, TR 17,659 ms, TE 57 ms, and acquisition time 6 min 10 s; and for the FLAIR sequence, FOV 250 × 250 × 190 mm3, acquired spatial resolution 0.8 × 0.8 × 0.4 mm3, reconstructed spatial resolution 0.5 × 0.5 × 0.5 mm3, TR 8,000 ms, TE 300 ms, TI 2,200 ms, and acquisition time 10 min 48 s [for more details, see Lindenholz et al. (11)].



Vessel Wall Assessment

The MR vessel wall images were scored by an expert in reading intracranial vessel wall images (AK, 9 years of experience). The reader was blinded for patient details and clinical information. Interrater reproducibility measures for the assessment of these vessel wall images have been published before [intraclass correlation coefficient, 0.93; 95% confidence interval (CI); 0.90–0.96; Dice similarity coefficient (DSC), 0.81] (25). For the current study, intracranial vessels of the anterior circulation were assessed, including the ACA (A1 and A2 segments), MCA (M1 and M2 segments), and the ICA (clinoid, supra-clinoid, and terminal segments). A vessel wall lesion was defined as a visually judged focal or diffuse vessel wall thickening of >50% compared with the neighboring vessel wall (or contralateral vessel wall in case of diffuse thickening), with or without contrast enhancement (11). Contrast enhancement was assessed by comparing pre- and post-contrast images including co-registered subtraction images using the Elastix toolbox in MeVisLab (version 2.7, MeVis Medical Solutions, Bremen, Germany) (26). Contrast enhancement of a vessel wall lesion was defined as lesion hyperintensity approximating the signal intensity of the pituitary stalk on the post-contrast MR images on at least two consecutive images using the pre-contrast MR images as a reference and the coregistered subtraction images as confirmation. Contrast-enhancing foci at the location where the ICA pierces the dura mater were classified as vasa vasorum and were not considered vessel wall enhancement. The intracranial vessel wall lesion burden was used as a continuous variable for the primary analysis and was defined as the total number of vessel wall lesions for each patient. The total number of enhancing vessel wall lesions was used as a continuous variable in the secondary analysis.



Parenchyma Assessment

The DWI and FLAIR images and T1-weighted MPIR-TSE images were assessed for anterior circulation parenchymal changes by an expert neuroradiologist (TDW, 30 years of experience). The reader was blinded for patient details, clinical information, and vessel wall lesion assessment. The following cerebral parenchymal changes were scored: cortical infarcts and (recent) small subcortical infarcts, deep gray matter infarcts and lacunes of presumed vascular origin, cortical microinfarcts, and periventricular and deep WMHs. A recent position paper has judged all of these MR findings except for cortical infarcts (and possibly cortical microinfarcts) to be related to SVD (27).

Cortical infarcts were defined as hyperintense lesions on FLAIR imaging located in the cerebral cortex and >5 mm in diameter, with or without associated tissue loss or extension into the deep white matter. When a cortical infarct was multifocal or extending into the white matter, but with similar presumed origin, the infarct was scored as a single cortical infarct. Small subcortical infarcts and lacunes of presumed vascular origin were defined as hyperintense lesions of, respectively, 15–20 and 3–15 mm in diameter on FLAIR imaging with or without a hypointense center or cavity and local tissue loss, classified and scored according to the STRIVE criteria (27). Deep gray matter infarcts were defined as hyperintense lesions on FLAIR imaging located in the basal ganglia or thalamus >3 mm in diameter (not specifically defined in the STRIVE criteria but derived from the position paper) (27). Cortical microinfarcts were defined as hyperintense lesions on FLAIR imaging in the cerebral cortex smaller than 5 mm in size and scored according to a recent consensus paper (20). The periventricular and deep WMHs on FLAIR imaging were also defined according to the STRIVE criteria and were scored with the Fazekas four-point scale for periventricular (0 = absent WMH lesions, 1 = “caps” or pencil-thin lining, 2 = smooth “halo,” and 3 = irregular hyperintensities extending into the deep white matter) and for deep WMHs (0 = absence or a single punctate WMH lesion, 1 = multiple punctate lesions, 2 = beginning confluency of lesions, and 3 = large confluent lesions) (27, 28). The presence of any cerebral infarct in the flow territory of the anterior circulation and the WMH score (dichotomized into high, Fazekas 2 or 3; and low, Fazekas 0 or 1) were used as primary outcomes in the analyses. The number of cerebral infarcts was used as outcomes for the secondary analysis.



Statistical Analysis

Descriptive baseline statistics are presented as proportions or means. To estimate associations between intracranial vessel wall lesion burden and presence or number of cerebral parenchymal changes, appropriate regression analyses for modeling count data were performed. Age and sex were included as covariates. In the primary analyses, the association between the number of intracranial vessel wall lesions (as continuous and independent variable) and the presence of any scored cerebral parenchymal change (dichotomized outcome as dependent variable) were individually and all together investigated with a negative log-binomial regression model. A composite variable was composed of the infarcts that are often considered to be manifestations of cerebral SVD and included small subcortical and deep gray matter infarcts and lacunes of presumed vascular origin (27). In the secondary analyses, the associations between the total number of intracranial vessel wall lesions (independent variable) and the total number of infarcts (count data; classified by infarct type, dependent variable) were investigated with a negative log-binomial regression model for the number of infarcts. To assess the association between the number of enhancing intracranial vessel wall lesions (independent variable) and presence and number of the scored cerebral parenchymal changes as dependent variables, we used the same methods as in the primary and secondary analyses. Negative log-binomial regression generally provides rate ratios, which are interpretable as relative risks. Therefore, associations are presented in more commonly used relative risks. For all analyses, 95% CIs are given. A two-sided p < 0.05 was considered statistically significant. Statistical analyses were performed using SPSS version 21.0 (IBM SPSS Statistics, IBM Corp., Armonk, NY, USA).




RESULTS

A total of 105 patients were included in the IVI study. Twenty-three patients were excluded because of reasons listed in Figure 1, leaving a total of 82 patients for the current study. Baseline characteristics of the study participants are shown in Table 1.


Table 1. Baseline characteristics.
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Distribution of Intracranial Vessel Wall Lesions and Cerebral Parenchymal Changes

Sixty-two patients (75%) had a total of 193 vessel wall lesions and 35 patients (43%) a total of 81 enhancing vessel wall lesions. The total number of (enhancing) vessel wall lesions per arterial segment is shown in Supplementary Table 1.

Sixty-eight patients (83%) had at least one cerebral parenchymal vascular lesion. Fifty-five patients (67%) had a total of 122 cortical infarcts. One patient (1%) had a small subcortical infarct of <20 mm, 23 patients (28%) had a total of 54 lacunes of presumed vascular origin, 15 patients (18%) had a total of 21 subcortical deep gray matter infarcts, and 16 patients (20%) had a total of 43 cortical microinfarcts. For the periventricular WMHs and for the deep WMHs, 24 patients (29%) and 25 patients (30%) had a Fazekas score of 2 and 3, respectively. All details regarding the detected cerebral parenchymal changes are shown in Supplementary Table 2.



Intracranial Vessel Wall Lesion Burden and Cerebral Parenchymal Changes

Unadjusted and adjusted relative risks for the association between intracranial vessel wall lesion burden and the presence of cerebral parenchymal changes are shown as primary analyses in Table 2. In our study population, vessel wall lesion burden was not associated with the presence of small cortical infarcts (adjusted relative risk, 1.07; 95% CI, 0.98–1.17). Neither was an association found between vessel wall lesion burden and presence of lacunes of presumed vascular origin (adjusted relative risk, 1.13; 95% CI, 0.95–1.34), deep gray matter infarcts (adjusted relative risk 1.25; 95% CI, 0.98–1.60), and cortical microinfarcts (adjusted relative risk 1.07; 95% CI, 0.85–1.36). When all subcortical infarcts were combined into one composite variable composing the infarcts often considered to be a manifestation of SVD, an association was found between vessel wall lesion burden and presence of an infarct (adjusted relative risk, 1.18; 95% CI, 1.03–1.35). In addition, the presence of moderately to severe (Fazekas 2–3) periventricular WMHs was associated with vessel wall lesion burden (adjusted relative risk, 1.21; 95% CI, 1.02–1.42). No association was found between deep WMHs and vessel wall lesion burden. An example of the presence of vessel wall lesions and a high WMH score is shown in Figure 2.


Table 2. Associations between the presence of parenchymal changes and the intracranial vessel wall lesion burden.
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FIGURE 2. A 72-year-old female with a right-sided ischemic stroke; imaging 25 days after symptom onset. (A–D) Precontrast 7T transverse FLAIR images and (E–H) post-contrast 7T transverse T1-weighted MPIR-TSE vessel wall images. Lacunar infarcts are located in the right frontal [arrow in (A)] and right frontotemporal area [arrow in (B)]. Multiple cortical microinfarcts are also seen [arrows in (C)], as well as periventricular and deep white matter hyperintensities [arrows in (D)]. Note also the extensive enlarged periventricular spaces in this patient [not scored; arrows in (E,F)]. Vessel wall lesions are seen in the left and right middle cerebral arteries (M1 segments) [arrows in (G,H)].


In the secondary analyses, we did not find an association between intracranial vessel wall lesion burden and the number of cerebral parenchymal changes of any type (Table 3). In the subanalyses, an association was found between the enhancing vessel wall lesion burden and the number of cortical microinfarcts (relative risk, 1.48; 95% CI, 1.04–2.11), but no other association was found between the enhancing vessel wall lesion burden and either presence (Table 4) or number (Table 5) of cerebral parenchymal changes.


Table 3. Associations between the number of parenchymal changes and the intracranial vessel wall lesion burden.
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Table 4. Associations between the presence of parenchymal changes and the enhancing intracranial vessel wall lesion burden.
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Table 5. Associations between the number of parenchymal changes and the enhancing intracranial vessel wall lesion burden.
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DISCUSSION

In the current study, an increased vessel wall lesion burden was associated with the presence of small subcortical infarcts, lacunes of presumed vascular origin, or deep gray matter infarcts, and with the presence of moderate-to-severe periventricular WMHs. We did not find an association between intracranial vessel wall lesion burden and presence and number of large cortical infarcts and presence and number of infarcts when classified by type. In addition, the enhancing vessel wall lesion burden was only associated with the number of cortical microinfarcts.

Several of the cerebral parenchymal changes that we assessed in our study have been considered manifestations of SVD (27). SVD is generally defined by cerebral parenchymal manifestations, as SVD itself is difficult to quantify (19, 29–31). By contrast, large artery disease can be assessed directly using either lumenography techniques (stenosis) or intracranial vessel wall imaging (vessel wall lesions) (9). Many studies focus on either large vessel disease or SVD, and ongoing effort has been committed to find differences or similarities between cerebral large artery disease and SVD (32–39). Despite anatomical and pathophysiological differences between large and small intracranial vessels, the intracranial vasculature is interrelated as one vascular network. SVD has recently been described as a dynamic whole-brain disease that in some cases may share a similar etiology with large vessel disease. In this proposed “parent artery atheroma theory,” atherosclerotic plaques in the large cerebral arteries (e.g., MCA) cause an occlusion at the origin of smaller branching arteries, subsequently leading to cerebral parenchymal changes reflecting SVD (21, 39). The findings in our study can support this theory, as we found an association between the presence of infarcts often related to SVD and the intracranial vessel wall lesion burden (Table 2). Specific microbiota, proteases, and immunoglobulins from atherosclerotic plaques can cause a cascade that harms the vessel wall endothelium and the blood–brain barrier and consequently could lead to SVD (22). This may be an alternative explanation of our findings that the co-occurrence of intracranial vessel wall lesions and parenchymal manifestations of SVD may suggest concomitant changes in both large and small intracranial vasculature.

It remains uncertain why an association was found between the enhancing vessel wall lesion burden and number of cortical microinfarcts, but not with the presence of cortical microinfarcts nor with the presence or number of any other type of infarct. This is most likely related to insufficient statistical power. Increasing evidence, including pooled data, shows that vessel wall lesion enhancement may be associated with plaque vulnerability and consequently with higher risk of ischemic events (40–42). Histopathological validation and especially follow-up studies with a larger sample size are necessary to investigate whether this applies to our study population.

Several etiologies have been described that attempt to explain different categories of WMHs, yet it remains unclear if there indeed exist distinct mechanisms for periventricular and deep WMH development and if these differences are of clinical importance (19, 43, 44). The presence of both periventricular and deep WMHs may be a result of underlying vascular changes (and subsequent loss of vascular integrity) of both large and SVD (19). Nevertheless, different associations between periventricular and deep WMHs were found in our study, and definite explanations for these discrepancies have yet to be further investigated.

In contrast to previous studies investigating ICAS as a risk factor for (large artery) ischemic stroke, in our study, no association was found between intracranial vessel wall lesion burden and presence and number of (large) cortical infarcts. This may be due to the setup of the IVI study, for which specifically ischemic stroke and TIA patients were selected, not limited to large-artery atherosclerosis according to the TOAST criteria, and without inclusion of healthy volunteers. Large numbers of patients are needed to detect small differences in this type of study population. Another explanation (especially for the number of cortical infarcts) may be the difference in definition of ICAS. Previous studies often used intracranial stenosis as a proxy for ICAS, but this represents an advanced state of ICAS (45, 46). In early-to-moderate stages of ICAS, vessel wall changes may be its only (early) sign; due to vascular remodeling, luminal narrowing often occurs in advanced stages of the disease (47).

The strength of this study is that data have been derived from a relatively large number of patients who received 7T MR vessel wall imaging; high-resolution 7T MRI has been shown superior to 3T MRI in visualizing the intracranial vessel wall because of its high contrast-to-noise ratio and has a better detection rate of especially small symptomatic and asymptomatic cerebral parenchymal changes (12, 48). Still, for analyzing all associations in this study, the absolute number of included patients is limited, and the inherently induced selection bias due to the design of the study may have affected the analyzed associations underestimating the true association due to reversed causality. Also, the smaller size of the subgroup analysis may have accounted for the lack of an association, which also applies for the analyses with the enhancing vessel wall lesion burden as included variable. Although we detected several trends in our analyses, most of them could not be confirmed with statistical significance. We think that this can for the most part be explained by statistical power constraints. When periventricular and deep WMHs share the same etiology, the same reason may account for the observed difference in associations between the presence of periventricular vs. deep WMHs and vessel wall lesion burden. Overall, there was an overrepresentation of patients with a Fazekas score of 1 in both periventricular and deep WMHs, implicating relatively small subgroups of patients with a different Fazekas score. Therefore, (ordinal) regression analyses could not be reliably performed among the individual Fazekas scores. Also, we based our results on multivariable models and tested seven variables of cerebral parenchymal changes with the presence of (enhancing) vessel wall lesions. The Bonferroni correction for multiple testing would mean that our p-value of 0.05 should be divided by the nine outcome variables = 0.009, which indicates statistical significance. That approach would leave no association between (enhancing) vessel wall lesions and cerebral parenchymal changes. Furthermore, several other cerebral parenchymal changes have been recognized to reflect (chronic) vascular damage due to SVD, such as cerebral microbleeds, which were not assessed in this study (27). Ideally, the inclusion of a larger group of patients could improve the statistical reliability and enable inclusion of more potential confounders or effect modifiers, while assessment of these other cerebral parenchymal changes may contribute to a broader understanding of the potential associations between intracranial vessel wall lesion burden reflecting underlying large artery disease and the cerebral sequelae associated with SVD. Another limitation of assessing intracranial vessel wall lesion burden is the absence of a gold standard method to assess ICAS lesions found on MRI. However, this is a limitation of all studies on intracranial vessel wall MRI, and several post-mortem ex vivo imaging correlation studies have been performed, tentatively increasing the confidence that detected vessel wall lesions represent true ICAS (15, 18, 49). Yet the cutoff point between confirmed early-stage atherosclerotic lesions and non-pathological or natural variations of vessel wall thickness may be difficult to define.



CONCLUSIONS

Within this relatively small sample size, intracranial vessel wall lesion burden was associated with the presence of periventricular WMHs and the presence of any type of infarct often linked to SVD, while no association was found with (large) cortical infarcts. The co-occurrence of intracranial vessel wall lesions and parenchymal manifestations generally attributed to SVD tentatively suggests that either vessel wall lesions of the large intracranial parent arteries eventually result in cerebral parenchymal manifestations of SVD, e.g., by occluding the orifices of smaller branching arteries, or vascular changes occur in both large and small intracranial arteries simultaneously. In the future, studies with larger sample sizes are required to confirm these findings.
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Background: T2-weighted (T2w) intracranial vessel wall imaging (IVWI) provides good contrast to differentiate intracranial vasculopathies and discriminate various important plaque components. However, the strong cerebrospinal fluid (CSF) signal in T2w images interferes with depicting the intracranial vessel wall. In this study, we propose a T2-prepared sequence for whole-brain IVWI at 3T with CSF suppression.

Methods: A preparation module that combines T2 preparation and inversion recovery (T2IR) was used to suppress the CSF signal and was incorporated into the commercial three-dimensional (3D) turbo spin echo sequence-Sampling Perfection with Application optimized Contrast using different flip angle Evolution (SPACE). This new technique (hereafter called T2IR-SPACE) was evaluated on nine healthy volunteers and compared with two other commonly used 3D T2-weighted sequences: T2w-SPACE and FLAIR-SPACE (FLAIR: fluid-attenuated inversion recovery). The signal-to-noise ratios (SNRs) of the vessel wall (VW) and CSF and contrast-to-noise ratios (CNRs) between them were measured and compared among these three T2-weighted sequences. Subjective wall visualization of the three T2-weighted sequences was scored blindly and independently by two radiologists using a four-point scale followed by inter-rater reproducibility analysis. A pilot study of four stroke patients was performed to preliminarily evaluate the diagnostic value of this new sequence, which was compared with two conventional T2-weighted sequences.

Results: T2IR-SPACE had the highest CNR (11.01 ± 6.75) compared with FLAIR-SPACE (4.49 ± 3.15; p < 0.001) and T2w-SPACE (−56.16 ± 18.58; p < 0.001). The subjective wall visualization score of T2IR-SPACE was higher than those of FLAIR-SPACE and T2w-SPACE (T2IR-SPACE: 2.35 ± 0.59; FLAIR-SPACE: 0.52 ± 0.54; T2w-SPACE: 1.67 ± 0.58); the two radiologists’ scores showed excellent agreement (ICC = 0.883).

Conclusion: The T2IR preparation module markedly suppressed the CSF signal without much SNR loss of the other tissues (i.e., vessel wall, white matter, and gray matter) compared with the IR pulse. Our results suggest that T2IR-SPACE is a potential alternative T2-weighted sequence for assessing intracranial vascular diseases.

Keywords: intracranial vessel wall imaging, atherosclerosis, stroke, SPACE, T2IR


INTRODUCTION

Intracranial atherosclerotic disease is a leading cause of ischemic stroke worldwide, particularly in the Asian population (Kim and Johnston, 2011; Qureshi and Caplan, 2014). High-resolution magnetic resonance (MR) intracranial vessel wall imaging (IVWI) has been reported as a promising technique allowing direct visualization of intracranial atherosclerotic plaques (Swartz et al., 2009; Qiao et al., 2011; Zhu et al., 2016; Mandell et al., 2017; Young et al., 2019). The characterization of intracranial vessel walls using MR imaging requires suppressing the MR signal arising from luminal blood and cerebrospinal fluid (CSF) (Qiao et al., 2011; van der Kolk et al., 2013; Dieleman et al., 2014; Mandell et al., 2017; Young et al., 2019), helping to delineate both the inner and outer walls of the vessels. Early studies mainly focused on T1-weighted IVWI because of its ability to reveal vessel wall abnormalities with (i.e., atherosclerotic plaque) or without contrast agents (i.e., intraplaque hemorrhage), and it can also help classify intracranial vasculopathy (i.e., vasculitis) (Qiao et al., 2011; van der Kolk et al., 2013; Dieleman et al., 2014; Zhang et al., 2015; Mandell et al., 2017; Young et al., 2019; Jia et al., 2020).

Recently, studies have shown that T2-weighted IVWI has the potential to identify intracranial plaque components and classify plaque types (van der Kolk et al., 2015; Harteveld et al., 2016; Jiang et al., 2016). For example, T2-weighted IVWI allows the identification of lipid cores and fibrous cap ruptures (Turan et al., 2013; Chung et al., 2014). Xu et al. (2010) reported that a hyperintense band adjacent to the lumen on T2-weighted images might suggest a fibrous cap. Ryu et al. (2009) reported that the foci of T2 hyperintensity within plaques were more frequently observed in symptomatic stenosis than in asymptomatic stenosis. Additionally, T2-weighted IVWI can be used as a complementary tool in multi-contrast vessel wall imaging for classifying intracranial vasculopathy (Mossa-Basha et al., 2015, 2016, 2017) and detecting atherosclerotic lesions that are not visible on magnetic resonance angiography (MRA) (Li et al., 2009).

Although T2-weighted IVWI shows great potential in clinical use, its bright CSF signal makes the outer boundary of the intracranial vessel wall indistinguishable and may lead to estimation bias in vessel wall thickness. Fluid-attenuated inversion recovery (FLAIR) imaging has been applied to three-dimensional (3D) T2-weighted IVWI to suppress the CSF signal (Turan et al., 2013). However, using inversion recovery requires a long inversion time for adequate CSF suppression and causes a significant deficiency in the signal-to-noise ratio (SNR). Another technique that combines T2 preparation and an inversion recovery pulse (referred to as T2IR) was developed to suppress background tissue for flow-independent peripheral angiography (Brittain et al., 1997); its advantages of an improved SNR and reduced T1-weighting make it suitable for various applications (i.e., cardiac MRI, vessel wall imaging, and cerebral blood mapping) (Brittain et al., 1995; Mugler et al., 2000; Wong et al., 2001; Rooney et al., 2007; Busse et al., 2008; Liu et al., 2010, 2017; Visser et al., 2010; Xie et al., 2010; Mugler, 2014; Zhao et al., 2016; Zhang D.F. et al., 2017; Qi et al., 2018; Qin et al., 2019; Zhang et al., 2019; Zi et al., 2020). The T2IR preparation module was used to achieve a submillimeter volumetric FLAIR sequence in an ultra-high field system (Visser et al., 2010).

In the present study, we combined the T2IR preparation module with 3D variable-flip-angle TSE- Sampling Perfection with Application optimized Contrast using different flip angle Evolution (SPACE) acquisition, called T2IR-SPACE, and achieved high resolution IVWI at 3.0T. The performance of the new sequence was assessed in a simulation study and an in vivo study in healthy volunteers and patients. The preliminary work for this study was partially reported in Zhang et al. (2019).



MATERIALS AND METHODS


Pulse Sequence

The proposed T2IR-SPACE sequence comprises two parts (Figure 1): a T2IR preparation module (Brittain et al., 1997) and T2-weighted SPACE acquisition sampling (Mugler et al., 2000; Mugler, 2014) at the null point of the CSF signal.


[image: image]

FIGURE 1. (A) Schematic of the T2IR preparation module followed by SPACE acquisition. (B) Zoom in of T2IR preparation module.


Figure 1B illustrates the timing diagram of the T2IR preparation module used in the present study. This module is designed according to the Carr-Purcell Malcolm Levitt (MLEV) method (Brittain et al., 1995). First, the longitudinal magnetization is excited by a [image: image] radiofrequency (RF) pulse. Next, four composite refocus pulses ([image: image]) are applied, with the phases alternated to minimize the adverse effects of B1 and B0 field inhomogeneities. Finally, a composite [image: image] ([image: image]) pulse tips the T2-prepared transverse magnetization down to the −z axis. The pulse is designed following the composite pulse ([image: image]) of [image: image] (Brittain et al., 1995) but with an opposite phase to tip the magnetization downward. The duration of the T2IR module, TEprep, weights the longitudinal magnetization by −e–TEprep/T2. A spoiling gradient is applied to dephase all the remaining transverse magnetizations (not shown in Figure 1). The SPACE acquisition is delayed by the time of inversion (TI) from the last 90° pulse at the null point of the CSF signal. All the pulses used are hard pulses, and the durations of the 90°, 180°, 270°, and 360° RF pulses are 0.5, 1, 1.5, and 2 ms, respectively.



Simulations

Bloch simulations (Busse et al., 2008; Zhang et al., 2015) were performed to investigate the signal behaviors of the intracranial vessel wall and CSF in the T2IR-SPACE sequence. The simulation parameters were as follows: TR/TE = 2500/92 ms; echo spacing (ESP) = 4.4 ms; echo train length (ETL) = 77; TEprep = 200 ms; and TI = 950 ms. The T1 and T2 values were 4300 and 2200 ms for CSF (Rooney et al., 2007; Liu et al., 2017), and 1200 and 50 ms for the vessel wall (Xie et al., 2010; Qi et al., 2018). The simulation was implemented and performed in MATLAB version 2010 (MathWorks, Natick, MA, United States). The optimization of the parameters of T2IR module (TEprep and TI) is provided in the Supporting Material (Supplementary Figure 1).

The signal evolutions of the vessel wall and CSF in conventional 3D T2-weighted vessel wall imaging (T2w-SPACE) and 3D T2-weighted vessel wall imaging with a FLAIR preparation pulse to suppress CSF (FLAIR-SPACE) were also simulated and compared with the proposed T2IR-SPACE sequence. The imaging parameters were adjusted to achieve the same spatial resolution and spatial coverage in the same scan time for all three sequences. The simulation parameters for T2w-SPACE were the same as those for T2IR-SPACE (Supplementary Figure 2 shows the optimization of T2w-SPACE). For FLAIR-SPACE, the simulation parameters were TR/TE = 6250/345 ms, ESP = 4.4 ms, ETL = 195, and TI = 2100 ms. The recently developed techniques, such as delay alternating with nutation for tailored excitation (DANTE) prepared T2w-SPACE and AntiDrive were also compared with our proposed T2IR-SPACE (Yang et al., 2016; Fan et al., 2017; Viessmann et al., 2017; Zhang L. et al., 2017). The Parameters for the DANTE module were: flip angle = 8°, number of pulses = 150, maximum gradient (in x, y, and z directions) = 20 mT/m, interpulse duration = 1.5 ms.



In vivo Experiments

All the experiments were performed using a 3T clinical whole-body MR system (TIM TRIO, Siemens, Erlangen) equipped with a 32-channel head coil. Nine healthy volunteers (three female; aged 24–61 years; mean age: 44.9 years) without known cerebrovascular disease were recruited for the volunteer study. Four patients (one female; aged 33–52 years) with symptoms of stroke and a diagnosis of intracranial arterial stenosis based on earlier MR angiography or computed tomography angiography were recruited for the pilot study. The patients were recruited during initial hospitalization within 30 days of symptom onset. Two more volunteers (both females, aged 62 and 29 years) were recruited to compare DANTE prepared T2w-SPACE and AntiDrive with T2IR-SPACE. Both studies were approved by the institutional review board, and informed consent forms were signed by all the participants before MR imaging.

For each volunteer, IVWI using whole-brain coverage was performed using T2IR-SPACE, T2w-SPACE, and FLAIR-SPACE. The imaging parameters were the same as those in the simulation and were summarized in Table 1. All the sequences were performed in the sagittal orientation. The fat suppression technique used in this study was composed of a spectral-selective pulse and spoiling gradients. GRAPPA was used to accelerate the scan time. The total scan time was 11 min 40 s for each of the three sequences.


TABLE 1. Imaging parameters of the sequences evaluated in the study.

[image: Table 1]
In the patient study, three scans (T2IR-SPACE, T2w-SPACE, and FLAIR-SPACE, respectively) were conducted for two patients. The other two patients underwent only T2IR-SPACE and T2w-SPACE scans because they could not endure the long scan times. The imaging parameters were the same as those in the volunteer study.



Image Analysis

Qualitative image analysis was performed at a workstation (Syngo MultiModality Workplace, Siemens Healthcare, Germany) by two experienced radiologists (Q.Y.L. and Z.Y. with over 10 and 7 years of experience in neurovascular imaging, respectively) independently. The 3D image sets of T2IR-SPACE, FLAIR-SPACE and T2w-SPACE were presented to the two radiologists individually in a random order, with imaging information being blinded. The intracranial vascular beds were divided into three segments for assessment: Segment 1 included the M1–2 segments of the middle cerebral artery (MCA); Segment 2 included the basilar artery (BA) and V3–4 segments of VA; Segment 3 included C4–7 segments of ICA. Image quality was assessed using a four-point scale: 0 (poor), more than 50% of the vessel walls were invisible; 1 (acceptable), more than 50% of the walls were visible, but with noticeable blurring or limited SNR and CNR between the vessel wall and CSF; 2 (good), vessel walls were continuously visible but were slight blurred; 3 (excellent), vessel walls were clearly depicted with good SNR, CNR and sharpness. Scores >1 were regarded as diagnostic.

Quantitative analysis was performed at the following three vessel segments surrounded by CSF with different flow rate: the M1 segment of the MCA of both the left and right sides, BA, and internal carotid artery cavernous segment (C4, ICA) of both the left and right sides. T2IR-SPACE, FLAIR-SPACE and T2w-SPACE images were co-registered on the workstation using 3D image fusion functionality (Syngo Fusion, Siemens, Germany). 2D cross-sectional wall images were reconstructed by an experienced MRI scientist (Z.N.) using multiplanar reconstruction for each arterial segment; five vessel segments were reconstructed for each subject. Care was taken to ensure location matching among different scans. The SNR of the vessel wall and adjacent CSF and the contrast-to-noise ratio (CNR) between them were measured using region-of-interest (ROI) analysis. Based on the aforementioned 2D images, the ROI was manually prescribed on the images where the vessel walls were clearly visualized in all three sequences, and the mean signal intensities (S) of these sequences were obtained. The SNR is defined as SNR = S/σ, where S is the mean signal intensity of a certain tissue (VW or CSF) and σ is the noise measured as the standard deviation from an artifact-free air region of the nasal cavity. The CNR between the VW and CSF is defined as CNR = SNRVW-SNRCSF.

Statistical analyses were performed by using SPSS software (version 19.0; Chicago, IL, United States). The intra-reader correlation coefficient (ICC) was obtained from a two-way random model. The ICC value was interpreted as excellent, good, fair, and poor when it was between 0.75 and 1, between 0.6 and 0.74, between 0.4 and 0.59, and less than 0.4, respectively. Paired two-tailed Wilcoxon signed-rank test was performed on the data sets to determine the significance of the differences. The significance level was set at p < 0.05/2 = 0.025 (Bonferroni correction). The data were presented as means ± standard deviation.




RESULTS


Simulations

The simulated signal evolutions within one TR were plotted after ten repetitions of the pulse sequence until the signal evolutions reached the steady-state for subsequent repetitions. The signal evolution for T2IR-SPACE (Figure 2A) comprises four parts: (I) transverse magnetization (Mxy) modulated by T2 decay during the T2IR module, in which, the Mxy of CSF decreases slightly because of its long T2 value and the Mxy of vessel wall is close to zero at the end of the T2IR module; (II) a second [image: image] pulse tipping the transverse magnetization to the negative longitudinal axis, and the Mz recovering from the −z axis during TI; (III) Mxy during the SPACE acquisition that performs around the null point of CSF; and (IV) recovery of the Mz during Trec. The signal evolution for FLAIR-SPACE (Figure 2C) comprises three parts: (I) recovery of the Mz from the −z axis after the inversion recovery pulse; (II) Mxy during the SPACE acquisition around the null point of CSF; and (III) recovery of Mz during the remainder of the TR. T2w-SPACE signal evolution (Figure 2E) has two parts: (I) Mxy during the SPACE acquisition and (II) recovery of Mz during the remaining time of TR. Figures 2B,E,F are the magnified blocks from Figures 2A,B,E, showing the Mxy during the SPACE acquisition in T2IR-SPACE, FLAIR-SPACE, and T2w-SPACE, respectively. The CSF signals were well suppressed in both T2IR-SPACE and FLAIR-SPACE (both < 0.05). The signal intensity of the vessel wall in T2IR-SPACE (∼0.2) was almost twice that in FLAIR-SPACE (∼0.1). Although T2w-SPACE had the highest vessel wall signal (∼0.25) among these three sequences, the unsuppressed CSF signal (∼0.5) resulted in a low contrast between the vessel wall and CSF.


[image: image]

FIGURE 2. Signal evolutions of the vessel wall and CSF for (A) T2IR-SPACE, (C) FLAIR-SPACE, and (E) T2w-SPACE sequences within one TR using Bloch simulation. Signal evolutions of transverse magnetization during the acquisition for (B) T2IR-SPACE, (D) FLAIR-SPACE, and (F) T2w-SPACE.




In vivo Experiments

The MR scans were successfully acquired in all the participants with adequate or excellent image quality. As expected, the CSF signal was effectively suppressed in all T2IR-SPACE images while the signal of other tissues maintained a high level. The qualitative image analysis results are summarized in Table 2. T2IR SPACE showed better overall image quality when visualizing the intracranial vessel wall (reader 1, T2IR-SPACE: 2.35 ± 0.59; FLAIR-SPACE: 0.52 ± 0.54; T2w-SPACE: 1.671 ± 0.58). The inter-reader reliability was 0.883 (0.794–0.93; p < 0.0001). Representative images are shown in Figure 3. The vessel walls were clearly visualized at all segments of intracranial arteries on T2IR-SPACE images, while they were almost invisible at most segments on FLAIR-SPACE images because of their low SNRs (labeled by red arrows). Additionally, the intracranial vessel wall could not be differentiated in T2w-SPACE images because of the high CSF signal.


TABLE 2. Comparison of the vessel wall visualization quality among T2IR, FLAIR, and T2w based on a four-point scale (0, poor; 1, fair; 2, good; and 3, excellent).

[image: Table 2]
[image: image]

FIGURE 3. Comparison among (A) T2IR-SPACE, (B) FLAIR-SPACE, and (C) T2w-SPACE images in a healthy 60-year-old volunteer. Curved multi-planar reconstruction images of both the left and right sides, starting from the internal carotid artery (ICA) and continuing up to the M2 segment of the middle cerebral artery (MCA), were generated for visual comparison. Bottom images show the zoomed-in image to better show the inner/outer vessel wall for each sequence, CSF area are labeled by the arrows. (A) The vessel walls are clearly visualized at all segments of intracranial arteries on T2IR-SPACE. (B) The SNR is low on FLAIR-SPACE, and most of the intracranial vessel wall cannot be delineated (indicated by the red arrowheads). (C) For T2w-SPACE, delineating the outer boundary of the intracranial artery wall is challenging.


The quantitative results are summarized in Table 3. T2IR-SPACE showed the best image contrast between the vessel wall (VW) and CSF (CNR: 11.01 ± 6.75) among the three sequences. As expected, the SNRs of the VW and CSF from T2w-SPACE were the highest (VW: 50.45 ± 18.50; CSF: 106.61 ± 7.70), but the high CSF signal made delineating the outer boundary of the intracranial vessel wall challenging. The CSF signal was effectively suppressed in both T2IR-SPACE and FLAIR-SPACE, but the T2IR-SPACE had a much higher vessel wall signal (20.57 ± 6.07 vs. 9.40 ± 3.06; p < 0.001), resulting in a higher CNR between the VW and CSF (11.01 ± 6.75 vs. 4.49 ± 3.15; p < 0.001). The CNRs approximately agreed with the Bloch simulation predictions shown in Figure 2.


TABLE 3. SNR and CNR measurement results.

[image: Table 3]
Imaging was successfully performed in all four patients. Among the four patients, three patients were found to have atherosclerosis plaques at the location of stenosis. One patient (female, 33 years old) was diagnosed as probable vasculitis (Figure 4), concentric wall thickening at MCA was more conspicuous on the T2IR-SPACE image than on the FLAIR-SPACE and T2w-SPACE images. Figures 5, 6 show the patients with atherosclerosis, in which wall thickening at the M2 segment of MCA was depicted only in T2IR-SPACE imaging (Figure 5).


[image: image]

FIGURE 4. A 33-year-old female patient diagnosed with vasculitis. (A) T2IR-SPACE, (B) FLAIR-SPACE, and (C) T2w-SPACE images. Top: coronal view of the right MCA; Bottom: sagittal view of the thickened vessel wall pointed by the arrowheads. Among the three T2w sequences, only T2IR-SPACE depicted concentric wall thickening on the M1 segment of the right MCA; the vessel wall was not clear on FLAIR-SPACE, and most parts of the vessel wall were missing; the vessel wall on T2-weighted SPACE imaging appeared normal.



[image: image]

FIGURE 5. Curved MPR of (A) T2IR-SPACE and (B) T2w-SPACE from a 46-year-old male patient. Top: coronal view of the right MCA; Bottom: sagittal view of artery at the location of the dashed line; Wall thickening was depicted only in T2IR-SPACE (labeled by the arrowhead). The vessel appeared normal in T2w-SPACE.



[image: image]

FIGURE 6. In a 45-year-old male patient with ischemic stroke, (A) reconstructed T2IR-SPACE image and (B) T2w-SPACE identified a plaque at the M1 segment of the right MCA. However, the cross-sectional view (bottom dashed insert) showed eccentric wall thickening only on T2IR-SPACE because of the signal suppression of surrounding CSF. The outer boundary of the eccentric plaque was not visible on T2w-SPACE. The yellow arrow means the eccentric wall thickening.


Figure 7 shows example images from a 62-years-old subject acquired with T2IR-SPACE and DANTE prepared T2w-SPACE, where T1w-SPACE was also scanned as a reference standard. Wall thickening was detected at the M2 segment of the right MCA in T2IR-SPACE (yellow arrow). This lesion was confirmed in T1w-SPACE but could not be visualized in DANTE-SPACE. We performed T2w-SPACE with AntiDrive in another healthy subject. The result is shown in Figure 8, illustrating that the CSF signal is not well suppressed and the intracranial vessel wall is not visible.


[image: image]

FIGURE 7. Comparison between (A) T2IR-SPACE and (B) DANTE prepared T2w-SPACE in a 62-year-old subject. (C) T1w-SPACE was scanned as a reference standard. The yellow arrows indicate the wall thickening which is visualized in T2IR-SPACE and T1w-SPACE. The red arrowheads indicate the heterogeneous CSF signal caused by the DANTE module.



[image: image]

FIGURE 8. Representative images of T2w-SPACE with AntiDrive from a healthy subject. The CSF is not well suppressed and the intracranial vessel wall is not visible.





DISCUSSION

T2IR-SPACE achieved high spatial resolution, large spatial coverage and, more importantly, remarkable CSF suppression and enhanced WM-CSF CNR. As shown in our preliminary results, T2IR-SPACE greatly improves the ability of conventional T2w-SPACE to differentiate vessel walls from CSF and is a potential alternative to T2w-SPACE for assessing intracranial vascular diseases.

The subjective assessment results showed that T2IR-SPACE had better intracranial wall visualization than the other two sequences in all vessel wall segments (Table 2). The subjective mean scores of T2IR-SPACE were significantly higher than those of FLAIR-SPACE in all segments. This is because the IR pulse significantly reduced the SNR of the overall image and most parts of the intracranial vessel wall were missing in FLAIR-SPACE images, as demonstrated in both volunteer subjects and patient subjects (Figures 3, 4). Moreover, the radiologist scores of T2IR-SPACE were significantly higher than those of T2w-SPACE in the MCA and BA segments. This is because in the two regions, and the CSF signal in T2-weighted images was high, the outer boundary of the intracranial vessel wall was difficult to differentiate from the surrounding CSF (Figures 3–6), interfering with the accurate diagnosis by the radiologist. In the ICA segment, the radiologist score of T2IR-SPACE showed little improvement without statistical significance compared with T2w-SPACE because the intracranial vessel wall at the ICA region was not surrounded by the CSF fluid, so the high CSF signal would not influence the vessel wall visualization. Our proposed T2IR-SPACE technique compensates for the imperfection of the above two existing approaches. It suppresses the CSF signal without much signal loss of other tissues, and the vessel wall can be clearly visualized at all segments of intracranial arteries in T2IR-SPACE images (Figures 3–6).

Previous studies have demonstrated that patients with symptomatic MCA stenosis have larger wall area, plaque area and remodeling index than asymptomatic patients (Xu et al., 2010; Zhang D.F. et al., 2017; Zhao et al., 2016). A hyperintensity band adjacent to the lumen was often observed on T2-weighted images, which was assumed to represent the fibrous cap (Xu et al., 2010; Mossa-Basha et al., 2015). In these studies, the MCA-CSF interface was used to manually trace the vessel area. The high CSF signal in T2-weighted MRI images makes it difficult to distinguish the outer boundary of the intracranial vessel wall and results in inaccurate measurements of wall area and plaque area. T2IR-SPACE suppresses CSF uniformly in whole-brain coverage and allows clear visualization of the interface between the MCA and CSF, which helps to characterize the features of intracranial plaques more accurately and stratify stroke risk in patients with atherosclerotic disease.

Recently, DANTE prepared SPACE and SPACE with AntiDrive have gained popularity in IVWI due to their efficient CSF suppression and superior SNR efficiency (Yang et al., 2016; Fan et al., 2017; Viessmann et al., 2017; Zhang L. et al., 2017). We compared these techniques with our proposed T2IR-SPACE in a preliminary volunteer study. The DANTE module suppresses the CSF well around the circle of Wills but varies at distal (M2 or beyond) segments of the MCA or adjacent to the brain parenchyma (Figure 7, red arrowheads), because CSF fluid velocity varies in those regions and DANTE is a velocity-sensitive module, thus resulting in a heterogeneous CSF signal and interfering with accurate diagnosis by the radiologist. The T2IR module provides robust CSF suppression regardless of the flow velocity, because this module relies on physical properties (T1 and T2) of CSF rather than the velocity of CSF. Hence, this approach is insensitive to slow flow and flow direction. In T2w-SPACE with AntiDrive, the CSF signal is not well suppressed and the intracranial vessel wall is not visible. This is because the TR (2500 ms) is relatively long in T2w-SPACE, although the AntiDrive pulse inverts the Mz of CSF to the negative longitudinal axis at the end of the echo train, the CSF still recovers to a relatively high value during the long Trec. However, in T1w-SPACE, CSF signal is already low enough and lower than the brain parenchyma due to the short TR, and the application of AntiDrive pulse would further reduce the CSF signal and improve the T1 contrast. This is the reason why AntiDrive pulse is widely used in T1-weighted IVWI.

In this study, a composite 90° pulse was used instead of a hard pulse to tip the magnetization down with better immunity to B0 field inhomogeneity. However, the composite pulse has a narrower bandwidth with limited RF amplitude when implemented on a human scanner and is thus sensitive to B1 field inhomogeneity.

This study has several limitations. One limitation of the technique is the long scan time as result of the long TR required for CSF nulling. This can not be easily compensated for by e.g., choosing a longer ETL as this would negatively impact the effective resolution of the scan. We however feel that the robustness of CSF suppression justifies the use of the sequence. Furthermore, there have efforts already using compressed sensing for IVWI for T1-weighting imaging (Zhu et al., 2018; Jia et al., 2020) and such strategies might be used in T2-weighting imaging to enable shortening of the scan time, thereby improving the clinical feasibility of our sequence. Second, we performed simulations and found that T2IR-SPACE was affected by partial T1-weighting next to the desired T2-weighting, due to the short TI time (Supplementary Figure 3). We will optimize the parameters of T2IR-SPACE to reduce the T1-weighting in future studies. Third, the number of patients involved in this study was small. However, the present study was designed to demonstrate the feasibility and potential of T2IR-SPACE in IVWI. Separate clinical studies involving a large patient cohort are needed to evaluate the clinical relevance for the diagnosis of intracranial vascular disease.



CONCLUSION

In the present study, we developed a new whole-brain T2-weighted intracranial arterial wall imaging sequence with CSF suppression. The T2IR preparation module suppresses the CSF signal remarkably without much SNR loss of in other tissues (i.e., vessel wall, white matter, and gray matter) compared with the IR pulse. Our results suggest that T2IR-SPACE is a potential alternative T2-weighted sequence for assessing intracranial vascular diseases.
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Supplementary Figure 1 | Simulated T2IR-SPACE signal intensity of (A) vessel wall, (B) CSF, and (C) contrast between the vessel wall and CSF as a function of TI and TEprep.

Supplementary Figure 2 | T2w-SPACE images with different TRs in a healthy subject.

