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Given the substantial global health burden and anticipated rise in mortality rates associated with 

stroke, imaging of cerebrovascular atherosclerotic plaque plays a crucial role in stroke 

prevention efforts. Three-dimensional (3D), multi-contrast MR vessel wall imaging (VWI), 

applied to both carotid and intracranial arteries, offer non-invasive and comprehensive 

techniques to directly visualize atheromatous plaques and discern their composition, including 

features such as Gadolinium contrast enhancement (CE) and intraplaque hemorrhage (IPH). 

Particularly in longitudinal studies, this capability allows for the monitoring of lesion evolution 

over time, providing valuable insights into the disease process and the efficacy of medical 

interventions. This research presented advances in VWI analysis of both carotid and cerebral 

atherosclerosis and deepens our understanding of the evolution of atherosclerosis in the context 

of stroke. 



 

Firstly, regarding intracranial atherosclerosis, standardized pipelines for 3D multi-planar, multi-

contrast, and multi-time point imaging review were established, ensuring reproducibility in 

measuring plaque morphology. A novel CE map was introduced to objectively quantify plaque 

CE intake. In one of the first prospective studies tracking intracranial atherosclerosis evolution 

using 3D VWI, this research observed the evolution of intracranial plaques over a 1-year follow-

up period and found that plaques progressing over time demonstrated inward remodeling and 

lumen loss, while regressing plaques exhibited luminal expansion. Significantly, plaque CE and 

diabetes mellitus were identified as biomarkers predicting plaque progression. 

Secondly, tailored analysis pipelines were proposed for two complementary carotid VWI 

contrasts, enabling consistent measurements of vessel thickness, plaque burden, and IPH. 

Through a long-term prospective study spanning up to 6 years with up to 5 scans per patient, our 

research revealed the systemic nature of atherosclerosis, characterized by bilateral plaque 

evolution symmetry. IPH emerged as a significant driver of plaque progression, capable of 

disrupting bilateral symmetry and accelerating plaque burden increase. These findings 

underscore the critical importance of integrating IPH assessment into clinical evaluations of 

plaque progression. 

Collectively, these studies establish robust quantitative methods for analyzing vessel wall 

imaging and provide critical insights into atherosclerotic disease progression in cerebrovascular 

territories. By establishing the clinical significance of imaging biomarkers like contrast 

enhancement and intraplaque hemorrhage, this research enables improved risk stratification and 

monitoring of treatment response, potentially advancing stroke prevention strategies. 
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Chapter 1 Introduction 

1.1 Cerebrovascular Atherosclerosis 

The human vasculature plays a critical role in maintaining the functioning of all organs by 

circulating blood throughout the body. Any abnormalities in the blood vessels, including arteries 

and veins, can lead to severe disability and even death. Cardiovascular diseases rank among the 

top causes of mortality globally, responsible for approximately 17.3 million deaths annually, a 

figure projected to rise to over 23.6 million by 20301.  

Stroke, a devastating manifestation of vascular disease, represents a medical emergency 

characterized by the abrupt cessation of blood flow to the brain. This interruption can occur due 

to a blockage in an artery supplying blood to the brain (ischemic stroke) or the rupture of a blood 

vessel in the brain (hemorrhagic stroke). Responsible for 6.5 million fatalities, stroke stands as 

the second-leading cause of death in cardiovascular diseases1. Furthermore, as a primary 

contributor to long-term disability, survivors of stroke frequently encounter hurdles in mobility, 

communication, and everyday tasks, necessitating substantial rehabilitation and assistance. 

Atherosclerosis, the underlying pathological process for many ischemic strokes, develops 

progressively through a complex cascade of events. It typically begins with damage or injury to 

the artery wall. With inflammation and deposition of lipid in the intimal layer, plaque forms with 

an increase in arterial wall thickness. Plaque buildup over time can lead to vessel stenosis and 

eventually occlusion, resulting in reduced blood flow and potential tissue damage. 

Atherosclerosis can lead to ischemic complications, such as stroke, by two mechanisms: 1) 

hemodynamic compromise due to development of severe stenosis or occlusion of the index 
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atheromatous plaque, or 2) emboli of material from the index plaque resulting in occlusion of 

arteries downstream2. 

The clinical significance of atherosclerosis varies considerably depending on the vascular 

territory affected. Intracranial atherosclerotic disease (ICAD) and carotid atherosclerosis 

represent two distinct but equally important manifestations of this pathological process. ICAD is 

particularly prevalent in Asian, Hispanic, and African American populations, accounting for up 

to 50% of ischemic strokes in these groups1. Meanwhile, carotid atherosclerosis remains a 

leading cause of stroke in Western populations1. Despite their similar pathophysiological basis, 

these two arterial territories present unique challenges for imaging and clinical management due 

to differences in vessel size, wall thickness, hemodynamics, and surrounding anatomical 

structures. 

 

1.2 Imaging Atherosclerosis: Vessel Wall Magnetic Resonance Imaging  

Traditional imaging approaches to assess atherosclerotic lesions have relied heavily on luminal 

assessment. Vascular imaging techniques, such as computed tomography angiography (CTA) 

and magnetic resonance angiography (MRA), are routinely used to assess stenosis and occlusion 

in vivo3. However, luminal stenosis assessment through MRA or CTA may not always 

accurately predict stroke risk, especially in asymptomatic or low-grade stenosis cases4. Studies 

have shown that some plaques increase in size by outward remodeling of the artery, without 

narrowing of the lumen area5,6. Such non-stenotic plaques cannot be seen by luminal imaging 

techniques. Hence, assessment of stenosis by angiographic imaging techniques will 

underestimate the presence and prevalence of these non-stenotic atheromatous lesions. 
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This limitation has driven the development of advanced imaging techniques that directly 

visualize the vessel wall rather than just the lumen. Recently, advancements in MR vessel wall 

imaging (VWI) sequences have facilitated the direct characterization of vessel wall pathologies 

in carotid and intracranial arteries within clinical settings, without the need for radiation or 

iodinated contrast agents7,8. Using post-operative specimens of carotid arteries for histopathology 

validation, VWI has been utilized to meticulously characterize not only the lumen and vessel 

wall, but also plaque components such as calcifications, lipid deposition, hemorrhage into the 

plaque and other matrix components.  

The compositional analysis capability arises from MR VWI’s capacity to integrate 

complementary information regarding carotid atherosclerosis within multiple contrast 

weightings9. While criteria for assessing luminal stenosis in time-of-flight (TOF) MRA are 

established, T1-weighted (T1w) black blood VWI serves to suppress the signal of luminal blood 

flow, thus facilitating direct visualization of atheromatous plaques in the vessel wall10. T1w VWI 

enables precise measurements of plaque thickness and volume. Furthermore, plaque tissue 

composition can be discerned and quantified through a combination of VWI contrast 

weightings11. Notably, hyperintense signals on heavily T1w sequences indicate the presence of 

intraplaque hemorrhage (IPH), while hypointense signals on T1w images following Gadolinium 

(Gd) contrast injection delineate regions of lipid-rich necrotic cores12. The integration of these 

elements, including lumen stenosis, plaque burden, and plaque tissue composition, offers a 

comprehensive depiction of the properties and risk profiles associated with carotid lesions, as 

exemplified by the recently proposed Carotid Plaque-RADS13 approach. 

While VWI techniques have been well-established for carotid atherosclerosis, their application to 

intracranial vessels presents unique challenges. Intracranial arteries are smaller in caliber, have 
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thinner walls, and follow a more tortuous course compared to extracranial vessels. Moreover, 

they are surrounded by cerebrospinal fluid and brain parenchyma, creating distinct imaging 

considerations. Lessons learned from carotid plaque imaging studies are applicable to 

intracranial atherosclerosis even though histological validation is challenging with cerebral 

vasculature. VWI of intracranial arteries is now a burgeoning field7. While investigators and 

clinicians frequently infer the imaging characteristics of plaque compositional features and the 

behavior of ICAD based on carotid literature, ongoing research aims to refine VWI techniques 

and analysis workflow tailored to the unique characteristics of intracranial vessels, promising 

further advancements in stroke risk assessment and management. 
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Figure 1.1 Example of intracranial and carotid MR angiography (A) and vessel wall imaging (B: 

pre-contrast T1w, C: post-contrast T1w) showing atherosclerotic plaques in stroke patients. 