Supplementary Figure 3 | Simulation results of T2IR-SPACE from two hypothetical tissues with the same T2 value and different T1 values (a,b); the same T1 value and different T2 values (c,d).
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Objective: Neuroimaging measurements of brain structural integrity are thought to be surrogates for brain health, but precise assessments require dedicated advanced image acquisitions. By means of quantitatively describing conventional images, radiomic analyses hold potential for evaluating brain health. We sought to: (1) evaluate radiomics to assess brain structural integrity by predicting white matter hyperintensities burdens (WMH) and (2) uncover associations between predictive radiomic features and clinical phenotypes.

Methods: We analyzed a multi-site cohort of 4,163 acute ischemic strokes (AIS) patients with T2-FLAIR MR images with total brain and WMH segmentations. Radiomic features were extracted from normal-appearing brain tissue (brain mask–WMH mask). Radiomics-based prediction of personalized WMH burden was done using ElasticNet linear regression. We built a radiomic signature of WMH with stable selected features predictive of WMH burden and then related this signature to clinical variables using canonical correlation analysis (CCA).

Results: Radiomic features were predictive of WMH burden (R2 = 0.855 ± 0.011). Seven pairs of canonical variates (CV) significantly correlated the radiomics signature of WMH and clinical traits with respective canonical correlations of 0.81, 0.65, 0.42, 0.24, 0.20, 0.15, and 0.15 (FDR-corrected p-valuesCV1–6 < 0.001, p-valueCV7 = 0.012). The clinical CV1 was mainly influenced by age, CV2 by sex, CV3 by history of smoking and diabetes, CV4 by hypertension, CV5 by atrial fibrillation (AF) and diabetes, CV6 by coronary artery disease (CAD), and CV7 by CAD and diabetes.

Conclusion: Radiomics extracted from T2-FLAIR images of AIS patients capture microstructural damage of the cerebral parenchyma and correlate with clinical phenotypes, suggesting different radiographical textural abnormalities per cardiovascular risk profile. Further research could evaluate radiomics to predict the progression of WMH and for the follow-up of stroke patients’ brain health.

Keywords: stroke, cerebrovascular disease (CVD), MRI, radiomics, machine learning, brain health


INTRODUCTION

White matter hyperintensities (WMH) are a cardinal manifestation of small vessel disease (SVD) (Wardlaw et al., 2013). Increased WMH burden is associated with incident ischemic stroke and worse clinical outcome (Arsava et al., 2009). Beyond ischemic stroke, WMH are also associated with vascular cognitive impairment and dementia (Au et al., 2006). WMH prevalence increases with age but is also directly influenced by individual small vessel risk factors: the aggregation of cardiovascular risk factors leads to an increased WMH burden (Wardlaw et al., 2015). Hence, WMH are an imaging biomarker of brain health suggestive of neurodegeneration beyond normal brain aging (Brugulat-Serrat et al., 2019).

Structural injury of the brain has been shown to occur at the macrostructural level, in the form of WMH, but also at the microstructural level. Advanced diffusion tensor imaging (DTI) studies have shown an age-related loss of parenchymal microstructural integrity in normal-appearing white matter (NAWM) (Etherton et al., 2017a). Furthermore, perfusion-weighted imaging (PWI)-based research has also revealed age-related alterations of the blood-brain barrier with increased contrast agents’ leakage (Topakian et al., 2010). However, such microstructural injuries are not visualized with conventional structural MRI sequences, and as DTI and PWI require special acquisition times, the outlined imaging biomarkers are not currently used in clinical routine for SVD patients. Consequently, we are in need of conventional MRI-based methodologies that better quantify SVD and brain health to ensure a widespread application and translation to clinical practice.

Radiomic analyses cover a broad ensemble of high-throughput quantification methods applicable to digitalized medical images (Gillies et al., 2015). These methods automatically extract high-dimensional data, called radiomic features, by describing a given region of interest by its size, shape, histogram, and relationship between voxels. Because these techniques can capture slight differences in intensities and patterns that would remain undetected to a human reader, radiomics bear the potential to describe neuroimaging beyond what meets the naked eye, and thus might help to phenotype SVD (Lambin et al., 2012). Conceivably, they may identify early underlying brain injury at the individual level with rapid clinical translatability and thus enhance personalized care in stroke and SVD.

The aim of the current study was to assess the structural integrity of the brain using a texture analysis approach and to understand the infra-radiological footprint of WMH by exploring its relationship with cardiovascular risk profiles. To do so, we analyzed 4,163 T2 FLAIR images from a large multi-site international collaborative effort studying stroke and WMH. We sought to (a) build a robust radiomic signature of the subvisible manifestations of WMH and (b) to apply canonical correlation analysis (CCA) to investigate the relation between this latent textural expression in relation to sociodemographic information and cardiovascular risk factors, providing a potentially novel approach to improve SVD and stroke care.



MATERIALS AND METHODS


Participants

We reviewed all ischemic stroke patients included in the MRI-GENetics Interface Exploration (MRI-GENIE) study, a large international multi-site collaboration of 20 sites gathering clinical, MRI imaging, and genetic data, built on top of the NINDS Stroke Genetics Network (SiGN) study. Both study design, data collection protocols, and populations have been previously described (Giese et al., 2020).



Ethics

The MRI-GENIE project has been approved by the MGH Institutional Review Board (IRB, Protocol #: 2001P001186 and Protocol #: 2003P000836), as well as ethics boards of the collaborating institutions. All participants or health care proxy provided signed informed consent.



Data Collection and Neuroimaging Pre-processing

Clinical data were acquired within the SiGN study and comprised information on age, sex, hypertension (HTN), history of smoking, diabetes mellitus (DM), atrial fibrillation (AF). Among the 6,627 patients included across 20 sites, FLAIR images were available for 6,389 patients. Axial T2-FLAIR images were acquired between 2003 and 2011 within 48 h of the initial stroke. They had a mean in-plane resolution of 0.7 mm (range: 0.3–1.0 mm) and a through-plane resolution of 6.2 mm (range: 3.0–30.0 mm). Total brain, ventricle, and WMH segmentations were accomplished using deep learning methods described in detail previously (Schirmer et al., 2019; Dubost et al., 2020). Briefly, total brain segmentation was done using a tailored 2D-convolutional neural network for clinical T2-FLAIR data. T2-FLAIR image intensities were normalized and scaled. Successively, WMH and ventricles were automatically segmented using distinct convolutional neural network frameworks. A total of 1,353 patients were excluded after final quality control of all T2-FLAIR images and respective segmentations; this control process is described in great detail in a previous publication (Schirmer et al., 2019). To capture the underlying processes of SVD in brain parenchyma not overtly affected by WMH, we computed masks for normal-appearing brain parenchyma by subtracting ventricles and WMH masks from total brain masks, resulting in 5,031 masks. To remove any stray voxels that could impact radiomics extraction, a morphological opening operation with a 3 × 3 voxel kernel was performed on the final masks. Among those 5,031 patients, 868 were excluded for missing major clinical data (age and sex), remaining missing values (89 patients included, see Supplementary Table 2) were imputed using medians of distributions. As a result, a total of 4,163 patients were included across 17 different sites.



Radiomic Feature Extraction

Radiomic features were extracted using the open-source toolbox PyRadiomics V2.2.0. The full list of the radiomics extraction parameters can be found online at https://github.com/MBretzner/WMH_radiomicSign.

Briefly, to account for the discrepancy in voxel sizes and to reduce unwanted variance that could be originating from differences between centers and scanners, all features were extracted in-plane from down-sampled 1 mm × 1 mm × 6 mm T2-FLAIR images. Quantization was set to a fixed bin width of 5. Features extraction was performed outside of WMH on native and pre-filtered images. Filters included Laplacian of Gaussian (LoG) filters (with sigmas of 1, 2, and 3 mm), wavelet decompositions, and 2D Local Binary Patterns (2D-LBD). For each patient, 118 features were computed including mask statistics, shape features, first-order histogram statistics, GLCM (Gray Level Co-occurrence Matrix) features, GLRLM (Gray Level Run Length Matrix), GLDM (Gray Level Dependence Matrix), and NGTDM (Neighboring Gray Tone Difference Matrix) features. Exhaustive and didactic descriptions and formulas of every radiomic feature and filter can be found online at https://pyradiomics.readthedocs.io/en/latest/features.html. As a result, we extracted 763 rotation invariant radiomic features per patient.



Machine Learning Approach to Build the Radiomic Signature of the WMH

To account for cerebral size differences, each WMH volume was divided by the corresponding brain volume to obtain a percentage of WMH per total brain volume. As the resultant distribution was highly skewed, it was transformed using a Box-Cox transform and is referred to as “WMH burden” in the next paragraphs.

To address the high dimensionality of the data, prediction of the WMH burden was done using an ElasticNet linear regressor. Since ElasticNet coefficient estimates are not scale-invariant, we standardized predictors, i.e., radiomics variables, to be 0 centered and have variances of the same order.

Radiomics-based predictions of WMH burden were performed in 30-times repeated nested fivefold stratified cross-validation scheme, resulting in a total of 24,990 out-of-sample predictions. Predictions were plotted against ground truth values, and R2 values were computed with standard deviation.

To better understand the role of each class of radiomics and to rule out an association based solely on the size of the extraction mask and thus reflecting only atrophy, an ancillary prediction of the WMH burden was performed using only the radiomics features that only reflected the size and the shape of the analyzed brains. As NIHSS has been shown to be a surrogate marker of stroke volume, and to assess a hypothetical impact of stroke lesions on radiomics features, residual of the WMH burden predictions were studied per NIHSS score when available (Tong et al., 1998). To explore the potential impact of data heterogeneity across all sites, a second ancillary analysis was performed predicting WMH burden in a leave-one-site-out cross-validation scheme.

The shrinkage ability of the ElasticNet regressor was leveraged to select the most predictive features of the WMH burden. The radiomic signature of the WMH was built with the features that were consistently selected across each of the 30 repetitions and therefore represented the most robust and stable predictors of WMH burden.



Understanding the Textural Footprint of Clinical Phenotypes

Association of clinical variables and the radiomic signature of WMH burden were done via CCA, which allows studying two multivariate variable sets concomitantly (Hotelling, 1936; Wang et al., 2020). Indeed, traditional analyses explore relationships between many to one variable, whereas CCA can study complex many-to-many correlations, truly leveraging the power of multivariate datasets. CCA can be conceived as similar to principal component analyses in the way that each side of the data (here clinical and radiomics) undergoes a factorization into a latent representation of the variables, called canonical variates (CV). The canonical correlation score of a canonical function represents the correlation between the two CV that composes it. To extract each canonical function, CCA finds combinations of factors of the two sets so that they are maximally correlated. Canonical loadings represent the correlations between variables and their latent representation (CV) and can be interpreted as the relative contribution of variables to the variates: a variable with a large loading has more impact on a variate than a variable with a smaller loading.

Radiomic features and continuous clinical variable (age) normality was assessed using the Shapiro–Wilks test and, if needed, were transformed using the R toolbox BestNormalize (Peterson and Cavanaugh, 2020). Significance of canonical correlations was determined via permutation testing (1,000 permutations) and assessed using Wilks’ Lambda computed with Rao’s F-approximation, p-values were corrected for multiple testing with Benjamini–Hochberg procedure (Hotelling, 1936; Wang et al., 2020). Explained variances of the canonical functions were calculated and figured in a scree plot. Loadings were calculated to discover and characterize the impact of clinical and radiomic features on each canonical function and thus to provide support for the interpretation of the relationship between the radiomics and clinical domains.

Overall, the goal of CCA is to find underlying representations that best describe the correlations between the two multi-dimensional datasets. Thus, this technique permits the estimation of the sources of maximal covariance between the clinical and the radiomics domains, highlighting the subvisible contribution of cardiovascular risk factors to T2 FLAIR imaging.



Code Availability

Radiomic features extraction, feature selection, and machine learning analyses were performed in python 3.7.6 using the toolbox scikit-learn (Pedregosa et al., 2011). CCA was performed in R V1.3.1056 using the toolboxes CCA, vegan (González et al., 2008; Oksanen et al., 2019). The complete codes used to perform the radiomics extraction as well as the extraction parameters and the data analysis are available here: https://github.com/MBretzner/WMH_radiomicSign.



RESULTS


Population

All patients included in MRI-GENIE have suffered an ischemic stroke. Population demographics are shown in Table 1. The mean age was 62.8, and there were 42% females, median WMH volume was 4.2 mL [interquartile range (IQR): 1.4–11.2]. Admission NIH stroke scale (NIHSS) was available for 2,234 (53.7%) patients; median NIHSS was 3 (IQR: 1–6). Comparison of included and excluded patients’ available clinical characteristics is shown in Supplementary Table 2. Briefly, excluded patients were younger, had less hypertension, less coronary artery disease (CAD), less AF, but had more prior strokes. There was no difference in sex or diabetes status. Importantly NIHSS scores did not differ.


TABLE 1. Demographic and clinical characteristics of the study population (n = 4,163).

[image: Table 1]


Building the Latent Radiomic Signature of the WMH Burden

The coefficient of determination of the repeated out-of-sample cross-validated predictions of the WMH burden was R2 = 0.855 ± 0.011 (Figure 1). The average (SD) number of selected features per repetition was 150.3 (5.6). These features represented the most relevant ones in the prediction of WMH burden. To reduce the redundancy and multicollinearity of radiomic features, we built a signature of the WMH burden by only including the features that were systematically selected in every repetition. This step resulted in the automatic selection of 68 features, which are referred to as the “radiomic signature of WMH.” These features are listed in Supplementary Table 1.


[image: image]

FIGURE 1. Repeated out-of-sample cross-validated predictions of WMH burden. (A) Predictions of the WMH burden resulted in a coefficient of determination of R2 = 0.855 ± 0.011. Predicted and true WMH burdens show negative values due to the Box-Cox transformation of the WMH burden distribution. The bottom panels provide an illustrative example of a radiomics extraction mask (B) and a WMH mask (C).


Prediction performance of the WMH burden using radiomics that only capture the shape and size of the extraction mask but not voxel intensities was substantially lower with an R2 of 0.41 ± 0.03. The analysis of the residual of the WMH burden predictions per available NIHSS score showed no trend suggesting an impact of stroke lesions on the predictions (Supplementary Figure 1).

Results of the predictions recursively holding one site out are reported in Supplementary Table 3. Distributions of patients Age and WMH volume per site are reported in Supplementary Figure 2. Briefly, when the center held-out was showing large clinical differences (mainly younger patient and/or neglectable loads of WMH), prediction performances were lower.



Clinical Phenotypes Captured by Radiomics

Aiming to discover possible links between clinical phenotypes and textural features of the radiomic signature of WMH burden, we performed a CCA.

The CCA could identify seven canonical functions (CF 1–7) correlating the radiomics with clinical variates. All seven canonical functions were significant (False discovery rate corrected p-values CF1–6 < 10–3; CF7 = 0.012) with respective canonical correlations of 0.81, 0.65, 0.42, 0.24, 0.20, 0.15, and 0.15. Figure 2 contains the scree plot of the explained variance of each CF and the correlation plot of the clinical and radiomic variates of the first canonical function with patients points colored according to their age. Loadings of the clinical and the five most impactful radiomic variables (highest loadings) of the first two canonical functions are reported in Table 2. The bi-loading plot in Figure 3 provides a graphical interpretation relationship between the most impactful variables of the first two canonical functions. Loadings of the clinical variate of all canonical functions are shown in Table 3; loadings of the radiomics variate are presented in Supplementary Table 1. Variables that share the same direction along a given function have a positive covariance, whereas variables that show opposing directions have negative covariance. The magnitude of the loading reflects the strength of the association.
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FIGURE 2. Scree plot of the explained variance per canonical function and correlation plot between the first clinical and radiomic variates. (A) Scree plot of the explained variance by canonical functions. (B) Correlation plot of the first clinical and radiomics canonical variates. Each dot represents a patient and is colored according to age. The first canonical function mainly represented age. There was a very strong correlation between the clinical and the radiomics variates of r = 0.81.
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FIGURE 3. Bi-loading plot of the variables projected over the two first canonical functions. A bi-loading plot graphically represents both the correlation of variables with canonical functions, and the correlation between variables of each set. The position of a variable relative to an axis describes the strength of the correlation of that variable with the axis, the closer to the outer circle, the stronger the correlation. Clinical variables (red dot) and radiomic features (blue triangle) are positively correlated if close or negatively correlated if diagonally opposed. Blue tags were positioned next to correlated radiomic features representing common textural concepts. On T2 FLAIR images, younger patients had larger brains and more homogeneous brain tissue (left side of the plot) whereas older patients had more atrophic and heterogeneous brains (right side of the plot).



TABLE 2. Clinical and most impactful radiomic loadings of the first two canonical functions.
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TABLE 3. Clinical loadings for all seven canonical functions.
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DISCUSSION

Radiomic features, extracted outside of the visible WMH, captured latent characteristics of WMH and could accurately predict WMH burden. Upon further analysis, seven distinct combinations of radiomics features were associated seven distinct combinations of clinical traits relevant to WMH, such as age, sex, hypertension, history of smoking, DM, and CAD. Therefore, the methods presented here provide new tools to help to understand and quantify the microstructural portion of the parenchymal deterioration due to SVD in stroke and give a radiological snapshot of brain health. Importantly, our analyses relied on basic T2-FLAIR images, as commonly acquired in clinical routine and thus do not require any advanced, more costly additional imaging sequences.

White matter hyperintensities represent a cardinal feature among radiological manifestations of brain aging and SVD. However, DTI-(Etherton et al., 2016) and PWI-based studies suggested (Promjunyakul et al., 2018) that WMH represent an end-stage macrostructural injury, embodying a surreptitious disease altering brain parenchyma. Our results support the hypothesis of WMH penumbra in cerebral SVD with a continuum between visible and invisible parenchymal damage (Maillard et al., 2011; Wardlaw et al., 2013). A major caveat of traditional advanced imaging biomarkers is their acquisition. Indeed, DTI sequences are rarely acquired routinely because of long scanning times, and PWI necessitates the injection of Gadolinium-based contrast agents. In contrast, our method can capture parenchymal microstructural integrity and hence, promises to replace additional dedicated imaging as a candidate approach to follow-up SVD progression in the clinic.

Cerebral atrophy has been shown to be associated with WMH burden (Aribisala et al., 2013). However, little is known about the relationship between the texture of the brain and WMH accumulation. By showing a twofold improvement of predictions leveraging exhaustive textural information compared to predictions restricted to radiomics describing only shape and size, our findings suggest that, beyond atrophy, textural analysis of the brain might better document WMH related damage of the brain. Therefore, one hypothesis would be that radiomics might be able to capture early-stage infra-radiological abnormalities prior to their evolution into irreversible cerebral loss, potentially bearing implications for future studies targeting WMH progression prevention.

By means of our CCA, we estimated the associations between the radiomic signature of WMH and SVD risk factors. The influence of cardiovascular risk factors on brain tissue was previously investigated in neuropathology and advanced imaging studies yet was rarely described by analyzing the texture of conventional imaging (Gouw et al., 2011; Wardlaw et al., 2013). Our work complement and support previous studies on MRI textural analysis applied to SVD by Valdés et al. (2017) on gadolinium-enhanced T2-FLAIR, Bernal et al. (2020) on dynamic spectral gadolinium-enhanced T1 weighted imaging, Tozer et al. (2018) on T1 and T2-FLAIR cognitive textural biomarkers, and Shu et al. (2020) and Shao et al. (2018) who could predict the progression of WMH using radiomics extracted from, respectively, T1-FLAIR and T2-FLAIR images. Our analyses were based on a large collection of clinical T2-FLAIR images, a routine MRI sequences acquired during both acute screening and follow-up of patients with stroke and cerebrovascular disease. Therefore, it argues for the overall clinical relevance of radiomics in stroke and SVD.

Age was the clinical aspect correlating most strongly with the radiomic signature of WMH burden and is a well-established predictor of WMH (Rost et al., 2010; Giese et al., 2020). Similarly, blood-brain barrier studies using PWI highlight an age-associated increased leakage of contrast agents within WMH, but also beyond, in NAWM, showcasing a possible preclinical pathogenic step leading to cognitive decline (Wardlaw et al., 2017). Our findings also suggest the presence of age-related subvisible abnormalities that can notably be quantified on structural T2-FLAIR images. Radiomic features describing atrophy (brain size and lower sphericity) and T2-FLAIR heterogeneity, were the most strongly correlated with age. On the first canonical function, age was the main variable, however, HTN, AF, and CAD were also moderately represented, painting the picture of vascular pathological brain aging. The heterogeneity and hyperintensities of the parenchyma could have maybe captured lacunes, enlarged perivascular spaces, or microbleed, which is, along with WMH, radiological hallmarks of SVD (Wardlaw et al., 2013). Radiomics presented here could therefore portray a representation of a pathological brain aging process in stroke patients, depicting atrophic and heterogeneous parenchyma.

The second canonical function illustrated sex differences in tissue aspects in T2-FLAIR. The association of the radiomic signature with sex was mainly driven by shape radiomics capturing differences in brain size. This finding remains, however, independent from age-related atrophy since canonical functions analyze the unexplained variance from the previous function. Nevertheless, the female sex was also associated with greater linear edge density (GLRLM after LoG filtering), which might indicate some sex-specific textural differences in the loss of microstructural integrity, as suggested in DTI with previous findings reporting sex-specific fractional anisotropy values (Etherton et al., 2017b).

The third canonical function captured a profile representing mainly patients with a history of smoking, and, to a lesser extent, diabetes, which shared common textural features describing more high spatial frequency changes in intensities which could represent diffuse and fine heterogeneity throughout the brain.

The fourth canonical function characterized a specific relation between hypertension and some textural features highlighting inhomogeneity on a lower spatial frequency after wavelet decomposition, thus describing a patchy texture. Since no other cardiovascular risk factor was represented on this dimension, it describes an age-independent specific textural manifestation of hypertension on T2-FLAIR.

Diabetes mellitus was mainly represented in the fifth dimension, correlating with textural features that illustrated overall less hyperintense parenchyma and especially those obtained after filtering with LoG filters. Since those filters are known to act as blob detectors, they potentially captured isolated islets of damage.

The sixth canonical function related the presence of CAD and AF to a more homogeneous texture, which was, however, combined with a high impulse response to the LoG filters of 1, 2, and 3 mm sigma that could signify the presence of spots of subvisible damage of varying size of presupposed embolic origin. On the contrary, the seventh canonical function pictured the differences separating AF from CAD and DM patients, where AF patients seemed to exhibit more patches of high spatial frequency intensity changes, which could represent zones of subtly lesioned brain.

Diabetes and AF were represented by several dimensions meaning that the diseases in question could manifest in several distinctive aspects or stages in our data. Conditional factors that could influence such diversity in presentations include the relative control of disease by treatment or lifestyle, the patient’s stage of disease severity, genetic predispositions, and endophenotypes of varying severity.

As with any work on radiomics, the main pitfall remains the curse of dimensionality, which refers to a very high number of variables. Consequently, one of the strengths of our study was the available sample size, allowing us to truly leverage both machine learning methodologies and multivariate modeling to select and characterize relevant radiomic variables in a data-driven fashion. In fact, to date and to the best of our knowledge, this is the largest radiomics study performed on any topic. Previous work on radiomics of SVD studied smaller datasets (<250 participants) and thus did not permit powerful unsupervised feature selections (Valdés et al., 2017; Tozer et al., 2018; Bernal et al., 2020). Another added value of the present study is its multicentric design. Our study is the first to explore radiomics of SVD in a large and multicentric population including diverse ischemic stroke cohorts with patients presenting a large spectrum of age and WMH burdens. While the heterogeneity of our dataset could be perceived as a limitation for prediction performances, we think it is on the contrary strength of our study. Indeed, our algorithm was trained on very diverse patients therefore theoretically increasing its chance of success if applied to an external dataset. By implementing multiple measures, such as down-sampling and intensity normalization, to prevent differences originating from acquisition parameters discrepancies, we could reach homogeneous results across all centers while capturing relevant sources of variance, as depicted by the low error of our WMH burden predictions. Another source of unwanted variance in radiomics analyses is segmentation. Indeed, underestimation of the WMH burden, brain parenchyma, or ventricles could have impacted our radiomics based WMH burden prediction. However, we here built upon previous results obtained with state-of-the-art deep learning-based, fully automated segmentation methods that could produce consistent outlines of brains, WMH, and ventricles from T2-FLAIR (Schirmer et al., 2019; Dubost et al., 2020). Preventive measures we implemented, especially down-sampling and intensity normalization, may have come at the cost of losing pertinent information. However, that impact might have been mitigated thanks to our large sample size. We thus emphasize the capital importance of international collaborations, such as the MRI-GENIE consortium, to gather large datasets, especially in the era of quantitative imaging and personalized medicine.


Limitations and Future Directions

We acknowledge several limitations; first, stroke lesion outlines were not available and thus not accounted for. Overall, the median size of ischemic stroke lesions in this cohort is expected to be small, as the median NIHSS was 3. Moreover, the radiomic analysis conducted here provides a single value per radiomic variable per patient, averaging the textural presentation over the whole extraction zone and thus largely decreasing the impact of small lesions. Regarding large lesions, the corresponding perturbated radiomic value could have been assimilated to an outlier and then mitigated by the ElasticNet model, which includes an L1 regularization that improves its robustness to extreme values. The absence of clear trend in the analysis of the residual of WMH burden prediction per NIHSS score is in favor of a limited impact of stroke lesions on the predictions. Other SVD imaging features were also not accounted for, such as microbleeds or enlarged perivascular space, which have been previously linked to radiomic features (Valdés et al., 2017; Tozer et al., 2018).

Secondly, we could not study the relationship between radiomics and other known WMH biomarkers such as dyslipidemia.

Thirdly, we here suggest a novel biomarker to assess the structural integrity of the brain on routine T2-FLAIR imaging. However, as with every new biomarker, the results presented here would need external validation, especially to appreciate the robustness of the features included in the radiomic signature of WMH.

Fourthly, a substantial number of patients were excluded from the analysis because of failed segmentation mainly due to image quality. While this might bias the analysis, it also highlights the challenges of processing clinical imaging in a real-world setting.

Lastly, radiomics were extracted outside of the WMH but not specifically within the white matter. Future research could evaluate the impact of co-registration and resampling on radiomics of SVD, then benchmark radiomics of NAWM against more traditional DTI metrics in the prediction of clinical outcomes and therefore provide a more straightforward method to quantify microstructural integrity.



CONCLUSION

In a large cohort of ischemic stroke patients, we demonstrated that radiomic features predicted WMH burden and were associated with clinical factors. By applying machine learning methods to radiomics analyses of T2-FLAIR images from a large multi-site ischemic stroke cohort, we could characterize the latent expression of SVD that extends beyond the visible WMH and subsequently uncover links associating cardiovascular risk factors to distinct textural patterns. Radiomics analysis may hold promise to become a cost-effective tool to quantify microstructural damage on routinely acquired images in the follow-up of SVD and stroke patients, once externally validated.
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Presence of Vessel Wall Hyperintensity in Unruptured Arteriovenous Malformations on Vessel Wall Magnetic Resonance Imaging: Pilot Study of AVM Vessel Wall “Enhancement”
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Purpose: High-resolution vessel wall magnetic resonance imaging (VW-MRI) could provide a way to identify high risk arteriovenous malformation (AVM) features. We present the first pilot study of clinically unruptured AVMs evaluated by high-resolution VW-MRI.

Methods: A retrospective review of clinically unruptured AVMs with VW-MRI between January 1, 2016 and December 31, 2018 was performed documenting the presence or absence of vessel wall “hyperintensity,” or enhancement, within the nidus as well as perivascular enhancement and evidence of old hemorrhage (EOOH). The extent of nidal vessel wall “hyperintensity” was approximated into five groups: 0, 1–25, 26–50, 51–75, and 76–100%.

Results: Of the nine cases, eight demonstrated at least some degree of vessel wall nidus “hyperintensity.” Of those eight cases, four demonstrated greater than 50% of the nidus with hyperintensity at the vessel wall, and three cases had perivascular enhancement adjacent to nidal vessels. Although none of the subjects had prior clinical hemorrhage/AVM rupture, of the six patients with available susceptibility weighted imaging to assess for remote hemorrhage, only two had subtle siderosis to suggest prior sub-clinical bleeds.

Conclusion: Vessel wall “enhancement” occurs in AVMs with no prior clinical rupture. Additional studies are needed to further investigate the implication of these findings.

Keywords: arteriovenous malformation, unruptured AVM, vessel wall enhancement, MRI, vessel wall imaging


INTRODUCTION

Traditional vascular imaging has been primarily “lumenography,” or imaging techniques that delineate the vascular lumen to study vascular pathology. These conventional techniques include digital subtraction angiography (DSA), computed tomography angiography (CTA), and magnetic resonance angiography (MRA) (Mandell and Shroff, 2011; Dieleman et al., 2014; Matouk et al., 2016), focusing attention to the inside of blood vessels; however, it has long been appreciated that cerebrovascular disease pathogenesis resides, in large part, within the vessel wall. High-resolution vessel wall magnetic resonance imaging (VW-MRI) represents an innovative method to evaluate the intracranial vessel wall in both healthy vessels and vascular disease.

Initially, the majority of studies were focused on steno-occlusive cerebrovascular disease such as intracranial atherosclerosis (Vergouwen et al., 2011; Skarpathiotakis et al., 2013; Mossa-Basha et al., 2015), primary central nervous system vasculitis (Mandell et al., 2012; Obusez et al., 2014; Mossa-Basha et al., 2015), reversible cerebral vasoconstriction syndrome (Mandell et al., 2012; Obusez et al., 2014; Mossa-Basha et al., 2015), drug-induced vasculopathies (Han et al., 2008), and intracranial dissections (Chung et al., 2014; Natori et al., 2014). More recently, there has been increased enthusiasm for the utilization of VW-MRI to further characterize vascular malformations, with intracranial aneurysms being the most commonly studied lesion (Matouk et al., 2013, 2016; Edjlali et al., 2014; Nagahata et al., 2016; Tian et al., 2019; Wang et al., 2019; Liu et al., 2020; Zhu et al., 2020). Current evidence suggests that vessel wall hyperintensity on post-contrast VW-MRI, often referred to as vessel wall “enhancement,” is associated with ruptured (Matouk et al., 2013; Nagahata et al., 2016; Wang et al., 2019), symptomatic (Zhu et al., 2020), and unstable (Edjlali et al., 2014; Edjlali et al., 2018) aneurysms. Given the early evidence that VW-MRI may help in the identification of high risk aneurysms, VW-MRI could also be a tool to improve the identification and characterization of high risk intracranial arteriovenous malformations (AVMs); however, fewer VW-MRI studies have been performed on these more complex vascular malformations, now limited to two case series (Matouk et al., 2016; Petridis et al., 2018) and a few case reports (Omodaka et al., 2015; Komatsu et al., 2018; Bhogal et al., 2019) in only ruptured AVMs. While these reports did document vessel wall enhancement within the ruptured AVMs, it is unknown if unruptured AVMs also enhance as no studies to date have evaluated unruptured AVMs with this technique (Omodaka et al., 2015; Matouk et al., 2016; Komatsu et al., 2018; Bhogal et al., 2019). We present the first pilot study of VW-MRI in clinically unruptured brain AVMs and discuss this method’s promise and limitations when applied to this type of complex vascular malformation.



MATERIALS AND METHODS

A search for AVMs at UCSF with VW-MRI between January 1, 2016 and December 31, 2018 was performed with nine cases of clinically unruptured AVMs identified. IRB approval was obtained to review the images retrospectively.


Imaging Protocol

Images for the following cases were acquired at a 3T whole-body MR scanner (GE MR750) with a standard eight-channel head coil. A T1-weighted 3D fast-spin-echo sequence (CUBE) obtained in the sagittal plane with variable refocusing flip angle was acquired both pre- and post-contrast. The parameters were: non-selective 90° excitation; TR/TE = 1000/17 ms; field of view = 18 cm × 18 cm; matrix = 300 × 300; slice thickness = 0.6 mm; number of slices 288; voxel size = 0.6 mm isotropic; echo train length of 60; ARC acceleration factor of two in phase encoding direction; scan time = 7 min 55 s, within the imaging acquisition recommendations defined by the Vessel Wall Imaging Study Group of the American Society of Neuroradiology for intracranial vessel wall imaging (Mandell et al., 2017). Post-contrast CUBE was acquired approximately 5 min after the injection of Magnevist® (gadopentetate dimeglumine) with a dose of 0.2 mL per kg of body weight.



Imaging Review

A consensus review was obtained by two board certified neuroradiologists with expertise in vascular, and specifically vessel wall, imaging (8 and 19 years of experience). The reviewers were blinded to patient history and demographics. If available, T2∗ gradient echo images were reviewed for the evidence of old hemorrhage (EOOH) indicated by areas of low signal adjacent to the AVM. Post-contrast VW-MRI images were reviewed for the presence or absence of vessel wall “hyperintensity” on post-contrast images within the nidus, defined as greater hyperintensity than adjacent normal arterial vessel segments. Pre-contrast VW-MRI images were reviewed for intrinsic T1 hyperintensity to confirm that hyperintensity on post-contrast imaging was due to contrast administration. Axial, coronal, and sagittal VW-MRI images were reviewed to estimate the percent of the nidal vessels with post-contrast nidal vessel wall hyperintensity. The percent volume of nidal vessel wall “hyperintensity” was approximated into five groups: 0% or absence, 1–25, 26–50, 51–75, and 76–100%. The presence or absence of perivascular enhancement was also assessed in the regions surrounding the nidus, defined as post-contrast enhancement outside of the vasculature but within 2 mm of the external aspect of the vessel wall. The original radiologic clinical reports were reviewed for content including if the reading radiologist mentioned the presence or absence of vessel wall and perivascular “enhancement.” The Spetzler-Martin grade was recorded.



RESULTS

Nine subjects with clinically unruptured AVMs were identified. Subject demographics and AVM details are presented in Table 1. No subjects had a history of vasculitis or other systemic inflammatory process. Five subjects were female and four were male ranging in age from 24 to 63 with an average age of 39. Of the nine cases, eight demonstrated at least some degree of hyperintensity on post-contrast VW-MRI at the vessel wall within the nidus (Figure 1 and Supplementary Figures 1, 2). Of those eight cases, four demonstrated greater than 50% of the nidus with hyperintensity at the vessel wall, and three cases had perivascular enhancement adjacent to nidal vessels (Figure 2). The original radiologic reports agreed with the consensus reviewers’ assessment of the presence or absence of vessel wall and perivascular “enhancement” in all cases. Although none of our cases had prior clinically apparent hemorrhage/AVM rupture, of the six patients with available susceptibility weighted imaging to assess for subtle, remote hemorrhage, only two had a small degree of siderosis to suggest prior sub-clinical bleeds (Figure 3).


TABLE 1. Arteriovenous malformation (AVM) case demographics and characteristics.
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FIGURE 1. 51-year-old man with a large AVM centered in the right temporoparietal lobe. On pre-contrast VW-MRI (A), no intrinsic T1 hyperintensity is present. On post-contrast VW-MRI (B), there were multiple areas of hyperintensity at the vessel wall within the nidus (yellow arrows).
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FIGURE 2. 63-year-old female with a predominantly left frontal AVM. On pre-contrast VW-MRI (A), no intrinsic T1 hyperintensity is present. On post-contrast VW-MRI (B), there were multiple areas of hyperintensity at the vessel wall as well as perivascular hyperintensity within the nidus (yellow arrows).
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FIGURE 3. 20-year-old female with a right temporoparietal AVM with a small area of sub-clinical evidence of prior hemorrhage on susceptibility-weighted imaging (A, red arrow). On post-contrast VW-MRI (B), there were multiple areas of hyperintensity at the vessel wall (yellow arrows).




DISCUSSION

To our knowledge, our pilot study is the first to specifically evaluate for and demonstrate the presence and extent of vessel wall hyperintensity, often referred to as vessel wall “enhancement,” on black blood, high-resolution VW-MRI in cases of clinically unruptured AVMs. We found eight of nine cases demonstrated nidal “enhancement,” and three of those eight demonstrated perivascular “enhancement” adjacent to the nidus. Other than our study, there are limited publications evaluating AVMs using VW-MRI. The largest by Matouk et al. (2016) reported their findings on 13 ruptured brain AVMs concluding that VW-MRI was useful in identifying the site-of-rupture in patients with ruptured brain AVMs, although it could not do so in all patients. The authors also noted that VW-MRI was useful in demonstrating the precise spatial relationship of blood products adjacent to angioarchitectural vascular structures, thereby helping to further target attention to areas of potential interest. Thick vessel wall enhancement was demonstrated in all ruptured vascular structures in their series; however, the authors did caution that multiple components of the AVMs demonstrated mesh-like and complex, flow-related enhancement (Matouk et al., 2016). One case series did evaluate black blood MRI in ruptured and unruptured AVMs finding “enhancement” in the nidus of five out of six unruptured AVMs (Petridis et al., 2018). The authors suggest that this may be due to inflammation; however, this study did not evaluate the extent of nidal involvement, and the black blood sequence used had a resolution of 0.9 mm (Petridis et al., 2018), lower than what is recommended for VW-MRI (Mandell et al., 2017). Even though several review articles on VW-MRI have also anecdotally commented on the potential use of VW-MRI in intracranial AVMs (Young et al., 2019), we found only three additional case reports with the use of VW-MRI, all of which had rupture sites involving intranidal aneurysms that demonstrated associated vessel wall “enhancement” (Omodaka et al., 2015; Komatsu et al., 2018; Bhogal et al., 2019). Prior to our pilot study, no study has evaluated the presence and extent of vessel wall hyperintensity, or “enhancement,” in this high a number of clinically unruptured AVMs. In addition, our study is the first in unruptured AVMs to follow the American Society of Neuroradiology’s vessel wall imaging recommendations regarding the VW-MRI sequence parameters used for evaluating the intracranial vessels (Mandell et al., 2017).

Vessel wall magnetic resonance imaging has been more extensively used to study intracranial aneurysms, identifying the site of aneurysm rupture (Matouk et al., 2013; Kondo et al., 2014; Hu et al., 2016; Nagahata et al., 2016) as well as unstable, symptomatic aneurysms (Edjlali et al., 2014; Edjlali et al., 2018; Zhu et al., 2020) and sites of aneurysm inflammation (Hu et al., 2016; Larsen et al., 2018). Although intracranial AVMs are much more complex shunting vascular malformations, one may speculate that areas of enhancement within AVMs may also be indicative of high risk features. This is relevant to patient care and risk stratification as the decision to treat unruptured brain AVMs remains controversial, especially after the publication of the ARUBA trial (A Randomized Trial of Unruptured Brain AVMs) and SIVMS (Scottish Intracranial Vascular Malformation Study) prospective, population-based cohort study (Al-Shahi Salman et al., 2014; Mohr et al., 2014). Both studies concluded that a conservative, non-interventional approach was associated with the best clinical outcomes; however, the methods and results of both studies remain highly controversial with many experts feeling these studies unfairly portrayed treatment outcomes as compared to watchful waiting (Elhammady and Heros, 2017; Magro et al., 2017). Philosophically, the guiding principle for any treatment strategy is the achievement of the desired result—in this case AVM obliteration—while posing minimal harm to the patient in order to provide improved outcomes. Methods of AVM treatment include surgical resection, Gamma Knife radiosurgery, embolization, and combinations of these methods, often in a staged manner overtime; however, these treatments are not without significant morbidity and, in some cases, mortality (Matouk et al., 2013). It stands to reason that identification of higher risk AVMs, as well as specific high risk AVM features, would prove to be instrumental in the improved risk stratification of these lesions for treatment and better patient outcomes. VW-MRI could be another tool in the characterization of AVMs.

Although many studies support the relationship between vessel wall “enhancement” and vessel rupture and/or instability, several complicating factors exist in the imaging of vascular lesions. For one, some studies are now finding that a proportion of vascular malformations that enhance demonstrate persistent and stable “enhancement” over time with no symptomatology or subsequent rupture (Tian et al., 2019). This persistent hyperintensity on imaging could indicate remodeled vessel wall without active inflammation as well as true persistent inflammatory changes; however, more studies and larger, longitudinal studies are needed to investigate if symptomology, rupture, and/or mortality are associated with vessel wall hyperintensity as well as histopathologic correlation with sites of enhancement versus non-enhancement. Future longitudinal VW-MRI studies evaluating unruptured AVMs should follow untreated patients over several years to truly understand the implications of AVM “enhancement” presence and extent on AVM risk and patient outcomes. Apparent vessel wall “enhancement” can also be misinterpreted from vasa vasorum, adjacent veins, and endovascular interventions such as mechanical thrombectomy or embolization causing altered flow (Mandell et al., 2017); however, maybe one of the hardest things to discern is the contributions of the VW-MRI sequences themselves to the appearance of vessel wall hyperintensity.

The third main complicating factor that can occur during the imaging of vascular lesions relates to complex blood flow within the area of abnormality. Vessel wall imaging requires high contrast-to-noise ratio (CNR) and spatial resolution in addition to blood flow and cerebral spinal fluid (CSF) suppression, yielding the appearance of black blood which allows for the clear visualization of the vessel wall. Some of the most commonly employed VW-MRI sequences are variable refocusing flip angle (VRFA) sequences with T1 or proton density-weighted pre- and post-contrast imaging (VISTA; Philips Healthcare), sampling perfection with application-optimized contrasts by using different flip angle evolutions (SPACE; Siemens), and CUBE software (GE Healthcare) (Young et al., 2019). While VRFA sequences are adequate in most cases, because gadolinium shortens T1 relaxation time, “black blood” suppression in areas of abnormal or even normal in-plane flow can be diminished, potentially causing unsuppressed contrast in flowing blood, artifactually appearing as vessel wall contrast “enhancement.” Examples of this are seen with turbulence and recirculation within aneurysms, slow flow within dilated lumens, and retrograde filling of distal collateral branches with proximal occlusion (Mandell et al., 2017; Tian et al., 2019); however, this altered blood flow leading to potential incomplete suppression on VFRA sequences may in and off itself be a high risk feature, such as areas of low wall sheer stress in aneurysms (Boussel et al., 2008), although this hypothesis has yet to be well investigated. Preparation pulses can be helpful in cases where this flow-related artifact is occurring, such as motion-sensitized driven equilibrium (MSDE) which uses flow-sensitive dephasing gradients (Young et al., 2019). Another approach to optimize blood and CSF suppression is delayed alternating nutation for tailored excitation (DANTE), a preparation pulse that uses a series of low flip angle non-selective pulses interleaved with gradient pulses of short repetition times (Mossa-Basha et al., 2016; Fan et al., 2017; Mandell et al., 2017; Tan et al., 2018). In the current pilot study, the imaging was obtained in the clinical setting and evaluated retrospectively; therefore, while the VW-MRI sequence parameters follow the American Society of Neuroradiology’s intracranial vessel wall imaging recommendations, no additional blood suppression sequences were compared to the CUBE imaging. Ideally, future studies would confirm our findings as well as compare “enhancement” presence and extent utilizing different VW-MRI sequences in AVMs.

These complicating factors are likely to be even more confounding in cases of intracranial AVMs given the higher rates of blood flow in the feeding arteries, the more complex network of abnormal vessels in the AVM nidus, the potential presence of intranidal aneurysms and/or pseudoaneurysms, as well as altered morphology and blood flow in the draining veins. While the previous case series and case reports focus on sites of AVM rupture (Omodaka et al., 2015; Matouk et al., 2016; Komatsu et al., 2018; Petridis et al., 2018; Bhogal et al., 2019), our brief report highlights the complexity of vessel wall hyperintensity patterns in AVMs, and not in ruptured AVMs, but in clinically unruptured lesions. If AVM data are found to be similar to aneurysm VW-MRI data, that may mean AVMs with vessel wall “enhancement” are more unstable and require a new paradigm in AVM risk classification. In addition, although all cases in our study were clinically unruptured, two of six with susceptibility-weighted imaging demonstrated evidence of subclinical old hemorrhages. Our findings illustrate the need for more extensive research in these cases as well as the need for longitudinal monitoring of VW-MRI signal within brain AVMs, evaluation for both clinically evident and subclinical hemorrhage through susceptibility-weighted imaging, and the correlation of imaging findings with histopathologic analysis.