The left panel demonstrates mild to moderate stenosis of intracranial (middle cerebral) artery by 

MR angiography (panel A, left), but pronounced gadolinium contrast enhancement on vessel 

wall imaging (panel C, left) which is considered one of the features of intracranial plaque that is 

higher risk for stroke. The right panel demonstrates no evidence of luminal stenosis of the 

extracranial carotid artery (panel A, right), but presence of atheromatous plaque with a large 

lipid-rich necrotic core (panel C, right) which is considered to be a feature of carotid plaque that 

is higher risk for subsequent luminal surface disruption, intraplaque hemorrhage, and stroke5,14. 

 

1.3 Vessel Wall Magnetic Resonance Imaging in Longitudinal Studies 

One particularly advantageous aspect of MR VWI is its non-invasiveness and lack of radiation 

exposure, offering unique opportunities to conduct longitudinal studies for monitoring 
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atherosclerotic lesions in vivo15. This capability allows researchers to track the natural history of 

atherosclerotic disease, evaluate temporal changes in plaque morphology and composition, and 

assess the effects of medical interventions over time. Unlike cross-sectional studies that provide 

only a snapshot of disease status, longitudinal VWI studies can reveal the dynamic nature of 

atherosclerosis, including plaque progression, regression, or remodeling in response to various 

factors. Furthermore, longitudinal monitoring enables the identification of imaging biomarkers 

and their changes that predict future clinical events, thereby improving risk stratification and 

potentially guiding personalized treatment decisions. The reproducibility of VWI measurements, 

when achieved through standardized acquisition protocols and advanced analysis methods, may 

further significantly enhance its value for tracking disease evolution and treatment response 

across patient populations. 

In carotid atherosclerosis, numerous longitudinal MR VWI studies have established IPH as a 

critical marker of plaque vulnerability and stroke risk. Prospective studies have consistently 

demonstrated that patients with IPH have substantially higher rates of cerebrovascular events 

compared to those without IPH16. Recent longitudinal investigations examining IPH progression 

patterns have revealed that a substantial proportion of plaques with baseline IPH demonstrate 

persistence or expansion of hemorrhage over time, with larger baseline plaque volumes and 

history of smoking emerging as significant predictors of progression17. Technical advances in 

multi-contrast VWI protocols, including sequences such as MERGE18 (motion-sensitized driven 

equilibrium-prepared rapid gradient echo) and SNAP19 (simultaneous non-contrast angiography 

and intraplaque hemorrhage), have enabled more comprehensive assessments of carotid plaque 

components over time, allowing researchers to track changes in not only IPH but also 

calcification and lipid-rich necrotic cores20. For example, Zhao et al. demonstrated that intensive 
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lipid-lowering therapy depletes carotid plaque lipid content in a time-dependent manner, with 

significant reductions observed after one year of treatment and continuing through the second 

year, preceding overall plaque regression21. These longitudinal observations have significantly 

enhanced our understanding of plaque evolution and have informed clinical management 

strategies for patients with carotid atherosclerosis. 

 

Figure 1.2 Left (baseline) and right (2-year follow-up) panels show VWI of consecutive cross-

sectional images of a mixed carotid plaque in a patient undergoing intensive lipid-lowering 

treatment. 

Contours have been added manually in the lower row of each time point (red: lumen boundary; 

azure: outer wall boundary). Hypointense areas indicate calcifications (navy blue contours). 

Non-/less-enhanced areas as compared with adjacent fibrous tissue indicate lipid cores (yellow 

contours). Changes in VWI signals between time points suggest a reduction in plaque wall 

thickness and lipid content. CE-T1 indicates contrast-enhanced T1-weighted; and Pre-T1, T1-

weighted21. 

 

In contrast to the extensive body of literature on longitudinal carotid VWI studies, research into 

the evolution of intracranial atherosclerosis using VWI remains in its earlier stages. ICAD affects 
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a significant portion of the population and is associated with high risk of recurrent stroke (25-

30%) despite optimal medical therapy1, making longitudinal monitoring particularly important. 

Preliminary longitudinal VWI studies have identified Gadolinium contrast enhancement as a 

powerful predictor of stroke recurrence, with one study reporting a 30.3% one-year event rate in 

patients with enhancing plaques compared to only 6.8% in those without enhancement22. 

Additionally, enhancement patterns demonstrated disparate trends in symptomatic ICAD patients 

with and without stroke recurrence, suggesting their potential as prognostic indicators23. 

Emerging research has begun to identify factors associated with intracranial plaque enhancement 

and progression, including lipid profiles and stenosis severity24, though longitudinal data remains 

limited compared to carotid studies. The continued development of intracranial VWI techniques 

promises to yield similarly valuable insights into disease progression and treatment response as 

those already established for carotid atherosclerosis. 
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Figure 1.3 Upper (baseline) and lower (9-month follow-up) rows of panels show VWI of a 

plaque (arrows) at the left middle cerebral artery. 

The plaque positively responded to medical therapy with smaller plaque wall volume, wall 

thickness and contrast enhancement23. 

 

1.4 Problem Statement and Research Aims 

Despite significant advancements in MR VWI techniques, several critical challenges remain in 

the quantitative assessment of atherosclerotic disease evolution across different arterial 

territories. While qualitative observations of plaque features have established associations with 

clinical outcomes, the field lacks standardized, reproducible methods for quantitative analysis of 
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multi-contrast, multi-time point VWI data. This limitation hinders our ability to precisely track 

disease progression, evaluate treatment efficacy, and predict future cerebrovascular events. 

This dissertation addresses these methodological gaps through the development and validation of 

novel quantitative pipelines for the analysis of VWI in both intracranial and carotid 

atherosclerosis. The overarching aim was to create robust analytical frameworks that enable 

comprehensive assessment of plaque morphology, composition, and temporal evolution, thereby 

enhancing our understanding of the natural history of atherosclerotic disease and its response to 

treatment. 

For intracranial atherosclerosis, this research first established MOCHA (multi-planar, multi-

contrast and multi-time point plaque characterization), an integrated workflow for automated 

registration, artery tracing, and multi-planar reformatting of vessel wall images that significantly 

improves the reproducibility of plaque detection and quantification. Building on this foundation, 

a novel semi-automated method was developed for the visualization and quantification of 

Gadolinium contrast enhancement in intracranial plaques, providing objective measures of 

plaque vulnerability that correlate with stroke risk. These methodological advances then enabled 

the first prospective longitudinal study using 3D vessel wall MRI to investigate the temporal 

evolution of intracranial atherosclerotic disease, revealing significant associations between 

diabetes, baseline contrast enhancement, and plaque progression patterns. 

In the domain of carotid atherosclerosis, this dissertation developed and implemented deep 

learning-based segmentation pipelines for accurate and efficient delineation of vessel walls and 

IPH from multi-contrast VWI. These tools facilitated the longest-duration longitudinal study of 

carotid plaque dynamics to date, demonstrating that IPH persists over extended periods and 
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significantly accelerates plaque growth compared to lesions without hemorrhage. This finding 

has important implications for risk stratification and treatment selection in patients with carotid 

atherosclerosis. 

Collectively, the quantitative methodologies and clinical insights presented in this dissertation 

represent significant contributions to the field of cerebrovascular imaging. By enabling more 

precise characterization of atherosclerotic plaque features and their evolution over time, this 

work establishes a foundation for improved risk assessment and personalized management 

strategies for patients with cerebrovascular disease. Furthermore, the validated analysis pipelines 

developed herein provide valuable tools for future research and clinical applications in the 

ongoing effort to reduce the global burden of stroke. 
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Chapter 2 Multi-Planar, Multi-Contrast and Multi-Time Point 

Analysis Tool (MOCHA) for Intracranial Vessel Wall 

Characterization 

This chapter presents the development and evaluation of MOCHA, an image analysis pipeline 

designed for comprehensive atherosclerotic plaque assessment in 3D intracranial vessel wall 

MRI. The MOCHA pipeline addresses critical challenges in intracranial vessel wall imaging 

through four integrated steps: 1) multi-contrast and multi-time point image registration, which 

enables seamless comparison of different contrast weightings and longitudinal data that would 

otherwise be misaligned due to patient movement and repositioning; 2) automated artery tracing 

and labeling that systematically maps the complex cerebrovascular tree, enabling comprehensive 

detection of atherosclerotic plaques that may occur anywhere along the intracranial circulation; 

3) generation of tailored multi-planar reformats that transform naturally tortuous and tapering 

arteries into intuitive, standardized viewing planes for consistent analysis; and 4) human visual 

inspection to validate the pre-processed images. Through rigorous scan-rescan evaluation in 

patients with intracranial atherosclerotic disease, we demonstrate MOCHA's excellent 

reproducibility for both qualitative plaque detection and quantitative measurements of plaque 

morphology. These findings establish MOCHA as a reliable tool for identifying and 

characterizing atherosclerosis along multiple intracranial arterial segments, with significant 

potential for clinical applications in assessing plaque morphology, composition and monitoring 

disease progression longitudinally. 

Indeed, MOCHA has served as the robust basis for the contrast enhancement mapping 

methodology presented in Chapter 3 and enabled us to conduct one of the first longitudinal 
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studies of intracranial atherosclerosis described in Chapter 4. Beyond atherosclerosis, ongoing 

studies utilizing MOCHA are investigating other intracranial vasculopathies, including vasculitis, 

reversible cerebral vasoconstriction syndrome (RCVS), and moyamoya disease, demonstrating 

its broad applicability in cerebrovascular imaging research. 

The work presented here is reproduced and adapted from: Guo, Yin, et al. "Multi‐planar, multi‐

contrast and multi‐time point analysis tool (MOCHA) for intracranial vessel wall 

characterization." Journal of Magnetic Resonance Imaging 56.3 (2022): 944-955. 
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2.1 Introduction 

Intracranial atherosclerotic disease (ICAD) is a leading cause of stroke worldwide, accounting 

for approximately 10% of ischemic strokes in the United States and 50% in Asia1,2. In recent 

years, intracranial vessel wall magnetic resonance imaging (IVW) has been used for ICAD 

evaluation3. IVW provides qualitative and quantitative evaluation of vessel lumen and wall, 

providing novel assessment that can help characterize and differentiate various intracranial 

vasculopathies, including ICAD3–7.  In a clinical or research setting, IVW analysis is frequently 

enhanced through the analysis of multi-contrast acquisitions that often includes time-of-flight 

(TOF) MR angiography (MRA) and the use of contrast agent3,5–8. Furthermore, considering 

patients with ischemic stroke attributable to ICAD carry a risk of recurrent stroke of 12%, the 

need for serial IVW follow-up of ICAD is critical2.   

3D IVW with isotropic resolution shows clear advantages over 2D acquisition techniques, and is 

increasingly adopted in both research and clinical applications3,5,9. However, despite its promise 

for improving ICAD diagnosis and treatment, systematic evaluation of intracranial arteries with 

3D multi-contrast serial IVW poses many challenges, making routine clinical adoption difficult. 

Atherosclerotic plaques may involve multiple intracranial arterial segments, necessitating a 

thorough screening of the entire cerebrovascular tree for both stenotic and non-stenotic plaques, 

since non-stenotic lesions are not readily detectable on CT angiography (CTA) or MRA3. 

Intracranial arteries are tortuous with natural tapering, and therefore, tailored multi-planar 

reformatting (MPR) is often required for better assessment of artery remodeling and disease 

extent10–13. Intracranial plaques are small lesions and thus require precise image registration to 

combine information from multiple contrast weightings for accurate characterization of the 

lesions, or to compare serial scans to quantify changes over time14,15.  
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Previous IVW studies assessing ICAD have demonstrated good reliability in both plaque 

detection and lesion measurements8,13,16–18. In these studies, reviewers manually drew a 

centerline in every artery segment of interest to generate cross-sectional MPRs of a single 

contrast weighting, which is not well suited for either multi-contrast or a serial imaging study. A 

dedicated IVW image analysis pipeline is essential to improve diagnosis and management of 

ICAD and to streamline clinical workflow.  

The purpose of this study was to propose a new IVW analysis pipeline, namely Multi-planar, 

multi-contrast and multi-time point analysis tOol for intracranial vessel wall CHAracterization 

(MOCHA), and to evaluate its feasibility in serial IVW studies in patients with ICAD.  

 

2.2 Methods 

2.2.1 Study population 

Informed consent was obtained from all subjects after institutional review board approval. 

In this study, subjects were selected from the cohort recruited as part of the 3D vessel WALL 

Imaging (WALLI) study (R01 NS092207). Details on the inclusion and exclusion criteria can be 

found in Mossa-Basha et al8. In brief, all subjects had known atherosclerotic lesions within the 

cerebrovascular tree, as clinically detected based on the presence of stenosis on clinical luminal 

imaging, the presence of two or more risk factors for atherosclerosis (age >50 for men or >60 for 

women, hypertension, diabetes mellitus, hyperlipidemia, obesity, or smoking) and no clinical 

evidence for other intracranial vasculopathies.  
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2.2.2 Image acquisition 

All examinations were performed on a 3T whole-body scanner (Ingenia CX, Philips Healthcare; 

Best, the Netherlands) with a 32-channel head coil. All IVW sequences were based on a Volume 

ISotropic Turbo spin echo Acquisition (VISTA) sequence and employed fat suppression and 

Cartesian UnderSampling with Target Ordering Method (CUSTOM) acceleration with Self-

supporting Tailored k-space Estimation for Parallel imaging (STEP) reconstruction19,20. Imaging 

parameters are provided in Table 2.1. Delay Alternating with Nutation for Tailored Excitation 

(DANTE) pre-pulses were additionally applied for blood suppression for the PD-VISTA 

acquisition21. Pre-contrast T1-VISTA, PD-VISTA, and 3D-TOF were obtained then post-contrast 

T1-VISTA was also acquired after single-dose gadolinium contrast injection (0.1 mmol/kg of 

Prohance at 2cc/s followed by bolus of equal volume of saline), 3-min post-injection. For each 

subject, two repeated 3D-IVW scans were performed within two weeks.  

Table 2.1 MRI protocol 
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2.2.3 MOCHA workflow 

The scan and rescan IVW images were processed using the MOCHA pipeline, which includes 

automated and integrated steps of 1) multi-contrast and multi-time point image registration, 2) 

artery tracing and labeling on TOF MRA, and 3) generation of tailored MPRs, followed by 4) 

human visual inspection to validate the resulting pre-processed images (Figure 2.1(a)). These 

steps are described in detail in the following paragraphs. MOCHA pre-processing and visual 

inspection were performed by a technologist, independent of the subsequent image analysis.  

 

Figure 2.1 a) MOCHA flowchart. (b) Automatic IVW registration scheme. Arrow pointing from 

A to B indicates ‘A is registered to B’. 
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Image registration. Automatic 3D rigid registration of multi-contrast, multi-time point images to 

a reference scan was performed, using mutual information22 as the similarity metric, by the open-

source package SimpleITK23. Figure 2.1(b) shows the registration scheme of pre- and post-

contrast T1-VISTA, PD-VISTA and TOF images at two time points. In this study, the post-

contrast isotropic resolution T1-VISTA sequence was selected as the reference due to its clear 

lumen and wall boundaries24 and higher signal-to-noise ratio. If post-contrast T1-VISTA was not 

available, pre-contrast T1-VISTA was used. When multiple time point scans were present, the 

corresponding post-contrast T1-VISTA image was registered to the post-contrast T1-VISTA 

image of the first time point, and then within each multi-contrast scan session, registration was 

performed in a pair-to-pair manner. Finally, images were automatically realigned into the same 

orientation and resampled into the same resolution as the isotropic reference scan.  