Our study does have multiple limitations. First, due to the retrospective nature of this case series, the VW-MRI sequence utilized was the variable refocusing flip angle CUBE (GE Healthcare) sequence, which does not have any additional suppression pulses to assist in the elimination of flow-related artifacts or other causes of incomplete blood signal suppression. Second, these are cases of intracranial AVMs with no prior clinical rupture. While a number of our cases had susceptibility-weighted MRI sequences acquired to confirm the absence of only prior hemorrhage (lack of hemosiderin staining), a couple of the cases do not. Future prospective studies should include susceptibility-weighted imaging in all cases. Third, given the small number of subjects and lack of long-term follow-up, it is hard to derive any meaningful conclusions regarding the implications of the AVM “enhancement.” Larger, longitudinal studies are needed to discern if there is any increased risk of symptomology, rupture, and/or mortality associated with the presence, amount, degree, or pattern of vessel wall hyperintensity. In addition, histopathologic correlation with sites of enhancement versus non-enhancement is needed to fully understand the findings of both our pilot study of clinically unruptured AVMs and the prior reports of ruptured cases; however, our case series is essential in that it highlights the complexity of these lesions and the need for this type of AVM research.



CONCLUSION

To our knowledge, this is the largest pilot study of clinically unruptured AVMs evaluated by high-resolution VW-MRI, demonstrating varying degrees of vessel wall hyperintensity, or “enhancement,” in the majority of the cases. While a portion of the hyperintensity could be due to incomplete blood suppression, given the high percentage of involvement within the nidus in several of the cases, this brief report illustrates that vessel wall enhancement occurs even in AVMs with no prior rupture. Larger, longitudinal studies are needed to more fully understand the implications of this intranidal “enhancement” including whether or not the presence, degree, morphology, and/or location of the hyperintensity has any increased risk of morbidity or mortality. Our findings illustrate the need for more extensive research in these cases including future studies with histopathologic analysis.
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Supplementary Figure 1 | 30-year-old female with a predominantly left occipital AVM. On pre-contrast VW-MRI (A), no intrinsic T1 hyperintensity is present. On post-contrast VW-MRI (B), there was only one area of hyperintensity near the vessel wall (yellow arrow). No perivascular hyperintensity was present.

Supplementary Figure 2 | 24-year-old male with a left frontoparietal AVM. On pre-contrast VW-MRI (A), no intrinsic T1 hyperintensity is present; however, there were multiple areas of hyperintensity at the vessel wall (yellow arrows) on post-contrast VW-MRI (B). No perivascular hyperintensity was present.
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Objective: Radiomics and morphological features were associated with aneurysms rupture. However, the multicentral study of their predictive power for specific-located aneurysms rupture is rare. We aimed to determine robust radiomics features related to middle cerebral artery (MCA) aneurysms rupture and evaluate the additional value of combining morphological and radiomics features in the classification of ruptured MCA aneurysms.

Methods: A total of 632 patients with 668 MCA aneurysms (423 ruptured aneurysms) from five hospitals were included. Radiomics and morphological features of aneurysms were extracted on computed tomography angiography images. The model was developed using a training dataset (407 patients) and validated with the internal (152 patients) and external validation (73 patients) datasets. The support vector machine method was applied for model construction. Optimal radiomics, morphological, and clinical features were used to develop the radiomics model (R-model), morphological model (M-model), radiomics-morphological model (RM-model), clinical-morphological model (CM-model), and clinical-radiomics-morphological model (CRM-model), respectively. A comprehensive nomogram integrating clinical, morphological, and radiomics predictors was generated.

Results: We found seven radiomics features and four morphological predictors of MCA aneurysms rupture. The R-model obtained an area under the receiver operating curve (AUC) of 0.822 (95% CI, 0.776, 0.867), 0.817 (95% CI, 0.744, 0.890), and 0.691 (95% CI, 0.567, 0.816) in the training, temporal validation, and external validation datasets, respectively. The RM-model showed an AUC of 0.848 (95% CI, 0.810, 0.885), 0.865 (95% CI, 0.807, 0.924), and 0.721 (95% CI, 0.601, 0.841) in the three datasets. The CRM-model obtained an AUC of 0.856 (95% CI, 0.820, 0.892), 0.882 (95% CI, 0.828, 0.936), and 0.738 (95% CI, 0.618, 0.857) in the three datasets. The CRM-model and RM-model outperformed the CM-model and M-model in the internal datasets (p < 0.05), respectively. But these differences were not statistically significant in the external dataset. Decision curve analysis indicated that the CRM-model obtained the highest net benefit for most of the threshold probabilities.

Conclusion: Robust radiomics features were determined related to MCA aneurysm rupture. The RM-model exhibited good ability in classifying ruptured MCA aneurysms. Integrating radiomics features into conventional models might provide additional value in ruptured MCA aneurysms classification.

Keywords: computed tomography angiography, decision support techniques, intracranial aneurysm, machine learning, middle cerebral artery, nomograms


INTRODUCTION

Middle cerebral artery (MCA) aneurysm is the most common subtype of unruptured aneurysms (Huttunen et al., 2010; Can et al., 2015). With the improvement of imaging techniques, unruptured aneurysms have become more frequently detected (Greving et al., 2014). But therapeutic decision-making for them is controversial. On the one hand, many unruptured aneurysms stay asymptomatic and never rupture (Korja et al., 2014). The prophylactic treatment such as current endovascular and microsurgical interventions carries the risk of procedure-related complications (Naggara et al., 2010; Zhu et al., 2020). On the other hand, once the aneurysm ruptures, the outcome is catastrophic (Vlak et al., 2011). Therefore, it is vital to screen out rupture-prone aneurysms.

Previous studies have identified that morphological features were associated with aneurysms rupture (Lindgren et al., 2016; Zhu et al., 2020). Researchers have constructed various computational methods using morphological features to evaluate the aneurysms-rupture risk (Zhang et al., 2019; Tanioka et al., 2020; Zhu et al., 2020). However, those morphological features are measured on two-dimensional images and might be affected by different readers or projections. It could impair the comparability of results.

Radiomics is an emerging technology that extracts high-throughput data from medical images (Zhou et al., 2018; Hua et al., 2020; Tomaszewski and Gillies, 2021). Recently, radiomics is frequently used in cerebrovascular disease researches (Chen et al., 2021; Zhu D. et al., 2021; Zhu D. Q. et al., 2021). Several researchers have scoped to the whole-brain aneurysms and proved that radiomics features were related to aneurysms rupture status (Liu et al., 2019; Ou et al., 2021). Regretfully, they did not analyze the features’ robustness, which can be easily affected by a slight change in image-scanning protocols or regions of interest (ROIs) segmentation (Mackin et al., 2015; Choe et al., 2019). Moreover, the predictive ability of radiomics in those studies was not validated by any external validation dataset, which leads to the uncertainness of their results’ generalizability (Collins et al., 2015; Lambin et al., 2017).

To the best of our knowledge, few studies have predicted the rupture of the location-specific aneurysm with robust radiomics features. In this study, we included a large sample of 668 MCA aneurysms. We aimed to (1) determine whether there are robust radiomics features that can classify ruptured MCA aneurysms; and (2) evaluate the additional value of combining morphological and radiomics features in classifying ruptured MCA aneurysm.



MATERIALS AND METHODS

Our study was approved by the Medical Ethics Committee of our hospital.


Study Population and Clinical Data

We performed a retrospective and multicentral study using the data from five hospitals (hospitals A, B, C, D, and E). MCA aneurysms with available computed tomography angiography (CTA) data were included. Exclusion criteria were as follows: fusiform MCA aneurysms, aneurysms combined with vascular diseases (such as Moyamoya disease and arteriovenous malformations), aneurysms with a size <3 mm, aneurysms with poor-quality images and patients underwent surgery or interventional therapy before CTA examination (see Supplementary Methods, Supplementary Digital Content 1, which illustrates details about CTA image scanning).

Patients with MCA aneurysms seen in hospital A from January 2009 to December 2019 were allocated to the training and the internal validation datasets. The training dataset encompassed the patients from the earlier period (2009–2017). The patients from the more recent period (2018–2019) were attributed to the temporal validation dataset (internal validation dataset) (Collins et al., 2015; Al-Shahi Salman et al., 2018). For external validation, MCA aneurysms cases in four hospitals, including hospital B (from January 2018 to December 2020), hospital C (from January 2018 to December 2020), hospital D (from January 2017 to October 2019), and hospital E (from September 2019 to March 2020), were merged to one external validation dataset (Lambin et al., 2017).

Clinical data such as age, sex, history of hypertension (a diagnosis of hypertension previously made by another physician or use of antihypertensive drugs), cigarette smoking (previous smoker or current smoker), and aneurysm side were collected. Rupture status of aneurysms was evaluated using the following criterion: (1) for patients with subarachnoid hemorrhage (SAH), aneurysms adjacent to the cisternal clots were judged ruptured, and those aneurysms not adjacent to the cisternal clots were judged on digital subtraction angiography (DSA). (2) Asymptomatic patients without SAH were identified to be unruptured (Shi et al., 2021).



Morphological Predictors Discovery

Morphological features such as aneurysm location (divided into M1, the proximal segment of the middle cerebral artery; Mbif, main middle cerebral artery bifurcation; Mdist, distal middle cerebral artery), aneurysm size, vessel size, aneurysm height, perpendicular height, aspect ratio (AR), size ratio (SR), aneurysm angle, flow angle, vessel angle, daughter dome, and irregular shape were measured as described in previous studies (Can et al., 2015; Chen et al., 2020; Zhu et al., 2020; Figure 1C; see Supplementary Methods, Supplementary Digital Content 2, which illustrates detailed definitions of morphological features).
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FIGURE 1. A flowchart of radiomics analysis and radiomics-clinical model construction. (A) The process of regions of interest (ROIs) segmentation; (B) the process of optimal radiomics features detection; (C) the process of morphological predictors discovery; and (D) the process of machine learning models development and validation. GLCM, gray level co-occurrence matrix; GLDM, gray level dependence matrix; GLRLM, grey level run-length matrix; GLSZM, gray level size zone matrix; NGTDM, neighboring gray tone difference matrix; SVM, support vector machine.


We implemented univariate analysis to find morphological factors that were associated with MCA aneurysm rupture. After that, the multivariable logistic regression was performed to identify independent morphological predictors of MCA aneurysm rupture.



Optimal Radiomics Signature Detection

The workflow process of radiomics analysis is shown in Figures 1A,B. ROIs of aneurysms were manually segmented by a neuroradiologist on each slice of CTA images (Figure 1A). Then, 50 aneurysms were randomly selected to be re-segmented by another neuroradiologist. We calculated the inter-class correlation coefficient (ICC) to evaluate the inter-observer reproducibility.

As the images were acquired from different CT scanners with different parameters, we performed data preprocessing before radiomics feature extraction (Lambin et al., 2017; Morin et al., 2018; Chen et al., 2021). Image resampling and gray-level discretization were used to reduce the variability of radiomics features (Shafiq-Ul-Hassan et al., 2018). A total of 1316 radiomics features were extracted from each ROI (see Supplementary Digital Content 3, which illustrates the possible pathophysiologic meaning of the features). All radiomics features were standardized by z-score to eliminate unit limits of each feature (Yang et al., 2019; see Supplementary Methods, Supplementary Digital Content 4, for further details about radiomics analysis).

Figure 1B indicates the feature selection procedure. Firstly, features with poor reproducibility (an ICC of <0.7) were excluded. After that, we used two different kinds of schemes to select informative radiomics features: (1) the minimum redundancy maximum relevance (mRMR) method was performed to rank the top 50 rupture-associated features while minimizing intra-feature correlation (Ding and Peng, 2005; Castiglioni et al., 2019), and then we used the least absolute shrinkage and selection operator (LASSO) method to select optimal features from those 50 features (Sauerbrei et al., 2007) (“mRMR-LASSO method”); (2) only LASSO method was used to selected optimal features (“LASSO method”) (see Supplementary Methods, Supplementary Digital Content 5, for further detailed information of mRMR and LASSO). We applied the logistics regression model to build radiomics signatures. Discrimination ability of the “mRMR-LASSO model” and “LASSO model” were compared. The features with better performance were used for subsequent analysis. Moreover, we calculated the Rad score through a linear combination of selected features by multiplying with their LASSO coefficients (Huang et al., 2016).



Machine Learning Models Development and Validation

Support vector machine (SVM) is a supervised machine learning method that classifies data points by maximizing the distance between classes in a high-dimensional space (Orru et al., 2012). We applied SVM with a 10-fold cross-validation to construct models. As shown in Figure 1D, optimal radiomics features were introduced into the radiomics model (R-model). The morphological predictors of aneurysm rupture were introduced into the morphological model (M-model). Optimal radiomics features and morphological features were put together to generate the radiomics-morphological model (RM-model). Models were trained using the training dataset and validated in the temporal and external validation datasets. Variance inflation factor (VIF) was used to detect multicollinearity of the enrolled features, and a VIF of ≥5 was considered as multicollinearity (Akinwande et al., 2015).

The model performance was evaluated using the receiver operating characteristic (ROC) curve. The DeLong test was used for comparisons of an area under the receiver operating curves (AUCs) of different models (DeLong et al., 1988). The decision curve analysis (DCA) was applied to assess the clinical utility of the models. Besides, net reclassification improvement (NRI) (Pencina et al., 2011) was calculated to evaluate the improvement in the discrimination ability of different models.



Nomogram Construction and Evaluation

To provide an easy and visualized rupture risk-scoring system, we constructed a comprehensive nomogram. The top five rupture-associated factors among the Rad score, clinical and morphological features were selected using the mRMR method. These five factors were used to generate the nomogram. The discrimination of the nomogram was assessed with ROC curves. The agreement between predicted rupture and observed rupture was evaluated using the calibration curve and the Hosmer–Lemeshow test (Kramer and Zimmerman, 2007). The discrimination and calibration of the nomogram were appraised in the training and validation datasets.



Statistical Analysis

Categorical variables are presented as counts (with percentages), while continuous variables are presented as medians [interquartile range, (IQR)]. We used Student t-tests or Mann–Whitney U tests to evaluate the differences in continuous variables. Differences in categorical variables were assessed using the χ2 test or Fisher exact test (two-tailed). A p-value of <0.05 indicates a statistical difference. Statistical analysis and model construction were conducted using SPSS (version 24.0) and R (version 3.6.1).




RESULTS


Clinical and Morphological Characteristics

A total of 632 patients with 668 MCA aneurysms (423 ruptured aneurysms) from five hospitals were included in our study. Multiple aneurysms were presented in 132 (20.9%) patients. Thirty-two of the 132 (24.2%) patients have bilateral MCA aneurysms. There were 407, 152, and 73 patients with 438, 155, and 75 aneurysms in the training, temporal validation, and external validation datasets. Table 1 shows the clinical and morphological characteristics of the training dataset (see Supplementary Digital Content 6, which shows characteristics of validation datasets). In univariate analysis, patients with ruptured aneurysms were younger and were less common to have a history of hypertension (p < 0.05).


TABLE 1. Baseline characteristics of patients in the training dataset.
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For morphological features, the mean ICC value of the nine morphological features was 0.924. The kappa value of the irregular shape and daughter dome is 0.603 and 0.838, respectively (p-value for all <0.001). Vessel size, aneurysm size, neck size, AR, SR, aneurysm height, perpendicular height, aneurysm angle, irregular shape, and daughter dome were associated with aneurysm rupture (p < 0.05). The result of multivariate analysis (Table 2) indicates that SR [odds ratio (OR), 1.607 (95% CI, 1.309, 1.973); p < 0.001], neck size [OR, 0.690 (95% CI, 0.596, 0.799), p < 0.001], multiplicity [OR, 0.389 (95% CI, 0.244, 0.621), p < 0.001], and daughter dome [OR, 2.987 (95% CI, 1.650, 5.406), p < 0.001] were independent predictors of MCA aneurysms rupture.


TABLE 2. Univariate and multivariable analysis of morphological and clinical features associated with aneurysm rupture.
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Optimal Radiomics Features Detection

The mean ICC value of the overall 1316 radiomics features was 0.751. Eight hundred and eighty-one radiomics features showed a high interobserver agreement (an ICC value of ≥0.7). As shown in Table 3, the “mRMR-LASSO model” presented an AUC of 0.767 and 0.828 in the training and temporal validation dataset, respectively. The “mRMR-LASSO model” presented a higher discrimination ability than the “LASSO model.” Therefore, those features selected using the “mRMR-LASSO method” were used for R-model construction. The Rad score was calculated (see Supplementary Results, Supplementary Digital Content 7, which indicates the Rad score calculation formula).


TABLE 3. Performance of the “LASSO model” and “mRMR-LASSO model.”
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Machine Learning Models Construction and Evaluation

The performance of the models was shown in Table 4 and Figure 2. The R-model obtained an AUC of 0.822 (95% CI, 0.776, 0.867) in the training dataset. In the temporal and external validation dataset, the R-model presented an AUC of 0.817 (95% CI, 0.744, 0.890) and 0.691 (95% CI, 0.567, 0.816), respectively. Four morphological predictors, including SR, neck size, multiplicity, and daughter dome, were used to construct the M-model. The M-model obtained an AUC of 0.798 (95% CI, 0.749, 0.846), 0.751 (95% CI, 0.674, 0.828), and 0.624 (95% CI, 0.490, 0.759) in the training, temporal, and external validation datasets, respectively. The p-values from the DeLong test of the statistical comparison of the ROC curves are given in Table 5.


TABLE 4. Performance of the radiomics, morphological, radiomics-morphological, clinical-morphological, and clinical-radiomics-morphological models.
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FIGURE 2. The receiver operating characteristic (ROC) curves, accuracy, sensitivity, and specificity of the radiomics model (R-model), morphological model (M-model), radiomics-morphological model (RM-model), clinical-morphological model (CM-model); and clinical-radiomics-morphological model (CRM-model). The ROC curves of the three models in training (A), temporal validation (B), and external validation datasets (C). The accuracy, sensitivity, and specificity of the three models in the training (D), temporal validation (E), and external validation datasets (F). ACC, accuracy; SEN, sensitivity; SPE, specificity.



TABLE 5. The p-values of the DeLong test of the statistical comparison of the ROC curves in all datasets.
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The optimal radiomics features and morphological predictors were enrolled in the RM-model. The RM-model exhibited good ability in classifying ruptured MCA aneurysms, with an AUC of 0.848 (95% CI, 0.810, 0.885), accuracy of 0.795, sensitivity of 0.788, and specificity of 0.809 in the training dataset. We further validated the RM-model in two validation datasets. The AUC of RM-model for ruptured MCA aneurysms classification was 0.865 (95% CI, 0.807, 0.924) and 0.721 (95% CI, 0.601, 0.841) in the temporal and external validation datasets, respectively (Figure 2 and Table 4). Multicollinearity was not observed between those selected radiomics features and morphological predictors (VIF for all <2).

Compared with the single R-model and M-model, the RM-model achieved a higher AUC. In the training dataset, the RM-model outperformed the M-model [AUC (95% CI), 0.848 (0.810, 0.885) vs. 0.798 (0.749, 0.846), p = 0.041]. In the validation datasets, the RM-model tended to have a better presented higher AUC than the single M-model. The difference was statistically significant in the temporal validation dataset (p < 0.005) while it was not statistically significant in the external validation dataset (p = 0.224).

We further added clinical features (hypertension, smoking, age, and sex) into the M-model and RM-model to construct the clinical-morphological model (CM-model) and clinical-radiomics-morphological model (CRM-model). As it was shown in Table 4 and Figure 2, the CRM-model obtained an AUC (95% CI) of 0.856 (0.820, 0.892), 0.882 (0.828, 0.936), and 0.738 (0.618, 0.857) in the three datasets, respectively. The CRM-model outperformed the CM-model in the training and temporal validation datasets (p < 0.05). However, the difference was not observed in the external validation dataset. We further calculated NRI to evaluate the improvement of discrimination by adding radiomics features to CM-model. We found that adding radiomics features to CM-mode improved the net reclassification indices in the three datasets (additive NRI, 52.40%, 89.66%, and 24.62%, respectively). This indicated that compared to the CM-model, the CRM-model correctly reclassified 52.40%, 89.66%, and 24.62% cases in the three datasets, respectively.

With respect to clinical utility, the DCA (Figure 3B) indicated that the RM-model had a higher overall net benefit in distinguishing ruptured aneurysms than the single R-model and M-model for most of the threshold probabilities. The CRM-model obtained the highest net benefit for most of the threshold probabilities. Combining radiomics features to conventional models resulted in an extra net-benefit compared with the M-model and CM-model.
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FIGURE 3. The comprehensive nomogram for classifying ruptured MCA aneurysm and decision curve analysis in the overall patients. (A) The comprehensive nomogram for predicting aneurysm rupture. (B) Decision curve analysis in overall patients. The y-axis indicates the net benefit; the x-axis indicates threshold probability. The gray line represents the assumption that all aneurysms rupture. The black line represents the assumption that no aneurysm ruptures. The red line, green line, gold line, orange line, and blue line represent the net benefit of the radiomics model (R-model), morphological model (M-model), radiomics-morphological model (RM-model), clinical-morphological model (CM-model), and clinical-radiomics-morphological model (CRM-model), respectively. Calibration of the nomogram in the training (C), temporal validation (D), and external validation datasets (E).




Nomogram Construction and Evaluation

The shape, vessel size, AR, multiplicity, and Rad score were incorporated into the comprehensive nomogram (Figure 3A). The nomogram presented satisfying discrimination ability with an AUC of 0.771 (95% CI, 0.723, 0.818), 0.823, (95% CI, 0.757, 0.889), and 0.709 (95% CI, 0.592, 0.827) in the training, temporal validation, and external validation datasets, respectively. The calibration curve (Figures 3C–E) and the Hosmer–Lemeshow test (p = 0.731, 0.325, and 0.067, in the three datasets, respectively) indicate good calibration.




DISCUSSION

This study developed and validated ruptured MCA aneurysms classification models based on radiomics and morphological features in a large and multicentral dataset (a total of 668 MCA aneurysms were enrolled). It was proved that robust radiomics features extracted from CTA images could classify ruptured MCA aneurysms. The RM-model could identify more than 74% ruptured MCA aneurysms with a specificity of 72–81%. Additionally, we provided an easy and visualized rupture risk-scoring system for MCA aneurysm patients through the nomogram.

In this study, a total of 1316 radiomics features were extracted for each aneurysm. Among those numerous radiomics features, the features indicating image heterogeneity (e.g., Dependence Non-Uniformity Normalized, Cluster Shade, and Variance) were screened out as the optimal signature for ruptured aneurysms classification. This is in agreement with the study of Ou et al. (2021). The possible explanation for this is that CTA image heterogeneity is caused by the contrast maldistribution in the vessel lumen. The uneven distribution of contrast indicates turbulent flow (George et al., 2016; Aghayev et al., 2018; Ou et al., 2021), which was one of the risk factors for aneurysms rupture (Lv et al., 2020). Therefore, we speculate that CTA-derived radiomics features might imply the hemodynamics condition of aneurysms.

Unlike former research (Liu et al., 2019; Ou et al., 2021), shape radiomics features were not selected for model construction. We exclude some shape features before the feature selection due to their poor interobserver agreement (e.g., the shape radiomics features Sphericity and Flatness obtained an ICC value of 0.536 and 0.590, respectively). Only highly stable features were used in the model construction procedure. The temporal and external validation datasets further verified the robustness and generalizability of the results.

It is generally acknowledged that vessel wall degradation and abnormal morphological condition are related to aneurysms’ rupture. We found that daughter dome, multiplicity, neck size, and SR were independent predictors for MCA aneurysm rupture, which have been reported by other researchers (Can et al., 2015; Zhang et al., 2019; Ou et al., 2020; Tanioka et al., 2020; Zhu et al., 2020).

Both radiomics and morphological features originate from CTA images, but their biological meanings and analysis procedures are different. Radiomics features describe the shape and texture characteristics of aneurysms from the micro point of view (Lambin et al., 2017; Xu et al., 2019), while the morphological features measure the macroscopic observation of the aneurysms. Radiomics features are three-dimensional derived, high-through biomarkers but lacking clinical interpretability. Meanwhile, those morphological features are two-dimensional measured features with relatively less information, but they are still fundamental tools for aneurysm evaluation. Though the statistically significant improvement in AUC of adding radiomics was not observed in the external dataset, considering its objectivity and its extra net-benefit in DCA, radiomics could be a possible choice in clinical practice, enabling better patient management.

Aneurysms rupture leads to catastrophic consequences. Preventive treatment for high rupture risk patients is necessary. However, preventive treatments for low rupture risk patients may cause more harm than good due to operation-related complications (Naggara et al., 2010). Therefore, except for stratifying rupture-prone aneurysms, accurate identification of aneurysms at a relatively low rupture risk is also essential. Compared to the CM-model (which is routinely used in clinical practice), the CRM-model obtained a higher specificity, positive predictive value (PPV), and the CRM-model correctly reclassified 52.40%, 89.66%, and 24.62% patients in the three datasets, respectively. This indicated that adding radiomics features to conventional models might not only classify ruptured aneurysms but also help in recognizing unruptured aneurysms, which may reduce unnecessary treatment for unruptured aneurysms patients.

There are some limitations in this study. First, this is a retrospective, cross-sectional study without the longitudinal follow-up of aneurysms, which might inherently cause biases. Second, the aneurysms’ morphological changes after rupture were not considered because it is hard to collect the morphological change before and after the aneurysm rupture due to ethical issues. Third, most patients with SAH history were excluded because of their surgery experience. This could cause potential selection bias. Forth, images from external validation datasets contain different scanning protocols, which might affect the validation results. We performed image resampling and gray-level discretization to reduce the variability of images. Moreover, samples from the other four hospitals were merged into one external validation dataset. The good results further indicated the robustness of the models.



CONCLUSION

In conclusion, we analyzed the MCA aneurysms rupture by clinical, radiomics, and morphological features using multicentral data. We answered two critical questions: (1) Robust radiomics features could classify ruptured MCA aneurysms. (2) The integration of radiomics into conventional clinical and morphological models might provide additional benefit in ruptured MCA aneurysms classification. An easy and visualized rupture risk-scoring nomogram was generated. This may aid in the rupture-risk assessment of MCA aneurysms.
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This study aimed to evaluate the difference in wall shear stress (WSS) (axial, circumferential, and 3D) between high-risk and low-risk plaques in patients with moderate carotid artery stenosis and to identify which time points and directions play the dominant roles in determining the risk associated with plaques. Forty carotid arteries in 30 patients were examined in this study. All patients underwent high-resolution vessel wall (HRVW) imaging, diffusion-weighted imaging (DWI), and 4D flow MRI; HRVW imaging and DWI were used to separate low- and high-risk plaque. Twenty-four high-risk plaques and 16 low-risk plaques were enrolled. An independent-sample t-test was used to compare WSS between low- and high-risk plaques in the whole cardiac cycle and at 20 different time points in the cardiac cycle. The study found that patients with high-risk plaques had higher WSS than those with low-risk plaques throughout the entire cardiac cycle (p < 0.05), but the changes varied at the 20 different time points. The number of non-significant differences (p > 0.05) was less in diastole than in systole across different time points. The axial WSS values were higher than the circumferential WSS values; the difference in axial WSS values between high- and low-risk plaques was more significant than the difference in circumferential WSS, whereas 3D WSS values best reflected the difference between high-risk and low-risk plaques because they showed significant differences at every time point. In conclusion, increased WSS, especially during the diastolic period and in the axial direction, may be a signal of a high-risk plaque and may cause cerebrovascular events in patients with moderate carotid artery stenosis. Additionally, WSS can provide hemodynamic information and help clinicians make more appropriate decisions for patients with plaques.
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INTRODUCTION

High-risk plaques that easily rupture and cause thrombosis or embolism are the predominant cause of cerebrovascular events (Falk et al., 2013). Conservative treatments such as pharmacological interventions can be used in patients with low-risk plaques, while proactive treatment such as stent placement or endovascular thrombectomy is usually utilized in those with high-risk plaques (Adamson et al., 2015). Plaques with a stenosis rate greater than 70% are independently associated with acute ischemic stroke and are defined as high-risk plaques, whereas patients with less than 30% stenosis are treated with medicine or prescribed for imaging follow-up (Bodle et al., 2013). However, for patients with moderate stenosis (a stenosis rate of 30–70%), treatments cannot be selected based on the stenosis alone; further examinations are needed to identify the high-risk plaques and take proactive treatments (Kernan et al., 2014; Bonati et al., 2015; Brott et al., 2016). Therefore, detecting high-risk plaques with moderate stenosis is of great importance.

High-risk plaques tend to be characterized by a large plaque volume, a necrotic lipid core, positive remodeling, peripheral neovascularization, a thin fibrous cap, microcalcification, intraplaque hemorrhage (IPH) and chronic inflammation (Adamson et al., 2015). Carotid endarterectomy provides the pathological tissue sections needed to identify between high- and low-risk plaques. However, this procedure is invasive; therefore, there is a pressing need for an accurate imaging method to identify high-risk and low-risk plaques in patients with moderate stenosis. Advanced imaging methods available to identify plaque risk are generally classified according to their basis: morphology or hemodynamics. A breakthrough has been made in morphological assessment with the development of high-resolution vessel wall (HRVW) imaging (Cai et al., 2005; Makowski et al., 2011; Qiao et al., 2014). HRVW can help identify stroke mechanisms, determine the degree and pathology of stenoses, and identify non-stenotic plaques and potentially high-risk plaque components (Bodle et al., 2013), but it still cannot completely distinguish high-risk from low-risk plaques by morphology alone, especially in the case of atypical plaques, due to limitations in resolution, an uncertain relationship with pathology, and morphological complexity and diversity. Therefore, the application of hemodynamics in combination with HRVW is useful and even essential in the determination of plaque risk.

Wall shear stress (WSS) is the most commonly reported risk indicator in hemodynamic research and is considered the most useful hemodynamic parameter for assessing plaques. It is generally accepted that low WSS may promote plaque formation by activating inflammatory processes (Matlung et al., 2012; Peiffer et al., 2013; Hung et al., 2015; Zhang et al., 2017). However, it remains controversial whether high WSS causes plaque rupture (Groen et al., 2008) or protects plaques from rupturing (Malek et al., 1999; Cheng et al., 2006). Further studies are needed to identify the relationship between WSS and plaque risk. 4D flow MRI is a novel method to non-invasively measure hemodynamic parameters in vivo. Compared to the traditional method, computational fluid dynamics (CFD), which relies on a fluid mechanics model based on idealized assumptions in a simulation to acquire hemodynamic information, 4D flow MRI directly measures blood velocity to compute hemodynamic values. The results of 4D flow MRI results are considered more realistic and reliable than those of CFD (Dyverfeldt et al., 2015). In addition, 4D flow MRI can dynamically and visually display hemodynamic changes across different cardiac cycles and can be used to explore the relationship between high- and low-risk plaques for different flow directions and plaque locations (Sotelo et al., 2018; Rizk et al., 2019).

HRVW imaging combined with the 4D flow MRI technique was used in our study to explore the differences in WSS between high- and low-risk plaques in patients with moderate stenosis. We aim to identify whether WSS is a predictor of high-risk plaques and which directions of blood flow and phases of the cardiac cycle play the most important roles in atherosclerosis. This study provides information on the hemodynamic aspects of plaque imaging and can help with further clinical treatments in atherosclerotic patients.



MATERIALS AND METHODS


Subjects

We recruited 34 patients with carotid plaques from January 2019 to June 2020. The stenosis rate of all plaques was initially assessed to be 30–70%, three patients with low-quality imaging and one patient whose actual stenosis rate was greater than 70% were excluded from the study. Ultimately, 40 carotid arteries of 30 patients were included: 10 patients had bilateral carotid plaques, and the 20 remaining patients had one healthy carotid artery each. Twenty-four had high-risk plaques, and 16 had low-risk plaques. High-risk plaques were defined as follows: (1) HRVW imaging: showed potentially high-risk plaque characteristics, including heterogeneous signal, a thin fibrous cap, IPH, a lipid core, or obvious partially enhanced signal. The enhancement was quantified as follows: [signal intensity of plaque (post-contrast)/signal intensity of gray matter (post-contrast)]/[signal intensity of plaque (pre-contrast)/signal intensity of gray matter (pre-contrast)]; when this value was greater than 1, the plaque was enhanced. (2) Cerebrovascular events had occurred, with definite hyperintense lesions identified in the ipsilateral brain parenchyma on DWI (Figure 1). Low-risk plaques were defined as follows: (1) HRVW imaging: did not show potentially high-risk plaque components and did not show enhancement. (2) No obvious lesion was identified in the ipsilateral brain parenchyma on DWI (Figure 2; Adamson et al., 2015; Zhang R. Y. et al., 2020).


[image: image]

FIGURE 1. The definition of high-risk plaque. (A) Pre-enhanced HRVW 3D T1 image, inhomogeneous intensity was seen in the plaque. (B) Post-enhanced HRVW 3D T1 image. Hyperintensity was seen in the plaque. (C,D) Reconstruction map of post-enhanced HRVW 3D T1 image. The whole vessel and a plaque shown in red circle were better displayed. (E) Section image perpendicular to the lumen in the plaque lesion. Stenosis rate was determined in this section. (F) DWI. Hyperintensity was seen in left basal ganglia, indicating cerebrovascular events occurred.
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FIGURE 2. The definition of low-risk plaque. (A) Pre-enhanced HRVW 3D T1 image. Intensity is homogeneous was seen in the plaque. (B) Post-enhanced HRVW 3D T1 image. No abnormal intensity was seen in the plaque. (C,D) Reconstruction map of post-enhanced HRVW 3D T1 image. Better display of the whole vessel and the plaque shown in red circle. (E) Section image, perpendicular to the lumen located in the plaque lesion. The stenosis rate can be determined in this section. (F) DWI. No abnormal hyperintensity was found in the whole brain, indicating no cerebrovascular events occurred.




Examination Protocol

All patients underwent 4D flow MRI, HRVW 3D T1-weighted imaging (T1WI), and DWI. The 4D flow MRI scans were conducted using a 3.0-T MRI scanner (GE Medical Systems, Discovery MR750, Waukesha, WI, United States) with an eight-channel head–neck coil. The 4D flow MRI data were acquired using a volumetric, time-resolved phase-contrast method. The scanning parameters were as follows: TR = 4.1 ms, TE = 2.1 ms, flip angle = 8°, FOV = 240 × 240 mm2, matrix size = 128 × 128, NEX = 1 and receiver bandwidth = ± 62.5 kHz. Velocity encoding (VENC) was set at 100 cm/s to prevent aliasing artifacts. Twenty frames were reconstructed through view sharing. The total scan time of the 4D flow was approximately 4–6 min depending on the heart rate of each subject (Zhang G. et al., 2020). DWI and HRVW imaging were conducted immediately after the 4D flow MRI. A 32-channel head coil combined with a soft coil attached to the neck with only a slight space between neck and neck coil was used at a 3T MR scanner (UMR780, United Imaging Healthcare, Shanghai, China). The DWI parameters were as follows: TR = 4,049 ms, TE = 48 ms, thickness = 5 mm, flip angle = 90°, FOV = 230 × 220 mm2, B values = 0 and 1,000 s/mm2, voxel size = 1.60∗1.44∗5.00 mm, and scan time 1min54s. HRVW imaging was performed with 3D-TIWI matrix before and after an injectable gadolinium-based contrast agent, gadobenate dimeglumine injection (Bracco Sine Pharmaceutical Corp., Ltd.; Shanghai, China), was administered intravenously (0.1 mmol/kg of body weight); 5 min after the contrast agent was administered, we conducted post-enhancement HRVW. The parameters were as follows: TR = 750 ms, TE = 23.7 ms, FOV = 220 mm × 180 mm, slice thickness = 0.66 mm, voxel size = 0.65 × 0.65 × 0.66 mm, and scan time = 7 min 13 s.



Data Analysis

As displayed in Figure 3, 4D flow MRI data were imported into the CVI42 software (Version 5.6.6, Circle Cardiovascular Imaging, Calgary, Canada) for preprocessing and parameter calculation; the analysis steps included the following: (1) preprocessing: the preprocessing step consisted of automatic offset correction, signal aliasing correction, correction of flow direction, and dynamic previewing of images in all directions to identify and exclude images with poor quality. (2) Segmentation: the target vessel was segmented parallel to the centerline, which was traced along the vessel. (3) Calculation: the analysis plane was placed perpendicular to the centerline at the narrowest part of the carotid artery, and velocity (maximum and mean), axial WSS (maximum and mean), and circumferential WSS (maximum and mean) were measured at 20 time points. WSS was calculated based on the method described by Markl (Stalder et al., 2008). The 3D WSS reflected the total WSS along the plane tangent to the local vessel surface, and was decomposed into axial and circumferential components. Axial and circumferential WSS represent the WSS along the blood flow direction and the vessel circumference. The stenosis rate was calculated using HRVW imaging data and the equation for stenosis rate = Ds/Dd or Ds/Dp), in which Ds is the diameter of the narrowed segment of the lumen, Dd is the diameter of the distal lumen next to the narrowed segment, and Dp is the diameter of the proximal lumen next to the narrow segment. All statistical analyses were performed with SPSS (Version 19.0.0 IBM, Armonk, NY, United States). The stenosis rate and volume were compared using independent-sample t-tests. The WSS and velocity values displayed normal distributions according to a normality test. An independent-sample t-test was used to compare WSS (axial, circumferential and 3D) and velocity between low- and high-risk plaques over the entire cardiac cycle and at 20 different time points; p < 0.05 was considered statistically significant.
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FIGURE 3. Data acquisition and analysis workflow for 4D flow MRI. (1) Data acquisition: PC-MRI with three-directional velocity information is collected. (2) Preprocessing: data preprocessing corrects for errors due to noise, aliasing, and eddy current. (3) Segmentation: the centerline was segmented parallel traced along the target vessel. (4) Analysis: the plane is set at the narrowed segment of the lumen and segment of the lumen contour in magnitude-coded image manually, then we can get the cross section and sagittal section visually, as well as the axial and circumferential WSS curve and the quantified values. (5) Visualize: examples of WSS evaluated by 4D flow MRI at different time points; 4D flow MRI can display hemodynamic changes dynamically and visually in different cardiac cycles.





RESULTS

The demographics of the patients with high-risk plaques and low-risk plaques are shown in Table 1. There were no significant differences in stenosis or volume between the high-risk and low-risk groups. Among the 30 patients (20 male, 56.3 ± 9.5 years), 19 patients had hypertension, 6 patients had hyperlipidemia, 16 patients were active smokers, and 6 patients had diabetes. The mean heart rate was 75.0 ± 10.8 times/min.


TABLE 1. Patient demographic data.
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The maximum and mean values of axial, circumferential, and 3D WSS and velocity at all time points were all higher in the high-risk plaque group than those in the low-risk plaque group. Figure 4 shows that the differences were significant except for mean velocity (p = 0.061).
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FIGURE 4. The differences in WSS (axial, circumferential, and 3D) and velocity at all 20 time points. The WSS values were higher in the high-risk group than those in the low-risk group. Both max and mean WSS values between the two groups were found significant, while no significant difference was found for mean velocity.


The differences at each time point were also analyzed separately. Figures 4, 5 show that the value of axial WSS was significantly higher than that of circumferential WSS, the WSS was 0.18 ± 0.08 Pa (mean ± SD) in the axial direction and 0.04 ± 0.02 Pa (mean ± SD) in the circumferential direction (P < 0.001), and the WSS value in the axial direction was more than four times that in the circumferential direction. The differences in circumferential WSS at half of the time points were non-significant, whereas non-significant maximum and mean axial WSS values were observed at only one time point and three time points, respectively. The difference in 3D WSS was significantly different between the two groups at all time points. The trend of 3D WSS more closely resembled that of axial WSS than that of circumferential WSS, but 3D WSS was more stable than axial WSS at all different time points.
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FIGURE 5. The WSS differences at every time point in the cardiac cycle. The first time point was the start of the rapid ejection period, with 1–5 time points and 16–20 time points representing systole and 6–15 time points representing diastole.


The WSS and velocity differed between systole and diastole within a cardiac cycle. As displayed in Figure 5, WSS was higher in the high-risk plaque group than in the low-risk plaque group at each time point, but the difference was non-significant (p > 0.05) at a few time points, especially during systole. The number of non-significant differences in each WSS variable was as follows: 1 (systole) in maximum axial WSS, 2 (systole) and 1 (diastole) in mean axial WSS, 6 (systole) and 4 (diastole) in maximum circumferential WSS, and 10 (systole) and 1 (diastole) in mean circumferential WSS. Velocity was higher in the high-risk plaque group than in the low-risk plaque group, except for the first time point (systole) for mean velocity, and the differences in the maximum diastolic velocity were all significant (all p < 0.05).

Figure 3 (5.Visualize) displayed the cases of dynamic changes in 3D WSS at different time points. The WSS in the high-risk plaque group increased at stenosis, and the degree of changes varied at different time points. The WSS of low-risk plaques declined in the stenotic location.



DISCUSSION

WSS plays an important role in the development of atherosclerosis. We studied the difference in WSS in vessels with similar degrees of stenosis using 4D flow MRI. Our study demonstrated that high-risk plaques had higher WSS than low-risk plaques. The WSS changes varied at different points of the cardiac cycle, and diastolic WSS may have a greater impact on plaque stability than systolic WSS. The axial WSS values were significantly higher than the circumferential WSS values. Additionally, 3D WSS best reflected the difference between high-risk and low-risk plaques in that it had a smaller standard deviation than the other WSS parameters, and it showed a significant difference at every time point. 4D flow is a notable emerging technology to display changes in any hemodynamic parameters at different time points in the cardiac cycle visually and dynamically; it is an in vivo technology and provides multidirectional and multi-time-phase information. Its hemodynamic measures can be combined with anatomical information to help clinicians make more accurate judgments based on a patient’s clinical condition.

Vessel stenosis greater than 70% is independently associated with cerebrovascular events and is considered a high-risk feature. Studies have found that moderate stenosis is also associated with a high incidence of cerebrovascular events (Bodle et al., 2013), and stenosis is not an independent predictor in defining plaque risk (Shi et al., 2018; Shi et al., 2020). Therefore, it is of great importance to identify high-risk plaques in patients with moderate stenosis (Shi et al., 2021). Previous studies have mostly addressed HRVW imaging, whereas in vivo hemodynamic studies have been less extensively discussed. WSS is the force generated by blood flow and is directly perpendicular to the vessel wall and the plaque. The “axial” here intended as the direction aligned with the tangent to the vessel’s centerline and the main flow direction, and the “circumferential” intended as the direction was along the lumen circumference, orthogonal to the axial direction and centerline (Stalder et al., 2008; Morbiducci et al., 2015). Measurements at time points represent different times in the cardiac cycle; the magnitude of the force varies with the contraction of the heart. High WSS was related to induce specific changes in endothelial cell behavior, exacerbating inflammation and stimulating progression of the atherosclerotic lipid core in the vessel wall; it was a possible causative factor to promote the development of high-risk plaques (Eshtehardi et al., 2017). Understanding the detailed changes in plaque WSS can help clinicians apply more active treatments when a plaque shows high WSS, especially in diastolic and axial WSS.

Previous studies (Groen et al., 2007; Tuenter et al., 2016) found that ulcers formed exclusively at locations of high WSS, and a higher maximum WSS was significantly associated with the presence of IPH. Gijsen et al. (2011) found that plaque regions exposed to high WSS were subject to increasing strain over time, indicating that high WSS was likely to increase lipid deposition. These studies roughly corresponded to ours, although our study was more detailed in that we investigated axial, circumferential, and 3D WSS in vivo using 4D flow MRI. WSS can affect the function of vascular endothelial and smooth muscle cells, and high WSS induces specific changes in endothelial cell behavior, for example, by modifying gene expression, which may contribute to the onset and progression of atherosclerosis (Castier et al., 2005; White et al., 2011; Eshtehardi et al., 2017).

The ability to detect hemodynamic changes at different time points in the cardiac cycle is a feature of 4D flow MRI, and studies about these changes in the carotid artery are rare. A 4D flow MRI study of WSS changes in regurgitant semilunar valvular lesions by Rizk et al. (2019) found that in the presence of pulmonary and aortic regurgitation, WSS was elevated in comparison with controls and showed a diastolic peak. In contrast, Geiger et al. (2018) found that systolic WSS was not significantly altered in bicuspid aortic valve (BAV) patients. Our research also found that WSS values were increased throughout the entire cardiac cycle, but the difference in diastolic WSS was more significant than that in systolic WSS. Although previous work explored different diseases than our study did, these prior studies explained the role of diastole in the presence of disease; this role cannot be ignored and may be a considerable contributing factor to some cardiovascular diseases. The diastolic period lasts longer than the systolic period, consequently affecting the vessel wall longer; therefore, diastole may play a more important role in WSS.

Choi et al. (2015) explored the relationship between axial WSS and plaque, finding that upstream axial plaque stress increased with lesion severity and that axial plaque stress showed a negative correlation with lesion length. These results were complementary to ours. Furthermore, we further compared the contributions of axial WSS and circumferential WSS to plaque risk, and we found that axial WSS may be more meaningful in the assessment of plaque risk and in the selection of treatment strategies for patients with atherosclerotic plaque. Studies on other diseases, such as Marfan syndrome and BAV (Bissell et al., 2013; Wang et al., 2016; Guala et al., 2019), found that these patients exhibited reduced axial and circumferential WSS, but in different locations, circumferential WSS was reduced in the distal ascending aorta and in the proximal descending aorta in patients with Marfan syndrome, whereas axial WSS displayed more dilatation at the aortic root, and greater circumferential WSS was positively associated with dilatation in the ascending aorta in BAV patients. 3D WSS is the summation of the axial and circumferential WSS, Patients with high-risk plaques had greater WSS than those with low-risk plaques, but some differences in the axial and circumferential WSS were not statistically significant. When the differences in axial and circumferential WSS were combined for analysis, the difference in 3D WSS was significant at every time point. Further investigations will be needed in the future to address the specific reason, but it can be speculated that shear stress acting on the vessel wall axially rather than circumferentially plays a key role in high-risk plaques.

Some limitations in our study should be mentioned. First, our criteria for high-risk plaques required not only imaging results but also cerebrovascular events. A few patients had cerebrovascular events but no high-risk imaging signs, or vice versa, and were not included in the high-risk group. This may limit the applicability of our results in the clinic. However, the purpose of our study is to identify the hemodynamic differences between high- and low-risk plaques; thus, the criteria for including high-risk plaques are stricter than those that are used in clinic. We believe that the inclusion of unmatched data in future studies will enrich this area of research. Second, the geometries and multi-slice (measuring several planes along the vessel), multi-segment (showing the external or internal wall of the internal carotid artery, where the stenosis presented) models of the carotid arteries, which have been discussed in previous studies, were not investigated in this study, although they may provide more detailed and comprehensive information. Third, the amount of sample data is relatively small, and a larger dataset is need for further verification in the future.



CONCLUSION

In conclusion, 4D flow MRI can display hemodynamic changes dynamically and visually across cardiac cycles. Patients with high-risk plaques were found to have higher WSS than those with low-risk plaques. The increases in axial WSS were greater than those in circumferential WSS. Diastolic WSS was more influential than systolic WSS in determining plaque outcomes. High WSS, especially diastolic and axial WSS, may be related to atherosclerotic plaque rupture and cause cerebrovascular events in patients with moderate carotid artery stenosis.
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Application of High-Resolution Flat Detector Computed Tomography in Stent Implantation for Intracranial Atherosclerotic Stenosis
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Objective: To evaluate the utility of high-resolution flat-detector computed tomography (HR-FDCT) compared with conventional flat-detector computed tomography (FDCT) for stent placement in symptomatic intracranial atherosclerotic stenosis (ICAS).

Methods: We retrospectively reviewed the clinical data of 116 patients with symptomatic ICAS who underwent stent implantation. Images were acquired using conventional FDCT [voxel size = 0.43 mm (isotropic)] and HR-FDCT [voxel size = 0.15 mm (isotropic)]. Immediately after stent deployment, dual-volume three-dimensional (3D) fusion images were obtained from 3D digital subtraction angiography (DSA) and HR-FDCT. The image quality for stent visualization was graded from 0 to 2 (0: not able to assess; 1: limited, but able to assess; 2: clear visualization), and the stent-expansion status (“full,” “under-expanded” or “poor apposition”) was recorded.

Results: A total of 116 patients with symptomatic ICAS were treated successfully using 116 stents (58 NeuroformTM EZ, 42 EnterpriseTM, and 16 ApolloTM). The mean pre-stent stenosis was 80.5 ± 6.4%, which improved to 20.8 ± 6.9% after stenting. Compared with FDCT, HR-FDCT improved visualization of the fine structures of the stent to improve the image quality that significantly (mean score: 1.63 ± 0.60 vs. 0.41 ± 0.59, P < 0.001). In 19 patients, stent under-expansion (n = 11) or poor apposition (n = 8) was identified by HR-FDCT but not by conventional FDCT. After balloon dilatation, stent malapposition was shown to have improved on HR-FDCT. None of the 19 patients with stent malapposition experienced short-term complications during hospitalization or had in-stent stenosis at 6-month follow-up.

Conclusion: High-resolution flat-detector computed tomography (HR-FDCT) improves visualization of the fine structures of intracranial stents deployed for symptomatic ICAS compared with that visualized using conventional FDCT. High-resolution flat-detector computed tomography improves assessment of stent deployment and could reduce the risk of complications.

Keywords: flat detector CT, intracranial atherosclerosis, stenosis, stent, complications


INTRODUCTION

Intracranial atherosclerotic stenosis (ICAS) is a major cause of ischemic stroke. In the USA, ICAS accounts for 5–10% of ischemic strokes, and it is a more common stroke etiology in Asian, African, and Hispanic populations (Gorelick et al., 2008). Intracranial atherosclerotic stenosis is the source of stroke in as many as 30–50% of cases among Chinese populations (Leung et al., 1993).

Initially, ICAS is treated with non-invasive medical therapy that seeks to reduce the risk of cerebral infarction (Qureshi and Caplan, 2014; Heit and Wintermark, 2018). However, patients who develop recurrent cerebral infarction or recurrent transient ischemic attacks (TIAs) despite optimal medical therapy may be considered for more aggressive treatment, including cerebral arterial angioplasty and/or stent placement (Qureshi and Caplan, 2014; Heit and Wintermark, 2018). Optimal visibility of the intracranial stent is limited using digital subtraction angiography (DSA) applications (Kato et al., 2020). Although some radiopaque elements of intracranial stents may be observed via fluoroscopy during treatment, local distortion or incomplete expansion of the stent may be difficult to identify due to limited angiographic angles or the presence of bony or metal obstructions (Li et al., 2019). Incomplete expansion of the stent is an important potential risk factor for stent thrombosis and prolonged duration of stent endothelialization (Foin et al., 2014). Improving intraprocedural imaging of stent placement during ICAS treatment could minimize risks and improve outcomes (Zaidat et al., 2015; Wang and Wang, 2017; Alexander et al., 2019).

High-resolution flat-detector computed tomography (HR-FDCT) technology (syngo DynaCT Micro, Siemens Healthineers, Forchheim, Germany) was developed recently. This technology allows for improved visualization of fine anatomical features or the features of implanted devices during angiographic procedures. Compared with conventional FDCT, HR-FDCT provides higher spatial resolution and reduced artifacts from the cone beam (Yuki et al., 2016; Li et al., 2019). Instead of 2 × 2-pixel binning during read-out from flat-detector imaging, this technology employs a non-binning technique. The exposure conditions and image-processing algorithms have been optimized, and the spatial resolution improved from 0.43 to 0.15 mm.

High-resolution flat-detector computed tomography (HR-FDCT) has been reported to improve the visibility of various intracranial stents for stent-assisted aneurysm embolization when compared with that obtained with conventional FDCT (Yuki et al., 2016; Shintai et al., 2018; Li et al., 2019; Zhang et al., 2019). However, in vivo research on the use of this technique to evaluate stent placement for symptomatic ICAS is scarce.

We assessed the in vivo image quality of HR-FDCT, its utility for guiding intravascular procedures, and the possible influence on the postoperative outcome. In this way, we aimed to evaluate comprehensively the utility of HR-FDCT for stent placement in symptomatic ICAS.



MATERIALS AND METHODS


Ethical Approval of the Study Protocol

The protocol for this retrospective study was approved by the Ethics Committee of the Biomedical Research Department within First Affiliated Hospital of Zhengzhou University (Zhengzhou, China). The procedures followed were in accordance with the Helsinki Declaration of 1975 and its later amendments.



Inclusion and Exclusion Criteria

Patients were eligible for inclusion in this study if: (i) a TIA or minor stroke (Fischer et al., 2010) had occurred <90 days before stent placement and was attributed to an angiographically verified >50% stenosis of a major intracranial artery supplying the stroke territory; (ii) the stenosis was located in the intracranial internal carotid artery, M1 segment of the middle cerebral artery, intracranial vertebral artery, or basilar artery, and the diameter of the artery adjacent to the stenosis was 2.0–4.0 mm; (iii) the National Institutes of Health Stroke Scale (NIHSS) score was <9 upon presentation; (iv) patient age was 30–80 years; (v) the patient had at least one risk factor for atherosclerosis (hypertension, diabetes mellitus, hyperlipidemia, hyperhomocysteinemia, or smoking); (vi) ischemic stroke or TIA occurred despite the patient receiving standard medical therapy (antiplatelet or anticoagulant medication); (vii) symptomatic ICAS was treated with a single intracranial stent: Neuroform EZTM (Stryker Neurovascular, Fremont, CA, United States), EnterpriseTM (Codman Neuro, Raynham, MA, United States), or ApolloTM (MicroPort Medical, Shanghai, China).

Patients were excluded if they: (i) were treated with a single or combined drug-eluting balloon or drug-eluting stents; (ii) underwent stenting combined with bypass surgery; (iii) had clinically defined non-atherosclerotic ICAS (e.g., vasculitis, arterial dissection).



Patient Selection

Consecutive patients who underwent stent implantation in First Affiliated Hospital of Zhengzhou University between June 2017 and December 2018 for treatment of symptomatic ICAS were identified retrospectively by reviewing medical records.

Demographic (age, sex) and clinical information, (risk factors for atherosclerosis) were recorded. Lesion characteristics, including the location and Mori classification, were documented. With regard to the Mori classification, type-A lesions were concentric and <5 mm in length, type-B lesions were eccentric lesions 5–10 mm in length, and type-C lesions were longer than 10 mm and excessively tortuous (Mori et al., 1998).



Image Acquisition

Preprocedural preparation and the stenting procedure were undertaken as described previously (Jiang et al., 2007; Vajda et al., 2012; Xu et al., 2019), and included clopidogrel (p.o.) for 3-6 months and long-term aspirin (p.o.). Preprocedural vascular stenosis and postoperative residual stenosis were measured manually using calipers on images from catheter angiography.

Immediately after stent deployment, FDCT and HR-FDCT were carried out using the same imaging unit as a routine procedure in our institution for optimal care of patients. Whole-brain FDCT was acquired to exclude parenchymal or subarachnoid hemorrhage, and to determine whether to add heparin and/or tirofiban into postprocedural treatment. We used the following parameters for whole-brain FDCT: acquisition time = 20 s; X-ray tube voltage = 109 kV; tube current = 460 mA; total angle = 200°; 496 frames; zoom size = 48 cm; voxel size = 0.49 mm (isotropic).

Subsequently, HR-FDCT was acquired with the region of interest limited to the stent-placement area (to verify that the stent was fully expanded) using the following parameters: acquisition time = 20 s; X-ray tube voltage = 109 kV; tube current = 460 mA; total angle = 200°; 496 frames; zoom size = 22 cm; voxel size = 0.15 mm (isotropic). The radiation dose for FDCT was 85.3 mGy, and that for HR-FDCT was 294 mGy.

Three-dimensional FDCT and HR-FDCT images were reconstructed automatically on a three-dimensional (3D) workstation (Siemens Healthineers).

After the two acquisitions stated above had been completed, patients underwent 3D-DSA for 5 s for confirmation of vessel patency. 3D-DSA was done using the following parameters: acquisition time for each rotation = 5 s; X-ray tube voltage = 70 kVp; tube current = 460 mA, total angle = 200°; 397 frames; zoom size = 48 cm; voxel size = 0.43 mm (isotropic). For contrast-enhanced DSA, undiluted contrast media (370 mg/mL; UltravistTM; Bayer, Bayer Leverkusen, Germany) was injected at 2.5 mL/s for 5 s, and the scan was started with a 1-s delay. 3D-DSA images and HR-FDCT were fused and displayed as dual-volume (syngo 3D–3D fusion, Siemens Healthineers) to evaluate the vessel-wall apposition of the implanted stent. During 3D–3D fusion, the 3D-DSA images were first reconstructed into two volumes (i.e., we subtracted the volume of 3D vessels and the mask volume of the skull and brain tissues) with identical 3D coordinates. Then, the mask volume was fused with HR-FDCT based on rigid registration of bony structures. Hence, a fusion matrix between 3D-DSA and HR-FDCT was generated. Through application of the same fusion matrix between the subtracted volume and HR-FDCT, the 3D-vessel could be fused with a clearly reconstructed stent from HR-FDCT. If malapposition of the stent was observed, the interventionalist carried out balloon angioplasty to expand the stent further. Follow-up HR-FDCT could be undertaken to confirm stent deployment after angioplasty depending on the interventionalist’s clinical judgment. Stent malapposition was described as “stent under-expansion” (partially opened stent) or “poor apposition” (presence of a gap between the stent trunk and the parent-artery wall, or a gap between the distal or proximal flare of the stent and the parent artery).



Stenosis Evaluation

The preoperative and postoperative/residual stenosis was calculated according to the warfarin–aspirin symptomatic intracranial disease (WASID) method (Samuels et al., 2000) on DSA images, The success of stenting was defined as complete coverage of the lesion by the stent, resulting in a residual stenosis of ≤30% with good anterograde blood flow.



Retrospective Evaluation of the Image Quality of FDCT and HR-FDCT

Patients were divided into three groups based on the type of stent deployed (Neuroform, Enterprise, or Apollo). For each stent group, two sets of 3D images (FDCT and HR-FDCT) were anonymized and randomized for evaluation after all procedures had been completed for the included patients. Two experienced neuro-interventionalists (with 12 years and 36 years of experience, respectively) blinded to the procedural results evaluated the image quality independently.

The evaluation criteria were: 0 (the image quality was poor and defined as inadequate delineation between the stent lumen and stent strut, or no visualization of the stent lumen); 1 (the image quality was good and defined as visualization of a mildly inhomogeneous stent lumen, but with the patency of the stent lumen interpretable); 2 (images of excellent quality, the lesion area appeared as a homogeneous stent lumen with clear delineation of the stent strut) (Figure 1) (Jang et al., 2012).


[image: image]

FIGURE 1. Comparison of the image quality for different types of stents by FDCT and HR-FDCT in vitro (representative cases). (a–d) NeuroformTM EZ stent with image-quality scores of 0, 1, 2, and 2 points; (e–h) EnterpriseTM stent with image-quality scores of 0, 1, 2, and 2 points; (i–l) ApolloTM stent with image-quality scores of 0, 1, 2, and 2 points. Panels (a,e,i) were images by FDCT, and the rest were images by HR-FDCT.




Postoperative Management and Follow-Up

Vital signs were monitored after stenting. Systolic pressure was maintained at 90–110 mmHg for >48 h. If the NIHSS score or modified Rankin Scale (mRS) score changed, CT and/or magnetic resonance imaging of the head was done. At 1-month clinical follow-up, the scores for the mRS and NIHSS were used to assess functional outcome.



Statistical Analyses

SPSS 22.0 (IBM, Armonk, NY, United States) was used for statistical analyses. Data with a normal distribution and continuous data are presented as the mean ± SD. Ratings for image quality were evaluated using chi-square or Fisher’s exact tests. Inter-observer agreement between the two raters was analyzed using Kappa (≥ 0.75 was considered “good agreement”) values. P < 0.05 was considered significant.



RESULTS


Patients and Stenting

Consecutive ICAS patients (n = 146) were screened for inclusion. Thirty patients were excluded from the study [12 patients with deployment of single or combined drug-eluting balloons or drug-eluting stents; 18 patients without follow-up DSA/computed tomography angiography (CTA)]. Hence, 116 patients (71 males and 45 females; mean age, 54 ± 11 years) formed the study cohort. The median time from the initial TIA or stroke event to stent placement was 21.7 (range, 14–56) days. The characteristics of patients at baseline are shown in Table 1.


TABLE 1. Baseline patient characteristics (n = 116).

[image: Table 1]Overall, 116 patients were treated with 116 intracranial stents (58 Neuroform EZ, 42 Enterprise, and 16 Apollo). Mean preprocedural stenosis was 80.5 ± 6.4%, and mean postprocedural residual stenosis was 20.8 ± 6.9% (internal carotid artery 19.1 ± 6.8%, middle cerebral artery 22.3 ± 7.6%, vertebral artery 20.4 ± 6.7%, basilar artery 18.9 ± 5.2%). The success rate for the technical procedure was 100%.



Comparison Between FDCT and HR-FDCT

Both readers showed excellent agreement for assessment of image quality (κ = 0.92). The inter-rater agreement was excellent for each type of stent used (κ = 0.89 for Neuroform EZ, 0.94 for Enterprise, and 0.95 for Apollo). Compared with reconstructed images from FDCT, reconstructed images from HR-FDCT showed significant improvement in visualization of stent structure and assessment of stent deployment (mean score: 1.63 ± 0.60 vs. 0.41 ± 0.59, P < 0.001) (Table 2 and Figures 2–5). The improvement of image quality was significant (P < 0.05) for each stent type.


TABLE 2. Evaluation of images obtained with FDCT and HR-FDCT (Neuroform EZ stent, n = 58; Enterprise stent, n = 42; Apollo stent, n = 16).
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FIGURE 2. Comparison of the stent visibility scores using FDCT and HR-FDCT (Neuroform EZ stent, n = 58; Enterprise stent, n = 42; Apollo stent, n = 16).
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FIGURE 3. Treatment for an atherosclerotic stenosis in the basilar artery with the ApolloTM stent. A 56-year-old man presented with dizziness of 2-week duration. (a) High-resolution MRI showed stenosis of the basal-artery trunk (white arrow); (b) 2D-DSA showed severe stenosis (80%) of the basilar-artery trunk (white arrow); (c) an Apollo balloon-expandable stent measuring 2.5 mm × 8 mm was placed (white arrow); (d) DSA showed improved blood flow with good expansion of the stent, and residual stenosis was 5%; (e) conventional FDCT showed the blurred metal struts of the stent with an image-quality score of 0; (f,g) HR-FDCT showed that the stent struts were clear and expanded completely, and image quality was improved significantly with a score of 2; (h,i) Dual volume three-dimensional fusion images showed good apposition of the stent to the vessel wall (stent, white arrow; vessel wall, black arrow); (j) follow-up DSA at 6 months showed durable stent patency. Panels (e–g) were obtained in vivo.



[image: image]

FIGURE 4. Treatment of an atherosclerotic stenosis in the right middle cerebral artery with the EnterpriseTM stent. A 52-year-old woman who presented with left-limb weakness of 12-day duration. (a) MRI showed subacute cerebral infarction in the right temporal lobe and basal ganglia; (b) 3D-DSA revealed severe stenosis (83%) at the bifurcation of the right middle cerebral artery (white arrow); (c) high-resolution MRI showed that the stenosis was atherosclerotic (white arrow); (d,e) dilation using a GatewayTM balloon was done followed by insertion of an Enterprise stent measuring 4.5 mm × 22 mm (white arrow). Residual stenosis was 28%; the two arrows in (e) showed both ends of the stent. (f) conventional FDCT showed a good position of the distal and proximal stent markers, but the stent itself was poorly visualized with an image-quality score of 0; (g) HR-FDCT showed good deployment of the stent, and the image quality was improved significantly with a score of 2; (h) 6-h later, CT of the head showed cerebral parenchymal hemorrhage (white arrow) in the former infarction area at right basal ganglia.



[image: image]

FIGURE 5. Treatment of an arteriosclerotic stenosis of the V4 segment of the left vertebral artery using the NeuroformTM EZ stent. A 67-year-old man presented with dizziness and instability while standing of 6-day duration. (a,b) 2D and 3D-DSA showed 78% stenosis of the V4 segment of the left vertebral artery (white arrow); (c) dilation using a GatewayTM balloon was done followed by insertion of a Neuroform EZ stent measuring 3.0 mm × 15 mm (white arrow) with 50% residual stenosis; (d) conventional FDCT showed full expansion of the proximal and distal stent markers but poor visualization of the stent itself with an image-quality score of 0; (e) HD-FDCT showed the stent was partially expanded with an image-quality score of 1 (white arrow); (f) angioplasty with a Gateway balloon was undertaken again with a 3.0 mm × 9 mm balloon to treat stent under-expansion. Review by 2D-DSA showed that stenosis was improved significantly (residual stenosis = 11%); (g) after balloon angioplasty, HD-FDCT was done again and confirmed that the stent was fully expanded; (h,i) Dual-volume 3D fusion images showed good apposition of the stent to the vessel wall (stent, white arrow; vessel wall, black arrow); (j) 6-month follow-up CTA showed durable stent patency (white arrow).




Balloon Angioplasty

By reviewing the HR-FDCT images during the interventional procedure, patients who had stent malapposition were identified and underwent additional balloon angioplasty. According to the reconstruction images obtained from HR-FDCT, 11 stents (seven Neuroform EZ and four Enterprise) were found to be under-expanded. The involved arterial segments were four in intracranial carotid arteries, three in middle cerebral arteries, one in the basilar artery, and three in vertebral arteries. After balloon angioplasty, all stents expanded fully (Figure 5). According to the reconstruction of 3D fusion images obtained from 3D-DSA combined with HR-FDCT, eight stents (four Neuroform EZ and four Enterprise) were found to have poor apposition. The involved arterial segments were four in intracranial carotid arteries, two in middle cerebral arteries, and two in vertebral arteries. After balloon angioplasty, stent malapposition improved, as confirmed by an additional HR-FDCT scan.



Complications During Hospitalization

One patient had postprocedural intraparenchymal hemorrhage and was discharged 50 days later with a moderate permanent neurological deficit (NIHSS score = 6, mRS score = 3). Six patients had postprocedural ischemic stroke, though DSA confirmed patency in blood flow through the stents in all cases and stroke was assumed to be a result of perforator occlusion based on the infarct pattern. Of these six patients, three had a permanent minor neurological deficit with a mRS score of 1, 1, and 2 and NHISS score of 1, 1, and 2, respectively, at 1 month. There were no cases of acute thrombosis or hemorrhagic complications in the remaining 109 patients. There were no complications among the 19 patients that necessitated balloon angioplasty.



Follow-Up

A total of 114 patients had adequate follow-up data after surgery. The duration of follow-up was 6–25.3 (median, 12.9) months. The mRS score at 6 months was 0 (n = 88), 1 (n = 24), 2 (n = 1), and 3 (n = 1). In the follow-up window, 3.5% (4/114) of patients had ischemic strokes, of which one resulted in permanent disability and three were minor strokes. Also, 3.5% (4/114) of patients had a TIA. Mortality was 2.6% (3/114), none of which were from neurological causes.

A total of 97 patients had follow-up imaging data at 6 months (36 cases by CTA, 61 by DSA); 14 (14.4%) (seven Neuroform EZ, five Enterprise, and two Apollo) showed in-stent stenosis, of which six were symptomatic; three of those were treated with balloon angioplasty. The remaining eight asymptomatic cases were treated conservatively. Regarding the causes of in-stent stenosis, three patients had poor control of hyperglycemia or hypertension, and one patient had poor medication compliance. In the remaining 10 patients, the possible causes were a relatively higher degree of post-stent residual stenosis, vascular endothelial injury due to balloon angioplasty, poor response to antiplatelet medication, and/or prolonged time of vascular endothelialization.

In the 19 patients with stent malapposition who underwent balloon angioplasty, a deterioration of neurological function was not observed in the clinical follow-up (mean, 9.1 months). In addition, in-stent stenosis was not observed at 6-month follow-up DSA.



DISCUSSION

HR-FDCT has helped improve stent visualization during neurointerventional procedures (Clarençon et al., 2017; Kuriyama et al., 2018; Srinivasan et al., 2018). Studies have explored its utility in patients with intracranial aneurysms [(Caroff et al., 2014; Shintai et al., 2018; Kato et al., 2020). However, few reports have focused on the clinical application of HR-FDCT in stent placement for symptomatic ICAS.

In our relatively large patient cohort (n = 116), HR-FDCT improved the visualization of fine structures of the stent, which helped detection of stent malapposition. Nineteen cases of stent under-expansion or poor apposition were identified by HR-FDCT but were not seen by FDCT because of artifacts caused by the metal in the wire mesh and lower spatial resolution. After balloon angioplasty, stent malapposition improved on HR-FDCT. None of the 19 patients with stent malapposition experienced short-term complications during hospitalization or had in-stent stenosis at 6-month follow-up.

Stent under-expansion and poor apposition can lead to an increased risk of acute thrombosis or delayed ischemia after deployment. Balloon angioplasty is often necessary if malapposition is detected (Sheng et al., 2014). Flat-detector computed tomography and HR-FDCT could be utilized for different purposes according to their strengths and limitations. Flat-detector computed tomography could be employed to visualize the whole brain for exclusion of intracranial bleeding due to its large field of view (can be up to 30 × 40 cm) but has limited spatial resolution when compared with HR-FDCT. The latter could be used only for visualizing a small field of view (16 × 16 cm) to compromise for signal read-out burden if pixel binning was not adopted. Caroff and colleagues used HR-FDCT (Vaso CT; Philips, Amsterdam, the Netherlands) to observe stent-assisted embolization of intracranial aneurysms. They found that HR-FDCT could be used to assess stent deployment and reduce the risk of thromboembolic events (Caroff et al., 2014). We garnered similar findings in that HR-FDCT aided stent apposition, and serious complications (e.g., acute thrombosis) did not occur during or after intervention.

Among the six patients in our study with ischemic stroke during the perioperative period, three had basilar-artery stenosis and the post-stenting infarctions were located in the pons. The remaining three cases had a stenosis in the middle cerebral artery and the post-stenting infarctions were located in the basal ganglia. Considering that (i) postprocedural DSA did not show an apparent filling defect in the stent or large-artery occlusion, and (ii) the infarct pattern, perforator territory infarcts involving pontine and medial lenticulostriate perforators were favored.

The Stenting vs. Aggressive Medical Management for Preventing Recurrent Stroke in Intracranial Stenosis (SAMMPRIS) trial reported a high prevalence of periprocedural complications in the stenting arm (14.7% higher than that in the medical-therapy arm) (Derdeyn et al., 2014). However, the Post Market Surveillance Study of the Wingspan Stent System (WEAVE) trial reported a much lower prevalence of periprocedural complication (2.6%) for on-label intracranial stenting. That result suggested that the previously reported high prevalence of complications might have been due to inexperienced interventionalists, poor selection of patients, and immature standards of practice for intracranial stenting (Alexander et al., 2019). Those results indicated that careful selection of patients and experienced operators, if aided by additional tools such as HR-FDCT, can achieve excellent safety and efficacy for ICAS stenting.

Post-stent restenosis is an important factor affecting the extension and application of stenting in ICAS. We found that the overall prevalence of stent restenosis and prevalence of restenosis of a single stent type were lower than those reported by a multicenter, large-sample study which used FDCT (Jiang et al., 2012). In that study, the overall prevalence of stent restenosis was 23.3%, whereas that for the Apollo stent was 20.3% and that for the self-expandable stent was 27.9%. Many variables were involved in the two studies, but the lower prevalence of restenosis in our study (14.4% overall) could be attributed (at least in part) to the use of HR-FDCT as well as the strict criteria on which stent placement was decided.

Our study had three main limitations. First, this was a single-center, retrospective study, and some selection biases may have been present. Second, the prevalence of restenosis may have been over- or underestimated because only 53.5% (61/114) of patients underwent follow-up studies using angiography. Third, the Wingspan stent-delivery system was not used in the present study. Although it is approved for intracranial stenosis in the USA, it has been criticized for its rigidity and open-cell design with radial force (Feng et al., 2015; Du et al., 2018). Off-label use of several other types of intracranial stents has been used to treat intracranial stenosis [e.g., Neuroform (Du et al., 2018; Xu et al., 2019) and Enterprise (Feng et al., 2015; Huang et al., 2019; Salik et al., 2019)].



CONCLUSION

High-resolution flat-detector computed tomography (HR-FDCT) improves visualization of the fine structures of intracranial stents deployed for symptomatic ICAS compared with that using conventional FDCT. High-resolution flat-detector computed tomography improves assessment of stent deployment and could reduce the risk of complications.
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Case Report: Serial MR Vessel Wall Imaging Visualizes the Response of Intracranial Plaques and Assists in Decision-Making
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Intracranial atherosclerotic disease (ICAD) is a dynamic process that leads to ischemic stroke. Symptomatic ICAD patients still suffer a high recurrent rate even under standard treatment. In this case report, to better understand the response of intracranial atherosclerotic plaques to medication, serial MR imaging was added to standard clinical workup in a 47-year-old male patient with acute occipital lobe infarction at baseline, 3-month, 6-month, and 12-month post index stroke to directly visualize the morphology and signal change of plaques. We noticed that one of the plaques showed dramatic worsening at 3-month imaging follow-up despite a decrease in low-density lipoprotein level. Early identification of patients who do not respond well to medication is critical to prevent the recurrence of cardiovascular events in ICAD patients.

Keywords: intracranial atherosclerosis, stroke, plaque, vessel wall imaging, follow-up study


INTRODUCTION

Intracranial atherosclerotic disease (ICAD) represents a significant risk factor for ischemic stroke worldwide, and patients with symptomatic ICAD experience a high rate of recurrent stroke (Holmstedt et al., 2013). Therefore, active monitoring of intracranial atherosclerotic lesions has been crucial for the secondary prevention of stroke. Current clinical practice relies on physical examinations, laboratory tests, and conventional imaging modalities like CT angiography or MR angiography (MRA), which mainly focus on the assessment of luminal stenosis. In recent years, the value of magnetic resonance vessel wall imaging (MR-VWI) in directly characterizing the morphological features of intracranial atherosclerotic plaques has been explored (Song et al., 2021). In this case report, we used MR-VWI to directly probe atherosclerotic lesions in an effort to reveal lesion-level response to medical treatment.



CASE DESCRIPTION

A 47-year-old man presented with headache and vertigo. Before the index stroke event, the patient had been diagnosed with hyperlipidemia for more than 10 years without being regularly monitored or taking lipid-lowering medications. He had no history of hypertension, diabetes, or smoking. CT angiography reported a thrombosed right vertebral artery (VA) V4 segment with luminal irregularities, with concerns for focal dissection, atherosclerosis, or both. This prompted initiation of intravenous heparin. Routine brain MR revealed an acute occipital lobe infarction and a slight increase in pre-contrast T1-weighted signal within the right VA V4 segment. Other laboratory findings included low-density lipoprotein (LDL) of 123 mg/dL and hemoglobin A1c of 5.7%.

Due to the uncertainty involved with the lesion on the right V4 segment, further neurovascular imaging including 3D time-of-flight MRA and pre- and post-contrast MR-VWI (Fan et al., 2017; Yang et al., 2017) was pursued. MRA revealed two stenotic lesions in the right VA (Figure 1 yellow and blue arrows). Eccentric wall thickening, presence of hyper-intensity on pre-contrast MR-VWI and strong contrast enhancement on post-contrast MR-VWI highly suggested atherosclerotic disease rather than dissection. We quantified the degree of stenosis, pre-contrast plaque-wall contrast ratio (CR), and post-contrast plaque enhancement ratio (ER) at individual lesions using previously published methods (Wu et al., 2018). Specifically, 3D MR-VWI images were reformatted to cross-sectional views, and mean signal intensity was quantified with manually drawn regions of interest. Plaque-wall CR was calculated as the signal intensity ratio between the brightest region within the plaque and the adjacent normal-looking vessel wall. Plaque ER was calculated as the normalized signal intensity ratio between the post-contrast plaque and pre-contrast plaque. Reliability of these quantitative measurements was excellent in patients with ICAD as shown in a recent paper (Zhang et al., 2021). In the meantime, an asymptomatic plaque was also observed in the proximal V4 segment of the left vertebral artery. While in this patient, the left vertebral artery did not converge with the right vertebral artery to form the basilar artery. Quantitative analyses were not performed on this plaque because no significant changes were visualized.


[image: Figure 1]
FIGURE 1. (A) Baseline MR scan showed two plaques in the proximal (blue arrow) and middle (yellow arrow) of the right vertebral artery (VA) V4 segment. (B) The patient underwent the 1st MR follow-up scan 3 months after index stroke. MRA and MR-VWI showed a new plaque (red arrow) in the distal right VA V4 segment with severe stenosis and high enhancement ratio (ER). (C) Most of plaque features showed slightly regression at the 2nd follow-up MR scan 6 months after index stroke. (D) The 3rd follow-up MR scan 12 months after index stroke showed that the degree of stenosis, plaque-wall contrast ratio (CR) and ER of the plaque in the distal right VA V4 segment were back to baseline and slightly improved in the other two plaques. MRA, MR angiography; MR-VWI, MR vessel wall imaging; MPR, multiplanar reconstruction; Pre-, pre-contrast MR-VWI; Post-, post-contrast MR-VWI.


High dose statin (atorvastatin 80 mg daily) and dual antiplatelet therapy (aspirin 325 mg daily and clopidogrel 75 mg daily) was initiated. The patient was hospitalized for 5 days. He was discharged with a minor headache and a National Institutes of Health Stroke Scale score of 0. Two months later, direct LDL level showed a decrease to 95 mg/dL at clinical follow-up. There were no adverse effects from the statin therapy noted. At this point, ezetimibe 10 mg daily was initiated by his cardiologist for further lowering the LDL level. However, statin therapy was stopped thereafter due to miscommunication between the patient and cardiologist.

At 3 months after the index stroke, a follow-up MR scan was performed. Despite the moderate regression of LDL and an appreciable drop in plaque-wall CR and/or plaque ER in the two originally identified lesions, a new lesion in the distal right VA with a diffusive and severe lumen narrowing and strong vessel wall enhancement was observed (Figure 1 red arrow). The degree of stenosis of the distal lesion increased from 24.42 to 80.11% and ER increased from 2.20 to 2.59. Therefore, high dose statin was resumed.

At 6 months after the index stroke, the patient was unable to tolerate ezetimibe due to a persistent skin rash, thus was placed on the PCSK-9 inhibitor evolocumab (140 mg subcutaneously every 2 weeks), which led to a drastic reduction in LDL from 67 mg/dL at 6 months to 18 mg/dL at 11 months.

MRA and MR-VWI scans were performed at 6- and 12-month post index stroke. Compared with the 3-month scan, patient's 6-month MRA showed a slight regression of lumen at the plaque in the distal right VA, but plaque ER measured on MR-VWI substantially reduced. Twelve months after the index stroke, both degree of stenosis measured on MRA and plaque ER measured on MR-VWI regressed to the baseline level at the plaque in the distal right VA. CR and ER of the other two plaques slightly improved while the degree of stenosis remained unchanged. During this period, the patient's condition has been stable without any new symptoms.

The quantitative measurement results of plaque features are shown in Figure 2. A schematic diagram showing the time course of clinical management and MR examinations is presented in Figure 3.


[image: Figure 2]
FIGURE 2. Quantitative measurement results of plaque features. MRA, MR angiography; MR-VWI, MR vessel wall imaging; VA, vertebral artery; CR, plaque-wall contrast ratio; ER, plaque enhancement ratio.
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FIGURE 3. Timeline of clinical management and MR examinations.




DISCUSSION

Serum lipid biomarkers are widely accepted to monitor ICAD patients' responses to treatment; however, these are systemic rather than lesion-specific markers. MR-VWI can more specifically interrogate each atherosclerotic lesion and provide information beyond the severity of stenosis. Previous studies (Chen et al., 2018; Chung et al., 2020) focused on investigating the treatment effect of specific medical therapies using MR-VWI before and after 6-month treatment. In contrast, we performed serial MR-VWI at multiple time points (from 1 week after symptom onset through 1 year), with a focus on demonstrating that serial MR-VWI may reveal lesion-level response or resistance during medical treatment, which may not be adequately captured by routine assessments such as laboratory test. Another noteworthy novelty in our study is that we used a 3D whole-brain rather than 2D MR-VWI approach, which allowed for the detection of new plaques at other locations and the quantification of the signal contrast between plaque and normal vessel wall. As seen in the baseline and 3 months follow-up MR scans, the subsequently identified lesion in the distal VA, although not recognized in MRA, showed considerably high plaque-wall CR and plaque ER in MR-VWI and rapidly developed severe stenosis, indicating its active atherosclerotic activities (Wu et al., 2018).

In our case, we monitored the patient's LDL level and reinforced lifestyle modifications as standard of care. Additionally, we monitored imaging features including the degree of stenosis, plaque-wall CR (which might be related to intraplaque hemorrhage), and plaque ER (a marker of inflammation) (Mandell et al., 2017). Despite a decrease in serum LDL, this patient's plaque showed dramatic worsening based on these imaging features at 3 months. The underlying reasons for this mismatch of controlled LDL and plaque-worsening remain unclear. A probable reason could be due to the fact that they probe the response or resistance from different aspects, i.e., one at a systematic level and the other at a lesion level. However, there might be other confounding factors that we are not aware of given the drastic deterioration in such a short time period. A large-scale prospective study is warranted to explore the incidence of mismatches between systemic blood biomarkers and plaque features, and the added value of MR-VWI in the management of symptomatic ICAD patients.

The LDL reduction and plaque rapid progression observed in this case illustrate how serial imaging examinations can complement systemic biomarkers and assist in the management of secondary stroke prevention. Due to miscommunication, atorvastatin was discontinued for 1 month, during which time, only ezetimibe was used for lipid-lowering. The discontinuation of atorvastatin could be found out and corrected by the treating physician at the 3-month clinical visit. However, the 3-month MR-VWI results did propel the physician to prescribe a more intensive therapy and target an LDL level <20 mg/dL as a recent study has shown that further lowering of LDL beyond the current target (100 mg/dL) would further reduce cardiovascular risk (Sabatine et al., 2018). This case involved a non-standard therapy. However, it is not uncommon to see in clinical practice that an originally prescribed standard treatment plan can be compromised due to miscommunication or poor compliance. In this representative case, our findings highly suggest that serial MR-VWI may early detect lesion-level response or resistance during medical treatment, and this information can be supplemental to routine assessments such as laboratory test in guiding treatment plans. A treatment plan may be modified in a timely manner to better achieve secondary stroke prevention (Xiao et al., 2021). Of course, large-scale clinical trials are warranted to validate this hypothesis.

Since treatment responses may differ in individuals due to different pharmacodynamics and treatment compliance, longitudinal assessment is necessary for ICAD. However, there is not enough evidence about the best follow-up interval. The patient underwent his follow-up imaging at 3, 6, and 12 months following our ongoing research protocol. Physicians typically follow up with stroke patients and make decisions on medical management at 3 months. Therefore, we chose to repeat imaging at 3 months to provide more information to clinical practice. In this case report, given the notable plaque progression seen on the first follow-up scan, we postulate that repeat MR-VWI as soon as 3 months post ischemic stroke may be reasonable.

Additionally, PSCK-9 inhibitor effect on ICAD plaques should be explored further, as there may be an underlying mechanism beyond plummeting serum LDL level. Further, the expected temporal concordance between LDL levels and MR-VWI features will need to be elucidated, if any are present.

In this work, plaque composition and its change process were not investigated. This is because we used an MR-VWI protocol that involves a T1-weighted sequence only. This protocol features relatively short scan time and capability of quantifying temporal changes associated with intraplaque hemorrhage and inflammation. However, certain important plaque components, such as fibrous cap and lipid core, cannot be detected because several reasons: (1) the small size of intracranial vessels, (2) the limited spatial resolution, (3) the lack of additional contrast weighting such as T2-weighting. A high-resolution multi-contrast protocol would make MR-VWI challenging for both patients and clinical workflow.

In summary, this case report sheds light on the importance of the promising combination of serum biomarkers and lesion-specific imaging tools in the decision-making of stroke patients.
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Purpose: To achieve high spatial resolution (isotropic-2 mm) perfusion imaging using 2D simultaneous multi-slice (SMS) pseudo-continuous arterial spin labeling (pCASL) and slice dithered enhanced resolution (SLIDER) technique for super-resolution reconstruction.

Methods: The SLIDER-SMS pCASL with a multiband factor of 4 was implemented at 3T with three numbers of slice shift (2/3/4) for the slice thickness of 4/6/8 mm, respectively. Super-resolution reconstruction was performed with singular value decomposition and different levels of Tikhonov regularizations. Temporal and spatial signal-to-noise ratio (SNR) as well as spatial blurring effects of super-resolution ASL images were measured in five healthy subjects and compared with those of reference high-resolution ASL images.

Results: Compared to conventional 2D SMS ASL, super-resolution ASL images with isotropic-2-mm resolution yielded 42, 61, and 88% higher spatial SNR, and 18, 55, and 105% higher temporal SNR with slice shift number of 2/3/4, respectively. Spatial blurring effect increased for SLIDER reconstruction from two to four slice shifts.

Conclusion: The proposed SLIDER-SMS pCASL technique can achieve whole-brain high-resolution perfusion images with ∼15-min scan time and improved SNR compared to standard 2D SMS pCASL. Caution needs to be exercised on quantifying and controlling blurring effects of SLIDER reconstruction.

Keywords: super-resolution (SR), arterial spin label (ASL) MRI, perfusion, simultaneous multi slice, slice dithered enhanced resolution (SLIDER)


INTRODUCTION

Arterial spin labeling (ASL) is a perfusion imaging technique that can quantitatively measure cerebral blood flow (CBF) without using an exogenous contrast agent. Due to the relatively low signal-to-noise ratio (SNR), existing ASL methods generally have a coarse resolution of 3–4 mm resulting in partial volume effects when analyzing perfusion of small brain structures and cerebral cortex with a thickness of a few mm. Segmented 3D acquisitions and pseudo-continuous ASL (pCASL) are recommended for ASL imaging to achieve a sufficient SNR(Alsop et al., 2015). However, there remain challenges for achieving a high spatial resolution with 3D ASL including spatial blurring along the slice direction due to the modulation of k-space signals by the transverse (T2) relaxation and susceptibility to (intersegment) head motion.

Simultaneous multi-slice (SMS) is a fast imaging technology that simultaneously excites multiple slices and resolves each slice with parallel imaging techniques (Feinberg et al., 2010; Setsompop et al., 2012). When applied to ASL imaging, SMS can reduce the effect of signal decay due to longitudinal (T1) relaxation and improve spatial coverage and/or resolution compared to standard 2D ASL (Feinberg et al., 2013; Kim et al., 2013; Li et al., 2015; Wang et al., 2015). Compared to 3D imaging, 2D SMS has the potential benefits of reduced spatial blurring and improved robustness to head motion. Furthermore, a constrained slice-dependent background suppression (CSD-BS) scheme has been proposed to suppress the background signal in brain tissue to improve the SNR for 2D SMS pCASL (Shao et al., 2018).

Super-resolution techniques achieve high spatial resolution from one or multiple low-resolution images with reconstruction algorithms, which have been proven effective in MRI (Ben-Eliezer et al., 2010; Setsompop et al., 2018; Vu et al., 2018; Greenspan et al., 2002). The SLIce Dithered Enhanced Resolution (SLIDER) (Setsompop et al., 2015) technique is a super-resolution technique that utilizes sub-voxel spatial shifts in the slice direction to achieve a √n fold gain (n is the number of spatially shifted thick slices) in SNR efficiency, given the same number of measurements and without considering physiological noise or parallel imaging factors. SLIDER has been successfully applied for SMS diffusion MRI and BOLD fMRI to achieve submillimeter spatial resolutions (Setsompop et al., 2015; Vu et al., 2018). This method may provide a potential technique for high-resolution ASL by increasing both resolution and SNR efficiency while still achieving a wide imaging coverage.

The purpose of this study was to present a super-resolution (iso-2-mm) perfusion imaging technique by integrating SLIDER with 2D SMS pCASL and CSD-BS, herein termed as SLIDER-SMS pCASL. We first presented the theoretical framework and then demonstrated in vivo experimental results by comparison with a reference high-resolution 2D SMS pCASL.