Artery tracing and labeling. An open-curve active contour model (iCafe) was used to 

automatically identify artery centerlines from the TOF MRA25 acquired at the first time point. In 

order to identify intracranial artery segments, vessel landmarks were computed by maximum a 

posteriori estimation25 automatically, and the following vessel segments were labeled: basilar 

artery (BA), V4 vertebral arteries (VA), distal cervical and intracranial internal carotid arteries 

(ICA), M1/M2 middle cerebral arteries (MCA), A1/A2 anterior cerebral arteries (ACA) and 

P1/P2 posterior cerebral arteries (PCA). Figure 2.2 demonstrates the 14 landmarks and 11 

segments analyzed in this study. A reviewer (GC, 12 years of vascular MR imaging experience) 

edited the centerlines and landmarks as needed to correct errors from the automatic processing. 

This tracing and labeling of the entire intracranial vascular tree generated a template for 

interactive analysis in subsequent steps.  
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Generation of tailored MPRs. For each vessel segment, coordinates of the centerline were used to 

interpolate to multi-contrast, multi-time point images for generation of longitudinal MPR 

images, which can be considered as perpendicularly stacked profiles of cross-sectional slices 

along the centerline with a gap of one pixel. Rotation of profiles in each cross-sectional image 

led to rotational MPR views for display of the specified arterial segment. Selected vessel trace, 

cross-sectional and longitudinal MPR views were all synchronized by viewing angles and slice 

positions, with multiple contrast weightings side by side, in a specially designed graphical user 

interface (GUI, Figure 2.3), dedicated for an interactive visualization and quantification. 

 

Figure 2.2 Demonstrations of the artery landmarks (in orange) and vessel segments (marked in 

various colors) used in this study. 
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Figure 2.3 The interactive analysis GUI with synchronized vessel traces (left), cross-sectional 

(middle) and longitudinal MPR views (right, S101: pre-contrast T1-VISTA; S103: PD-VISTA; 

S104: TOF; S105: post-contrast T1-VISTA) for the left ICA-MCA segment 

 

Quality inspection. Longitudinal MPR images of bilateral ICA-MCA segments were visually 

inspected (YG, 3 years of experience with medical image processing) to ensure success of the 

workflow. The ICA-MCA segment was selected for its longer length permitting assessment of a 

range of vessel diameters along its course. A straightened display of the ICA-MCA segment from 

the first time point reformatted TOF showing arterial tapering was used to validate artery tracing, 

and similar straightened displays of other contrasts and time points were used to ensure good 

image registration (Figure 2.4). 
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Figure 2.4 Representative stenotic supraclinoid ICA lesion with inward remodeling detected in 

both the scan (a) and rescan (b) MR sessions. 

The arrows point to the eccentric plaque encroaching the lumen area (Top: cross-sectional view, 

bottom: longitudinal view) 
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2.2.4 Image analysis 

Segments of all subjects were randomized and analyzed independently. A total of 15 individual 

vessel segments were independently analyzed for each subject: proximal segments (the BA, V4 

VAs, intracranial ICAs (further subdivided into petrous, cavernous, and supraclinoid segments)) 

and distal segments (M1/M2 MCAs, A1/A2 ACAs and P1/P2 PCAs). All the reconstructed cross-

sectional and longitudinal MPR images of pre-contrast T1-VISTA, PD-VISTA, TOF and post-

contrast T1-VISTA were displayed interactively (Figure 2.3). 

For each segment, atherosclerotic lesions were identified on the MOCHA generated longitudinal 

and cross-sectional MPR images following the criteria described by Mossa-Basha et al8. In 

summary, a segment was considered to have a lesion if it showed stenosis or irregularity on 

luminal imaging and/or wall thickening on T1 pre- and post- contrast VISTA, or circumferential 

enhancement and/or wall thickening without stenosis. Only slices with identified lesions were 

outlined for quantitative lesion assessment: lumen and outer wall boundaries were manually 

traced (GC, twelve years of experience in vascular MR imaging) along the interfaces between 

lumen and wall and between wall and surrounding tissues, respectively. One reader (GC) 

contoured the lumen and outer wall on the cross-sectional MOCHA images from the first scan 

and the results were reviewed by a second reader (JS, twelve years of experience in vascular MR 

imaging) following an established peer-review protocol to reach consensus in the identification 

of the luminal and outer wall boundaries. After two weeks, the primary and secondary readers 

performed the same analysis but on the MOCHA images from the second scan. Both readers 

were blinded to scan and clinical information. 

The length of each plaque was calculated from the number of consecutive cross-sectional slices 

with lesion multiplied by slice thickness. For each cross-sectional slice with lesion, the following 
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morphological measurements were generated: the maximum wall thickness (i.e., the maximum 

value of the distance between lumen and outer wall contours), the lumen area (i.e., the area 

inside the luminal contour), the wall area (i.e., subtracting the lumen contour area from the outer 

wall contour area) and normalized wall index (i.e., the ratio of the wall area to the outer wall 

contour area). In addition, we measured mean signal intensity (SI) of the vessel wall within each 

slice on pre- and post-contrast T1-VISTA images to calculate the contrast enhancement ratio as 

follows:  

(𝑆𝐼𝑝𝑜𝑠𝑡 − 𝑆𝐼𝑝𝑟𝑒)/𝑆𝐼𝑝𝑟𝑒  

To assess operator-dependent factors in image pre-processing and inter-rater agreement in plaque 

measurement, the MOCHA workflow was applied again in these subjects with a different reader 

(DBG, 3 years of experience in vascular imaging) editing the vessel traces and labels. Then, a 

new pair of readers performed the image analysis following the same review procedure described 

above; that is, a reader (DBG) determined the presence of atherosclerotic plaques and contoured 

the lumen and outer wall of 20 randomly selected plaques, and the resulting contours were peer-

reviewed by another reader (MMB, 17 years of experience in vascular imaging). Plaque 

quantitative morphological measurements were then calculated at 1) all matching slice locations 

and 2) 3 consecutive cross sections with the largest normalized wall index. Both measurement 

approaches were employed to evaluate the robustness of plaque quantification: measurements at 

all matching slice locations provide comprehensive assessment of plaque burden along the vessel 

segment, while measurements at the 3 consecutive cross-sections with the largest normalized 

wall index focus on the most stenotic region, which is clinically most relevant, and account for 

potential spatial misalignment that may occur when the vessel centerline is re-edited by a 

different reader.  
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2.2.5 Statistical analysis 

All statistical analyses were performed using R (version 3.5.1). Scan-rescan reproducibility of 

detecting plaques with MOCHA was summarized using percent agreement and Cohen’ κ. κ -

values of agreement between 0 and 0.20 were defined as poor agreement; 0.21 and 0.40 as fair 

agreement; 0.41 and 0.60 as moderate agreement; 0.61 and 0.80 as good agreement; 0.81 and 1.0 

as excellent agreement 8. When comparing morphological and contrast enhancement 

measurements, the intra-class correlation coefficient (ICC) was obtained from a two-way mixed 

model. Confidence intervals for the overall ICC were calculated by bootstrapping. 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 agreement13. Bland-Altman 

analysis was also used to determine the scan-rescan reproducibility.  

 

2.3 Results 

IVW from 11 subjects were included in this study (68±10 years old, 6 males). Post-contrast T1-

VISTA sequence was not available for one subject due to difficulties with intravenous line 

placement for the contrast injection. MOCHA images of these 11 subjects were generated and all 

passed visual inspection.  

In four subjects, bilateral distal V4s were not included due to lack of coverage in at least one 

scan. On TOF, the left ACA was occluded in one subject; the left PCA and right ACA were 

occluded in another subject; the left ICA (petrous, cavernous, and supraclinoid) and MCA were 

occluded in a third subject. These 11 segments were excluded and therefore, a total of 150 paired 

segments were analyzed for scan-rescan reproducibility.  
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With MOCHA, readers achieved consistent identification and delineation of plaques. In terms of 

plaque detection, there was excellent scan-rescan agreement (92.7% agreement, κ = 0.822). The 

agreement is 94.3% for proximal segments (κ = 0.863) and 90.3% for distal segments (κ = 

0.761). A total of 43 plaques were identified in both scans (24 in proximal segments, 19 in distal 

segments). 11 plaques were identified in one of the two scans (5 in proximal segments, 6 in distal 

segments). Representative lesions identified of supraclinoid, MCA, ACA, PCA, BA segments 

were shown in Figures 2.4 and 2.5.  
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Figure 2.5 Representative lesions in distal segments (a: MCA, b: ACA, c: PCA, d: BA) identified 

using MOCHA (Top: cross-sectional view, bottom: longitudinal view).  

The four panels display images from left to right: pre-contrast T1-VISTA, PD-VISTA, TOF, and 

post-contrast T1-VISTA. Note that in panel (c), the subject did not receive contrast injection, 

therefore post-contrast T1-VISTA images were not available for this case. 
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The measurements of morphology and contrast enhancement of these 43 detected plaques along 

with their corresponding ICC values are summarized in Table 2.2. The subject (with 9 plaques) 

without the post-contrast T1-VISTA sequence was excluded in the calculation of contrast 

enhancement ratio. Each of the assessed indices had an ICC greater than 0.90. The Bland-Altman 

plots for mean lumen area, maximum wall thickness, normalized wall index, and mean 

enhancement ratio, respectively, for all the identified plaques are shown in Figure 2.6. There was 

no bias observed on the Bland-Altman plots. 

 

Figure 2.6 Bland-Altman plots for lumen area (mm2), maximum wall thickness (mm), 

normalized wall index and contrast enhancement ratio 
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The inter-rater reproducibility of morphological measurements of the 20 plaques demonstrated 

good to excellent agreement, as summarized in the Table 2.3. 

Table 2.2 Morphological measures and enhancement ratio of plaques, and corresponding scan–

rescan reproducibility using MOCHA 

 

Table 2.3 Morphological measures of plaques and corresponding inter-rater reproducibility using 

MOCHA 

 All matching slices 3 consecutive slices with largest 

normalized wall index 

 1st 

Reader 

Group 

2nd 

Reader 

Group 

ICC 95% CI 1st 

Reader 

Group 

2nd 

Reader 

Group 

ICC 95% CI 

Plaque 

length 

(mm) 

2.32 ± 0.93 NA NA 

Maximum 

wall 

thickness 

(mm) 

2.14 ± 

0.55 

2.22 ± 

0.52 

0.578 (0.202, 

0.807) 

2.02 ± 

0.46 

2.07 ± 

0.50 

0.705 (0.377, 

0.878) 

Mean 

lumen area 

(mm2) 

9.69 ± 

5.15 

9.45 ± 

4.88 

0.982 (0.957, 

0.993) 

8.85 ± 

4.59 

8.46 ± 

4.75 

0.951 (0.878, 

0.981) 

Mean wall 

area (mm2) 

14.74 ± 

4.22 

15.43 ± 

5.48 

0.701 (0.393, 

0.869) 

15.25 ± 

4.65 

15.86 ± 

6.19 

0.800 (0.549, 

0.919) 

Normalized 

wall index 

0.68 ± 

0.09 

0.69 ± 

0.07 

0.789 (0.547, 

0.910) 

0.68 ± 

0.08 

0.70 ± 

0.06 

0.792 (0.534, 

0.916) 
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2.4 Discussion 

This study demonstrates how MOCHA, a pipeline that includes multiple functional units, 

facilitates both qualitative and quantitative analysis of intracranial vessel wall MRI. MOCHA 

allows a comprehensive analysis of IVW through an integrated, streamlined, and optimized 

approach of displaying multi-planar, multi-contrast, multi-time point views of specified vessel 

segments in an interactive fashion. With further validation and future clinical implementation, 

MOCHA will be able to standardize IVW review and streamline radiologist workflows. Through 

a systematic and synchronized review of multi-contrast IVW datasets, lesions can be detected 

and characterized more accurately and efficiently. Through multi-time point review, serial 

evaluation will also become more consistent and faster. The standardization of IVW review will 

lead to user-to-user consistency in radiology reporting in the clinic, resulting in increased 

radiologist comfort in IVW interpretation and, in turn, in increased ordering-provider reliance on 

and adoption of the technique. MOCHA also has the potential to expand beyond ICAD 

assessment, to include vasculopathy differentiation, an application where IVW has already 

shown drastic improvements over conventional imaging techniques4,26,27.   

Despite the promise of IVW for improving ICAD diagnosis, characterization and serial 

evaluation, analyzing such high-resolution, 3D multi-contrast datasets pose significant 

challenges. Most previous studies did not use specialized software but relied on PACS DICOM 

viewers to review IVW data8,18,28. A few studies used commercial software such as VesselMass 

for vessel wall segmentation6,7,13,17. Thus far, a dedicated software that provides automatic 3D 

IVW pre-processing, for comparison with multiple viewing angles, artery segments, image 

contrast and scanning time points, was not yet achieved. Guggenberger et al. proposed a 

framework for IVW visualization by semi-automatically extracting MPR reformats from 3D 
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black-blood CS-SPACE (Compressed Sensing - Sampling Perfection with Application optimized 

Contrasts using different flip angle Evolution)29. However, the reliability of this pipeline was not 

evaluated (especially in vessels with smaller dimensions), and there was no functionality for 

registration of multiple contrasts or time points.  

Scan-rescan reproducibility is a principal requirement for an imaging workflow to be used in 

serial examination review. Our results show excellent scan-rescan reproducibility in evaluating 

ICAD of major intracranial arterial segments for subjects, both qualitatively and quantitatively. 

Identifying lesions with MOCHA reported higher percent agreement and Cohen’ κ compared 

with a previous study8 using a generic DICOM viewer software. In terms of measuring plaque 

morphology, there were studies13,17 showing comparable or better ICCs to our study but only 

with a single contrast weighting. Furthermore, in our study, the number of consecutive slices 

(i.e., plaque length) analyzed in the two scans was decided independently as a morphological 

measurement based on lesion identification, while it was either pre-determined or resolved in 

consensus in previous studies. Plaque length measurement was highly reproducible.  

The inter-rater reproducibility results show good to excellent agreement between measurements 

from the two image reader teams. Our plaque burden results agree with those achieved in the 

ARIC study9 with respect to plaque burden, though we achieved excellent reproducibility in the 

lumen area measurements. This excellent inter-rater reproducibility lumen area measurement was 

also achieved in the symptomatic cohort study by Zhang and collaborators17, who also reported 

good to excellent reproducibility in plaque burden. Our results showed lower reproducibility of 

plaque burden compared to theirs, both in the whole plaque17 and when  focusing on the slice 

with highest plaque burden13. Their higher inter-rater reproducibility results might be due to the 

better surrounding tissue suppression in the segments where their analyzed plaques are mainly 
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localized, namely  the MCA, BA, and VA, whereas 50% of the 20 plaques included in our 

analysis are located in the ICA, specifically the cavernous ICA, characterized by poorer contrast 

resolution between the arterial wall and surrounding venous compartment, especially on post-

contrast imaging. 

There are four distinct advantages of MOCHA: 1) the technique provides automatic artery 

tracing, labeling and extraction of arterial segments of interest from the complex intracranial 

cerebrovascular tree; 2) rotational longitudinal MPR views provide comprehensive display of 

selected arteries; 3) simultaneous cross-sectional views allow consistent display and contouring 

for vessel wall feature extraction and quantification; and 4) a precise registration scheme ensures 

identical physical location is aligned from images of different contrast weightings and time 

points. High reproducibility of analyzing IVW shown in this study supports the reliability of 

MOCHA’s pre-processing workflows and can help realize the above-mentioned benefits.  

The simultaneous and interactive display of longitudinal and cross-sectional MPR views is a 

unique aspect of MOCHA. Readers have access to the display where the vessel center points, 

cross-sectional slice locations and MPR viewing angles are synchronized. Readers can scroll 

through and rotate the MPRs to fully appreciate vessel wall remodeling and the extent of disease. 