MATERIALS AND METHODS


Theoretical Framework

Figure 1 shows the diagram for SLIDER-SMS pCASL which combined SMS imaging, SLIDER super-resolution with the optimized CSD-BS scheme (Shao et al., 2018). In this study, six SMS slice groups with a multiband (MB) factor of 4 were employed to achieve whole-brain coverage. The detailed SMS scheme is shown in Figure 2. In SLIDER, N sets of 2D slices are acquired with sub-voxel spatial shifts in the slice direction, and high-resolution thin-slice images are reconstructed by applying a “deblurring” algorithm. Three options for SLIDER acquisition are shown in Figure 1B, namely, SLIDER2, SLIDER3, and SLIDER4 for two, three, and four sets of shifted slices with the thickness of 4, 6, and 8 mm, respectively. In our study, the reference high-resolution SMS pCASL images with 2-mm slice thickness (termed as reference ASL images hereafter) were acquired in two scans, each with a 100% inter-slice gap, to match the image acquisition time of super-resolution scans and to minimize cross talk between thin slices. The CSD-BS method employs slice-dependent pre-modulation MB RF pulses for each group of SMS slices before the pCASL pulse train as well as two inversion pulses during the post-labeling delay (PLD), so that the longitudinal magnetization (Mz) of each group of SMS slices reaches the nulling point just before the readout of each respective slice group.


[image: image]

FIGURE 1. SLIDER acquisition scheme. (A) SMS-EPI pCASL acquisition sequence for each set of low-resolution images, with constrained slice dependent background suppression. (B) Acquisition scheme for SLIDER2, SLIDER3, and SLIDER4; different numbers of scans with slice shift are needed, 2 for SLIDER2, 3 for SLIDER3, and 4 for SLIDER4. Then, high-resolution images can be reconstructed.
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FIGURE 2. Diagram of the SMS scheme. Six slice groups with a total slice number of 24 are acquired in each TR. The band spacing is adjusted according to the slice thickness to avoid slice cross talk. The center is aligned in different conditions, so that the slice thickness of (A) 4 mm and (B) 8 mm will have different coverages in the slice direction.


The theoretical SNR for the super-resolution images (SNRSLIDER–SMS) reconstructed with this method compared to the SNR of reference ASL images (SNRref) with the same number of measurements and without considering physiological noise or parallel imaging factors can be expressed by the following equation:

[image: image]

where Nset is the number of shifted image sets, since the potential thin slices have been sampled for Nset times.

However, this equation only applies to non-SMS-accelerated acquisitions. For SLIDER-SMS pCASL, image noise caused by g-factor should be considered and can be expressed as the following equation:

[image: image]

where gSLIDER–SMS is the g-factor for SLIDER-SMS reconstruction (Breuer et al., 2009), var represents noise variance, and the subscript represents the respective physiological and thermal noise. When N measurements (Nmeas) are averaged for ASL, the image noise variance can be expressed by
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where N′meas is between 1 and Nmeas depending on the temporal correlation of physiological noise. The labeling duration and PLD of an ASL scan are much longer than the image acquisition time. In order to keep the total scan time constant for SLIDER2/3/4 and reference ASL scans (for fair comparison of SNR efficiency), we used fewer repetitions for SLIDER acquisitions with more shifted slices (Nset). For example, in SLIDER2, two scans were acquired with 40 repetitions in each scan, whereas in SLIDER4, four scans were acquired with only 20 repetitions in each scan. Therefore, the SNR efficiency for the proposed SLIDER-SMS pCASL can be expressed by

[image: image]

where Nfull is the number of measurements of the reference ASL scan, N′full is between 1 and Nfull depending on the temporal correlation of physiological noise, and gref,SMS is the g-factor for the SMS acquisition of the reference ASL images. Because the coil g-factor generally decreases with larger spacing between slice groups for SMS reconstruction and physiological noise cannot be suppressed as effective as thermal noise by averaging, Eq. (4) predicts that the SNR efficiency of SLIDER ASL will increase with thicker acquired slices and a higher number of shifted slices (Nset). This hypothesis will be tested by in vivo experiment below.

The reconstruction of SLIDER acquisition can be viewed as solving an inverse problem of the following equation:

[image: image]

where Ilr is the combined low-resolution images acquired, A is the forward model constructed according to the acquisition, and Ihr is the high-resolution images to be reconstructed. In this study, a Toeplitz matrix was used as the forward model, which assumes a perfect slice profile, and singular value decomposition with Tikhonov regularization was used to calculate the pseudo-inversion of the A matrix (Setsompop et al., 2018).

[image: image]

The regularization parameter λ was chosen between 0.1, 0.3, and 0.5 to serve as different regularization levels. A larger regularization parameter will cause less noise amplification but more spatial blurring in the reconstructed images, which will be evaluated below.



MRI Experiments

Five healthy subjects (age = 24.6 ± 1.7 years, four males) were scanned on a Siemens 3T Prisma scanner using a 32-channel head coil, after they provided written consent according to the protocol approved by the institutional review board of the University of Southern California. The imaging parameters for SLIDER-SMS pCASL included the following: in-plane resolution of 2 mm × 2 mm, field of view (FOV) of 192 mm, matrix size of 96 × 96, TR = 5,000 ms, TE = 20 ms. The MB factor was 4, and the number of slice groups was 6 with 24 total slices acquired for each TR. The acquisition of each SMS slice group took 45 ms, i.e., total 270 ms for six slice groups. Blipped CAIPI was applied to avoid voxel tilting (Setsompop et al., 2012). The labeling duration for pCASL was 1,500 ms, and the PLD was 1,800 ms. The labeling plane was placed 90 mm below the center of the most superior slice group and was adjusted in acquisitions of the shifted slices so that the labeling plane was at the same location across all the conditions. The optimized parameters for CSD-BS including the timing of the two inversion pulses were calculated according to (Shao et al., 2018). Two/three/four sets of low-resolution images with slice thickness of 4, 6, and 8 mm were acquired for SLIDER2/3/4 scans, respectively. The spacing between bands was adjusted according to the slice thickness (20, 30, and 40 mm for slice thickness of 4, 6, and 8 mm, respectively) to avoid inter-slice cross talk. A detailed SMS scheme is shown in Figure 2. A single-band reference scan was acquired before each of the SMS pCASL scans for SMS image reconstruction. For SLIDER2, each of the two SMS pCASL scans had 40 measurements with a duration of 6 min 45 s. For SLIDER3, each of the scan had 26 measurements and the total scan time was 4 min 35 s × 3 = 13 min 45 s. For SLIDER4, each of the scan had 20 measurements and the total scan time was 3 min 20 s × 4 = 13 min 20 s. In this way, the total scan time for each of the SLIDER methods was about 14 min. Reference ASL images were acquired by two interleaved high-resolution SMS pCASL scans (2 mm × 2 mm × 2 mm) with a 100% slice gap in each scan and, with the same background suppression parameters, were acquired as the benchmark. M0 images were acquired before each ASL scan with the same resolution. A high-resolution (iso-0.8 mm) structural MRI was acquired using a T1-weighted MPRAGE scan in each subject.

The raw k-space data of the SMS scans were processed offline using custom Matlab programs. First, raw data were corrected for N/2 phase shift caused by EPI acquisition. Second, the unaliased MB images were reconstructed using slice-GRAPPA (Setsompop et al., 2012) with a kernel size of 5 × 5 derived from the single-band references. Then, each scan was corrected for rigid head motion using SPM121 and combined into a full data matrix. SLIDER reconstruction was applied to achieve 2-mm isotropic M0 and perfusion images according to Eq. 6 with three different λs (0.1, 0.3, and 0.5). The numbers of 2-mm slices reconstructed were 48, 48, 72, and 96 for reference ASL and SLIDER2/3/4 scans, respectively. A principal component analysis (PCA)-based denoising algorithm (Shao et al., 2017) was further applied for both super-resolution and reference ASL scans. In our experiment, PCA reduced the overall noise level in all conditions but did not impact the comparison of super-resolution reconstructions. The spatial SNR (sSNR) and temporal SNR (tSNR) values with and without PCA denoising are listed in Supplementary Table 1. In addition, the g-factor maps for each SMS reconstruction of the SLIDER condition were calculated using the definition in Breuer et al. (2009) with the slice-GRAPPA kernel and the measured noise-covariance matrix.



Data Analysis

Both the reference ASL images and the reconstructed super-resolution images were evaluated by SNR in the gray matter (GM) region of interest (ROI). The GM probability map was obtained by segmentation of the MPRAGE structural images using SPM12, which was co-registered to the reference ASL M0 images. A threshold of 0.9 was applied on the probability map to obtain the GM mask. We used the definition in Feinberg et al. (2013) to calculate SNR. Even- and odd-numbered perfusion images were averaged, and then added and subtracted to generate the sum and difference images. The sSNR was calculated as the mean of the sum image divided by 1/√2 of the standard deviation (SD) of the difference image within the GM ROI. This definition of SNR calculation can reduce the effect of inhomogeneous noise distribution. tSNR was calculated by the mean signal divided by the SD across time frames within the GM ROI. To evaluate the spatial blurring effect of SLIDER reconstructions, Pearson correlation coefficients of the reconstructed image volumes and the volumes shifted one slice (2 mm) down were calculated by collapsing all voxels into a vector. Furthermore, sSNR and tSNR measurements were repeated with intentionally applied spatial smoothing along slice direction on SLIDER2, 3 and reference ASL images to match the spatial blurring of SLIDER4. A nonparametric Kruskal–Wallis test with post hoc Wilcoxon signed-rank test was performed to compare SNR measurements between SLIDER and reference ASL scans, while two-way ANOVA and post hoc Wilcoxon signed-rank test were performed to compare slice blurring effects.

Pixel-wise correlations were performed between the reconstructed SLIDER images and reference ASL image within the brain mask. Difference images between the SLIDER and reference ASL images were obtained along with histograms of pixel values within the brain mask for each SLIDER condition. One sample t-test and Kolmogorov–Smirnov test were performed to test whether the difference images had zero mean and normal distribution, respectively.

Cerebral blood flow maps were calculated for each SLIDER and reference ASL images, respectively. Slice-dependent PLD correction was performed before quantification. Seven small brain regions (caudate, putamen, etc.) were segmented from the T1-weighted image by Freesurfer v7.1.1 and then co-registered to the M0 image of each condition. The mean CBF values were extracted from these ROIs and were compared across experimental conditions using two-way repeated measures ANOVA and post hoc Wilcoxon signed-rank test.



RESULTS


Slice Dithered Enhanced Resolution-Simultaneous Multi-Slice Pseudo-Continuous Arterial Spin Labeling Perfusion Images

Figure 3 shows the center 40 axial slices of the reconstructed super-resolution perfusion images with SLIDER2/3/4 and reference ASL images of a representative subject, respectively. All SLIDER reconstructions shown in Figure 3 used a regularization parameter of λ = 0.1. The reconstructed perfusion images for SLIDER2/3/4 scans show good quality without visible artifacts and with clear contrast between gray and white matter as the reference ASL perfusion images. Scatter plots of pixel-wise correlations between the reconstructed SLIDER and reference ASL images are shown in Supplementary Figure 1. There were good correlations with reference ASL images in all three SLIDER conditions (0.73 for SLIDER2, 0.76 for SLIDER3, and 0.73 for SLIDER4, p < 0.0001). Supplementary Figure 2 shows the difference images and associated histograms between the SLIDER and reference ASL images. The difference images had zero mean and followed normal distribution (p > 0.05 for all three conditions).


[image: image]

FIGURE 3. SLIDER super-resolution reconstructed ASL images and acquired reference ASL images in the axial direction. The reconstructed images follow the reference images well, with an improved SNR. The red and green boxes and zoomed images show two slices with SNR improvement.


The zoomed slices show that the SNR of SLIDER reconstructions is higher than the reference ASL images. Figure 4 shows the reconstructed super-resolution perfusion images in sagittal and coronal views with different regularization parameters, respectively. Using our experimental paradigm, the three SLIDER methods had different coverages in the slice direction with the largest coverage in SLIDER4 (96 slices), and narrower coverages in SLIDER3 (72 slices) and SLIDER2 (48 slices). SLIDER4 can even cover the labeling plane, as shown by the red arrow. Figure 4 also shows that as the regularization parameter λ increases, the SNR of the perfusion image increases, but there is more spatial blurring. The full slices of SLIDER2/3/4 ASL images are shown in Supplementary Figure 3.


[image: image]

FIGURE 4. SLIDER super-resolution reconstructed image in the sagittal and coronal direction. SLIDER2 has a brain coverage of 96 mm, SLIDER3 has a brain coverage of 144 mm, and SLIDER4 has a brain coverage of 192 mm. SLIDER4 can reach the labeling plane, as marked by the red arrow. Larger regularization parameters will lead to more spatial blurring.




Signal-to-Noise Ratio Comparison Between Super-Resolution and Reference Arterial Spin Labeling

Figure 5 shows the spatial and temporal SNR values of the reconstructed images for all five subjects (λ = 0.1) (the details of each subject are included in Table 1). Figure 6 shows the sSNR and tSNR map of a typical subject. The Kruskal–Wallis test showed significant differences in spatial and temporal SNR across the reconstructed super-resolution images and the reference ASL images (p < 0.01 for sSNR and p < 0.005 for tSNR). SLIDER4, 3, and 2 improved sSNR by 88, 61, and 42%, respectively, compared to the reference ASL images. TSNR was increased by 105, 55, and 18% using SLIDER4, 3, and 2, respectively, compared to reference ASL images. The trend of such SNR improvement is stable across the five subjects. Post hoc Wilcoxon signed-rank test showed that SLIDER can significantly improve sSNR (p < 0.05) and tSNR (p < 0.01).
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FIGURE 5. Spatial and temporal SNR before and after controlling slice blurring. (A) Spatial SNR (sSNR) and (B) temporal SNR (tSNR) of SLIDER2/3/4 and reference scans before (left) and after applying a Gaussian kernel to control slice blurring (right). *p < 0.05; **p < 0.01. Error bars stand for standard deviation.



TABLE 1. Spatial and temporal SNR of the super-resolution reconstructed images and reference images for all five subjects.

[image: Table 1]
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FIGURE 6. Spatial SNR (sSNR) map and temporal SNR (tSNR) map of a representative subject in different SLIDER conditions and reference ASL scan.


The g-factor maps in the sagittal plane for the three SMS acquisitions are shown in Supplementary Figure 4. The mean g-factor value in the brain across five subjects for SLIDER2 is 1.28 ± 0.06, that for SLIDER3 is 1.38 ± 0.07, and that for SLIDER4 is 1.34 ± 0.06.

The calculated regional CBF values in seven small regions (including four subcortical structures and three cortical areas) of the brain are shown in Figure 7. The mean CBF values of SLIDER2/3/4 and reference across seven ROIs were 57.46 ± 6.89, 53.12 ± 7.57, 51.41 ± 6.74, and 56.51 ± 6.61 ml/100 g/min, respectively. Two-way ANOVA showed significant differences between these four conditions (p < 0.0001). The post hoc Wilcoxon signed-rank test showed no significant difference between SLIDER2 and reference (p = 0.59). There were significant differences between SLIDER3/4 and reference (p < 0.05 for SLIDER3 and p < 0.005 for SLIDER4.


[image: image]

FIGURE 7. Cerebral blood flow values in seven small brain structures acquired under different SLIDER and reference conditions. ACC, anterior cingulate cortex; PCC, posterior cingulate cortex. Error bars stand for stand deviation.




Spatial Blurring Evaluation

Table 2 shows the spatial blurring effect of SLIDER reconstructions, indicated by the correlation coefficient of the reconstructed image volume and the volume shifted one slice down in each subject. Two-way ANOVA showed that both SLIDER reconstructions and increased λ caused blurring in the slice direction, compared to the reference ASL images (p < 0.0001 for both factors). The post hoc Wilcoxon signed-rank test showed that SLIDER2 with the regularization parameter of λ = 0.1 had a minimum blurring effect with no statistical difference compared to the reference image (p = 0.88). SLIDER3 with λ = 0.1 slightly increased the slice correlation (p < 0.05), and SLIDER4 increased more (p < 0.01). The post hoc Wilcoxon signed-rank test also showed that the regularization parameter λ had influences on the slice blurring effects, with greater blurring effects induced by a larger regularization parameter (p < 0.01 was found between two λs in all SLIDER conditions).


TABLE 2. Slice blurring evaluation using autocorrelation of the reconstructed volume.

[image: Table 2]
To further investigate the relationship between spatial blurring and SNR, additional slice blurring was applied using a Gaussian kernel with the full width at half maximum (FWHM) of 1.16 voxels for SLIDER2, 1.06 voxels for SLIDER3, and 1.18 voxels for the reference ASL image along the slice direction on SLIDER2/3 and reference ASL images to match that of SLIDER4 (see Supplementary Table 2 for burring evaluation before and after applying Gaussian kernel). Figure 5 shows the spatial and temporal SNR before and after applying the Gaussian kernel (the details of subjects are included in Table 1). As shown in Figure 5, SLIDER2/3/4 have similar sSNR after matching the level of spatial blurring, which still outperforms that of the reference ASL scan (p < 0.001). For tSNR, SLIDER4 still has the highest tSNR, while SLIDER3, SLIDER2, and reference scans have lower tSNR (p < 0.01).



DISCUSSION


Advantages of Slice Dithered Enhanced Resolution-Simultaneous Multi-Slice Arterial Spin Labeling

In this work we presented super-resolution perfusion imaging using SLIDER and SMS pCASL with an optimized CSD-BS scheme. The SLIDER-reconstructed super-resolution images had significantly higher spatial and temporal SNR compared to the reference ASL images. The results are consistent with the theoretical estimation of SNR efficiency improvements due to super-resolution acquisitions of thicker slices. Since the number of slices that can be acquired for ASL is limited by TR and T1 relaxation, using a thicker slice will result in not only higher SNR but also a larger spatial coverage in the slice direction. This is shown in Figure 4, where SLIDER2/3/4 had a coverage of 96, 144, and 192 mm, respectively.

In this study, SLIDER reconstruction is found to improve the spatial and temporal SNR of reference ASL images, and the SNR improvement is greater with increased number of shifted slice groups. We also controlled the total scan time (∼14 min) to be identical across the three SLIDER methods and reference ASL for a fair comparison of SNR efficiency. The calculated g-factors were similar for SLIDER2, 3, and 4 with 20, 30, and 40 band spacing, respectively, suggesting a minor role the g-factor plays in determining the SNR of SLIDER ASL techniques in our study (see Eq. 4). While thermal random noise can be effectively suppressed by averaging following the rule of square root of N measurements, physiological noise is more complex with temporal correlations at specific frequencies. Therefore, noise reduction through averaging is less effective for physiological noise than thermal noise. These factors may have contributed to a higher SNR efficiency for SLIDER reconstructions with a high number of shifted slice groups. However, we did not systematically characterize thermal and physiological noise during ASL scans which should be performed in future studies (Moeller et al., 2006).

One advantage of the proposed SLIDER4 ASL technique is its wide coverage of 192 mm in the slice direction. There are some potential applications that may take advantage of such large coverage. For example, the labeling plane can be visualized with this method in coronal and sagittal images, which is not available for most of the ASL scans. In addition, B0 field inhomogeneity may distort the labeling plane; therefore, there is value to directly visualize the labeling plane. On the other hand, such large coverage would potentially allow measurement of perfusion in deep brain structures such as the brain stem, cerebellum, and even the spinal cord. These deep brain structures are key hubs of the structural and functional networks of the human brain, but so far very few perfusion measurements have been performed in these key deep brain structures.



Spatial Blurring of Slice Dithered Enhanced Resolution-Simultaneous Multi-Slice Arterial Spin Labeling

The spatial blurring effect should be taken into consideration when evaluating the results. Table 2 shows that SLIDER reconstructions resulted in a small degree of slice blurring which increased with a greater number of shifted slice groups. A larger regularization parameter λ also caused a greater degree of slice blurring and reduced slice resolution as well as data fidelity. When additional slice blurring was applied, the improvement of sSNR of all the three SLIDER methods reached a similar level. For tSNR, however, SLIDER4 remained superior to SLIDER2/3 with matched slice blurring. This is because tSNR is prone to be affected by temporal fluctuation such as physiological noise while spatial blurring has more impact on sSNR. In a previous study on SLIDER, the authors suggested using λ∼0.1 which will not cause much blurring effect (Setsompop et al., 2015). Based on our experience, we also recommend the use of λ∼0.1 for SLIDER ASL as a tradeoff between imaging resolution and SNR.

Supplementary Figure 5 shows American College of Radiology (ACR) phantom images reconstructed with SLIDER2/3/4 (λ = 0.1) in comparison with reference phantom images. A small degree of spatial blurring can be observed in SLIDER3/4 reconstructed phantom images, which is consistent with our in vivo results on SLIDER ASL. From the quantitative CBF results in seven small brain structures, we found that the mean CBF values were reduced using SLIDER3/4 compared to the reference scan, likely due to blurring effects of SLIDER3/4 reconstructions. Although there was no significant difference between SLIDER2 and reference, the small sample size of our study may be a factor. Therefore, we recommend caution on quantifying and controlling blurring effects of SLIDER reconstruction for CBF quantification using the proposed SLIDER ASL method.



Limitations of Slice Dithered Enhanced Resolution-Simultaneous Multi-Slice Arterial Spin Labeling

There are several limitations of our study. First, as a pilot study our sample size is small. There are some restrictions with the imaging protocol, e.g., there was no slice gap applied as the SLIDER reconstruction requires overlapping thick slices to resolve the thin slices. This may potentially induce slice cross talk and saturation effects. An alternative approach to solve this problem would be to improve the slice profile with longer RF duration or using Shinnar–Le-Roux (SLR) pulse design (Setsompop et al., 2018). We only acquired six MB slice groups within a TR in all of ASL scans, resulting in two passes for the reference high-resolution ASL scan. The main reason is that the efficiency of the CSD-BS scheme for suppressing background signals will decrease with more MB slice groups. Also, the total scan time of our method is around 14 min, making it susceptible to motion artifacts. This problem could be addressed with advanced imaging acceleration methods and image denoising methods such as deep learning (Xie et al., 2020). We also acknowledge that absolute CBF quantification using the proposed SLIDER ASL method awaits further validation since we observed variations in CBF across scan conditions in small brain structures. We also notice that MB factors higher than 4 can be used for larger number of slices and alternative methods for SNR calculation such bootstrapping (Riffe et al., 2007).



Future Directions

In this work, we utilized SLIDER for the super-resolution reconstruction of ASL images to achieve isotropic-2-mm resolution perfusion images. Other more advanced super-resolution techniques such as gSLIDER (Setsompop et al., 2018) have been proposed for diffusion MRI. gSLIDER uses Hadamard encoding to achieve orthogonal basis; therefore, no regularization is needed for image reconstruction. For ASL, SLIDER SMS offers the technical simplicity and advantage for rapidly acquiring whole-brain images. The comparison of SLIDER and gSLIDER ASL may be included in future works. Further studies may also compare SLIDER reconstruction with high-resolution 3D ASL acquisitions, since 3D data tend to have higher SNR with larger FOV but with more slice blurring (FWHM on the order of 1.5 voxel size) (Vidorreta et al., 2014).



CONCLUSION

We presented super-resolution perfusion imaging using SLIDER with 2D SMS pCASL. In conjunction with optimized CSD-BS, this technique can push the resolution of whole-brain ASL imaging to isotropic-2 mm and higher for fine-grained studies on brain perfusion. Caution needs to be exercised on quantifying and controlling blurring effects of SLIDER reconstruction.
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Background: Although pericallosal artery aneurysms (PAAs) are relatively uncommon, accounting for only 1–9% of all intracranial aneurysms (IAs), they exhibit a considerably high propensity to rupture. Nevertheless, our current knowledge of the risk factors for PAA rupture is still very limited. To fill this gap, we investigated rupture risk factors for PAAs based on morphological computer-assisted semiautomated measurement (CASAM) and hemodynamic analysis.

Methods: Patients with PAAs were selected from the IA database in our institute and their baseline data were collected. Morphological parameters were measured in all enrolled patients by applying CASAM. Computational fluid dynamics simulation (CFD) was performed to evaluate the hemodynamic difference between ruptured and unruptured PAAs.

Results: From June 2017 to June 2020, among 2141 patients with IAs in our institute, 47 had PAAs (2.2%). Thirty-one patients (mean age 57.65 ± 9.97 years) with 32 PAAs (20 unruptured and 12 ruptured) were included in the final analysis. Comparing with unruptured PAAs, ruptured PAAs had significantly higher aspect ratio (AR), mean normalized wall shear stress (NWSS), and mean oscillatory shear index (OSI) values than the unruptured PAAs (all P < 0.05) in univariate analyses. Multivariable analysis showed that a high mean OSI was an independent risk factor for PAA rupture (OR = 6.45, 95% CI 1.37–30.32, P = 0.018).

Conclusion: This preliminary study indicates that there are morphological and hemodynamic differences between ruptured and unruptured PAAs. In particular, a high mean OSI is an independent risk factor for PAA rupture. Further research with a larger sample size is warranted in the future.

Keywords: intracranial aneurysm, pericallosal artery aneurysm, risk of rupture, morphology parameters, hemodynamic analysis


INTRODUCTION

Pericallosal artery aneurysms (PAAs), also known as distal anterior cerebral artery (DACA) aneurysms, are defined as intracranial aneurysms (IAs) located on the anterior cerebral artery (ACA) distal to the anterior communicating artery (Dinc et al., 2017; Petr et al., 2017). Aneurysm rupture lead to subarachnoid hemorrhage (SAH), a devastating condition with a high mortality rate of 30–40% (Morita et al., 2012; Li et al., 2013; Molyneux et al., 2015). Despite accounting for only a small percentage (1–9%) of all IAs, PAAs merit special attention due to their considerably high propensity to rupture (Lehecka et al., 2008b; Gross et al., 2014; Thompson et al., 2015; Korja et al., 2017). Multiple previous studies have reported that the odds ratio for a proportion of ruptured PAAs compared with IAs at all other locations is in the range of 2.5–4.7, indicating the higher rupture risk of PAAs (Weir et al., 2002; Bijlenga et al., 2013; Gross et al., 2014). Therefore, identifying high-rupture-risk PAAs and subsequently providing selective therapy are of critical importance to these patients.

Unfortunately, knowledge of the risk factors of PAAs for rupture remains limited due to the rarity of these lesions. Previous studies demonstrated that certain morphological parameters, e.g., aneurysm diameter, aspect ratio (AR), size ratio (SR), and irregular shape, are highly correlated with IA rupture (Ryu et al., 2011; Kashiwazaki et al., 2013; Greving et al., 2014; Wang et al., 2021). Degenerative remodeling of the artery wall caused by abnormal hemodynamics is believed to play an important role in the progression and rupture of IAs (Meng et al., 2007, 2014; Kulcsar et al., 2011; Tanaka et al., 2018). Thus, rupture risk evaluation based on morphological and hemodynamic parameters is critical for the identification of patients with PAAs at high risk for rupture.

We previously reported our initial experiences of morphological risk factor analysis for PAAs based on manual morphological measurements, which provided a solid basis for further exploration (Zhai et al., 2020). The present study goes a step further by providing a more detailed analysis of rupture risk factors for PAAs based on more advanced morphological computer-assisted semiautomated measurement (CASAM) and hemodynamic analysis.



MATERIALS AND METHODS


Patient Selection

We retrospectively reviewed our prospectively collected database of 2141 consecutive patients with IAs who underwent microsurgery or interventional therapy between June 2017 and June 2020. Traumatic, dissecting, and fusiform aneurysms were excluded prior to the initial screening. Of those patients, 47 had PAAs, accounting for 2.20% of the 2141 patients with IAs. Of the 47 patients with PAAs, 16 had two-dimensional (2D) digital subtraction angiography (DSA) data only, which did not fulfill the requirements of CASAM and hemodynamic analysis. Therefore, the present analysis included the remaining 31 patients with 32 PAAs (20 unruptured and 12 ruptured) who underwent three-dimensional (3D) DSA in the final analysis. Baseline and clinical patient data were collected from the medical records and the aneurysm database.



Computer-Assisted Semiautomated Measurement

The morphological parameters were measured in all enrolled patients with 3D DSA data using CASAM, the methodology for which was presented in detail in our previous report (Geng et al., 2020). As shown in Figure 1, the main steps followed in the CASAM procedure are as follows: (1) importing of original DSA tomographic data (Figure 1A); (2) 3D blood vessel reconstruction (Figure 1B); (3) manual selection of the region of interest (ROI) of the vessel where the aneurysm is located (Figure 1C); (4) automated extraction of the centerline and segmentation of the aneurysm (Figure 1D); and (5) computer-assisted automated measurement of 3D morphological parameters and exportation of all parameters (Figures 1E–H). CASAM enabled us to acquire the following morphological and derived parameters: (1) diameter (D): the maximum distance from the center of aneurysm neck to a point on the sac; (2) neck width (N): the maximum diameter in the neck plane; (3) width (W): the maximum distance between two points in the aneurysm sac perpendicular to the diameter of the aneurysm; (4) height (H): the maximum distance from the plane of the neck to the surface of the aneurysm; (5) flow angle (FA): the angle between the direction of blood flow and the diameter of the aneurysm; (6) parent artery diameter (PA): the mean diameter of parent artery between 3.0 cm upstream of the neck and 3.0 cm downstream; (7) AR: the ratio of the diameter of the aneurysm to the width of the aneurysm neck, AR = D/N; (8) SR: the ratio of the diameter of the aneurysm to the diameter of the parent artery, SR = D/PA; and (9) D/W: the ratio of the diameter to the width of the aneurysm. All CASAM procedures were completed by one experienced neurointerventionist due to the perfect interclass consistency of CASAM. Aneurysms with irregular shape, defined as having lobular or daughter sacs, was identified by two experienced neuroradiologists according to a previous study (Lindgren et al., 2016). If there was any disagreement, it was resolved by a third reader with 25 years of experience in neurovascular imaging.
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FIGURE 1. Flow chart of the CASAM method for measuring the morphological parameters of aneurysms. (A) Import of original data; (B) 3D vessel reconstruction; (C) selection of region of interest; (D) segmentation of aneurysm using centerline method; and (E–H) measurement of morphological parameters of aneurysm and export of all parameters. D, diameter; N, neck width; W, width; H, height; FA, flow angle; PA, parent artery diameter.




Image Reconstruction and Computational Fluid Dynamics Modeling

For this study, pre-treatment patient-specific 3D-DSA data of all PAAs were obtained. The methods for image reconstruction and computational fluid dynamics simulation (CFD) simulation of hemodynamic studies were detailed in our previous publications (Hu et al., 2015a,b; Qin et al., 2017). Firstly, 3D models were generated with Raw DICOM format images and processed using Mimics medical software (Version 19.0, Materialise, Leuven, Belgium) and Geomagic Studio version 12.0 (Geomagic Inc., Cary, NC, United States), saved as standard tessellation language format as the input for the next step (Qin et al., 2017; Liu et al., 2021).

Each patient-specific 3D model was subdivided into the aneurysm sac and parent artery regions before meshing. Parent artery was defined as a 20-mm long segment of vessel surrounding the aneurysm sac. Then, the geometry of each 3D model was imported into ICEM CFD software (ANSYS Inc., Canonsburg, PA, United States). Different mesh sizes were set for different parts. For the inlet, outlet, and sac, we chose a mesh size of 0.1 mm, which is appropriate for aneurysms in the typical size range; for the parent artery, we used a mesh size of 0.3 mm.

The total number of finite-volume tetrahedral grid elements was approximately 1 million, and four layers of prism elements were used for the CFD simulations. The elements number was set based on grid-independence analysis to obtain high quality simulation results. The Navier–Stokes equations were the governing equations employed in the current study.

After meshing, ANSYS CFX 18.0 (ANSYS Inc.) was used for hemodynamic simulation. For the model, blood was assumed to be a Newtonian fluid with a density of 1060 kg/m3 and a dynamic viscosity of 0.0035 N s/m2. The vessel wall was assumed to be rigid with a no-slip boundary. Because the patient-specific boundary conditions were not available, the inflow boundary condition was a representative pulsatile velocity profile obtained from the average normal human (Ford et al., 2005). A traction-free boundary condition was applied to all outlets (Cebral et al., 2005). Initial pressure and velocity were set to zero. Three cardiac cycles were simulated to minimize transient numerical errors. The results from the third simulated cardiac cycle were collected as output for the final analyses. Validation of these methods (consistency, reliability) has been demonstrated in our previous publication (Hu et al., 2015a,b). A flowchart demonstrating an outline of the image reconstruction and CFD procedures is included in Supplementary Figure 1.



Hemodynamic Analysis

Several common and important hemodynamic parameters were quantified and used to characterize the hemodynamics of IAs. Normalized wall shear stress (NWSS) and normalized pressure (NP), defined as the WSS and pressure of the aneurysm wall divided by that of the parent artery wall, respectively, were calculated to allow comparisons among different patients (Jou et al., 2008; Yuan et al., 2020). The wall shear stress gradient (WSSG) was calculated based on the simulated pulsatile flow simulations (Hu et al., 2015a,b). The oscillatory shear index (OSI) is a non-dimensional parameter that is defined as the directional change in WSS during the cardiac cycle (Soldozy et al., 2019). The combined hemodynamic parameter (CHP) can be defined as a weighted average of the WSS and OSI so that each hemodynamic parameter contributes proportionately to the final CHP (Cho et al., 2018). The relative residence time (RRT) is a marker of disturbed blood flow, that incorporates particle variability during the cardiac cycle (Riccardello et al., 2018). Ultimately, hemodynamic parameters, including NWSS, NP, WSSG, CHP, RRT, and OSI, were calculated to evaluate the hemodynamic difference between the ruptured and unruptured PAAs. To ensure repeatability, all measurements were conducted at least twice.



Statistical Methods

Continuous variables were presented as the mean ± SD, and categorial variables were presented as absolute numbers with percentages. Data were tested for normality by constructing P–P and Q–Q plots. Categorical variables were compared between groups using the Pearson χ2 test, continuity correction, and a two-tailed Fisher’s exact test. Continuous variables were compared between groups using Student’s t-test. We also evaluated the predictive value of factors that were statistically significant in the univariate analysis by receiver operating characteristic (ROC) analysis. A multivariable binary logistic regression analysis was performed including significant factors in univariate analysis. Statistical significance was defined as P < 0.05. Statistical analysis was performed using SPSS Statistics version 24.0 software (IBM Corp., Armonk, NY, United States).



RESULTS

The mean age of the patients in the PAA cohort was 57.65 ± 9.97 years (range: 33–84 years). A total of 59.4% (19/32) of the PAAs were located at the bifurcation of the callosomarginal artery in the A3 segment, and no significant difference in baseline and morphological characteristics was detected between the ruptured and unruptured groups. Overall, there was little significant difference in the baseline and morphologic characteristics between ruptured and unruptured PAAs, and only AR was significantly higher in the ruptured group than in the unruptured group (P = 0.045) (Table 1).


TABLE 1. Baseline and morphological characteristics of the included patients and aneurysms.
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According to the results of the quantitative hemodynamic analysis shown in Table 2, the mean OSI was significantly higher in the ruptured group than in the unruptured group (P = 0.035), and the mean NWSS was significantly lower in the ruptured group than in the unruptured group (P = 0.012). ROC curve analysis was performed to evaluate the predictive value of the variables for the rupture of PAAs (Figure 2). The largest AUC was that of the mean OSI (AUC = 0.808), and the AUC of mean NWSS (AUC = 0.733) ranked second, followed by the AUC of the AR (AUC = 0.712). The optimal threshold for mean OSI was 0.009875 with 75.0% sensitivity and 85.0% specificity. The optimal threshold for the mean NWSS was 0.78, which provided 91.7% sensitivity and 55.0% specificity. The optimal threshold for AR was 0.82, with a sensitivity of 75% and specificity of 65%. Factors in univariate analysis with P < 0.05 were subsequently used in a multivariable binary logistic regression analysis, including AR, mean NWSS, and mean OSI. The results of the multivariate analysis indicated that a high mean OSI was significantly associated with PAA rupture (OR = 6.45, 95% CI 1.37–30.32, P = 0.018). Multiple vital hemodynamic parameters are compared between several typical ruptured and unruptured typical PAAs in Figure 3.


TABLE 2. Hemodynamic parameters of the ruptured and unruptured PAA groups.
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FIGURE 2. The ROC curve for predicting PAA rupture. ROC, receiver operating characteristic, NWSS, normalized wall shear stress; OSI, oscillatory shear index; AR, aspect ratio.
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FIGURE 3. Comparison of hemodynamic parameters between typical ruptured and unruptured PAAs. NWSS, normalized wall shear stress; OSI, oscillatory shear index; LSA, low-shear area.




DISCUSSION

To the best of our knowledge, this is the first study that assess hemodynamics and morphology simultaneously to evaluate the rupture risk of PAAs. In the present study, the results of the univariate analysis revealed that ruptured PAAs had significantly higher AR, mean NWSS, and mean OSI values than unruptured PAAs. AR represents the diameter-to-neck ratio, high AR of ruptured PAAs means that they have a relatively small neck area that limits the blood flow in the aneurysm sac and induces relatively slow and inconsistent flow in the aneurysm sac (Nader-Sepahi et al., 2004; Tateshima et al., 2010). As AR increases, vortices gradually appear in the aneurysm sac, and the flow velocity decreases (Ujiie et al., 1999; Tykocki et al., 2014). Most previous studies have indicated that AR is positively correlated with the risk of aneurysm rupture, consistent with our results (Ryu et al., 2011; Soldozy et al., 2019).

WSS is the frictional force induced by blood flow acting on the endothelium of the vessel wall, whose direction is parallel to local blood flow (Soldozy et al., 2019). For comparisons among different patients, NWSS was calculated for the hemodynamic analysis; this variable is defined as the WSS of the aneurysm wall divided by that of the parent artery wall. Low WSS was usually considered to be associated with aneurysm rupture (Miura et al., 2013; Soldozy et al., 2019), consistent with our finding that ruptured PAAs had significantly lower NWSS. OSI is a non-dimensional parameter that is defined as the directional change in WSS during the cardiac cycle; this frequency-based parameter has been used to quantify IA rupture (Soldozy et al., 2019). Our results indicated that a high mean OSI was an independent risk factor for PAA rupture (OR = 6.45, 95% CI 1.37–30.32, P = 0.018). OSI reflects the temporal variation in the blood flow direction, and the temporal variations in blood flow can be illustrated by the continuously emerging and disappearing vortices of blood flow throughout the cardiac cycle (Can and Du, 2016; Soldozy et al., 2019). OSI reflects the shape of the aneurysm and its parent artery because aneurysmal geometry and hemodynamics are intertwined, consistent with our finding (see above) that ruptured PAAs tend to have a relatively elongated shape as well as inconsistent flow.

Despite comprehensive screen, in an aneurysm cohort of 2141 patients, only 2.20% of them had PAAs. The primary limitation of this study was the small sample size, which might limit its generalizability. Second, the 3D DSA examination used for the hemodynamic study was not administered to all patients with PAAs, which caused a certain degree of selective bias. To overcome these limitations, further analysis with more adequate data is warranted in the future.



CONCLUSION

This study suggested that there were morphological and hemodynamic differences between ruptured and unruptured PAAs. In particular, a high mean OSI is an independent risk factor for PAA rupture. These findings should be considered preliminary until confirmed in larger studies.
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Purpose: Subsurface blood vessels in the cerebral cortex have been identified as a bottleneck in cerebral perfusion with the potential for collateral remodeling. However, valid techniques for non-invasive, longitudinal characterization of neocortical microvessels are still lacking. In this study, we validated contrast-enhanced magnetic resonance imaging (CE-MRI) for in vivo characterization of vascular changes in a model of spontaneous collateral outgrowth following chronic cerebral hypoperfusion.

Methods: C57BL/6J mice were randomly assigned to unilateral internal carotid artery occlusion or sham surgery and after 21 days, CE-MRI based on T2*-weighted imaging was performed using ultra-small superparamagnetic iron oxide nanoparticles to obtain subtraction angiographies and steady-state cerebral blood volume (ss-CBV) maps. First pass dynamic susceptibility contrast MRI (DSC-MRI) was performed for internal validation of ss-CBV. Further validation at the histological level was provided by ex vivo serial two-photon tomography (STP).

Results: Qualitatively, an increase in vessel density was observed on CE-MRI subtraction angiographies following occlusion; however, a quantitative vessel tracing analysis was prone to errors in our model. Measurements of ss-CBV reliably identified an increase in cortical vasculature, validated by DSC-MRI and STP.

Conclusion: Iron oxide nanoparticle-based ss-CBV serves as a robust, non-invasive imaging surrogate marker for neocortical vessels, with the potential to reduce and refine preclinical models targeting the development and outgrowth of cerebral collateralization.
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INTRODUCTION

Cerebral collateral remodeling (cerebral arteriogenesis) represents an endogenous rescue mechanism to cope with chronic cerebral hypoperfusion and determines the severity and outcome of hemodynamic stroke (Brozici et al., 2003; Todo et al., 2008; Menon et al., 2013; Lima et al., 2014). Despite this critical importance of collateral arteries, their clinical and neuroradiological assessment remains challenging because standard neuroimaging methods to study collateral circulation are hampered by a low spatial resolution (Shuaib et al., 2011; Campbell et al., 2013). High spatial detail is important because next to the basal and leptomeningeal vasculature (Buschmann et al., 2003; Kitagawa et al., 2005; Schneider et al., 2007), arteriolar remodeling also occurs at the level of the subsurface resistance vessels (Hecht et al., 2012, 2015; Marushima et al., 2019) that represent a bottleneck to cortical perfusion (Nishimura et al., 2007).

For high-resolution imaging of the cerebral vasculature, contrast enhanced magnetic resonance imaging (CE-MRI) with ultrasmall, carbohydrate-coated superparamagnetic iron oxide nanoparticles and gradient echo or susceptibility weighted imaging has previously been reported (Iv et al., 2018; Buch et al., 2021). The resulting contrast to noise ratios are generally higher for these particles due to an exceptionally high transverse relaxivity compared to conventional gadolinium chelates based contrast agents (Rohrer et al., 2005; Plock et al., 2015; Knobloch et al., 2018). Although high-resolution angiographies are technically feasible in humans (Liu et al., 2018), animal models are needed for validation of such techniques to allow reliable, dynamic assessment of cerebrovascular development and remodeling in health and disease. Thus far, different approaches have been described to quantify iron oxide nanoparticle-based CE-MRI: On the one hand, blood volume fraction estimated by steady state cerebral blood volume (ss-CBV) measurements using a biophysical model in the static dephasing regime may serve as an indirect marker of gross total blood vessel volume (Boxerman et al., 1995). Technically, ss-CBV benefits from the long circulating half-time of iron oxide nanoparticles, which permits high-resolution assessment of perfused vasculature in the context of MRI (Plock et al., 2015). On the other hand, contrast enhanced magnetic resonance angiography (CE-MRA) was shown to allow direct detection of small-caliber parenchymal blood vessels in the mouse cerebral cortex using a semi-automated vessel tracing algorithm that permits diameter quantification among blood vessels enhanced at steady-state (Klohs et al., 2012). These findings are highly relevant, because non-invasive, longitudinal characterization of the cerebral vasculature has immediate implications for reduction and refinement of animal experiments next to understanding the etiology and course of neurovascular and neurodegenerative diseases. The current dilemma is that the reliability of both indirect but also direct CE-MRI techniques remains unclear, because a systematic validation against the actual cerebral angioarchitecture has not yet been performed. Therefore, the aim of the present study was to validate iron oxide nanoparticle-based CE-MRI for blood vessel quantification in a preclinical mouse model of chronic cerebral hypoperfusion and spontaneous collateral remodeling by testing a previously reported vessel tracing algorithm and analyzing steady state blood volume maps (ss-CBV) against serial two-photon (STP) tomography.



MATERIALS AND METHODS


Ethics Statement

Experiments were permitted by the local ethics committee on animal research (Landesamt für Gesundheit und Soziales, Berlin, Germany; LAGeSo G0186/16) and in conformity with the German Law for Animal Protection and the National Institute of Health Guidelines for Care and Use of Laboratory Animals. Experiments were reported following the ARRIVE guidelines.



Animals and Surgery

Sixteen male C57BL/6J mice aged 12 weeks and an initial body weight ranging from 27 to 32 g (Charles River WIGA GmbH, Sulzfeld, Germany) were randomly assigned to permanent unilateral internal carotid artery occlusion (ICAO) for stimulation of spontaneous cerebral arteriogenesis (n = 8) or sham surgery (Sham) (n = 8), as previously described (Hecht et al., 2012). Briefly, mice were anesthetized with 70 mg/kg ketamine and 16 mg/kg xylazine and body temperature was maintained at 37°C. Animals were positioned supine and the right-sided ICA was exposed by a midline neck incision. For ICAO, the right ICA was permanently ligated with 8/0 silk. For Sham, the ICA was exposed but no ligation was performed. The skin was sutured with 6/0 nylon. Mice were kept in an enriched environment with free access to food and water.