In addition, readers are no longer required to traverse image slices to locate one segment of 

interest at a time, since segments of intracranial arteries are automatically traced and labeled 

through mapping of the cerebrovascular tree. By selecting a segment of interest using a specially 

designed GUI, both original and reformatted images of that segment are displayed. All these 

integrations are desirable for an efficient and effective review experience.  

The value of the comprehensive display is further demonstrated by the fact that both stenotic and 

non-stenotic ICAD lesions may be assessed using MOCHA. While stenotic ICAD can be 
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identified using MRA such as TOF, non-stenosing ICAD lesions are difficult to detect unless 

IVW from all the artery segments are assessed. Previous studies show that the prevalence of 

intracranial atherosclerotic plaques detected with IVW appears to be >2-fold higher than with 

angiographic imaging30.  If untreated, these plaques may progress and lead to ischemic events. 

Analyzing the entire arterial tree using tailored MPRs may minimize the number of missed non-

stenotic plaques (Figure 2.7). MOCHA streamlines this review process and may help clinicians 

more comprehensively, accurately, and efficiently assess IVW for non-stenotic ICAD. 

 

Figure 2.7 Representative non-stenotic supraclinoid ICA lesion identified using MOCHA (Top: 

cross-sectional view, bottom: longitudinal view) 

 

Multi-contrast vessel wall imaging of the extracranial carotid artery has proven benefits for 

improved characterization and quantification of plaque features31–33. For intracranial arteries, 

besides whole-brain 3D isotropic black-blood T1 images, TOF MRA and post-contrast T1 

images are often acquired as part of a multi-sequence protocol to resolve plaque-mimicking 

artifacts and to provide additional information on lumen morphology and plaque characteristics. 
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The benefits of information synthesis of these contrasts are maximized through precise 

registration by MOCHA. The pipeline design will allow easy inclusion of other 3D IVW 

sequences acquired to be reviewed together, such as T2 and/or proton density weighted 

sequences. Furthermore, the MOCHA setup will allow easy comparison of the performance of 

different sequences for identifying vessel wall and other anatomic features.  

In addition, we may extend the concept of “multi-contrast” in MOCHA to “multi-modality”. A 

clinical CTA scan of one subject was obtained and combined into MOCHA (Figure 2.8). The 

circumferential calcification close to the vessel lumen is apparent on CTA, whereas the 

hypointense signal of calcium is barely discernable from lumen on IVW. With the capability of 

MOCHA to robustly register contrast weightings and even modalities together, we expect a more 

comprehensive understanding of imaging biomarkers from the intracranial arterial wall and 

potentially more robust and comprehensive clinical and investigational vascular disease review. 

 

Figure 2.8 Example showing circumferential calcification when CTA is combined with MOCHA 

analysis (Top: cross-sectional view, bottom: longitudinal view). 

Encroached vessel lumen was seen on CTA and TOF whereas the hypointense signal of calcium 

is barely discernable from lumen on IVW 
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There are a few limitations in this study. First, our study is a single-center study using only one 

type of MRI scanner and software for vessel wall analysis. Although reliability was not evaluated 

across different equipment vendors, MOCHA as a dedicated pipeline is vendor agnostic. Second, 

although reviewers analyzed major arterial segments in an efficient manner, the processing time 

to generate multi-contrast, multi-time point reformations for each subject was long. Image 

registration takes between 5 to 8 minutes (depending on how many contrast weightings and time 

points are available), and artery tracing and labeling (with potential manual editing) takes over 

10 minutes on baseline TOF MRA. Nonetheless, this pre-processing can be done by a 

technologist and will not affect a clinician’s image review. Future improvements may further cut 

down the pre-processing times. Finally, although the sample size in our study is still relatively 

small, the number of lesions (43) was adequate for analysis.  

 

2.5 Conclusion 

MOCHA enables an integrated, streamlined, and optimized workflow for IVW evaluation 

through multi-planar, multi-contrast and multi-time point analysis. MOCHA demonstrates 

excellent scan-rescan reproducibility in ICAD identification and measurement and with further 

validation, may be valuable for increased efficiency and accuracy in IVW review for clinical and 

investigational applications.  
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Chapter 3 Voxel-Wise Quantification and Multi-planar 

Visualization of Plaque Contrast Enhancement in Intracranial 

Vessel Wall MRI 

This chapter presents the development and validation of a novel semi-automated method for 

visualization and quantification of contrast enhancement (CE) in intracranial atherosclerotic 

plaques.  

The development process involved extensive optimization and refinement based on systematic 

evaluation of multiple approaches. A critical challenge addressed was the need for robust image 

signal intensity normalization to enable consistent CE quantification across patient cohorts. 

Through rigorous testing of various reference structures—including the corpus callosum, 

pituitary infundibulum, cerebrospinal fluid, and others— we identified the corpus callosum as 

the normalization approach that yielded the highest reproducibility, which confirmed findings 

from other research groups. The visualization methodology also underwent iterative refinement, 

as initial approaches including pixel-wise subtraction schemes produced overly noisy maps, 

while 3D volume rendering techniques, though visually intuitive, proved difficult to assess 

quantitively. Ultimately, we adopted a multi-planar design that balanced visualization clarity with 

quantitative precision. During the extensive image review process, multiple sources of CE 

artifacts were systematically identified and characterized by our team, leading to the 

development of robust artifact correction methods. Our final approach incorporates multi-

contrast preprocessing, optimized image intensity normalization, comprehensive enhancement 

artifact adjustment, and an empirically derived signal intensity threshold to generate 

comprehensive and intuitive 3D CE maps.  
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The unique contributions of this work include a semi-automated workflow that performs both 

detection and visualization of CE, provides both intensity and volumetric quantitative features, 

and significantly reduces false positives due to imaging artifacts. Through extensive validation 

against expert review, the method demonstrated excellent diagnostic performance and strong 

correlation with manual measurements, while rigorous scan-rescan testing confirmed high 

reproducibility for both CE detection and quantification. These findings establish our CE map 

technique as a reliable tool for objective assessment of plaque vulnerability in intracranial 

atherosclerotic disease. The clinical utility of this approach is demonstrated in the subsequent 

longitudinal study (Chapter 4), where quantitative CE measurements showed strong associations 

with intracranial plaque progression, validating the biological relevance of our methodology. 

This work presented here is being prepared for publication: Yin Guo, et al. "Voxel-Wise 

Quantification and Multi-planar Visualization of Plaque Contrast Enhancement in Intracranial 

Vessel Wall MRI."  
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3.1 Introduction 

Intracranial atherosclerotic disease (ICAD) is a leading cause of ischemic stroke worldwide1,2. 

Three-dimensional intracranial vessel wall (IVW) magnetic resonance imaging (MRI) has 

enabled the direct characterization of vessel wall pathologies and is increasingly adopted in both 

research and clinical settings3. Among IVW imaging biomarkers, contrast enhancement (CE) of 

intracranial plaques has emerged as particularly valuable. Facilitated by gadolinium (Gd)-based 

contrast agents, plaque CE reflects pathological changes such as increased endothelial 

permeability and the development of vasa vasorum4. Recent meta-analyses5,6 have highlighted 

the prevalence of plaque CE in symptomatic ICAD patients, identifying it as the most reliable 

imaging marker for culprit plaques - plaques most likely to be directly implicated in stroke. 

While qualitative approaches have been commonly used in clinical practice7, recent studies 

utilizing quantitative analyses of CE on IVW have provided deeper insights, revealing that CE 

represents a dynamic pathological process. For example, in recently symptomatic ICAD 

patients8, CE signals in potentially culprit plaques have been shown to decrease over a one-year 

period, accompanied by an increase in vessel lumen area. Therefore, quantitative measures of CE 

signals may offer a more precise assessment of clinical risk, while also advancing our 

understanding of the disease process in ICAD. 

A recent study developed a 3D enhancement color map for analyzing intracranial atherosclerotic 

plaques9, establishing the genu of the corpus collosum (CC) as a preferred reference structure for 

image intensity normalization to ensure consistency when comparing plaque CE across patient 

cohorts. However, additional key capabilities are required to advance quantitative CE analysis. 