Magnetic Resonance Imaging

On Day 21 after surgery, a venous catheter was placed into the femoral vein and CE-MRI was acquired at 7 Tesla with a small animal MR scanner (Bruker BioSpin GmbH, Ettlingen, Germany) using a transmit/receive mouse head cryoprobe (Bruker BioSpin GmbH, Ettlingen, Germany). Mice weight at Day 21 was 34.1 ± 9.7 g for ICAO and 30.2 ± 7.2 g for Sham. Researchers performing the CE-MRI were blinded to the group assignment. The MRI protocol included the following sequences:


•T2-weighted MRI [2D Rapid Acquisition with Relaxation Enhancement (RARE), 39 contiguous 0.4 mm-thick slices, field of view (FOV) = (18.72 mm)2, (80 μm)2 in plane resolution, repetition time/effective echo time (TR/TE) = 4.2s/33 ms, echo spacing 11 ms, RARE factor 8, bandwidth (BW) = 32.9 kHz, 2 averages, acquisition time (TA) = 4:03 min].

•CE-MRA of the cortex by acquiring T2*-weighted images [3D fast-low-angle-shot, FOV = 13.52 mm3 × 16.64 mm3 × 5.2 mm3, (65 μm)3 resolution, TR/TE = 54 ms/3.9 ms, FA = 20°, BW = 50 kHz, partial Fourier imaging (PFT) in frequency encoding direction with factor 1.33, TA = 29:57 min per image] first pre-injection and then post-injection of ultrasmall, superparamagnetic iron oxide nanoparticles (Ferumoxytol, AMAG Pharmaceuticals, Waltham, MA) through the femoral vein. Iron oxide nanoparticles (0.300 mmol/l) were diluted 1:3 (volume/volume) in 0.9% sodium chloride and 1.6753 μl per gram bodyweight of the diluted contrast agent was injected as a single bolus over 2–3 s, which yielded a final contrast agent concentration of 300 μmol Fe/kg bodyweight.

•Dynamic susceptibility contrast (DSC)-MRI during iron oxide nanoparticle injection [single shot gradient-echo echo-planar imaging, 15 contiguous 0.4 mm slices, FOV = 18.72 × 18.72 mm2, (293 μm)2 resolution, TR/TE = 400 ms/7.2 ms, FA = 50°, BW = 200 kHz, PFT = 1.5 in phase encoding direction, 200 repetitions, TA = 1:20 min].



T2-weighted sequences and DSC-MRI FOV covered the whole brain, whereas the CE-MRA FOV only covered the dorsal neocortex. A set of 5 saturation slices with identical geometry was used to suppress aliasing artifacts originating from the signal of the ventral part of the brain.



Blood Vessel Staining

To visualize cerebral blood vessels for histological analysis, mice received an in vivo injection of 100 μl fluorescein-labeled Lectin [DyLight 488 Labeled Lycopersicon Esculentum (Tomato) Lectin, DL-1174, Vector Laboratories, Burlingame, CA] though the femoral vein to stain endothelial cells of perfused blood vessels. Next, the animals were transcardially perfused with 4% paraformaldehyde in phosphate buffered saline and the isolated brains were stored in the same solution at 4°C for 72 h and then kept in 0.1% sodium azide in phosphate buffered saline.



Histology

For the purpose of 3R and resource conservation during histological analysis, animals were randomly assigned to two groups: In the first group, n = 4 ICAO and n = 4 Sham animals were used to validate our animal model and confirm neocortical vascular remodeling on Day 21 after unilateral ICAO by confocal laser scanning microscopy (Leica TCS SP8, Leica Camera AG, Wetzlar, Germany) of whole-mount brain sections of 80 μm thickness with 1.5 × 1.5 × 8.9 μm3 [X × Y (plane) × Z (depth)] voxel resolution and laser excitation at 488 nm. The resulting confocal cerebral blood vessel volume (CBV) was defined as confocal-CBV by the fraction of Lectin-positive voxels from all tissue voxels in the right-sided neocortex (Supplementary Figures 1, 2).

After neocortical vessel outgrowth following ICAO was confirmed, n = 2 ICAO and n = 1 Sham animals were used in the second group to validate our iron oxide nanoparticle-based ss-CBV method at whole brain level by using serial two-photon tomography (STP) of perfused brains that was generated with a commercially available platform (TissueVision, Newton, MA, United States) (Ragan et al., 2012). Briefly, block-face 2-photon imaging of brains was performed by slicing 50 μm sections with measurements of two 25 μm optical planes per slice and three channels (RGB) leading to a final resolution of 1.2 μm × 1.2 μm in plane and 25 μm slice thickness. The resulting serial two-photon cerebral blood volume was defined as STP-CBV.



Image Processing

Image co-registration was used to compare MRI and histological data and to annotate brain regions from the Allen brain atlas. MR image pre-processing was performed in ImageJ (v1.52e)1 according to the following steps: First, all images were transformed to the resolution of the CE-MRI scan using nearest-neighbor interpolation. Second, fixed relations in image geometry planning during acquisition were used to transform images to a final FOV = 18.72 mm3 × 18.72 mm3 × 15.2 mm3, (65 μm)3 isotropic resolution and matching geometry without image registration techniques. Manual correction of shifts due to scanner imperfections were corrected in steps of one voxel using a custom ImageJ plugin and 3 degrees of freedom and nearest neighbor interpolation. T2-weighted images were warped to the Allen brain atlas using the MATLAB (v. R2014a, MathWorks, Natick, MA, United States) toolbox ANTx (Koch et al., 2019). The calculated registration was then applied to all other MRI measurements. Histology images were registered to the Allen brain atlas using custom MATLAB tools (R2016a, The MathWorks, Inc., Natick, MA, United States) (Koch et al., 2019). The following steps were performed to transform STP data to the Allen brain atlas:


•Background removal by filtering the sum of RGB images (2D Gaussian filter, standard deviation of 11) on the first of the optical planes (resulting mask was applied to the second).

•Generation of (A) an anatomical image for later image registration from autofluorescence images in the red channel and (B) a vessel image by feeding the RGB-channel images into a principal component analysis and extracting the 2nd principal component.

•Automated identification of vasculature on the vessel image by closing gaps with 3 × 3 pixel kernel, removing salt and pepper noise with 2D median filter with a 9 × 9 kernel, clustering into spatially connected objects removing objects with <5 connected pixels and binarization (values > 0 set to 1).

•Down-sampling of the binarized vessel image to the resolution of the Allen template (voxel size: 0.025 μm3 × 0.025 μm3 × 0.025 μm3) using bilinear interpolation. This led to an image containing values between 0 and 1 representing the fraction of 1s of the high-resolution vessel image in the low-resolution voxel, i.e., a map of STP-CBV. This map and the down-sampled template-like image were saved as nifti-files.

•Registration of STP-CBV map via template-like image (moving image) onto the Allen mouse template (fixed image) in Elastix using a rigid body transformation, followed by affine transformation and a subsequent B-spline transformation (Klein et al., 2010; Shamonin et al., 2013).





Vessel Tracing Analysis Based on Contrast Enhanced Magnetic Resonance Angiography

Angiograms from CE-MRI (=CE-MRA) were generated by subtraction of image intensities Spre – Spost. From these, vessel densities were calculated by a vessel tracing algorithm as described previously (Klohs et al., 2012). Based on previous findings in our model and as suggested by the results from our confocal-CBV analysis (Supplementary Figures 1, 2), we hypothesized an increase in vessel densities in the right-sided neocortex of ICAO animals compared to Sham (Hecht et al., 2012, 2015; Marushima et al., 2019).



Steady State Cerebral Blood Volume Analysis From Iron Oxide Nanoparticle-Based Contrast-Enhanced Magnetic Resonance Imaging

The change in transverse relaxation rate ΔR2* = 1/TE × ln (Spre/Spost) was calculated using ImageJ and ss-CBV was defined using the biophysical model of Yablonsky and Haacke via ss-CBV = 3/(4πγΔχB0)ΔR2* with the gyromagnetic ratio γ = 2.67502 × 108 rad/s/T and susceptibility difference Δχ = 0.282 × 10–8 (CGS units) between blood and tissue at B0 = 7 T (Lemasson et al., 2016) assuming linear increase with contrast agent dose and saturation of iron magnetization above 4.7 T (Yablonskiy and Haacke, 1994; Lemasson et al., 2015).



Dynamic Susceptibility Contrast Relative Cerebral Blood Volume Analysis From Iron Oxide Nanoparticle-Based Dynamic Susceptibility Contrast Magnetic Resonance Imaging

Dynamic susceptibility contrast relative cerebral blood volume was calculated using DSCoMAN Version 1.0 (Duke University Medical Center, Durham, NC, United States) (Boxerman et al., 2006). Using ImageJ, raw DSC-MRI images were manually converted into a stack with xyztc order, one channel, 15 slices, and 200 frames. Pixel width and height were set to 0.2925 mm, voxel depth to 0.4 mm. The frame interval was set to 0.4 s, the origin to 0.0 pixels. A timetable was imported. Next, the DSCoMAN GUI was started within ImageJ to calculate raw perfusion images. The first 20 timepoints were excluded for the analysis of rCBV. Last baseline time, last time, slice locations, time points, echo time (msec), whole brain threshold, noise SDs, as well as parameter for last baseline time computation were not modified from the values automatically given by DSCoMAN. The resulting rCBV map was scaled as the raw DSC-MRI images above and saved as a nifti file.



Statistical Analyses and Methods to Prevent Bias

Since no data on CE-MRI was available for our mouse model, we chose an exploratory study design with similar sample size to the original study describing the mouse model with histological methods (Hecht et al., 2012). A total of 16 mice underwent MRI measurements. The researchers performing the MRI measurements were blinded to the group assignment. One animal was excluded because of clots in the brain after iron oxide nanoparticle injection, one animal died during the MRI protocol leading to the final group size of 7 per group. All analysis was performed blinded to group assignment. A volume-of-interest of the right neocortex for vessel tracing was defined manually by a blinded researcher and no iterations were made in the analysis. The right-sided neocortex defined by the Allen Mouse Brain Atlas was chosen as volume-of-interest for ss-CBV and DSC-rCBV analysis prior to the analysis (Supplementary Figure 3; Lein et al., 2007). Analysis of volume-of-interests in processed images was performed using custom code. Plots and statistics were performed using R version 4.0. Individual data points were visualized together with a summarized mean value ± standard deviation. Data were statistically described by the p-value derived from 2-sided Student’s t-tests after passing a Shapiro-Wilk normality test. Spearman’s rank correlation coefficient (r) was used to describe the correlation between ss-CBV and h-CBV.




RESULTS


Assessment of Vessel Density With Semi-Automated Blood Vessel Tracing Algorithm

Blood vessels in the right neocortex 21 days after ICAO or sham surgery were precisely visualized in a three-dimensional space after subtraction of post-contrast from pre-contrast images. As expected from previous findings11 and our confocal modal validation (Supplementary Figures 1, 2), more neocortical vessels were visible on CE-MRA subtraction angiograms 3 weeks after ICAO throughout both hemispheres (Figure 1A). Unexpectedly, however, vessel densities calculated by a previously described, semi-automated vessel tracing algorithm tended to be lower in ICAO than in Sham-treated animals (Sham: 11.8 ± 2.3 mm–3; ICAO: 9.5 ± 3.5 mm–3; p = 0.17; n = 7 per group; Figure 1B). Thus, although measurements within the ICAO group displayed large MR vessel volumes that visually corresponded well to the subtraction angiograms, the tracing analysis did not translate these effects into an increased MR vessel density. Additionally, we compared MR vessel densities for both groups and hemispheres with corresponding MR vessel volumes in a post hoc analysis and, interestingly, MR vessel densities were in strong negative correlation to MR vessel volumes (r = -0.76; p = 0.000006; n = 28; Figure 1C).
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FIGURE 1. Quantitative contrast enhanced magnetic resonance angiography (CE-MRA) subtraction angiogram analysis 21 days after ICAO or Sham. (A) Iron oxide nanoparticle-based MR subtraction angiograms in gray-scaled arbitrary units (AU) clearly visualized a stronger enhancement across both hemispheres on Day 21 after ICAO compared to Sham. (B) In contrast to this clearly visualized effect, semi-automated MR vessel density analysis yielded a lower instead of higher vessel density in the right neocortex after ICAO (n = 7 per group). (C) Relationship between MR vessel density and the corresponding vessel volume fraction in neocortex measurements from both hemispheres described by Spearman’s rank correlation coefficient (n = 28).




Assessment of Vessel Density With Iron Oxide Nanoparticle-Based Steady State Cerebral Blood Volume and Dynamic Susceptibility Contrast-Relative Cerebral Blood Volume

Next, we explored whether ss-CBV maps could serve as a surrogate marker for parenchymal blood vessel imaging (Figure 2A) and found a significant increase of ss-CBV in the right neocortex following ICAO (Sham: 2.9 ± 0.3%; ICAO: 3.4 ± 0.4%; p = 0.04; n = 7 per group; Figure 2B). Cerebral hemodynamics were also assessed by DSC-MRI, which serves as a commonly applied technique for blood volume mapping by MRI. For between-subject comparisons of relative DSC-CBV (DSC-rCBV) in the parenchyma, the right hemisphere was normalized to the mean value of all measured voxels (Figure 3A). In agreement with our parenchymal ss-CBV analysis but at clearly lower spatial resolution (Figure 3B), a significant increase in DSC-rCBV following ICAO was noted for the right neocortex (Sham: 1.13 ± 0.02 AU; ICAO: 1.24 ± 0.02 AU; p = 0.000002; n = 7 per group; Figure 3C). To confirm the internal validity of our ss-CBV blood volume analysis, neocortical ss-CBV and DSC-rCBV measurements from both hemispheres were normalized and compared with each other using a Bland-Altman plot that yielded a mean difference of 0.000007 AU with limits of agreement of –0.07 to 0.07 AU; n = 14; Figure 3D).


[image: image]

FIGURE 2. Steady state-cerebral blood volume (ss-CBV) analysis 21 days after ICAO or Sham. (A) Iron oxide nanoparticle-based ss-CBV maps color-coding the fraction of blood volume per voxel brain tissue in percent (%). The white frames illustrate the right-sided neocortex as defined by the Allen Mouse Brain Atlas. (B) Group comparison in the right-sided neocortex ipsilateral to the permanent ICA-occlusion shows an increase in ss-CBV after ICAO (n = 7 per group).



[image: image]

FIGURE 3. Internal cerebral blood volume (CBV) validation. (A) Color-coded normalized dynamic susceptibility contrast-relative cerebral blood volume (DSC-rCBV) maps in arbitrary units (AU). (B) Comparison of normalized DSC-rCBV and ss-CBV map resolution for the same animal. (C) Comparison of iron oxide nanoparticle-based DSC-rCBV at Day 21 (n = 7 per group). (D) Bland-Altman comparison of DSC-rCBV and ss-CBV in the right- and the left-sided neocortex (n = 28). The average of ss-CBV and DSC-rCBV is plotted against their difference. A mean difference of 0.000007 AU in rCBV with limits of agreement between -0.07 and 0.07 AU was noted.




Histological Validation of Iron Oxide Nanoparticle-Based Steady State-Cerebral Blood Volume Against Serial Two-Photon Tomography

Next, ss-CBV findings were histologically validated at the whole brain level by correlating ss-CBV to corresponding STP-CBV from STP angiographies. For this purpose, 406 regions of the Allen brain atlas were covered with MRI and STP modalities to permit a direct comparison of ss-CBV against STP-CBV across those regions. Importantly, blood vessels according to ss-CBV were accurately traceable by STP (Figure 4) and a correlation analysis across 406 brain regions from the Allen brain atlas demonstrated good correlation between ss-CBV and STP-CBV in the mouse neocortex (Mean r = 0.57; p < 0.000001; Sham: n = 1; ICAO: n = 2; Figure 4).
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FIGURE 4. Validation of ss-CBV against 3D serial two-photon tomography (STP). (A) Whole-brain histologic angiography: Perfused blood vessels were stained in vivo with lectin from Lycopersicon esculentum and measured by STP. The image shows a 3D reconstruction of large- and medium-size blood vessels of the cerebral vascular tree using the ImageJ plugin Volume Viewer (arbitrary units). (B) Panel shows corresponding maps of iron oxide nanoparticle-based ss-CBV and STP-CBV (including the capillary bed) reconstructed from STP (unit: volume percent). (C) Positive and significant correlation between STP-CBV and ss-CBV among 406 brain regions defined by the Allen murine brain atlas in 3 mice described by the mean Spearman’s rank correlation coefficient.





DISCUSSION

In this study, we show that iron oxide nanoparticle-based ss-CBV maps serve as a valid surrogate marker for semi-quantitative assessment of cerebral blood vessels and spontaneous collateral outgrowth in the mouse neocortex with higher resolution and improved contrast compared to rCBV determined by DSC: 21 days after permanent ICAO, spontaneous outgrowth of neocortical blood vessels was mirrored by an increase of ss-CBV, which corresponded to confocal model validation and correlated well with vessel density assessed by STP. The significance of this work is that iron oxide nanoparticle-based ss-CBV can help to refine and reduce experimental protocols by serving as a novel surrogate for longitudinal characterization of cerebrovascular remodeling.

The endogenous outgrowth of collaterals represents the most powerful mechanism to cope with chronic cerebral hypoperfusion (Schaper and Scholz, 2003) and a growing body of evidence has shown preclinical effectiveness of therapeutic stimulation of collateral vessel growth in the murine brain (Buschmann et al., 2003; Schneeloch et al., 2004; Schneider et al., 2007; Duelsner et al., 2012; Hecht et al., 2012, 2015; Marushima et al., 2019). Consequently, longitudinal imaging of development, outgrowth, and remodeling of cerebral collaterals in models of health and disease remains of high interest but is also affected by the ongoing effort to replace, reduce, and refine (3Rs) animal experiments (Blakemore et al., 2012). Although the natural dynamics of cerebral collateral outgrowth and remodeling cannot be completely replaced by ex vivo modeling, we believe that reliable establishment of non-invasive, high-resolution CE-MRI has meaningful potential for reduction and refinement because CE-MRI facilitates an improved, longitudinal study design and intra-individual analysis with higher statistical power at the benefit of using a non-invasive technology (Nesselroade and Ram, 2004). For assessment of large caliber vessels, this hypothesis is supported by recent findings showing standardized and reliable time-of-flight (TOF) MR angiography for quantitative, longitudinal characterization of collateralization at the level of the Circle of Willis in mice (Foddis et al., 2020; Knauss et al., 2020). For assessment of collateral remodeling at the level of penetrating arterioles, however, the resolution of TOF MR angiography is too low and CE-MRA using a blood pooling agent could be better suited (Klohs et al., 2012). In order to test the feasibility and validity of iron oxide nanoparticle-based CE-MRA for quantification of parenchymal vascular remodeling, we therefore deliberately chose a previously characterized model of unilateral attenuation of cerebral perfusion in mice, in which collateral remodeling not only occurs within the basal and leptomeningeal vasculature, but also within the parenchymal resistance vessels in the neocortex of both hemispheres (Hecht et al., 2012). We clearly observed a higher (micro)vascular density in iron oxide nanoparticle-based CE-MRA subtraction angiograms on Day 21 after chronic hypoperfusion in the right hemisphere as the predefined region of interest that has predominantly been found hemodynamically impaired after right-sided ICAO (Hecht et al., 2012). The vessel density in the left hemisphere contralateral to ICAO also seemed to increase in line with previous findings (Hecht et al., 2012), however, including the left hemisphere as the second region of interest would have underpowered our analysis. However, the observation of increased vessel density in the right hemisphere did not translate into a higher vessel density using a previously established semi-automated vessel tracing algorithm. Considering the generally intact blood-brain barrier within the parenchymal vasculature following unilateral ICAO (Hecht et al., 2015), this unexpected finding could be explained by blooming artifacts that confounded the algorithm especially in animals with ICAO and collateral remodeling, because increasing vessel volumes possibly results in an inability of the algorithm to correct for overlapping blood vessels on subtraction angiograms. Thus, semi-automated vessel tracing algorithms for CE-MRA subtraction angiograms may require individual validation depending on the underlying model of disease.

Under the hypothesis that cerebral blood volume maps could serve as a more robust surrogate marker for vessel density assessment, we then calculated ss-CBV with the cylinder model of blood vessels in the static dephasing regime of the MR signal to mitigate the limitation of interfering blooming artifacts (Boxerman et al., 1995). The effect of iron oxide nanoparticle dosage for ss-CBV is largely independent of concentration and the method has proven valid within a large range of concentrations both theoretically (Yablonskiy and Haacke, 1994) and experimentally (Tropres et al., 2004). In the present study, a significant increase in ss-CBV on Day 21 after ICAO was noted. Assuming equal contrast agent concentration and pulse sequence among all measurements, this higher ss-CBV after ICAO most likely represents an intraparenchymal vessel volume increase due to remodeling of the neocortical vasculature in line with our previous observations in the murine neocortex (Hecht et al., 2012, 2015; Marushima et al., 2019). For internal validation, ss-CBV was additionally compared to DSC-rCBV because DSC represents one of the most widely applied techniques for MRI-based CBV estimation. In our present setup, we found that both techniques can easily be combined in one protocol by low resolution fast imaging during bolus injection of the iron oxide nanoparticle (DSC-rCBV) followed by high resolution imaging after the blood pool agent has reached equilibrium concentration in plasma (ss-CBV). Importantly, ss-CBV was paralleled by DSC-rCBV values within limits of agreement but at clearly higher image resolution and contrast, which is explained by the strong effect of iron oxide nanoparticles on T2* shortening, the absence of contrast agent leakage, and the possibility of longer image acquisition time during steady-state blood volume mapping using iron oxide nanoparticles compared to bolus techniques with rapid first-pass effect, such as conventional blood volume mapping based on DSC (Guckel et al., 1994; Bremer et al., 2003; Wu et al., 2003; Varallyay et al., 2013). For definite morphological validation, ss-CBV was then compared to co-registered histology based on 3D whole brain STP. The significant correlation between ss-CBV and histological STP-CBV supported the hypothesis that ss-CBV can serve as a robust surrogate for blood vessel assessment. Importantly, for the first time we provide a systematic morphological validation of iron oxide nanoparticle-based ss-CBV maps by co-registering a comprehensive and corresponding complete histological data set, which is highly relevant considering that our atlas registration approach eliminates selection bias introduced by region-of-interest-based analyses and remains unaffected by inter-rater heterogeneity. Therefore, ss-CBV maps could serve as a method of choice for robust, semi-quantitative, and longitudinal blood vessel assessment at the level of the neocortical vasculature.

Alternative emerging approaches to quantify ferumoxytol enhanced vasculature are susceptibility weighted imaging (SWI) and quantitative susceptibility mapping (QSM), which even enabled us to distinguish between vessel diameters (Liu et al., 2018; Buch et al., 2020; Shen et al., 2020). However, none of the studies performed histological validation and to our best knowledge, no SWI/QSM protocol for the mouse has been published in the context of cerebral microangiography. Furthermore, QSM studies require sophisticated postprocessing, which needs to be fed by complex simulations. Due to robustness, we decided for ss-CBV in this study, since the disadvantage of insensitivity of vessel diameter is an advantage at the same time: the results have no bias toward any vessel diameter. Thus, ss-CBV currently represents a more established parameter also applicable to very small vessels and independent of resolution.


Limitations

Clinically, iron oxide nanoparticle-based CE-MRA and ss-CBV maps could serve as a non-invasive alternative to digital subtraction angiography for longitudinal assessment of vascular malformations, brain tumor vascularity, anti-angiogenic treatment effects but also for improved planning of neurosurgical or radiosurgical procedures (Varallyay et al., 2013; Iv et al., 2018; Huang et al., 2019). However, clinical application has been limited to proof-of-concept studies and off-label use due to missing regulatory approval, which is mainly attributed to the concern that the carbohydrate coating of the nanoparticles could be associated with an increased risk of severe allergic response. On the other hand, the safety profile of iron oxide nanoparticles has been reported similar to iodinated contrast agents used for contrast-enhanced CT imaging (Vasanawala et al., 2016). Additionally, there is increasing awareness of permanent gadolinium deposition in the brain and its unknown risk (Gulani et al., 2017) and iron-based contrast agents may be considered as a suitable alternative (Boehm-Sturm et al., 2018).

A main limitation in the present study is the sample size. However, we deliberately decided to only use animals from one sex and a single model of disease because we believe that this optimizes the reliability of our findings by reducing the complexity of the model. Second, the lack of coherence to the previously published vessel tracing algorithm for CE-MRA underlines that such approaches may require individual validation depending on the used model or the diversity of the cohort, including the use of subjects of both sexes and different mouse strains. Third, validation of ss-CBV measurements were naturally limited by the fact that our STP vessel stain only reflected blood vessel walls rather than appreciate the entire volume of the vessel lumen as it is done by ss-CBV. On the other hand, the fact that ss-CBV recognizes the entire vessel lumen also explains why this method seems particularly useful for microvascular vessel volume quantification, because histological CBV may underestimate vessel density in areas of large surface vessels (Di Giovanna et al., 2018). Forth, although ss-CBV offers the possibility to determine vessel density based on perfused blood volume with the benefit of being extremely robust, ss-CBV is unable to distinguish between vessel diameters. For this purpose, vessel size imaging and quantitative blood oxygen level dependent imaging make use of more advanced biophysical models of spin echo MR signal in tissue (Kiselev and Novikov, 2018) but are currently limited by high noise level and low spatial resolution (Boehm-Sturm et al., 2013). MR vascular fingerprinting is a promising first attempt to reduce noise by simulating the MR signal in realistic tissue and finding a best match to the measured signal (Lemasson et al., 2016), which may soon enable vessel size sensitive imaging at similarly high resolution presented here while reducing impact of noise. In the future, automated machine-learning analyses of comprehensive histological and MR angiograms may help overcome the limitations of previous and the present work and yield further insights into neurovascular imaging correlates with the possibility of reliable clinical translation (Di Giovanna et al., 2018; Todorov et al., 2019).
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Objective: Whether the cerebral vascular variations play an important role in the progression of intracranial atherosclerosis is yet largely unclear. We aimed to investigate the relationship between the magnitude of the vertebrobasilar junction (VBJ) angle and the imaging features of vertebrobasilar artery atherosclerosis.

Methods: Adult patients with acute ischemic stroke or transient ischemic attack undergoing a 3.0-tesla vessel wall magnetic resonance imaging (VW-MRI) scanning were consecutively included. Imaging features of vertebrobasilar artery atherosclerosis were assessed on the reconstructed short axis of VW-MRI at the most stenotic site. The VBJ angle degree was measured on magnetic resonance angiography and classified into the angle ≥90° or <90°.

Results: Among 68 patients (mean age = 63.5 ± 9.4 years old; 63.2% were male) with vertebrobasilar atherosclerosis, 33 had a VBJ angle ≥90° and 35 had a VBJ angle <90°. Compared to the vertebrobasilar plaques with VBJ angle <90°, those with VBJ angle ≥90° had a heavier plaque burden (84.35 vs. 70.58%, p < 0.001) and higher prevalence of intraplaque hemorrhage (17.1 vs. 3.3%, p = 0.01). In the regression analyses, the VBJ angle ≥90° was also robustly associated with plaque burden (odds ratio, 1.11; 95% confidential interval, 1.043–1.18; p = 0.001) and intraplaque hemorrhage (odds ratio, 5.776; 95% confidential interval, 1.095–30.46; p = 0.039) of vertebrobasilar atherosclerosis.

Conclusion: The VBJ angle over 90° might aggravate the vessel wall condition of the atherosclerotic vertebrobasilar arteries, which might serve as a potential risk factor for vertebrobasilar atherosclerosis.

Keywords: intracranial atherosclerosis, vertebrobasilar circulation, vertebrobasilar junction angle, cerebral vascular variation, plaque imaging feature


INTRODUCTION

Ischemic stroke (IS) due to intracranial large artery atherosclerosis poses a major threat to the global public health and economy (Kaul et al., 2018; Kim et al., 2020; Wang et al., 2020). Up to 25% of acute ischemic events entail the brain tissues supported by the vertebrobasilar artery system and still carries increasing risks of stroke-related disability and stroke recurrence (Savitz and Caplan, 2005; Sparaco et al., 2019).

Geometric variants commonly exist in the vertebrobasilar artery system and may exert a strong influence on the formation of vertebrobasilar atherosclerosis mainly via the direct impact on the vertebrobasilar circulation hemodynamics (Yu et al., 2018; Xu et al., 2019; Zhou et al., 2020). Notably, the confluence angles of the vertebrobasilar junction (VBJ) vary from 10° to 160° (Ravensbergen et al., 1996, 1998). Previous research showed that patients with deep pontine lacunar infarction had significantly larger VBJ angles than healthy individuals (Jeong et al., 2015). Furthermore, the larger VBJ angles were also revealed in robust relevance to the hemodynamic alteration, thereby leading to the proneness to vertebrobasilar atherosclerosis in the numerical and experimental models (Ravensbergen et al., 1996, 1998; Zhang et al., 2016). Nevertheless, little clinical evidence from stroke patients could be provided to ascertain the relationship between the varying VBJ angle degrees and the progression of vertebrobasilar atherosclerosis.

With the utilization of high-resolution vessel wall magnetic resonance imaging (VW-MRI), the imaging features of vertebrobasilar artery atherosclerosis can be evaluated quantitatively and qualitatively in patients with acute ischemic stroke (AIS) attributed to intracranial large-artery atherosclerotic stenosis. In this hospital-based study, we aimed to determine the association of the VBJ angle magnitude with the imaging characterization of vertebrobasilar atherosclerosis assessed on VW-MRI.



MATERIALS AND METHODS


Study Population

Consecutive adult patients with IS or transient ischemic attack (TIA) who underwent VW-MRI at the Prince of Wales Hospital from 2015 to 2020 for intracranial large artery stenosis were retrospectively included in this study. The inclusion criteria for this study were as follows: (1) First-ever AIS or TIA within 7 days; (2) Presence of the bilateral vertebral arteries (VAs) and the basilar artery (BA) shown on magnetic resonance angiography (MRA); (3) The intracranial segments of the VAs completely covered by VW-MRI; (4) Atherosclerotic plaques on the intracranial VA and the BA detected by VW-MRI; (5) Good image quality for the imaging analyses. Subjects were excluded when meeting the following conditions: (1) Non-atherosclerotic stenosis, such as moyamoya disease, vasculitis, and dissection; (2) Clinical evidence of cardioembolism, including valvular heart disease and atrial fibrillation; (3) Coexistent moderate to severe carotid artery stenosis; (4) History of vascular malformation, brain tumor, or cerebral interventional or vascular surgical procedure. The patient baseline clinical data were recorded (age, sex, hypertension, hyperlipidemia, diabetes, and current smoking status). The study was approved by the Joint Chinese University of Hong Kong-New Territories East Cluster Clinical Research Ethics Committee (the Joint CUHK-NTEC CREC, No. 2015.011) and followed the 1975 Declaration of Helsinki. The written informed consents were signed by all the patients or their family members.



Imaging Protocol

All VW-MRI exams were performed using a 3.0-tesla Achieva MR system (Philips Healthcare, Cleveland, OH, United States) with an 8-channel head coil in this study. As described in our previous VW-MRI study (Li et al., 2020), the imaging protocol included a 3-dimensional T1-weighted (T1w) Volumetric ISotropically Turbo spin echo Acquisition (VISTA) sequence before and after the administration of a gadolinium-containing contrast agent (Dotarem, Gadoteric acid 0.5 mmol/ml; Guerbet, Roissy CdG Cedex, France) (0.1 ml/kg to each subject) and a 3-dimensional Time-Of-Flight (TOF) MRA sequence. The T1w VISTA sequence parameters were as follows: field of view (FOV) 200 mm × 167 mm × 45 mm, acquired resolution 0.6 mm × 0.6 mm × 1.0 mm, and repetition time (TR)/echo time (TE) 1,500/36 ms. The TOF MRA sequence was acquired using FOV 200 mm × 200 mm × 56 mm, acquired resolution 0.4 mm × 0.6 mm × 0.7 mm, and TR/TE 23/3.5 ms.



Measuring the Vertebrobasilar Junction Angle Magnitude

Two raters (JL and HD) blind to the patient clinical information independently measured the degrees of the VBJ angles on TOF MRA imaging using OsiriX DICOM Viewer (Geneva, Switzerland) (Figure 1). The VBJ angle referred to the relevant angle between the two inner vessel walls of the bilateral VAs (Ravensbergen et al., 1998). The measurement of the VBJ angle magnitude was carried out independently of the subsequent assessment of the vertebrobasilar artery plaques.


[image: image]

FIGURE 1. The degrees of the VBJ confluence angles are examined on the 3-dimensional reconstructed cross sections of MRA. (A,B) The VBJ angles less than and more than 90°, respectively. MRA, magnetic resonance angiography; VBJ, vertebrobasilar junction.




Quantitatively and Qualitatively Evaluating the Vertebrobasilar Plaques

Another two raters (W-JY and LZ) also blind to the patient clinical data independently determined the imaging features of vertebrobasilar atherosclerosis on VW-MRI (Figure 2). Atherosclerotic plaques along the bilateral intracranial VA segments and the BA were identified as vessel wall thickening on the matched pre- and post-contrast T1w images, according to a previously published definition (Yang et al., 2021).
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FIGURE 2. A representative case of acute ischemia in vertebrobasilar circulation. (A) The MRA image shows stenosis in the BA (white arrow). (B) The diffusion-weighted image shows acute infarction in the BA territory (white arrow). (C,D) The pre- and post-contrast T1-weighted images show the BA plaque as a symptomatic lesion, respectively (white arrows). BA, basilar artery; MRA, magnetic resonance angiography.


The quantitative measurements of vertebrobasilar artery plaques were performed on the reconstructed cross-sectional images at the narrowest luminal site by using VesselMass software (Leiden University Medical Center, Netherlands) based on the prior methods (Guo et al., 2018; Wang et al., 2018; Yang et al., 2020). The adjacent plaque-free, non-tortuous, normal vessel segment proximal or distal to the lesion was used as the reference site. The vessel–cerebrospinal fluid interface was manually traced to measure vessel area (VAmeasure). The blood–intima interface was used for determining lumen area (LA). Wall area (WA) was defined as VAmeasure – LA. Luminal stenosis percentage was calculated as (1 – lesion LA/reference LA) × 100%. Plaque burden was defined as (lesion WA/lesion VAmeasure) × 100%. Wall area index was determined by lesion WA/reference WA. Remodeling index (RI) was defined as lesion VAmeasure/reference VAmeasure. The remodeling pattern was designated as positive (RI ≥ 1.05) or non-positive (RI < 1.05). Plaque eccentricity index was defined as (maximum wall thickness – minimum wall thickness)/maximum wall thickness. Each plaque was classified as eccentric (eccentricity index ≥0.5) or concentric (eccentricity index <0.5).

A round area of 10–12 mm2 at the normal gray matter near the plaque lesion was manually drawn on both pre- and post-contrast T1w images to measure the signal intensity of gray matter (SI gray–matter). The signal intensity of plaque (SI plaque) normalized to SI gray–matter was measured on the matched pre- and post-contrast T1w images to determine the plaque contrast enhancement: Plaque enhancement index = [(SI plaque/SI gray–matter on post-contrast T1w images) – (SI plaque/SI gray–matter on pre-contrast T1w images)]/(SI plaque/SI gray–matter on pre-contrast T1w images) × 100%.

Hypointensity or hyperintensity in the plaque by comparison with the signal intensity of the adjacent normal gray matter tissue on the pre-contrast T1w image was recorded (Yang et al., 2016). The presence of intraplaque hemorrhage (IPH) was recognized as a region of high signal within the plaque (over 150% of the signal intensity of adjacent vessel-wall area) on the pre-contrast T1w images (Yang et al., 2020).

A plaque was classified as symptomatic if it was the only or the most enhanced plaque in the territory of brain infarct or neurological symptom (Yang et al., 2020). It was defined as asymptomatic plaque if the plaque was out of the territory of brain infarct or neurological symptom or the plaque was not the most enhanced in the corresponding ischemic territory (Yang et al., 2020).



Statistical Analysis

All statistical data were analyzed using the SPSS version 26.0 (IBM, NY, United States). The distribution of the VBJ angles was displayed using GraphPad Prism 8.0 (GraphPad Software Inc., San Diego, CA, United States). Variables were shown as mean ± standard deviation (SD), median [interquartile range (IQR)], or number (percentage), when appropriate. The baseline clinical features of subjects with vertebrobasilar artery atherosclerosis were compared between the VBJ angles ≥90° and the angles <90° by using t-test, chi-square test, or Fisher’s exact test. The imaging characterizations of vertebrobasilar atherosclerotic plaques were compared between the cases with VBJ angle ≥90° and those with VBJ angle <90° by using Mann–Whitney U test, chi-square test, or Fisher’s exact test. Univariate and multivariate logistic regression analyses were carried out to further estimate the relationship between the VBJ angle magnitude and the imaging features of vertebrobasilar artery atherosclerosis. A p-value < 0.05 was regarded as statistically significant. Inter-rater reliability was determined by intraclass correlation or Cohen κ coefficient with 95% confidence interval (CI). A coefficient >0.81 was considered as excellent.




RESULTS


Patient Demographic and Clinical Characteristics

A total of 68 patients (mean age, 63.53 ± 9.42 years; 43 male) with vertebrobasilar artery atherosclerosis were included in this study. The patient clinical characteristics on admission were summarized in Table 1.


TABLE 1. Baseline clinical characteristics of patients with vertebrobasilar artery atherosclerosis between the VBJ angles ≥90° and <90°.
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The degrees of the VBJ angles varied from 29.45° to 124.20° (median, 85.18°; IQR, 68.34°–108.02°) in patients with vertebrobasilar atherosclerosis (Figure 3). According to the VBJ angle magnitude exceeding 90° or not, all the patients were subsequently categorized into two groups: 33 with VBJ angle ≥90° and 35 with VBJ angle <90°. Yet, no statistical significance was observed in the difference of the baseline clinical features between the two groups (all p-values > 0.05), as shown in Table 1.
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FIGURE 3. Histograms showing the distribution of the VBJ angles in patients with vertebrobasilar artery atherosclerosis. VBJ, vertebrobasilar junction.




Vertebrobasilar Artery Atherosclerosis and the Vertebrobasilar Junction Angle Magnitude

In total, 131 vertebrobasilar atherosclerotic plaques were detected in all the subjects, including 70 within the VBJ angles ≥90° and 61 within the VBJ angles <90°. The comparisons of the vertebrobasilar plaque imaging features between the groups with VBJ angle ≥90° and <90° were illustrated in Table 2.


TABLE 2. Imaging characteristics of vertebrobasilar artery atherosclerosis between the VBJ angles ≥90° and <90°.
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As shown in Table 2, the VBJ angles ≥90° possessed more vertebrobasilar artery plaques with symptomatic status (20.0 vs. 4.9%, p-value = 0.01), hypointensity signal (51.4 vs. 31.1%, p-value = 0.019), and IPH (17.1 vs. 3.3%, p-value = 0.01) than the VBJ angles <90°. However, no statistical significance was found in the difference of plaque hyperintensity signal, plaque wall morphology, or arterial remodeling pattern between the VBJ angles ≥90° and the angles <90° (all p-values > 0.05; Table 2).

Moreover, compared to the vertebrobasilar plaques with VBJ angle <90°, those with VBJ angle ≥90° had significantly higher percentages of luminal stenosis (73.89 vs. 45.68%, p-value < 0.001; Table 2) and plaque burden (84.35 vs. 70.58%, p-value < 0.001; Table 2). There were no significant differences observed in other plaque imaging characteristics between the two groups, such as wall area index, RI, plaque eccentricity index, and plaque enhancement index (all p-values > 0.05; Table 2).



Univariate and Multivariate Analyses

In the univariate analysis, the VBJ angles ≥90° were related to plaque hypointensity signal (odds ratio, 2.341; 95% CI, 1.143–4.792; p-value = 0.02), IPH (odds ratio, 6.103; 95% CI, 1.308–28.476; p-value = 0.021), luminal stenosis (odds ratio, 1.048; 95% CI, 1.028–1.07; p-value < 0.001), and plaque burden (odds ratio, 1.137; 95% CI, 1.085–1.191; p-value < 0.001) in vertebrobasilar artery atherosclerosis, as displayed in Table 3.


TABLE 3. Univariate and multivariate regression for independent correlation between the imaging characteristics of vertebrobasilar atherosclerosis and the VBJ angles ≥90°.
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In the multivariate analysis adjusted for potential confounders, the VBJ angles ≥90° were still shown in strong association with IPH (odds ratio, 5.776; 95% CI, 1.095–30.46; p-value = 0.039; Table 3) and plaque burden (odds ratio, 1.11; 95% CI, 1.043–1.18; p-value = 0.001; Table 3) caused by vertebrobasilar atherosclerosis. Yet, the VBJ angles ≥90° were not strongly associated with plaque hypointensity signal and luminal stenosis in vertebrobasilar atherosclerosis.



Inter-Rater Reliability

Inter-rater reliability on the measurement of the VBJ angle magnitude was excellent (the intra-observer reliability: coefficient = 0.907, 95% CI 0.814–0.955; the inter-observer reliability: coefficient = 0.860, 95% CI 0.728–0.931). Inter-rater reliability on the quantitative and qualitative evaluation of the plaque imaging features was substantial to excellent, which was reported in our previous VW-MRI studies (Dieleman et al., 2016; Yang et al., 2016).




DISCUSSION

In this hospital-based study, firstly, we found that the plaques in the VBJ angles over 90° were more likely to cause acute infarcts and/or acute stroke symptoms in vertebrobasilar circulation. Secondly, the VBJ angles above 90° were observed in significant correlation with higher prevalence of plaque hypointensity signal and IPH and higher degrees of luminal stenosis and plaque burden in vertebrobasilar artery atherosclerosis. Thirdly, logistic regression analyses further revealed that the relevance of the VBJ angles more than 90° to IPH and plaque burden in vertebrobasilar atherosclerosis remained robust.

Using 3-dimensional TOF MRA imaging, our study showed the striking variations in the magnitude of the VBJ angles among patients with vertebrobasilar artery atherosclerosis, ranging from 29.45° to 124.20°. This observation was consistent with the previous research reporting that the geometric variability of the VBJ angle magnitude was generally found in autopsy human brains (Ravensbergen et al., 1996, 1998). Interestingly, a larger VBJ angle magnitude was subsequently highlighted to have an effect on the development of atherosclerotic plaques in the experimental and numerical analyzing models (Ravensbergen et al., 1996, 1998; Zhang et al., 2016).

Two causes could be given. First, the degrees of the VBJ angle might strongly affect the patterns of cerebral hemodynamics that acted on the intracranial vessel walls (Ravensbergen et al., 1996, 1998; Ritter and Ringelstein, 2002). Notably, the complex patterns of blood flow and the reduced levels of wall shear stress were revealed in the models of the larger VBJ angles, which led to the formation of atherosclerosis (Ravensbergen et al., 1996, 1998). Second, the VBJ angle magnitude might also make a direct impact on the activity of vascular smooth muscle cells (VSMCs) of the vertebrobasilar arteries to develop atherosclerosis (Zhang et al., 2016). In particular, the VBJ angle structure of 90°could significantly attenuate the reaction of VSMCs to the local change in the hemodynamic force and result in the higher expressions of the pro-atherosclerotic mediators in the VSMCs (Zhang et al., 2016). Accordingly, we speculated that the geometry of the VBJ angles over 90° might deteriorate the vessel wall conditions of the vertebrobasilar arteries to grow atherosclerotic plaques mainly through the influence on the hemodynamic pattern and the vascular activity.

This hypothesis could be largely supported by our findings. Firstly, the VBJ angles exceeding 90° were robustly related to heavier plaque burden of the atherosclerotic vertebrobasilar arteries. It is notable that the degree of plaque burden in intracranial large artery atherosclerosis was suggested as a better indicator of the luminal narrowing severity than other conventional imaging values (Wang et al., 2019; Ran et al., 2020; Wu et al., 2020). Secondly, a significant increase in the prevalence of the vertebrobasilar plaques with IPH was found in the VBJ angles over 90°. As a representative imaging marker for high-risk plaque, IPH in vertebrobasilar circulation atherosclerosis was revealed in significant correlation with the plaque vulnerability and rupture, regardless of whether the stenotic grade was high or low (Shi et al., 2018, 2020; Zhu et al., 2018). More importantly, the logistic regression models in our study indicated that the VBJ angles above 90° were independently related to plaque burden and IPH in vertebrobasilar atherosclerosis. Therefore, the VBJ angle structure over 90° was robustly associated with a high-risk vessel wall condition of vertebrobasilar artery atherosclerosis.

Our observations are of potential clinical importance. Although further verification is required, we initially find that the symptomatic atherosclerotic plaques causing acute infarctions and/or acute ischemic signs in vertebrobasilar circulation were more likely to be located in the VBJ angles above 90°, rather than those below 90°. Given the stroke mechanisms varying among symptomatic patients with vertebrobasilar artery atherosclerotic stenosis (Samaniego et al., 2019; Schaafsma et al., 2019), subsequent research is urgently needed to determine if the VBJ angle geometry exceeding 90° is an independent risk factor for stroke occurrence and stroke patterns.

The present study had limitations. Firstly, any causal relationship between the VBJ angle magnitude and vertebrobasilar artery atherosclerosis could not be concluded from this observational study. Secondly, despite the consistency with the prior findings of a low prevalence of symptomatic vertebrobasilar artery atherosclerotic disease (Marquardt et al., 2009; Kim et al., 2013), further exploration of the association between the VBJ angle degrees and the infarct patterns was not allowed in this study due to a relatively small study population. Thirdly, we did not perform any flow dynamic analysis but may inspire future study directions.



CONCLUSION

Utilizing high-resolution VW-MRI, significant differences in the imaging characteristics of vertebrobasilar artery atherosclerosis were observed between the VBJ angles more than 90° and the angles less than 90°. The structure of the larger degrees of the VBJ angle might be a risk factor for vertebrobasilar atherosclerosis. Further research is still required to investigate the underlying hemodynamic mechanisms depending on the increasing magnitude of the VBJ angles.
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Intracranial artery calcification (IAC) was regarded as a proxy for intracranial atherosclerosis (ICAS). IAC could be easily detected on routine computer tomography (CT), which was neglected by clinicians in the previous years. The evolution of advanced imaging technologies, especially vessel wall scanning using high resolution-magnetic resonance imaging (HR-MRI), has aroused the interest of researchers to further explore the characteristics and clinical impacts of IAC. Recent histological evidence acquired from the human cerebral artery specimens demonstrated that IAC could mainly involve two layers: the intima and the media. Accumulating evidence from histological and clinical imaging studies verified that intimal calcification is more associated with ICAS, while medial calcification, especially the internal elastic lamina, contributes to arterial stiffness rather than ICAS. Considering the highly improved abilities of novel imaging technologies in differentiating intimal and medial calcification within the large intracranial arteries, this review aimed to describe the histological and imaging features of two types of IAC, as well as the risk factors, the hemodynamic influences, and other clinical impacts of IAC occurring in intimal or media layers.

Keywords: intracranial artery calcification, histology, imaging, clinical relevance, cerebrovascular disease


INTRODUCTION

Calcification is widely located in all vascular beds (1, 2), especially in the advanced stages of atherosclerosis along with intraplaque hemorrhage, hemosiderin deposition, and lumen surface disruption (3). Over the last decades, significant progress has been made in clinical research on intracranial artery calcification (IAC). IAC in the intracranial internal carotid artery (ICA) was demonstrated as an independent risk factor for ischemic stroke which accounted for up to 75% of all strokes (4). Currently, most studies on IAC are based on computer tomography (CT) which is capable of providing overall views of single or multiple calcifications. Calcification score and volume (5), which were initially used for assessing coronary arteries, are now widely applied to qualitative and quantitative measurements in exploring the clinical relevance of IAC (6). Despite substantial research on IAC, the correlation of IAC with stroke is controversial. In the Rotterdam study, many of the ischemic strokes were either in the vascular territories that were separate from IAC or caused by other conditions, for instance, cardiac source embolism or by the coexisting penetrating artery diseases (4). Furthermore, despite the association of IAC and intraplaque hemorrhage (7), calcified atherosclerotic plaques in the middle cerebral arteries (MCAs) seemed to be more stable than the non-calcified plaques (8). The pathophysiology of IAC and stroke remains unclear.

There are two major patterns of IAC, one involving the intima and the other involving the media. Recent histopathologic evidence showed that medial calcification was predominantly present in both the intracranial internal carotid arteries (ICAs) (9) and vertebral arteries (VAs) (10), bringing about new considerations on the importance of IAC patterns in further clinical studies. In this review, we intended to discuss the histopathological features of IAC, its manifestation in CT and MRI as well as its clinical relevance, which may benefit in developing a better understanding of calcification and related diseases.



METHODS

Literature searching was performed in PubMed, with a search filter using words, such as “intracranial artery calcification,” “intimal calcification,” “medial calcification,” and “stroke.” All articles were extracted according to title and abstract. Most of the articles were original clinical studies. The full texts of the relevant articles were assessed independently. The references of the relevant articles were selected additionally for further evidence. Three hundred and sixty-eight articles about either the intracranial artery or the extracranial artery were screened. Articles based on autopsies, CT, and magnetic resonance imaging (MRI) were included. Articles focused on biochemical or genetic studies were excluded.

For studies based on autopsies, the identification of intimal or medial calcification in the intracranial artery was based on pathological evidence. Calcifications were identified as sharply demarcated, acellular spots, and areas. Calcification type was determined by adding the calcification areas in all slides to a summed intimal and medial calcification burden. If the summed area of medial calcification was larger than the summed area of intimal calcification, the patient was categorized by histology as a medial dominant and vice versa.

For studies based on brain CT, the definition of intimal or medial calcification in the intracranial artery was based on circularity (1 for dot, 2 for <90°, 3 for 90–270°, and 4 for 270–360°), thickness (1 for thick IAC ≥1.5 mm and 3 for thin IAC <1.5 mm), and morphology (0 for indistinguishable, 1 for irregular/patchy and 4 for continuous) on brain CT. A summed score from 1 to 6 indicated predominant intimal calcification and 7 to 11 indicated predominant medial calcification. For studies based on MRI, the identification of IAC pattern is yet to be studied.



IMAGING MEASUREMENT ON IAC AND THE EXISTING DEFECTS

Intracranial artery calcification is widely detected by brain CT scan due to its accessibility and reliability (11). In order to achieve quantitative analysis, semiautomatic custom-made methods are used via software, such as ImageJ (12) or MATLAB (13). The “volume” of IAC is calculated by multiplying the number, size, and the increment of pixels. Agatston score (14), which represents the area of calcified plaque multiplied by the weighted value assigned to its highest Hounsfield unit, has also been applied in the studies. Deficiently, Agatston score and calcium volume are both in demand for the slice thickness of 3 mm and for images without gantry tilts (6), and both are time-consuming and sometimes inaccessible for neurologists during clinical practice. In contrast, visual grading systems are comparatively more convenient for assessments. According to the previous grading criteria, the score increases as calcification extends either in the thickness or in the circumference (15–17).

However, since IAC embodied in the intima and media of intracranial arteries can vary in morphology and prevalence, the misleading effect of the Agatston score or the overall volume should not be neglected. In 2017, a new grading system was put forward by Kockelkoren et al. (18) which distinguished the intimal and medial calcification after comparing the histology and CT features of IAC. Circularity, thickness, and morphology were counted separately (Table 1) based on the distinct features of intimal and medial calcification. Of note, the grading order of thickness was conversed (“thick” represents one point and “thin” represents three points), and morphology was added into counting compared to prior grading systems (19).


Table 1. Scoring system [by Kockelkoren et al. (18)] for distinguishing intimal calcification from medial calcification.
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One of the shortages of the visual systems is the subjectivity between distinct grading scales, which is the notable obstacle in maintaining consistencies. Another considerable defect is the interference by adjacent bony structures, for instance, the skull base around the carotid siphon and the VA (6). Recently, high-resolution MRI (HR-MRI) has been applied to evaluate lesions of intracranial vessel walls (20). By presenting hypointensity, IAC can be detected by HR-MRI. Revealing the ultrastructure of the vessel wall, the HR-MRI enables the neurologists to identify the calcium deposits at different locations (e.g., superficial and deep) and their positional relationship with other plaque components (21). By comparing the autopsy and multi-contrast HR-MRI, Jiang et al. (22) accomplished a remarkable differentiation between lipid core (isointense/hyperintense), fibrous cap (isointense), and calcification (hypointense) on T1 sequence. The combination of HR-MRI and CT will presumably benefit both diagnosis and differentiation of IAC and, in addition, will indicate a necessity for the classification of IAC located at different layers of the vessel wall (intima and media).



HISTOLOGICAL FEATURES OF CALCIFICATIONS

The structure of the wall of the intracranial arteries consists of three layers: the intima (the inner layer), the media (the middle layer), and the adventitia (the outer layer). Different from extracranial arteries which are rich in elastin filaments, intracranial arteries own characteristic features with a denser internal elastic lamina, a thinner media with few elastic fibers, a less abundant adventitia, and an absence of external elastic lamina (23). Vascular calcification, resembling osteogenesis, reflects an osteochondrogenic transformation of smooth muscle cells. Traditionally, calcification is deemed to imply atherosclerosis. Studies in the early 20th century conducted by Mönckeberg confirmed that the origination of medial calcification was independent of atherosclerosis (24). Due to different histological features, calcifications in the intima and the media ought to be discussed separately.



INTIMAL CALCIFICATION

Intimal calcification is characterized by subintimal lipid deposition and macrophage accumulation (25). The intimal layer comprises endothelial cells and the subendothelial connective tissue. During atherosclerosis, inflammation intrudes and the intima becomes thickened gradually with the formation of calcification (26). While absent in primary types, calcium deposits begin to occur as atherosclerosis advances. Figure 1 shows the formation and distribution of intimal calcification. Initially appearing as granules within or outside the injured smooth muscle cells, calcifications diffusely scatter among extracellular materials and some of which are internalized by macrophage foam cells. With a continuous fusion of adjacent granules, calcified granules will turn into larger clusters containing lumps and plates of calcium (24). In some cases, large calcifications may ulcerate the intima, leading to subsequent occlusions (27).
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FIGURE 1. The formation and distribution of intracranial artery calcifications (intimal and medial). IAC mainly involves the intimal layer (A) and the medial layer (B) instead of the adventitial layer (C). During the initial process of atherosclerosis, inflammation (E) infiltrates constantly and intimal calcifications begin to emerge. Usually, calcifications appear as calcium granules (F) within or outside the injured smooth muscle cells (G) and scatter diffusely among extracellular materials. Some of the calcium deposits will be internalized by macrophage foam cells (H). After growing in size with continuous fusion (I) of adjacent granules, calcified deposits will turn into large structures (J). Eventually, with the intima (A) ulcerated by large calcifications, in situ thrombosis (O) will adhere to the bare surface of the lesion and release emboli (P) subsequently. In some cases, the shear stress upon the arterial wall will be concentrated (M) on the lesion where large intimal calcifications are present. The elevated shear stress will result in the deformation and rupture of neovessels inside the lesion, leading to intraplaque hemorrhage (N). At first, medial calcifications are irregular calcium deposits (K) distributed intra-cellularly in the vascular muscle cells (G) and extra-cellularly near damaged elastic fibers (D) in the medial layer (B). After confluent extending (L) up to incomplete circumference, medial calcification will distort the architecture of the medial layer and then involve the entire circumference of the vessel wall.


Intimal calcifications frequently occur as thick and patchy clusters (18, 28). Similar to extracranial arteries, histological evidence indicates that intimal calcification frequently [85 (9) and 100% (10)] coexists with intracranial atherosclerosis (ICAS), but its prevalence among all-stage ICAS lesions is not comparatively high [62% (9) and 69% (10)]. This discrepancy could be attributed to the presence of intimal calcification, which is mainly in the progressive ICAS lesions instead of pre-ICAS lesions (10).

Vasa vasorum is a microvasculature network in vessel walls that delivers oxygen and nutrition (29) and transports inflammatory mediators (30–32) that could contribute to atherosclerosis. In 2018, Zheng et al. (33) first reported the association between the density of intraplaque calcification and the presence of adventitial vasa vasorum in ex vivo VA specimens, indicating a mutual basis of calcification and ICAS. However, whether intimal or medial calcification is associated with vasa vasorum is yet unknown.



MEDIAL CALCIFICATION

The medial layer of the intracranial vessel wall consists of smooth muscle cells and an elastin-rich extracellular matrix. The normal thickness of the media in the middle cerebral artery (MCA), basilar artery (BA), and VA ranges from 0.15 to 0.19 mm, and it tends to decrease during pathological changes such as atherosclerosis (3). Medial calcifications are deposits of hydroxyapatite with a high degree of crystallization (34). In Figure 1, the formation and extension of medial calcification is briefly drawn. A four-stage criterion is applied to distinguish the calcified lesion in the media layer (35): (1) irregular distribution of intracellular deposits in the vascular muscle cells and in the extra-cellular deposits near damaged elastic fibers in the media (colored in blue or violet) on H&E staining; (2) confluent calcification extending up to incomplete circumference with subendothelial hyperplasia in the intima; (3) calcifications distorting the architecture of media and involving the entire circumference; (4) calcification foci of bone formation.

Focal inflammation also plays a role in medial calcification. A high level of inflammatory markers like C-reactive protein, CD40, and CD154 can be identified in the vicinity of the calcified media (36). The anomalous expression of mineral-regulating proteins may contribute to the process. In patients with chronic kidney disease (CKD), rapid development of medial calcification in the extracranial arteries is observed, partly due to mineral dysregulation stemming from the primary renal disorder (35). Endoplasmic reticulum stress (37) and inflammasome activation (38) may have an impact on the medial calcification, but the key pathogenesis remains hidden.

Medial calcifications appear as thin, continuous, and circular lesions (18, 28). The formation of medial calcification is thought to be independent of atherosclerosis. In intracranial ICAs, the earliest calcifications are located in the medial layer and are unrelated to ICAS (39). More than 60% of non-atherosclerotic medial calcifications in the intracranial ICAs which extend over half of the circumference are irrelevant to the occurrence of the intimal calcification or ICAS while the prevalence of concurrent calcifications is merely 9% (9).



THE PREVALENCE AND DISTRIBUTION OF IAC

The highest prevalence of IAC is found in intracranial ICA (60–80%), followed by that in intracranial VA (17–35%), compared to BA (2.5–7%) and MCA (5%) (40–42). On histology, a low prevalence (3%) of IAC in the major intracranial arteries of Caucasians was reported (43). However, the prevalence of IAC in that of Chinses adults was higher [27.9% in MCA (44) and 39% in the major intracranial arteries (10)].

Different intracranial arteries may have a diverse frequency of IAC. Homburg et al. (45) reported a low prevalence of calcified ICAS lesions (23%) in the distal branches of the circle of Willis. Comparatively, the cavernous and carotid siphon are the most common sites of calcification in ICAs due to their tortuous anatomical configuration (15, 46). Among all segments of VA, the intracranial part is most frequently affected by calcification (40). Left intracranial VA is found more frequently calcified than the right, and most of the IACs in the vertebrobasilar arteries are focal lesions (47), but the mechanism of the left-and-right difference is unclear.

While intimal calcifications tend to occur in all major intracranial arteries (ICA, MCA, VA, and BA) and are always concurrent with ICAS (9, 10), medial calcification is more predominantly present in ICA (9) and VA (10). Histological findings demonstrated that medial calcification contributed more to the total calcified cross-sectional surface area of the carotid artery than the intimal calcification (79 vs. 14%) (9), which indicates their difference in the imaging feature (cluster vs. circular). However, it was also identified that 36% of the medial calcification also had a maximally affected circumference of <50%, meaning a potential cluster-like pattern (9). As a result, the overall calcification on CT scan might not serve as an accurate proxy of atherosclerosis.



CLINICAL RELEVANCE OF IAC


Risk Factors

Age (48–50) is an independent risk factor for IAC. In 2005, a CT-based study consisting of 490 consecutive cases demonstrated a high prevalence of calcification (69.4%), among which patients with IAC were significantly older (40). Diabetes (51–53) and CKD (54, 55) are two other major risk factors. As for gender difference, women are found with milder calcification than men (12, 56), but there is a contradictory finding, too (57). Opposite findings were also reported about hypertension (58, 59). One hypothesis suggests that IAC- induced arterial stiffening may act as a cause for the elevated pulse pressure.

Although intimal calcification and medial calcification share mutual risk factors, such as age and higher pulse pressure (39, 60, 61), there are some differences in other traditional risk factors (Table 2). After differentiating into different IAC patterns (intimal and medial), male gender and smoking were found to be independently associated with intimal calcification, while aging and diabetes mellitus were more related to medial calcification (60, 64).


Table 2. Comparison of risk factors between intimal and medial calcification (intracranial and periphery arteries).
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Plaque Vulnerability

The association of IAC with plaque vulnerability remains controversial, which is partially due to the unclassified calcification patterns. A CT study showed that asymptomatic MCA plaques had a higher frequency of IAC compared to symptomatic MCA plaques (8), implying that IAC has a protective effect on the intracranial arteries. On the other hand, micro embolic signals in the intracranial ICA ipsilateral to acute MCA infarct were more frequently detected by transcranial Doppler (TCD) in patients with a higher extent of calcification (widest arc of IAC ≥ 90°) than those with the lower extent of calcification (13). However, in the TCD-based study (13), patients were diagnosed with concomitant MCA stenosis; hence the embolic signals in the temporal window originated exactly from the calcified lesion of ICA was indistinguishable. Moreover, latent carotid calcification is also related to the risk of cardio-aortic embolism (65), which can be a major interference in emboli detection.

So far, knowledge of the plaque vulnerability in different IAC patterns is still limited. In contrast, the link between calcification and plaque vulnerability in the coronary artery and the carotid artery is more thoroughly studied, which may serve as a reference. In coronary atherosclerosis, the superficial calcified nodule is an independent risk factor for plaque rupture (66). One of the most vulnerable sites is the junction between calcification and soft plaque within the fibrous cap, where the shear stress tends to increase and eventually causes rupture (67). In the carotid artery, superficial calcification in the plaque was related to intraplaque hemorrhage (IPH) (7, 68), a strong predictor for ipsilateral cerebrovascular events (69–71). One possible explanation about the pathophysiology of calcification related to IPH is the change of focal pressure. Due to the presence of calcification, the shear stress of the blood flow is increased and concentrated on the plaque surface (Figure 2) (72, 73), which may cause the deformation and rupture of neovessels inside the plaque (74). Compared to superficial calcifications, deep calcium tends to show irrelevance to IPH in the carotid artery (7). Since “deep” calcified deposits are more possibly located in the medial (or adventitia) layer, medial calcification appears to be unrelated to plaque vulnerability.
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FIGURE 2. The impact of intracranial artery calcifications (intimal and medial) on ischemic stroke. The presence of intimal calcification (A) may induce intraplaque hemorrhage (C). Intraplaque hemorrhage is one of the major causes for the rapid expanding of arterial plaque, which will then result in luminal stenosis (D). In some cases, the intima will be ulcerated by large calcification, leading to distal embolism (E). With an increase in the stenotic degree, the perfusion of the downward vascular territory will decrease (F), leading to brain ischemia (G) in the border zone of adjacent vascular branches. Unlike intimal calcifications, medial calcification (B) mainly causes arterial stiffness. The stiffened arterial wall will have limited compliance and vasodilation (H), which can be measured through carotid-femoral pulse wave velocity, systolic flow velocity, and pulsatile index.




Hemodynamic Impact

Intimal calcification is related to atherosclerotic luminal stenosis (10), a pivotal cause of territorial hypoperfusion and artery-to-artery embolism (Figure 2) (75). Previous studies have revealed the correlation between luminal stenosis and the severity (thickness and circularity) of calcification in the intracranial ICA (76, 77). In contrast, medial calcification seems to be more associated with vascular remodeling than luminal narrowing (78) in the vertebral artery and coronary artery (79). No significant correlation between medial calcification and luminal stenosis has been established yet (10). Medial calcification is thought to affect arterial stiffening, resulting in compliance deterioration and vasodilation limitation (Figure 2) (80). However, in previous studies about intracranial arteries, the IAC pattern was seldom categorized. Notwithstanding, the correlation of medial calcification is still partially deducible. Patients with IAC have higher carotid-femoral pulse wave velocity (81). Additionally, in the MCA and VA, heavier IAC may lead to elevated systolic flow velocity and pulsatile index, which indicate high resistance within the cerebral vasculature (82). IAC may also protect the artery from vasospasm under the circumstance of aneurysmal subarachnoid hemorrhage (83).

Arterial wall stiffening caused by calcification is an independent risk factor for all-cause mortality (84). Compagne et al. reported a trend toward worse outcomes in patients with medial calcification who would benefit more after endovascular thrombectomy compared to intimal calcification (62). Severe calcification is associated with incomplete arterial revascularization after mechanical thrombectomy (85) and prolonged procedural times during endovascular therapy (86). Besides the luminal stenosis caused by IAC, arterial stiffness is also a detrimental factor in the process of endovascular thrombectomy that blocks the extraction of thrombus and therefore increases the passes of the retriever. Furthermore, patients with heavier IAC burden in either the anterior (87) or posterior (88) circulation tend to have poor clinical outcomes after endovascular thrombectomy. It is conceivable that the loss of elasticity may decrease the microvascular cerebral perfusion, resulting in arterial flow stasis and diffuse thrombogenesis. In some diseases, IAC is found protective. Patients with IAC tend to suffer less often from arterial dissection than those without arterial dissection (60). Whether stiffening acts as a reason is unknown.



IAC in Cerebrovascular Events

Intracranial artery calcification has drawn attention as an independent risk factor for stroke (4). Chen et al. (41) first described a high prevalence of IAC in Chinese adults with ischemic stroke. An upgoing incidence of early vascular events lies toward the severity of IAC in ischemic stroke or transient ischemic attack (89). Patients with heavier calcification are at a higher risk of suffering from large cerebral artery occlusion (90) and recurrent ischemic stroke (91, 92). However, despite the fact that ischemic stroke is a condition with divergent causes including large artery atherosclerosis, cardiovascular embolism, small vessel disease, and other determined or undetermined etiology, prior studies mostly focused on the association of IAC with all causes of stroke. The Rotterdam study revealed the association of IAC with stroke (4), but many of the stroke events were in the vascular territories that were separated from IAC and were led by other vascular disorders (93). In a prospective study on patients with ischemic stroke, the presence and score of IAC were found to be associated with recurrent stroke events (94). However, patients with vascular events had more intracranial atherosclerotic plaques, which may also account for infarction. The coexistence of IAC, atherosclerotic plaque, and luminal narrowing makes it difficult to be determined. In contrast to these findings, a protective effect of calcification was reported (8), but further studies with larger sample size and more specific IAC classifications are needed.

Intracranial artery calcification also has an impact on lacunar infarcts and white matter hyperintensity (42, 95), presumably resulting from an injured vascular tone and vasodilatory after endothelial impairment (96, 97). Erbay et al. (98) reported a weak link of IAC to white matter hyperintensities after adjusting for age. In terms of cerebral hemorrhage, significant expansion of hematoma was observed in the presence of IAC (99). Evidence showed that IAC was a predictor for microbleeds (52, 100) and hemorrhagic transformation after intravenous thrombolysis (101, 102). Medial calcification seemed more correlated to hemorrhagic complications after intravenous thrombolytic therapy (103). The increased frequency of microbleeds in patients with IAC may be due to microvascular impairment (104). Recently, a possible link was reported between Fahr's disease (familial idiopathic basal ganglia calcification) and calcified small vessels that supply the basal ganglia (105). It is conceivable that small vessel impairment may be attributed to IAC since it systemically affects multiple vessel beds.

The pathophysiology of calcification leading to cerebrovascular disease has not been fully elucidated. Intimal calcification often coexists with atherosclerosis, during which endothelial function will be impaired (106) and the permeability of the brain-blood barrier may increase subsequently. Medial calcification can lead to arterial stiffness by damaging the elastic fiber around the internal elastic lamina of the medial layer. With deterioration in compliance, distal cerebral microvascular with increased blood pressure will be vulnerable to rupture.



Intracranial Artery Calcification With Cognitive Disorder

The association between cognitive disorder and IAC has been studied in recent years. A cross-sectional study with 1992 recruited patients who were diagnosed with different types of cognitive dysfunction (107) revealed a high incidence (about 95%) of intracranial internal carotid artery calcification (61). Cognitive impairment had been observed among patients diagnosed with IAC and concurrent conditions, such as chronic hypoparathyroidism (108) and hemodialysis (109) that could directly result in irregular serum calcium. Among patients without such conditions, the risk of dementia could also rise with larger IAC volume (110), despite the influence of stroke. Additionally, patients with larger IAC volume (111) or area (112) were found to perform worse during neuropsychological assessments. However, the link between IAC and type of dementia or cognitive disorder turned uncertain after adjustment for age and gender. Similar findings were reported in the severity of mixed dementia, which was identified as “not associated” with IAC after additional adjustment for cardiovascular risk (61). The correlation of IAC to cognitive dysfunction remained unclear. One possible cause could be the focus only on IAC in the intracranial ICA, since the prevalence of IAC in other vessel beds is comparatively much lower.

Due to its long preclinical stage in which subtle cognitive deficits could only be revealed by dedicated neuropsychological tests (113), dementia or cognitive decline is always barely noticed by patients until the emergence of evident symptoms. Whether IAC can serve as a bio-marker for early screening of dementia or cognitive decline might depend on further studies including a large number of recruited patients with more intracranial arteries.




DISCUSSION

Intracranial artery calcification includes two major types: intimal calcification and medial calcification, in which the histopathological features are different from each other. Table 3 shows the main difference between intimal calcification and medial calcification. Intimal calcification is more related to focal atherosclerotic lesion while medial calcification tends to spread over the medial layer. Non-atherosclerotic medial calcification is predominantly present in both the intracranial ICA and VA while intimal calcification can occur in all major cerebral arteries. Due to different histological features of intimal and medial calcification, the traditional quantitative measurement could be insufficient to reflect on accurate clinical information, indicating a demand for new measurements by CT or MRI.


Table 3. Summary of the difference between intimal calcification and medial calcification.
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Intimal calcification differs from medial calcification in risk factors, the association with plaque vulnerability, and the hemodynamic impact. It plays a critical role in IPH and luminal stenosis while medial calcification is more connected to arterial stiffness and vasodilation. The causal correlation of calcification with infarction and the influence of separate IAC patterns are unknown,. IAC is considered a risk factor for cerebral small vessel disease, most likely due to endothelial dysfunction. The pathophysiology underlying the IAC-inducing stroke is still unclear. Further histological, imaging, and clinical evidence that are based on different IAC subtypes are required in future studies.
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Deep Learning-Based Automated Detection of Arterial Vessel Wall and Plaque on Magnetic Resonance Vessel Wall Images
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Purpose: To develop and evaluate an automatic segmentation method of arterial vessel walls and plaques, which is beneficial for facilitating the arterial morphological quantification in magnetic resonance vessel wall imaging (MRVWI).

Methods: MRVWI images acquired from 124 patients with atherosclerotic plaques were included. A convolutional neural network-based deep learning model, namely VWISegNet, was used to extract the features from MRVWI images and calculate the category of each pixel to facilitate the segmentation of vessel wall. Two-dimensional (2D) cross-sectional slices reconstructed from all plaques and 7 main arterial segments of 115 patients were used to build and optimize the deep learning model. The model performance was evaluated on the remaining nine-patient test set using the Dice similarity coefficient (DSC) and average surface distance (ASD).

Results: The proposed automatic segmentation method demonstrated satisfactory agreement with the manual method, with DSCs of 93.8% for lumen contours and 86.0% for outer wall contours, which were higher than those obtained from the traditional U-Net, Attention U-Net, and Inception U-Net on the same nine-subject test set. And all the ASD values were less than 0.198 mm. The Bland–Altman plots and scatter plots also showed that there was a good agreement between the methods. All intraclass correlation coefficient values between the automatic method and manual method were greater than 0.780, and greater than that between two manual reads.

Conclusion: The proposed deep learning-based automatic segmentation method achieved good consistency with the manual methods in the segmentation of arterial vessel wall and plaque and is even more accurate than manual results, hence improved the convenience of arterial morphological quantification.

Keywords: deep learning, MR vessel wall imaging, automatic segmentation, plaques, automated detection


INTRODUCTION

Confirming and risk stratifying vulnerable plaques is especially important for the clinical prevention and treatment of ischemic stroke. Magnetic resonance vessel wall imaging (MRVWI) can directly visualize arterial vessel walls and characterize vulnerable plaques. It has been widely used as an emerging non-invasive imaging modality for evaluating and identifying patients at risk for ischemic stroke (Loewe et al., 1998; Frank, 2001; Burtea et al., 2012; Dieleman et al., 2014).

Quantitative morphologic measurements of the arterial vessel wall and plaques based on MRVWI have been proven to have good reproducibility (Mandell et al., 2017; Saba et al., 2018; Zhang et al., 2018) and suggested to be imaging markers to monitor the progression and regression of ischemic stroke during medical management or drug development (Adams et al., 2004; Minarro-Gimenez et al., 2018). However, quantitative measurements are currently of limited use in clinical practice because manual segmentation of the vessel wall and plaque is labor intensive and requires continuous training of personnel (Qiao et al., 2011). It usually takes a trained expert more than 30 min to analyze MRVWI images of one patient from the manual reconstruction of two-dimensional (2D) slices to the manual segmentation of the vessel wall and plaque. In addition, the main challenge of MRVWI-based segmentation is the low contrast between the vessel wall and the surrounding tissues, which causes the accuracy of segmentation to depend heavily on the knowledge and experience of experts.

Over the past years, several studies have used computer-aided diagnosis to improve the efficiency and accuracy of segmentation and reduce the burden on doctors for the interpretation of medical images (Ladak et al., 1999; Sakellarios et al., 2012; Jodas et al., 2018). However, these methods sometimes require user intervention. With the widespread application of artificial intelligence in the field of medical image analysis, convolutional neural networks (CNNs) have achieved important breakthroughs in image segmentation tasks (Anwar et al., 2018; Yamashita et al., 2018; Maier et al., 2019; Dutta et al., 2020; Ohsaka, 2020; Taghanaki et al., 2021). Compared with traditional automatic segmentation methods, CNNs can automatically learn abundant image features to achieve fast and more accurate segmentation. Some studies have used CNN to achieve carotid arterial vessel segmentation (Tsakanikas et al., 2020; Zhu et al., 2021). In addition, some other studies used CNN to segment carotid arterial vessel wall. Among them, Chen et al., 2019 developed tractlet refinement and polar transformation for carotid artery localization and vessel wall segmentation and achieved high accuracy (Chen et al., 2019). Samber et al. (2020) used CNN to the task of delineating carotid vessel walls based on 2D T2-weighted MRVWI images. However, all these studies are aimed at the segmentation of carotid arterial vessels or vessel walls. There is a paucity of study on the automatic segmentation of intracranial arterial vessel wall. Recently, Shi et al. (2019) made a preliminary attempt to automatically segment the intracranial arterial vessel wall using a U-Net-like fully convolutional network based on whole-brain MRVWI images of 56 patients. As we know, atherosclerosis is a diffuse disease that can occur in any artery. It is more important and clinically significant to estimate the effect of a segmentation model based on MRVWI images including more arteries (intracranial and carotid arteries) in a larger patient population.

In this study, a fully automated method for the segmentation of the arterial lumen and vessel wall based on intra- and extracranial MRVWI images was developed and evaluated in a large cohort of patients with ischemic stroke.



MATERIALS AND METHODS


Study Population

The prospective study was approved by the local institutional review board, and all patients gave the informed consent. From January 2019 to April 2020, 129 consecutive patients (age range 46–78 years, mean age 58.6 ± 18.9 years) requiring high-resolution MRVWI scans in 3 centers were recruited for the study.



Image Acquisition

All MRVWI images were acquired using a T1-weighted 3D-variable flip-angle fast spin-echo (FSE) sequence, namely MATRIX (Modulated flip Angle Technique in Refocused Imaging with extended echo train) on a 3T whole-body MR system (uMR780, United Imaging Healthcare Co., Ltd., Shanghai, China). The imaging parameters were as follows: sagittal imaging orientation, repetition time (TR)/echo time (TE) = 800/13.92 ms, field of view = 230 mm × 192 mm × 154 mm, matrix size = 384 × 320 × 256, spatial resolution = 0.6 mm × 0.6 mm × 0.6 mm without interpolation, echo train length = 46, receiver bandwidth = 600 Hz/pixel, compress sensing-based acceleration rate (uCS) = 5.2, scan time = 4 min and 49 s. The study was approved by the local institutional review board, and informed consent was waived for the retrospective study.



Image Preprocessing

A dedicated plaque analysis software (uWS PlaqueTool, United Imaging Healthcare Co., Ltd., Shanghai, China) was used for image preprocessing. First, curved-planar reconstruction for all intracranial and carotid arterial segments were automatically performed using centerline extraction algorithm. Then, 2D cross-sectional slices were reconstructed for all plaques and seven main arterial segments: the common carotid artery (CCA), the internal carotid artery (ICA) and bifurcation, the anterior cerebral artery (ACA), the middle cerebral artery (MCA), the basilar artery (BA), the vertebral artery (VA), and the posterior cerebral artery (PCA), and manually delineated the lumen and outer wall contours by five experienced radiologists with more than 6 years of experience. Representative images processed with the automatic workflow are shown in Figure 1.


[image: image]

FIGURE 1. The workflow for proposed centerline extraction of intracranial and carotid artery.


Five patients were excluded from training database due to the poor image quality with motion artifacts. A total of 13,962 2D MRVWI slices were reconstructed from 7 arterial segments of 124 patients, of which, 9,073 slices and 3,889 slices reconstructed from 115 patients were used as the training and validation sets to build and optimize the model. In total, 1,000 slices reconstructed from the remaining 9 patients were used as the test set to evaluate the obtained model. These slices of the nine patients were manually delineated twice to compare the results of the deep learning CNN-based approach with the variability of the data between two manual reads to see if the variance between the CNN and ground truth was within the variability of assessment of expert readers.

For most slices derived from normal arterial segments or segments with slightly thickened vessel walls, an ellipse tracing tool composed of four coordinate points is used for quick delineation. For some slices with irregular shapes of the lumen and vessel wall caused by large and complex plaques, a free-shape tracing tool composed of multiple coordinate points is used for more accurate delineation. Due to the large amount of data to be labeled, five readers independently performed the above delineation on different data and cross-checked the delineation results to ensure that each slice was delineated by at least two readers by consensus. When there is discrepancy between the labeling and checking readers, a third senior reader was invited for the final decision by consensus. To avoid model overfitting, the training dataset was expanded by nearly six times from 9,073 to 54,438 slices through rotation, translation, and padding. Then, each slice was interpolated to 0.075 mm × 0.075 mm for reducing the morphologic measurement error and resized to 256 × 256 pixels and grayscale normalized as follows to reduce the inconsistent characteristics of the images.

[image: image]

where xi denotes the pixel value, and xminv and xmaxv represent upper and lower bounds of normalized. Here, xminv = 0, xmaxv = 1.

In summary, the proposed model was trained on 54,438 2D MRVWI slices, validated on 3,889 slices, and tested on 1,000 slices.



Vessel Wall Segmentation

A U-Net-like (Ronneberger et al., 2015) multiclass deep learning architecture was proposed to segment the vessel wall and lumen, named VWISegNet. The main architecture of the network is shown in Figure 2. It consists of an encoder path and an asymmetric decoder path followed by a pixelwise classifier that enables precise pixel classification. The two branches were connected by a skip connection. A filter with a size of 5 × 5 and stride of 1 was applied to all the convolutional layers to extract fine features from the resized images. Compared with the traditional U-Net network, the VWISegNet has more residual units, and these residual units can better propagate information between the low and high levels, alleviating vanishing gradient problem and allowing the network to obtain better results.


[image: image]

FIGURE 2. The architecture of the proposed CNN-based VWISegNet.


A convolutional layer with a K = 2 kernel and stride of 2 is used for downsampling as a substitute for the pooling layer in the encoder path. Instead of directly downsampling, each layer adds a residual unit that achieves fast convergence and better network performance. Utilizing a 1 × 1 kernel size with a stride of 1 subsequently performed beyond the last stage to generate outputs of the same size as the input images. In the process of training, convolution kernel size was decided by considering the influence of the perception field and computational efficiency. The 5 × 5 convolution kernel can obtain a larger perception field and can extract image features better. The 20 epochs are run at a learning rate of 3e−5 with a batch size of 32. With 20 epochs of training, our network model was sufficiently converged and very stable. The Dice loss function is selected for calculating the loss of the lumen and the outer wall. Adaptive moment estimation (Adam) is used to optimize the model with a momentum of 0.9. The parametric rectified linear units (PReLU) function is used as the activation function. PReLU avoids the “dead features” problem caused by zero gradient. In this article, the filter size of 2 × 2 is the common size in the upsampling and downsampling.

Since traditional U-Net is some sort of standard for medical image segmentation, the proposed VWISegNet was compared with respect to the performance to this benchmark and recently published Attention U-Net, and Inception U-Net on the same test data. In addition, the VWISegNet was compared with champion group results of the Carotid Artery Vessel Wall Segmentation Challenge1 held MICCAI 2021 and SMRA 2021 on their dataset.



Evaluation Indicators and Statistical Analysis

The Dice similarity coefficient (DSC) and the average surface distance (ASD) were used to quantitatively evaluate the similarity between automatic and manual segmentation results (Bertels et al., 2019; Eelbode et al., 2020). ASD is obtained by calculating the average of all the distances from each point on the automatic segmentation boundary to the corresponding point on the ground-truth boundary. To evaluate the accuracy of the proposed automatic segmentation method for the estimation of arterial vessel wall morphological parameters, the lumen area, vessel wall area, mean wall thickness, and normalized wall index calculated using the automatic segmentation method were also compared with those calculated using the manual segmentation method.

Statistical analyses were performed using SPSS (version 19.0, NY, United States). The Bland–Altman, scatter plot, and intraclass correlation coefficient (ICC) were used to evaluate the agreement between the automatic and manual methods and between two manual reads for the lumen and vessel wall measurement. An ICC value of less than 0.4 was considered poor agreement, a value of 0.4–0.75 was considered good agreement, and a value of 0.75 or greater was considered excellent agreement.




RESULTS

The VWISegNet model converged after 5,000 iterations within 3 epochs. The plots of convergence for both training and validation data are shown in Supplementary Figures 1, 2, respectively. The mean of DSC reached 93.8 ± 6.3% for lumen contours and 86.0 ± 9.0% for outer wall contours on the nine-subject test set. These DSC values were higher than those obtained from the traditional U-Net, Attention U-Net, and Inception U-Net. The segmentation results for lumen contours and vessel wall contours of different methods are summarized in Table 1. Representative results of the proposed VWISegNet, the traditional U-Net, Attention U-Net, and Inception U-Net on the segmentation of vessel wall are shown in Figure 3. The training convergence plot of U-Net, Attention U-Net, and Inception U-Net are shown in Supplementary Figures 3–5, respectively. The ASD of the proposed VWISegNet was 0.068 ± 0.016 and 0.095 ± 0.048 mm for the lumen and the outer wall contours, respectively. The DSC and ASD for the lumen and the vessel wall when comparing the automatic and manual methods on the nine-subject test set are summarized in Table 2. Compared with the Carotid Artery Vessel Wall Segmentation Challenge, VWISegNet achieved the better segmentation performance. The DSC and the difference in lumen area, outer wall area, and normalized wall index measured by VWISegNet and manual method were 78.1 ± 15.2%, 0.063 ± 0.134, 0.065 ± 0.106, and 0.067 ± 0.066, respectively. However, the champion group of the challenge achieved a lower DSC of 77.5 ± 14.5%, and a larger difference in lumen area, outer wall area, and normalized wall index, which were 0.086 ± 0.256, 0.072 ± 0.159, and 0.080 ± 0.071, respectively. The VWISegNet achieved a Hausdorff distance of 0.321 ± 0.852, which was not good as that of 0.246 ± 0.443 achieved by champion group of the challenge.


TABLE 1. The segmentation results for lumen contours and vessel wall contours of different methods.
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FIGURE 3. A representative comparison between the proposed VWISegNet and the traditional U-Net, Attention U-Net, and Inception U-Net on the segmentation of vessel wall.



TABLE 2. The DSC and ASD for the lumen and the vessel wall when comparing automatic and manual method on the nine-subject test set.

[image: Table 2]
Figure 4 shows the automatic segmentation DSC results of the lumen and outer vessel wall contours on seven arterial segments and their manual segmentations for reference. All the DSC values were greater than 80%, especially for lumen contour detection, and the DSC values were all greater than 83.9%. The lowest DSC value for the lumen contour was 92.3% of the PCA, and the highest DSC value was 94.7% of the CCA. For the outer wall contour, the lowest and highest DSC values were 83.9% of the PCA and 88.3% of the CCA. In general, a DSC higher than 70.0% is a good segmentation result. Figure 5 shows the automatic segmentation ASD results of the lumen and outer wall contours on seven arterial segments and their manual segmentations for reference. The lowest ASD value for the lumen contour was 0.056 of the MCA. For the outer wall contour, the lowest ASD was 0.053 for PCA. ICA had the highest values for both the lumen and outer wall among the seven segments. The DSC and ASD results indicated that the proposed automatic segmentation method was able to provide a reasonable segmentation result of lumen and outer wall contours. As shown in Figure 6, two representative segmentation results of plaques in the anterior circulation and posterior circulation show visually consistent delineation of the lumen and outer wall contours.


[image: image]

FIGURE 4. Representative images and DSCs between the automatic and manual methods for the seven arterial segments. On the left, the first column represents the original cross-sectional slices reconstructed from MR vessel wall images; in the second column, the red contours represent the automatic segmentation results of the lumen, and the green contours represent the manual segmentation results of the lumen. In the third column, the red contour represents the automatically segmented results of the outer vessel wall, and the green contour represents the manual segmentation results of the outer vessel wall. The DSCs of the seven arterial segments are shown on the right using a bar plot.



[image: image]

FIGURE 5. Representative images and the ASDs between the automatic and manual methods for the seven arterial segments. On the left, the first column represents the original cross-sectional slices reconstructed from MR vessel wall images, the second column represents the automatically segmented lumen contour and outer vessel wall contour, and the third column represents the manual segmentation results of lumen and outer vessel wall contours of the seven arterial segments. The red contour represents the lumen, and the green contour represents the outer vessel wall. The ASDs of the seven arterial segments are shown on the right using a bar plot. The standard deviation (SD) represents the amount of dispersion of the variable and is calculated as the root square of the variance. ASD, average surface distance.



[image: image]

FIGURE 6. Representative images and segmentation results from two clinical cases. Case A and Case B represent the images with anterior circulation and posterior circulation, respectively. Case A shows three stenoses at the right CCA to ICA (arrows a, b, and c on the CE-MRA image), corresponding plaques (arrows a, b, and c on the MR vessel wall image), original cross-sectional slices reconstructed from the plaques (a–c), the automatic and manual segmentation results for the plaques, and the segmentation results of fusion from left to right. Case B shows three stenoses at the left VA to PCA (arrows d, e, and f on CE-MRA image), corresponding plaques (arrows d, e, and f on MR vessel wall image), original cross-sectional slices reconstructed from the plaques (d–f), the automatic and manual segmentation results for the plaques, and the segmentation results of fusion from left to right.


The Bland–Altman plots (Giavarina, 2015) for the lumen area, vessel wall area, mean wall thickness, and normalized wall index when comparing the proposed automatic segmentation method with the manual segmentation method are shown in Figure 7A. Random bias scattering patterns between the mean differences were observed. The mean differences between the two methods were −0.002 for the lumen area, 0.246 for the vessel wall area, 0.006 mm for the mean wall thickness, and −0.002 for the normalized wall area, which implied that there was a good agreement with a small bias between the two methods. Figure 7B shows the scatter plots for the four measurements between the automatic segmentation method and the manual segmentation method. The R2 values of the lumen area, vessel wall area, mean wall thickness, and normalized wall index were 0.986, 0.888, 0.625, and 0.813, respectively.


[image: image]

FIGURE 7. Bland–Altman plots and scatter plots between the automatic method and manual method for the lumen area, wall area, mean wall thickness, and normalized wall index. In panel (A), the blue lines indicate the mean difference, and the red line represents the 95% CI (computed through average difference ±1.96 SD of the difference). CI, confidence intervals; SD, standard deviation. In panel (B), the x-axis shows the manual segmentation value. The y-axis represents the automatic segmentation value.