First, the method must effectively model complex, eccentric plaques to enable comprehensive 

characterization of CE intensity, volume, and other plaque morphological features. Additionally, 
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IVW is susceptible to multiple sources of enhancing artifacts10, necessitating an adjustment 

strategy. A visualization framework is also crucial for intuitive depiction of the spatial extent of 

plaques and their CE characteristics. Finally, reproducible measurement methods for CE are 

necessary to precisely track subtle changes over time. While the reproducibility of other plaque 

morphologies has been extensively studied11,12, few studies have reported scan-rescan 

reproducibility for quantitative CE measurements.  

Therefore, this study aimed to develop a semiautomatic method for the visualization and 

quantification of intracranial plaque enhancement, building on a previously proposed multi-

contrast, multi-planar framework for ICAD characterization, and to evaluate the accuracy and 

scan-rescan reproducibility of CE measurements.  

 

3.2 Methods 

3.2.1 Study Design 

This retrospective study was conducted in compliance with the Health Insurance Portability and 

Accountability Act (HIPAA), and the study protocol was approved by the local Institutional 

Review Board. Written informed consent was obtained from all enrolled subjects, who were 

prospectively recruited as part of the 3D vessel WALL Imaging (WALLI) study. The study 

included two independent groups of subjects, all of whom had known intracranial atherosclerotic 

lesions based on clinical luminal imaging. Group A8 consisted of 37 patients whose baseline 

IVW imaging was used to develop the quantitative CE map and establish the intensity threshold 

for identifying CE. Group B12 consisted of 11 patients who underwent two IVW scans within two 
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weeks, to assess the scan-rescan reproducibility of CE measurements using the proposed 

framework.  

 

3.2.2 MRI Protocol 

All IVW examinations were performed on a 3T whole-body scanner (Ingenia CX, Philips 

Healthcare, Best, the Netherlands) with a 32-channel head coil. The IVW sequences utilized a 

3D Volume ISotropic Turbo spin echo Acquisition (VISTA) protocol with fat suppression and 

Cartesian UnderSampling with Target Ordering Method (CUSTOM) acceleration, reconstructed 

using the Self-supporting Tailored k-space Estimation for Parallel imaging (STEP) technique13. 

Pre-contrast T1-VISTA (Pre-T1w) and 3D time-of-flight angiography (TOF-MRA) were 

obtained prior to administering a single-dose gadolinium contrast agent (Prohance, 0.1 mmol/kg 

at 2cc/s, followed by a bolus of equal volume of saline). Post-contrast T1-VISTA (Post-T1w) 

was acquired three minutes after contrast injection. MR imaging parameters have been described 

in previous studies8,12.  

 

3.2.3 IVW Preprocessing and Plaque Annotation 

A detailed review protocol of IVW, along with extensive validation of this process, using a multi-

contrast, multi-planar framework (MOCHA) has previously been reported12. Briefly, pre-T1w, 

post-T1w and TOF-MRA were spatially aligned using rigid image registration, and intracranial 

artery centerlines were automatically traced on TOF images. One reader identified 

atherosclerotic lesions on the MOCHA-generated longitudinal and cross-sectional multi-planar 

reformats (MPRs) across eight arterial segments. The luminal and outer wall boundaries were 
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delineated on the cross-sectional MPRs perpendicular to the luminal centerline. The results were 

then peer-reviewed by a second reader and disagreements were resolved by consensus. The 

analyzed arterial segments included the supraclinoid internal carotid arteries (ICA), M1/M2 

middle cerebral arteries (MCA), A1/A2 anterior cerebral arteries (ACA), basilar artery (BA), V4 

vertebral arteries (VA), and P1/P2 posterior cerebral arteries (PCA).  

 

3.2.4 Development of the Quantitative Contrast Enhancement Map 

Building upon MOCHA-based image preprocessing and plaque annotation, IVW images were 

further processed to generate the quantitative CE map. This process involved the following steps 

(Figure 3.1): 1) image intensity normalization, 2) adjustment for enhancement artifacts, including 

proximity to the sinus and venous flow, 3) deriving the signal intensity threshold for CE, and 4) 

display and feature calculation.  

 

Figure 3.1 Flow chart of our proposed quantitative contrast enhancement map 

 

Image intensity normalization. Following the method described by Omodaka et al.14, for each 

subject, a region of interest (ROI) of 20mm2 was drawn over a normal appearing region of the 
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genu of the corpus callosum (CC) on the co-registered pre- and post-T1w source images. The 

average signal intensities (SI) within the ROI were recorded as SI-CCpre-T1w and SI-CCpost-T1w, 

respectively. The CC was selected as it is a brain region with uniform signal intensity that is not 

influenced by contrast enhancement, and previous studies have demonstrated the superiority of 

CC as a normalizing reference structure compared to other brain regions15,16. The normalized 

pre-T1w and post-T1w maps were then calculated by normalizing each voxel’s intensity to the 

SI-CCpre-T1w and SI-CCpost-T1w, respectively, and were applied across all arterial segments within 

this subject:  

pre-T1w map = pre-T1w image / SI-CCpre-T1w 

post-T1w map = post-T1w image / SI-CCpost-T1w 

Adjustment for enhancement artifacts. Hyperintense signals originating from sinuses and venous 

flows in post-T1w images were identified as major sources of enhancement artifact10. Arteries 

proximal to enhancing sinuses and veins often exhibit elevated CE values, which may not 

necessarily reflect true vessel wall enhancement, thus compromising the reliability of CE 

assessment in these regions. To address this issue, a 3D connected components-based algorithm 

was implemented to identify and isolate CE regions strictly confined within the vessel wall 

boundary.  

Artery regions (Rartery) were defined by the plaque outer wall boundaries and dilated by 1mm. CE 

regions (RCE) were defined by the 3D connected components where the SI of the post-T1w map 

exceed 1.0. The CE region within the arterial wall boundary (RCE-wall) were derived using an 

intersection operation:  

𝑅𝐶𝐸−𝑤𝑎𝑙𝑙 = {∀(𝑖, 𝑗, 𝑘) ∈ 𝑅𝐶𝐸  | 𝑅𝐶𝐸(𝑖, 𝑗, 𝑘) ⋂ 𝑅𝑎𝑟𝑡𝑒𝑟𝑦(𝑖, 𝑗, 𝑘) = 𝑅𝑎𝑟𝑡𝑒𝑟𝑦(𝑖, 𝑗, 𝑘)} 
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Artifact regions (RCE-artifact) were then calculated as: 

𝑅𝐶𝐸−𝑎𝑟𝑡𝑖𝑓𝑎𝑐𝑡 = 𝑅𝐶𝐸 − 𝑅𝐶𝐸−𝑤𝑎𝑙𝑙  

For regions calculated as artifacts (RCE-artifact), the post-T1w signal intensity values were adjusted 

to 0.5. This value represents an estimate of normal, non-enhancing vessel wall signal intensity 

rather than a high CE value that may artificially stand out during analysis. These regions (with 

value of 0.5) were excluded from subsequent steps of CE detection, segmentation, and feature 

extraction, as their CE values were deemed unreliable. 

Illustrations of the algorithm and examples of common artifacts are shown in Figure 3.2.   

 

Figure 3.2 Artifact adjustment. 

Upper: Illustration of the artifact adjustment process, where a 3D connected component-based 

algorithm identifies and excludes enhancing regions that extend beyond the arterial wall 

boundary, reducing false-positive detections from imaging artifacts. Lower: Examples of 
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common artifacts, including proximity to the sinus and venous flow contamination. The 

proposed algorithm effectively adjusts for these false-positive plaque enhancement signals. 

 

Deriving signal intensity threshold for CE. In group A, an expert reader reviewed all identified 

plaques on the pre- and post-T1w source images, first assessing the presence of CE by visually 

inspecting for distinct enhancing signals within the artery wall. For plaques with enhancement, 

the reader classified CE as either grade 1 (enhancement higher than the normal vessel wall but 

lower than the pituitary infundibulum (PI)) or grade 2 (enhancement similar to or exceeding that 

of the PI), and further categorized it as focal (localized, well-defined enhancement) or diffuse 

(widespread, homogeneous enhancement). Additionally, plaque wall regions exhibiting CE were 

manually segmented using the open-sourced software ITK-SNAP. CE volume within each 

plaque was then calculated, and the segmentation masks were automatically converted into 

cross-sectional views in MOCHA. Examples of manual annotation on source images are shown 

in Figure 3.3.  