In addition, the ICC values between the automatic and manual segmentation methods and between two manual reads for the four measurements are summarized in Table 3. The automatic segmentation method provided an excellent agreement with both manual methods in the measurement of lumen area, vessel wall area, mean wall thickness, and normalized wall index, with all ICC values greater than 0.780. For all the measurements, the ICC values between the automatic segmentation method and the manual method were greater than that between two manual reads. More specifically, the mean wall thickness of seven arterial segments was compared using a boxplot when comparing automatic and manual results. As shown in Figure 8, for each of the seven arterial segments, the mean value difference was not more than 0.100 mm between the automatic and manual segmentation methods.


TABLE 3. The agreement of lumen and vessel wall measurements (ICC values with 95% CI) between automatic and manual segmentation methods and between two manual reads.
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FIGURE 8. The mean wall thickness of seven arterial segments. Boxplot shows the median with 25th and 75th percentiles. The “×” symbol points the mean and “o” shows the outliers.




DISCUSSION

A fast and accurate detection method of vessel wall and lumen contours is useful for clinically efficient and accurate quantitative assessment of plaques, which is essential for evaluating plaque progression and treatment effects. In this study, an automatic segmentation approach using a CNN-based deep learning technique was proposed to segment the contour of the vessel wall and lumen on MRVWI images and achieved good-to-excellent agreement with the manual method. With this proposed method, automatic segmentation of the main arterial segments of intracranial and carotid arteries of one subject can be completed in a few minutes. With this potential advancement, it is likely to be used for rapid and accurate quantitative assessment of plaques during MRI scans, thereby assisting in identifying plaques and patients at risk of stroke.

The proposed fully automatic segmentation method achieved DSC larger than 80.0 and 90.0% for the segmentation of outer wall contour and lumen contour, respectively. In particular, the DSC result of the CCA was the best, reaching more than 94.7 and 88.3% for the lumen and the outer wall contours, respectively. The reason may be that CCA is larger than other carotid or intracranial arterial segments—the average diameter of the CCA lumen is 6–7 mm. Therefore, the higher signal-to-noise ratio and contrast-to-noise ratio of the CCA vessel wall facilitate segmentation of the lumen and vessel wall. Compared to previous study with DSC achieved of 88.9 and 76.7% for lumen and vessel wall, respectively (Shi et al., 2019), our automatic segmentation method showed comparatively a better agreement with the manual method. This could be explained by the fact that more training and validation samples and a network structure with more residual units were used in this study. Compared with previous studies for carotid artery segmentation (Chen et al., 2019; Samber et al., 2020), our results are close to but lower than these segmentation results. In addition, the Hausdorff distance of the VWISegNet was not good as the champion group of the Carotid Artery Vessel Wall Segmentation Challenge. The reason maybe that these studies were all only based on carotid artery segmentation, whereas our study is based on the segmentation of both intracranial and carotid arteries. The larger size of carotid artery than intracranial artery was more conducive to segmentation.

All the ASD values are less than 0.198 mm, which also exhibited the good segmentation consistency of the proposed automatic segmentation method with the manual method. And our results are also significantly lower than the previous study by Zhu et al. (2021), which achieved ASD values of 0.682 and 0.960 mm for lumen and vessel wall segmentation, respectively. Generally, a larger DSC value corresponds to a smaller ASD value. Although CCA has the largest DSC values for both the lumen and vessel wall, in our study, the smallest ASD value was found in MCA for the lumen and PCA for the vessel wall. It is supposed that the large contour size of CCA may have caused a larger error, with the MCA and PCA being relatively smaller segments. ICA has the highest ASD value for both the lumen and outer wall among the seven segments, possibly because ICA has the highest probability of plaques, and the highest number of plaques results in poor image quality. Therefore, a larger error result in the highest ASD value of ICA. If the point on the automatic segmentation boundary is overlapped with the corresponding point on the ground-truth boundary, the distance is 0. If the corresponding points on the two boundaries are not overlapped, the distance is a multiple of the interpolation resolution 0.075 mm. Therefore, the average of all the distances may be less than 0.075 mm. The lower value of ASD, the more similar between the automatic segmentation result and the manual result.

In addition, the Bland–Altman plots and scatter plots of lumen area, vessel wall area, mean wall thickness, and normalized wall index also showed a good agreement between the automatic and manual methods. However, the outliers in the Bland–Altman plots indicated that for some small arterial segments (such as the MCA) and some arterial segments with a low contrast-to-noise ratio between the vessel wall and surrounding tissues, the error between automatic segmentation and manual segmentation was relatively larger. For the ICC analysis, ICC values between the automatic segmentation method and each manual method were greater than that between two manual reads. This suggested that the proposed automatic method could not only replace manual method to reduce the workload of the radiologist and increase the convenience but also improved the accuracy of the segmentation results.

Comparing with U-Net, the proposed VWISegNet demonstrated higher DSC for both lumen and vessel wall segmentation and hence the better segmentation performance. This maybe benefit from the more residual units of VWISegNet, which can better extract image features and achieve faster convergence.

There are several potential limitations of this study. First, the sample size of data with plaques is relatively small for deep learning-based segmentation. However, the segmentation of normal arterial vessel walls is the basis for plaque segmentation and recognition. Second, although the dataset was collected from three different centers, they were all acquired with the same protocol. The dataset acquired from different MRI systems is warranted to train a segmentation model in the next work to ensure that the model can be performed on a more diverse multicenter dataset. Third, this study is based on 2D segmentation of what is inherently a 3D problem. The 2D slices are needed to be reconstructed from the acquired 3D MRVW images, and then the segmentation is performed on the 2D slices. In addition, the proposed segmentation method is aimed at the situation where there is only one artery in the 2D slice. However, there may be many different arteries on the 2D slice. It is believed that incorporating 3D context information into the model will make it possible to distinguish different blood vessels and improve the segmentation results. Finally, in the future work, the computer-aided detection (CADe) system for MRVW images is expected to do the detection and segmentation at the same time.



CONCLUSION

In conclusion, the proposed deep learning-based high-performing, automatic segmentation method has achieved good consistency with manual methods in terms of arterial morphologic measurements and is even more accurate than manual results, which could potentially be useful for monitoring plaque progression and clinical treatment effects.
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Diabetes 6 (20.0%)

Hyperlipidemia 6 (20.0%)

Heart rate (times/min)? 75.0 £10.8

Plaque identification®

High-risk 24 (60.0%)

Low-risk 16 (40.0%)

Stenosis rate?t 0.359
High-risk 532+7.9

Low-risk 509+7.4

Volume in the stenosis lumen (mi)2f 0.965
High-risk 36+20

Low-risk 35+1.3

a8Mean (£ SD).

*For the entire cohort of 30 patients.
T For the 40 carotid arteries with 40 plaques.
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Training dataset Temporal validation dataset External validation dataset

R-model vs. M-model 0.458 0.211 0.457
M-model vs. RM-model 0.041 0.005 0.224
R-model vs. RM-model 0.176 0.115 0.559
R-model vs. CM-model 0.743 0.685 0.603
M-model vs. CM-model 0.515 0.212 0.106
R-model vs. CRM-model 0.078 0.041 0.407
M-model vs. CRM-model 0.018 0.002 0.152
RM-model vs. CRM-model 0.176 0.096 0.378
CM-model vs. CRM-model 0.038 0.018 0.993

R-model, radiomics model; M-model, morphological model; RM-model, radiomics-morphological model; CM-model, clinical-morphological model; CRM-model, clinical-
radiomics-morphological model.
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Baseline characteristics

Age

Male

Female

Risk factor
Hyperlipidemia
Hypertension
Smoking

Diabetes mellitus
Hyper-homocysteinemia
Other factors
Qualifying stroke event
Relevant regional infarct
Lesion location
Internal carotid artery
Middle cerebral artery
Vertebral artery
Basilar artery

Lesion morphology
Mori Type A

Mori Type B

Mori Type C

No. (%)

54 + 11
71(61.2)
45 (38.8)

87(75.0)
77(66.4)
2 (44.8)
31(26.7
(

)
9 (25.0)

49 (42.2)
56 (48.3)
1 (9.5)
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Stent Visibility score? Method P Average Score of Image quality
Dyna CT Dyna micro-CT Dyna CT Dyna micro-CT
Total 0 75 7 < 0.001* 0.41 £0.59 1.63 £ 0.60
1 35 29
2 6 80
Neuroform EZ 0 35 2 < 0.001* 0.43 £0.57 1.69 £ 0.54
1 21 14
2 2 42
Enterprise 0 30 3 < 0.001* 0.33 £0.57 1.60 £ 0.63
1 10 11
2 2 28
Apollo 0 10 2 0.005* 0.50 +£0.73 1.5+0.73
1 4 4
2 2 10

*p < 0.05, Significant difference in quality between FDCT and HR-FDCT images (Neuroform EZ stent, p < 0.001; Enterprise stent, p < 0.001; Apollo stent, p = 0.005).
a0 = the image quality was poor and defined as inadequate delineation between the stent lumen and stent strut due to severe beaming artifacts, as well as no visualization
of the stent lumen due to image noise; 1 = the image quality was good and defined as visualization of a mildly inhomogeneous stent lumen, but with the patency of the
stent lumen interpretable; 2 = images of excellent quality, the lesion area appeared as a homogeneous stent lumen with clear delineation of the stent strut.
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Age Mean (SD) 62.8 (15.0)

Female n (%) 1,748 (42.0%)
Hypertension n (%) 2,825 (67.9%)
Diabetes mellitus n (%) 687 (16.5%)
Atrial fibrillation n (%) 595 (14.3%)
Coronary artery disease n (%) 772 (18.5%)
History of smoking n (%) 1,331 (32.0%)
Prior stroke n (%) 539 (12.9%)
WMH volume Median (IQR) 4.2mL(1.4-11.2)
NIHSS* Median (IQR) 3 (1-6)

NIHSS, NIH Stroke Scale.

*NIHSS was available for 2,234 (53.7%) patients included.

“Prior stroke” refers to a stroke preceding the one that led to the
inclusion in the studly.
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Clinical loadings Radiomics loadings

CF1 CF2 CF1 CF 2
AF 0.310 0.005 LoG-1mm histogram 10 percentile —0.254 —0.128
Age 0.990 0.008 LoG-1mm GLSZM large area high gray level emphasis —-0.747 —0.008
CAD 0.260 0.097 LoG-1mm GLSZM large area low gray level emphasis —0.743 —0.005
DM 0.127 0.009 LoG-2mm GLDM gray level non uniformity —0.514 0.671
Hypertension 0.381 —0.057 LoG-2mm GLRLM run variance —0.241 —0.124
Female sex 0.089 —0.993 LoG-2mm GLRLM short run low gray level emphasis 0.734 0.097
Smoking 0.069 0.180 LoG-3mm GLRLM gray level non uniformity normalized 0.300 —-0.167
LoG-8mm GLRLM short run low gray level emphasis 0.767 0.073
Original histogram 10 percentile —0.733 —0.071
Original GLRLM run length non uniformity 0.662 0.221
Original GLRLM run length non uniformity normalized 0.658 0.0561
Original GLRLM run variance —0.801 —0.013
Original shape major axis length —0.263 0.696
Original shape maximum 2D diameter column —0.162 0.745
Original shape mesh volume —0.608 0.581
Original shape minor axis length 0.046 0.709
Original shape sphericity —0.759 —-0.172
Original shape surface volume ratio 0.778 0.044
Wavelet-LH GLSZM Small area high gray level emphasis —0.413 —0.161

AF, atrial fibrillation; CAD, coronary artery disease; DM, diabetes mellitus; LoG, Laplacian of Gaussian, GLCM, Gray Level Co-occurrence matrix; GLRLM, Gray Level Run
Length Matrix; GLDM, Gray Level Dependence Matrix,; NGTDM, Neighboring Gray Tone Difference Matrix. Loadings assess the relative contribution of a variable to a
canonical function.
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Clinical loadings

Canonical function 1 2 3 4 5 6 7

AF 0.310 0.005 0.102 0.020 0.313 —0.596 0.663
Age 0.990 0.008 0.096 0.080 —0.045 0.034 0.017
CAD 0.260 0.097 0.169 -0.157 -0.214 —0.744 —0.521
DM 0.127 0.009 —0.443 —-0.117 0.781 —0.050 —0.401
Hypertension 0.381 —0.057 0.067 —0.916 0.055 0.058 0.030
Female sex 0.089 —0.993 —0.015 0.056 —0.004 —0.030 0.039
Smoking 0.069 0.180 —0.903 —0.055 —0.347 —-0.132 0.081

AF, atrial fibrillation; CAD, coronary artery disease; DM, diabetes mellitus.
A high loading coefficient implies a higher contribution to a canonical function. For instance, age was the most important variable when establishing the clinical variate of
the first canonical function.
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Datasets Models

Training dataset R-model
M-model

RM-model

CM-model

CRM-model
Temporal validation dataset R-model
M-model

RM-model

CM-model

CRM-model
External validation dataset R-model
M-model

RM-model

CM-model

CRM-model

AUC (95% ClI)

0.822 (0.776, 0.867)
0.798 (0.749, 0.846)
0.848 (0.810, 0.885)
0.811(0.770, 0.853)
0.856 (0.820, 0.892)
0.817 (0.744, 0.890)
0.751 (0.674, 0.828)
0.865 (0.807, 0.924)
0.795 (0.723, 0.867)
0.882 (0.828, 0.936)
0.691 (0.567, 0.816)
0.624 (0.490, 0.759)
0.721 (0.601, 0.841)
0.738 (0.621, 0.855)
0.738 (0.618, 0.857)

ACC

0.826
0.733
0.795
0.758
0.756
0.800
0.690
0.813
0.755
0.832
0.693
0.680
0.733
0.747
0.760

SEN

0.912
0.680
0.788
0.761
0.707
0.928
0.590
0.855
0.819
0.928
0.721
0.953
0.744
0.860
0.767

SPE

0.645
0.844
0.809
0.7562
0.858
0.653
0.806
0.764
0.681
0.722
0.656
0.313
0.719
0.594
0.750

PPV

0.844
0.902
0.897
0.866
0.913
0.755
0.778
0.807
0.747
0.794
0.738
0.651
0.780
0.740
0.805

NPV

0.778
0.556
0.644
0.599
0.582
0.887
0.630
0.821
0.766
0.897
0.636
0.833
0.676
0.760
0.706

R-model, radiomics model; M-model, morphological model; RM-model, radiomics-morphological model; CM-model, clinical-morphological model; CRM-model, clinical-
radiomics-morphological model; AUC, area under the receiver operating curve; ACC, accuracy; Cl, confidence interval; PPV, positive predictive value; NPV, negative

predictive value. SEN, sensitivity; SPE, specificity.
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Variables Unruptured (N = 141) Ruptured (N = 297) p-Value

Age? 59.0 (63.0, 69.0) 55.0 (48.0, 64.3) 0.004
Female? 77.0 (54.6%) 173.0 (68.2%) 0.472

Hypertension? 75.0 (68.8%) 149.0 (55.4%) 0.016
Smoking® 30.0 (28.0%) 77.0 (28.6%) 0.909
Location 0.016
M1 51.0 (36.2%) 72.0 (24.2%)

Mbif 85.0 (60.3%) 219.0 (73.7%)

Mdist 5.0 (3.5%) 6.0 (2.0%)

Side 0.862
Right 81.0 (567.4%) 168.0 (56.6%)

Left 60.0 (42.6%) 129.0 (43.4%)

Multiplicity 63.0 (44.7%) 66.6 (22.2%) <0.001
Vessel size (mm) 25(21,2.8) 2.4(2.0,2.6) 0.002
Aneurysm size (mm) 5.6 (4.0, 7.8) 6.7 (5.0, 9.1) 0.001

Neck size (mm) 4.2 (3.3,5.5) 3.9(3.1,4.8 0.018
Aspect ratio 0.8 (0.5, 1.1) 1.0(0.8,1.4) <0.001
Size ratio 1.6 (1.0, 2.3 2.3(1.6, 3.4) <0.001
Aneurysm height (mm) 4.1 (2.6, 5.4) 5.1 (3.9, 6.9) <0.001
Perpendicular height (mm) 3.3 (2.3, 4.6) 4.1 (8.0, 5.5) <0.001
Aneurysm angle (°) 65.4 (63.5, 81.4) 61.4 (48.1, 76.5) 0.014
Vessel angle (°) 57.1(37.4,77.7) 64.3 (41.4, 78.4) 0.134
Flow angle (°) 135.8 (111.4, 158.5) 137.8 (116.2, 159.2) 0.319
Daughter dome 18.0 (12.8%) 102.0 (34.3%) <0.001
Irregular shape 48.0 (34.0%) 179.0 (60.3%) <0.001

43/438 (0.68%) missing values.

b60/438 (13.70%) missing values.

©62/438 (14.16%) missing values.

M1, the proximal segment of the middle cerebral artery; Mbif, main middle cerebral artery bifurcation; Mdist, distal middle cerebral artery.
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Variables

Univariate analysis

Multivariate analysis

Odds ratio 95% CI p-Value Odds ratio 95% ClI p-Value
Neck size (mm) 0.864 0.770, 0.970 0.018 0.690 0.596, 0.799 < 0.001
Daughter dome 3.574 2.063, 6.192 < 0.001 2.987 1.650, 5.406 < 0.001
Size ratio 1.478 1.240, 1.761 < 0.001 1.607 1.309, 1.973 < 0.001
Multiplicity 0.354 0.230, 0.544 < 0.001 0.389 0.244, 0.621 < 0.001
Aneurysm height (mm) 1.169 1.074,1.272 < 0.001 = - 0.407
Location 1.825 1.178,2.827 0.016 - - 0.385
Aneurysm size (mm) 1.080 1.009, 1.156 0.001 - - 0.735
Aspect ratio 2.813 1.754, 4.511 < 0.001 - - 0.814
Vessel size (mm) 0.526 0.357,0.776 0.002 - - 0.747
Perpendicular height (mm) 1.110 1.015,1.212 < 0.001 = - 0.731
Aneurysm angle (°) 0.987 0.976, 0.998 0.014 - - 0.215
Irregular shape 2.939 1.934, 4.468 < 0.001 - - 0.100
Hypertension 0.625 0.387, 1.011 0.016 - - 0.055
Age 0.974 0.954, 0.994 0.004 - - 0.012

CI, confidence interval.
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Datasets Method

Training dataset LASSO
MRMR-LASSO

Temporal validation dataset LASSO
MRMR-LASSO

Feature count

~N NN N

AUC (95% ClI)

0.693 (0.638, 0.747)
0.767 (0.718, 0.816)
0.767 (0.689, 0.845)
0.828 (0.759, 0.897)

ACC

0.717
0.774
0.735
0.806

SEN

0.811
0.869
0.735
0.928

p-Values were derived from the DelLong test comparing AUCs between radiomics signatures built by two feature selection methods.
AUC, area under the receiver operating curve; ACC, accuracy; Cl, confidence interval; SEN, sensitivity; SPE, specificity.

SPE

0.518
0.574
0.736
0.667

p-Value

0.003

0.092
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Sex Age Presenting Location* S-M Grade* EOOH* % Nidus Perivascular

symptoms hyperintensity hyperintensity

Case 1 Male 51 Seizures, Right posterior \% Absent 76-100% Present
migraines, pain temporal
over right eye

Case 2 Female 63 Seizure Left frontal Ml Absent 76-100% Present

Case 3 Female 30 Headaches, Left precuneus | Present 1-25% Absent
blurred vision,
occipital
fullness

Case 4 Female 20 Left Right mesial Vv Present 51-75% Present
homonymous temporal
hemianopsia

Case 5 Male 24 Incidentally Left Ml Absent 51-75% Absent
found frontoparietal

Case 6 Male 49 Incidentally Left medial Il NA 1-25% Absent
found parietal

Case 7 Male 62 Seizure Left central \% Absent 26-50% Absent

sulcus

Case 8 Female 53 Headaches, Left occipital \% NA 1-25% Absent
visual lobe
symptoms,
imbalance

Case 9 Female 43 Headaches Right pre- and 1l NA 0% Absent

post-central
gyrus

*Location where the AVM is primarily centered.

«Spetzler-Martin (S-M) grade of the AVM.

@ Evidence of Old Hemorrhage (EOOH): foci of siderosis suggesting prior hemorrhage, in these cases all sub-clinical.
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0.75674 £ 0.1274
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0.3009 + 0.3508
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0.035
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NWSS, normalized wall shear stress; NF, normalized pressure;, OSI, oscillatory
shear index; WSSG, wall shear stress gradient; LSA, low-shear area; CHF
combined hemodynamic parameter; RRT, relative residence time.
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(n=19 (n=12
Patients; Patients;
n=20 n=12

aneurysms) aneurysms)

Age 57.37 £ 5.6 58.08 + 14.81 0.875
Gender Male 5 (26.3%) 5 (41.7%) 0.620
Female 14 (73.7%) 7 (568.3%)
Hypertension 13 (68.4%) 10 (83.3%) 0.433
Heart disease 1(56.3%) 2 (16.7%) 0.543
Irregular shape 6 (30.0%) 7 (68.3%) 0.227
Location Side wall 4 (20.0%) 2 (16.7%) 0.99
Bifurcation 16 (80.0%) 10 (83.3%)
Side Left 9 (45.0%) 7 (568.3%) 0.716
Right 11 (65.0%) 5 (41.7%)
Multiple 11 (565.0%) 6 (50.0%) 0.990
aneurysms
Located in 12 (60.0%) 7 (58.3%) 0.89
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Width (mm) 3.77 £1.68 3.6 +£1.33 0.771
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SR 1.87+£1.28 2434 1.5t 0.272
AR 0.82+£0.33 1156+ 0.67 0.045
D/W 0.87 £0.33 1.04 £0.32 0.181

As defined in previous studies, the anterior A3 site is located at the bifurcation of
the callosomarginal artery in the A3 segment (Lehecka et al., 2008a,b). PA, parent
artery diameter; AR, aspect ratio; SR, size ratio; D/W, diameter/width.
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Mean £8SD 0.36+0.07 0.57+0.05 065+0.04 0474+007 0.72+£0.04 080+003 0.57+0.07 081+£003 0.87+002 0.36+0.08

\ is the regularization parameter used in SLIDER reconstruction.
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“After blurred” means additional Gaussian smoothing in the slice direction has been
applied to the image to match the blurring level of SLIDERA4.
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Count Column N%

Sex Male 12 26.7%
Female 33 73.3%
Age range (years) 60-92
Mean + SD 69+7
Education (years) 7+4
Vascular risk factor Diabetes 17 (of 45) 37.8%
Hypertension 28 (of 45) 62.2%
Hypercholesterolemia 33 (of 45) 73.3%
Global CDR scale 0 (Normal) 27 62.8%
0.5 (Very mild dementia) 16 37.2%
Fazekas scale 0 (No WMH) 6 13.3%
Periventricular WM
1 (Mild WMH) 32 71.1%
Periventricular WM
2 (Severe WMH) 7 15.6%
Periventricular WM
0 (No WMH) 5 11.1%
Deep WM
1 (Mild WMH) 32 71.1%
Deep WM
2 (Severe WMH) 8 17.8%
Deep WM

Vascular risk factors (presence of diabetes, hypertension, or hypercholesterolemia)
was defined by a past diagnosis and/or current treatment for these conditions
from 45 subjects. Neurocognitive performance was evaluated by global Clinical
Dementia Rating (CDR) scale for 43 subjects. Severity of white matter lesions were
quantified by the Fazekas scale, which is rated from O (absent) to 3 (large confluent
areas) in periventricular white matter and deep white matter, respectively.
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IAC pattern

Intimal
calcification

Medial
calcification

Pathological feature

Formation

(1) Related to atherosclerosis,
often in advanced stages; (2)
Inflammation associated; (3)
Granules initially, fuse into large
lumps and plates of calcium (4)
May ulcerate the intima

(1) Imelevant to atherosclerosis;
(2) Inflammation associated; (3)
Four-stage formation: from
deposits to confluent calcification
involving the entire circumference

Morphology

Thick / patchy
clusters

Thin, oftenin a
circular pattern

Risk factor
(difference)

Male gender;
Smoking

Aging; Diabetes
mellitus; Chronic
Kidney disease;

Clinical impact

Stroke mechanism

(1) Elevated shear
stress causing IPH;
(2) Hypoperfusion
(luminal stenosis)

(1) Arterial stiffness;
(2) Possibly worse
perfusion in
microvascular beds

Clinical prognosis

With lower incidence of
hemorthage after
intravenous-
thrombolysis

With a trend toward
worse outcome which

may improve more after
endovascular treatment
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Study authors and
year

Vos et al. (60)

Compagne et al. (62)

Goliike et al. (61)

Zwakenberg et al. (63)

Subjects

Intracranial IGAs of patients with acute 1,182
ischemic stroke who received CT scans

Intracranial IGAs of patients who received 344
CT scans and underwent thrombectomy

Intracranial IGAs of patients with mixed 1,992
dementia who received CT scans

Femoral arteries of patients who received 718

CT scans

Sample size

Risk factors

Intimal calcification
Male, smoking, hypertension,

Male, smoking, pre-stroke with mRS <2
Male, hypertension, smoking, myocardial

infarction

Smoking, history of peripheral arterial
disease, higher osteonectin level

Medial calcification

Age, diabstes melitus, previous vascular
disease

Age, atral fibriltion, diabetes melitus,
myocardial infarction, hypertension

Diabetes mellitus

Age, diabetes, HbA1c, higher ankle
brachial index (ABI), higher dp-ucMGP
level
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Univariate model Multivariate model®

OR 95% CI p-value OR 95% CI p-value

Hypointensity 2.341 (1.143-4.792) 0.02 1.395(0.569-3.418) 0.466
signal

IPH 6.103 (1.308-28.476)  0.021 5.776 (1.095-30.46) 0.039
Luminal 1.048 (1.028-1.07) <0.001 1.015(0.986-1.044) 0.319
stenosis

Plaque burden  1.137 (1.085-1.191) <0.001 1.11(1.043-1.18)  0.001

Cl, confidential interval; IPH, intraplaque hemorrhage; OR, odds ratio; VBJ angle,
vertebrobasilar junction angle.

aAdjusted for age, sex, hypointensity signal, intraplaque hemorrhage, luminal
stenosis, and plaque burden.

The bold values are highlighted that they are less than 0.05.
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Features Plaques with VBJ Plaques with VBJ p-value
angle >90° (n = 70) angle <90° (n = 61)

Symptomatic 14 (20.0%) 3 (4.9%) 0.010

status, n (%)

Hypointensity 36 (51.4%) 19 (31.1%) 0.019

signal, n (%)

Hyperintensity 19 (27.1%) 14 (23.0%) 0.581

signal, n (%)

IPH, n (%) 12 (17.1%) 2 (3.3%) 0.010

Plaque wall 0.272

morphology

Eccentric, n (%) 40 (567.1%) 29 (47.5%)

Concentric, n (%) 30 (42.9%) 32 (52.5%)

Arterial remodeling 0.740

Positive, n (%) 51 (72.9%) 46 (75.4%)

Non-positive, n (%) 19 (27.1%) 15 (24.6%)

Luminal stenosis, 73.89 (53.81-85.12) 45.68 (35.24-66.32)  <0.001

%, median (IQR)

Plaque burden, %, 84.35 (75.24-89.88) 70.58 (64.89-77.73)  <0.001

median (IQR)

Wall area index, 35.89 (12.43-63.88) 31.80 (12.67-47.45) 0.190

median (IQR)

Remodeling index, 1.31(1.03-1.98) 1.45(1.03-1.73) 0.761

median (IQR)

Eccentricity index, 0.57 (0.36-0.69) 0.48 (0.33-0.66) 0.299

median (QR)

Enhancement 38.83 (18.42-57.91) 32.43 (12.37-45.34) 0.131

index, %,

median (IQR)

IPH, intraplaque hemorrhage; IQR, interquartile range; VBJ angle, vertebrobasi-

lar junction angle.

The bold values are highlighted that they are less than 0.05.





OPS/images/fnins-15-789852/fnins-15-789852-t001.jpg
Parameters All subjects Subjects with Subjects with p-value
(n =68) VBJ angle VBJ angle
>90° (n =33) <90° (n =35)

Age, years, 63.563+9.42 6297 +9.69 64.06+9.25 0.638
mean + SD
Male/female, n 43/25 22/11 21/14 0.569
Hypertension, n 54 (79.4%) 26 (78.8%) 28 (80.0%) 0.202
(%)
Hyperlipidemia, 39 (57.4%) 21 (63.6%) 18 (561.4%) 0.309
n (%)
Diabetes, n (%) 27 (39.7%) 11 (33.3%) 16 (45.7%) 0.297
Smoking, n (%) 18 (26.5%) 9 (27.3%) 9 (25.7%) 0.884
Index event 0.107
Stroke, n (%) 61 (89.7%) 32 (97.0%) 29 (82.9%)
TIA, n (%) 7 (10.3%) 1(3.0%) 6(17.1%)

SD, standard deviation; TIA, transient ischemic attack; VBJ angle, vertebrobasi-
lar junction angle.
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Outcome as count Unadjusted relative risk (£95% CI) ~ p-value  Adjusted relative risk (£95% Cl)  p-value

Infarcts
Any anterior circulation infarct 1.17 (097-1.40) 0,096 1.10 (093-1.29) 0.269
Cortical infarcts 1.04 (093-1.16) 0539 1.01 (091-1.12) 0.830
Infarcts often caused by SVD 1.01 (082-1.28) 0918 097 0.77-1.21) 0773
Small subcortical infarcts NA NA NA NA
Lacunes of presumed vascular origin 1.06 (0.84-1.33) 0,636 1.00 (0.77-1.31) 0.984
Deep gray matter infarcts 082 (0.57-1.18) 0278 0.75 (0.53-1.06) 0.102
Cortical microinfarcts 1.59 (1.08-2.34) 0019 1.48 (1.04-2.11) 0,032
White matter hyperinten:

Periventricular (0, 1, 2, or 3) NA NA NA NA
Deep (0, 1,2, or 3) NA NA NA NA

Included for analysis, n = 76. Six of 82 patients did not receive contrast agent. The unadjusted and adjusted (for age and sex) relative risks inclucing their 95% confidence intervel (Cl)
for the number of cerebral parenchymel changes with the total number of anterior enhancing vessel wall lesions as included variable. A p < 0.05 was considered a statisticall significant
diference shown as bold text. For continuous count data as outcome variable, a log-binomial regression model was sed with a robust variance estimator. For ordinal data as outcome
variable, an ordinal regression model was used. Ordinal score is described as follows: 0 = absence or single punctate white matter hyperintensity, 1= “caps” or pencil-thin lining or
multiple punctate lesions, 2 = smooth *halo” or beginning confluency of lesions, and 3 = large confluent lesions or imeguler hyperintensities extending into the deep white matter (26).
CMI, cortical microinfarct; NA, not applicable (groups too small for reliable statistical analyses); SVD, small vessel disease.
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Lumen area (mm?2) Vessel wall area (mm?2) Mean wall thickness (mm) Normalized wall index

ICC (GT1-X) (95% CI) 0.987 (0.985-0.989) 0.936 (0.928-0.943) 0.896 (0.883-0.907) 0.782 (0.756-0.805)
ICC (GT2-X) (95% CI) 0.988 (0.986-0.989) 0.951 (0.944-0.956) 0.907 (0.896-0.918) 0.797 (0.773-0.819)
ICC (GT1-GT2) (95% Cl) 0.987 (0.985-0.988) 0.926 (0.916-0.934) 0.877 (0.862-0.891) 0.704 (0.671-0.734)

ICC, intraclass correlation coefficient; Cl, confidence intervals; ICC (GT1-X), ICC analysis between first manual read and automatic read; ICC (GT2-X), ICC analysis
between second manual read and automatic read; ICC (GT1-GT2), ICC analysis between two manual reads.
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Mean + SD

DSC (%) Lumen 93.8 £ 0.764
Vessel wall 86.0 + 1.866
ASD (mm) Lumen 0.068 + 0.016
Vessel wall 0.095 + 0.048

ACA

93.6
84.6
0.063
0.093

CCA

94.7

88.3
0.064
0.124

DSC, Dice similarity coefficient; ASD, average surface distance; SD, standard deviation.

ICA

94.3
87.7
0.098
0.198

MCA

93.8
85.7
0.056
0.099

BA

941

87.6
0.060
0.074

PCA

92.3
83.9
0.057
0.053

VA

94.2
84.0
0.080
0.138





OPS/images/fnins-16-888814/fnins-16-888814-t001.jpg
U-Net VWISegNet Attention Inception
(mean £SD) (mean * SD) U-Net U-Net
(mean £ SD) (mean =+ SD)

DSC (%) Lumen 86.7+16.9 93.8+6.3 920+ 8.5 86.8+17.4

Vessel 73.1+14.6 86.0+9.0 79.7 £9.8 74.3+16.4
wall

DSC, Dice similarity coefficient.
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T,IR-SPACE FLAIR-SPACE Tow-SPACE

Radiology scores (mean + SD) Radiology scores (mean + SD) p-value: vs. TolR Radiology scores (mean + SD) p-value: vs. T2IR

Reader 1 MCA 278+ 0.44 0.67 &+ 0.50 0.006 1.67 £0.50 0.008
BA 222 +0.67 0.11+0.33 0.006 1.67 £0.50 0.059

ICA 2.56 £0.53 0.89 +£0.33 0.006 2.11+0.33 0.102
Overall 2.52 + 0.58 0.56 & 0.51 <0.001 1.81+£0.48 <0.001

Reader2  MCA 2.114+0.33 0.22 + 0.44 0.006 1.22 £0.44 0.011
BA 2.00 &+ 0.50 0.11+0.33 0.006 1.44 £0.73 0.059

ICA 244 +0.73 1.11+£0.33 0.014 1.89 £ 0.60 0.132

Overall 2.19 4+ 0.56 0.48 4+ 0.58 <0.001 1.61+£0.64 0.001

Mean 2.35 4+ 0.59 0.52 & 0.54 <0.001 1.67 £0.58 0.001
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T,IR-SPACE

FLAIR-SPACE

T,w-SPACE

Measurement (mean + SD)

Measurement (mean + SD) p-value: vs. T2IR

Measurement (mean + SD) p-value: vs. ToIR

SNR: VW 20.57 £6.07
SNR: CSF 9.656 +£1.87
CNR: VW-CSF 11.01 £6.75
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Stem Branch SNR
p value ICC p value ICC p value
Optimized vs. 2D RF 0.186 0.858 0.001** 0.805 0.017*
Optimized vs. conventional SPACE 0.330 0.926 0.002** 0.817 0.001**
2D RF vs. conventional SPACE 0.163 0.847 0.681 0.849 0.000**
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Outcome as present/absent Unadjusted relative risk (£95% CI)
Infarcts

Any anterior ciroulation infarct 1,00 (0.92-1.09)

Cortical infarcts 1,04 (0.95-1.14)

Infarcts often caused by SVD 1.06 (0.90-1.26)

Small subcortical infarcts NA

Lacunes of presumed vascular origin 1,07 (0.87-1.32)

Deep gray matter infarcts 0.90 (0.65-1.24)

Cortical microinfarcts

White matter hyperintensities (Fazekas grade)
Periventricular (0/1 vs. 2/3) 1.19 (0.98-1.45)
Deep (0/1 vs. 2/3) 1.12 (0.92-1.36)

p-value

0.957
0.394
0.498
NA
0637
0.508
0.112

0.077
0.273

Adjusted relative risk (£95% Cl)

0.99 (0.90-1.08)

1.05(0.94-1.16)

1.00 (0.83-1.22)
NA

1.00 (0.78-1.28)

0.83 (0.61-1.14)

1.18 (0.93-1.49)

1.02 (081-1.29)
099 (0.80-1.24)

p-value

0.824
0387
0.975
NA
0.986
0256
0.187

0.858
0.948

Included for analysis, n = 76. Six of 82 patients did not receive contrast agent. The unadjusted and adjusted (for age and sex) relative risks including their 95% conficence interval (C/) for
the presence of cerebral parenchymal changes with the total number of anterior enhancing vessel walllesions as included variable. A p < 0.05 was considered to indicate a statistically
significant difference shown as boid text. A log-binomial regression model was used with a robust variance estimator. White matter hyperintensity Fazekas grade is described as follows:

0 = absence or single punctate white matter hyperintensity, 1 = “caps” or pencil-thin lining or multiple punctate lesions, 2 = smooth “halo” or beginning confluency of lesions, and 3 =

lerge confluent lesions or iiregular hyperintensities extencing into the deep white matter (28).
CMI, cortical microinfarct; NA, not applicable (only 1 count); SVD, small vessel disease.
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Patient characteristics (n = 82)

Mean age in years (range)
Men
Body mass index (BMI, kg/m?), mean (range)
Diagnosis
Ischemic stroke
Transient ischemic attack
Transient monocular visual loss of vascular origin
Hypertension
Hyperlipidemia
Diabetes melitus
Peripheral artery disease
Current smoker
Former smoker
Atrial fibrillation
Angina pectoris
Myocardial infarction

Average days from symptom onset to MRl in days & SD
Patients imaged without contrast agent
TOAST-criteria

Large artery atherosclerosis

Cardio embolism

Small-vessel occlusion

Other determined etiology

Undetermined

Patient characteristics for the studied population.

61 (27-85)
49 (60%)
26 (18-35)

55 (67%)
22 (27%)
5(6%)
40 (49%)
39 (48%)
10 (12%)
0(0%)
26 (32%)
27 (33%)
10 (12%)
4(5%)
5(6%)

23+34
6(7%)

44 (54%)
17 (21%)
5(6%)
5(6%)
11 (18%)
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Outcome as present/absent Unadjusted relative risk (£95% CI)
Infarcts

Any anterior circulation infarct 1.05(0.99-1.12)
Cortical infarcts 1.06 (0.98-1.15)
Infarcts often caused by SVD 1.23 (1.09-1.39)
Small subcortical infarcts NA
Lacunes of presumed vascular origin 1.20 (1.04-1.40)
Deep gray matter infarcts 1.29 (1.04-1.60)
Cortical microinfarcts 1.14 (0.93-1.38)
White matter hyperinten:

Periventricular (0/1 vs. 2/3) 1.34(1.16-1.55)
Deep (01 vs. 2/3) 1.22(1.05-1.41)

p-value

0.086
0.161
0.001

0.016
0.019
0.212

<0.001
0.008

Adjusted relative risk (£95% Cl)

1.05(0.98-1.12)

1.07 (0.98-1.17)

118 (1.03-1.35)
NA

1.18 (0.95-1.34)

1.25 (0.98-1.60)

1.07 (0.85-1.36)

1.21(1.02-1.42)
1.09(0.89-1.33)

p-value

0.151
0.129
0.017
NA
0.174
0.069
0.565

0.026
0.417

Included for analysis, n = 82. The unadjusted and adjusted (for age and sex) relative risks including their 95% confidence interval (C) for the presence of cerebral parenchymal
changes with the total number of anterior vessel wall lesions as included variable. A p < 0.05 was considered to indicate a statistically significant difference shown as bold text. A
log-binomial regression model was used with a robust variance estimator. White matter hyperintensity Fazekas grade is described as follows: 0 = absence or single punctate white
matter hyperintensity, 1= “caps” or pencil-thin lining or multiple punctate lesions, 2 = smooth *halo” or beginning confluency of lesions, and 3 = large coniluent lesions or imegular

hyperintensities extending into the deep white matter (28).
CMI, cortical microinfarct; NA, not applicable (only 1 cour

VD, small vessel disease.
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Outcome as count Unadjusted relative risk (£95% Cl) ~ p-value  Adjusted relative risk (£95% Cl)  p-value

Infarcts
Any anterior circulation infarct 115 (1.03-1.29) 0016 1.08 (0.96-1.21) 0.189
Cortical infarcts 1.12 (0.98-1.28) 0.102 1.08 (0.94-1.24) 0290
Infarcts often caused by SVD 1.12 (0.97-1.31) 0.134 1.05 (0.90-1.23) 0531
Small subcortical infarcts NA NA NA NA
Lacunes of presumed vascular origin 1.09 (0.90-1.31) 0370 1.00 (0.79-1.26) 0.981
Deep gray matter infarcts 1.21(091-1.61) 0.190 1.15 (0.84-1.58) 0396
Cortical microinfarcts 1.23 (0.95-1.60) 0.111 1.16 (0.86-1.56) 0333
White matter hyperintensities (Fazekas grade)

Periventrioular (0, 1, 2, or ) NA NA NA NA
Deep (0, 1,2, 0r3) NA NA NA NA

Included for analysis, n = 82. The unadjusted and adjusted (for age and sex) relative risks inclucing their 95% confidence intervel (CY for the number of cerebral parenchymel changes
with the total number of anterior vessel wall lesions as included variable. A p < 0.05 was considered to indicate a statistically significant difference shown as bold text. For continuous
count data as outcome variable, a log-binomial regression model was used with a robust variance estimator. For ordinal data as outcome variable, an ordinal regression model was
used. Ordinal Fazekas grade is described as follows: 0 = absence or single punctate white matter hyperintensity, 1 = “caps” or pencil-thin lning or multiple punctate lesions, 2 = smooth
“halo” or beginning confluency of lesions, and 3 = large confluent lesions or iregular hyperintensities extending into the deep white matter (28).

CMI, cortical microinfarct; NA, not applicable (groups too small for reliable statistical analyses); SVD, small vessel disease.
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Mean =+ SD, median (IQR), or n (%)

All patients (n = 223) Unfavorable outcome (n = 38) Favorable outcome (n = 185) P value
Age 68.2 +11.3 70.9 +10.8 67.6+11.4 0.095
Sex, male 145 (65.0) 22 (57.9) 123 (66.5) 0.312
Diabetes mellitus 45 (20.2) 9 (23.7) 36 (19.5) 0.554
Hypertension 136 (61.0) 27 (71.1) 109 (58.9) 0.163
Hyperlipidemia 25(11.2) 5(13.2) 20 (10.8) 0.777
Smoking 42 (18.8) 5(13.2) 37 (20.0) 0.326
Atrial fibrillation 82 (36.8) 14 (36.8) 68 (36.8) 0.992
Valvular heart disease 32 (14.3) 5(13.2) 27 (14.6) 0.818
Coronary atherosclerotic disease 23(10.3) 3(7.9 20 (10.8) 0.773
TOAST classification 0.040
Atherosclerotic 128 (57.4) 17 (44.7) 111 (60.0)
Cardioembolic 67 (30) 13 (34.2) 54 (29.2)
Other 15 (6.7) 4 (10.5) 11(5.9)
Undetermined 13 (6.8 4(10.5) 9 (4.9)
Glasgow Coma Scale 12.0 (9.0-15.0) 11.1 (9.0-14.0) 11.6 (9.0-15.0) 0.440
NIHSS on admission 17.0 (12.0-23.0) 22.4 (17.0-29.0) 16.5 (12.0-22.0) <0.001
Thrombectomy strategy 0.583
With intravenous alteplase 36 (16.1) 5(13.2) 31 (16.8)
Without intravenous alteplase 187 (83.9) 33(86.8) 154 (83.2)

SD, standard deviation; IQR, interquartile range; TOAST, The Trial of Org10172 in Acute Stroke Treatment; NIHSS, National Institutes of Health Stroke Scale.
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Univariate Logistic Regression

Multivariate Logistic Regression*

OR 95% ClI P value OR 95% CI P value

Ischemic core volume

ISP 1.012 1.004-1.020 0.004 1.012 1.003-1.021 0.010

RAPID 1.016 1.009-1.024 <0.001 1.024 1.012-1.036 <0.001

F-STROKE 1.018 1.010-1.027 <0.001 1.028 1.014-1.042 <0.001
Penumbra volume

ISP 1.002 1.000-1.015 0.083 1.001 0.996-1.004 0.975

RAPID 1.002 0.999-1.006 0.219 0.993 0.987-0.999 0.064

F-STROKE 1.003 0.999-1.007 0.133 0.992 0.986-0.999 0.058

*Adjustment: age, gender, TOAST classification, and NIHSS on administration. OR, odds ratio; CI, confidence interval.
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Patients initially included,
n=105

23 excluded due to
- Different final diagnosis, n = 5
- Aborted examination, n = 7

- Withdrawn IC,n = 3

- NoFLAIR images,n =8

included in the study, n = 82

No contrast agent given, n

Analysis of the anterior
vessel wall lesions and
cerebral parenchymal
changes, n = 82

Analysis of the anterior
enhancing vessel wall lesions
and cerebral parenchymal
changes, n =76
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