A second reader independently performed CE detection using the same procedure to assess inter-

rater reliability. 

To identify the optimal signal intensity threshold for CE, the maximum intensity of the arterial 

wall from each post-T1 map slice, subtracted by the median intensity of the pre-T1w plaque 

wall, was compared with the manually determined CE presence or absence (see Statistical 

Analysis below).  
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Display and feature calculation. The CE color map (within the plaque wall region) was 

incorporated as an additional contrast weighting in MOCHA’s multi-contrast, multi-planar 

display, overlaid on the post-T1w images (Figure 3.3). 

 

 

Figure 3.3 Multiplanar enhancement map visualization. 
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Examples of contrast-enhancing plaques in the upper: left middle cerebral artery and lower: right 

vertebral artery. The manually segmented enhancement, labeled in the 3D source image (upper: 

axial view, lower: coronal view), is shown on the left, while the corresponding multiplanar 

enhancement map visualization is displayed on the right. 

We defined the following CE metrics:  

1) Mean enhancement ratio: the mean SI on post-T1w map (mean SI on post-T1w images 

normalized to the CC) within the plaque area 

The derived signal intensity threshold for CE was applied to all voxels within the plaque area to 

identify enhancing regions.  

2) Gd uptake: the difference between the mean SI on the post-T1w map and the mean SI on 

the pre-T1w map within the enhancing area. 

3) Enhancement volume: the total number of voxels in all enhancing regions, multiplied by 

the voxel size. 

4) Percent enhancement volume: enhancement volume / plaque wall volume * 100%. 

 

3.2.4 Reproducibility Studies 

In group B, an additional image registration step was incorporated into the MOCHA framework 

to account for the two-week spaced scans. The CC signal intensity was measured separately for 

each scan. Subsequently, the enhancement metric was calculated automatically.  
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3.2.5 Statistical Analysis 

In group A, the diagnostic performance of the quantitative CE map was assessed using the area 

under the curve (AUC) of the receiver operating characteristic curve (ROC). The optimal 

intensity threshold for CE detection on the normalized post-T1w map was determined by 

maximizing the Youden index (sensitivity + specificity – 1). Sensitivity and specificity for CE 

detection using the optimal threshold were estimated at the slice level, with the manual reader 

annotations as the reference standard.  

At the plaque level, the correlation between CE volumes measured on the CE map and manual 

segmentation was assessed using Spearman’s correlation coefficient, which is less affected by 

volume changes during MPR processing than measurements of absolute agreement such as the 

intraclass correlation coefficient (ICC). Additionally, Gd uptake was compared between Grade 1 

and Grade 2 enhancement, and CE volume was compared between focal and diffuse 

enhancement, using generalized estimating equation (GEE)-based regression to account for 

multiple enhancing plaques within the same subject.  

In Group B, scan-rescan reproducibility of CE detection was assessed using Cohen’s kappa. The 

reproducibility of enhancement ratio, Gd uptake, enhancement volume, and percent enhancement 

volume was evaluated using the ICC and coefficient of variation (CV). 

The nonparametric bootstrap and percentile method was employed to calculate 95% confidence 

intervals (CIs). Statistical significance was defined as p < 0.05. All statistical analyses were 

performed using statsmodels 0.13.5 with Python 3.10. 
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3.3 Results 

A total of 37 subjects were included in group A (mean age: 69 ± 12 years, 12 females), and 10 

subjects were included in group B (mean age: 69 ± 11 years, 5 females). Clinical characteristics 

for both groups are presented in Table 3.1. In total, 82 plaques were identified in the IVW scans 

of the 37 subjects in Group A, while 23 plaques were detected in both IVW scans of the 10 

subjects in Group B. 

Table 3.1 Study population 

Characteristics  Group A (n = 37) Group B (n = 10) 

Age (years) 69 ± 12 69 ± 11 

Male sex  25 (68) 5 (50) 

Symptomatic  24 (65) 0 (0) 

Hypertension 29 (78) 8 (80) 

Hyperlipidemia 25 (68) 5 (50) 

Diabetes 9 (24) 5 (50) 

Statins use 29 (78) 8 (80) 

 

In group A, there were a total of 673 cross-sectional post-T1w slices from 82 plaques, of which 

90 (13%) slices from 17 (21%) plaques were identified as CE-positive by the reader. The overall 

AUC for CE detection was 0.91 (95% CI: 0.87, 0.94). The signal intensity threshold, determined 

using the Youden index on the normalized post-T1 map, was derived as 0.4 plus the median 

intensity of the pre-T1 map (Figure 3.4a). Applying this threshold, 134 (20%) slices from 23 



 67 

plaques (28%) were identified as CE-positive. The sensitivity and specificity for CE detection at 

the slice level were 0.83 and 0.90, respectively.  

 

Figure 3.4 Signal intensity threshold optimization for the presence of contrast enhancement (CE). 

(a) The optimal signal intensity threshold for CE detection on the post-T1w map was determined 

as 0.4 plus the median plaque wall intensity of the pre-T1w map, maximizing the sum of 

sensitivity and specificity. (b) When artifact adjustment was disabled, the same intensity 

threshold applied; however, this resulted in a substantial decline in detection specificity with 

only a marginal increase in sensitivity.  

 

At the plaque level, 16/82 plaques were identified as CE-positive by both manual annotation and 

the quantitative CE map. CE volume measured using the optimal threshold on the CE map 

strongly correlated with reader measurements (Spearman’s rho = 0.82, p < 0.001). Plaques with 

Grade 2 enhancement (n = 6) exhibited significantly higher Gd uptake compared to Grade 1 

plaques (n = 10, p < 0.001, Figure 3.5a). Plaques with diffuse enhancement (n = 5) had 
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significantly larger enhancement volume than those with focal enhancement (n = 11, p = 0.03, 

Figure 3.5b).  

 

Figure 3.5 Box plot comparing CE map metrics and rater assessment. 

(a) Box plot showing that plaques with Grade 2 enhancement (n = 6) had significantly higher Gd 

uptake than those with Grade 1 enhancement (n = 10, p < 0.001). (b) Box plot showing that 

plaques with diffuse enhancement (n = 5) had significantly larger enhancement volumes than 

those with focal enhancement (n = 11, p = 0.03).  

 

When the modules for artifact adjustment were disabled, with the same threshold (Figure 3.4b), 

there was a decline in CE detection performance, with the overall AUC for dropping to 0.78 

(95% CI: 0.74, 0.82). Sensitivity and specificity were 0.87 and 0.70, respectively. A total of 253 

slices from 39 plaques were identified as enhancing. As signal intensity adjustment only reduces 

the measured CE values, we observed only a slight decrease in sensitivity after adjustment but a 

substantial increase in specificity, effectively reducing CE false positives caused by artifacts.  
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When assessing inter-rater reliability of CE detection, 16 plaques (20%) were categorized as CE-

positive by both readers, while 7 plaques (9%) were categorized as CE-positive by only one 

reader. The remaining 59 plaques (72%) were categorized as CE-negative by both readers, 

resulting in a kappa coefficient of 0.76 (95% CI: 0.57, 0.92). 

In Group B, the scan-rescan reproducibility of CE signals demonstrated robust agreement. The 

average histogram overlap (intersection over union, IoU) between the two scans was 0.73 ± 0.12 

for pre-T1w maps and 0.75 ± 0.12 for post-T1w maps. The enhancement ratio showed high scan-

rescan reproducibility, with an ICC of 0.92 (95% CI: 0.82, 0.96). Example of scan and rescan CE 

maps of an internal carotid artery plaque, and their overlapping histograms, are shown in Figure 

3.6.  

Applying the signal intensity threshold, 9 plaques (39%) were categorized as CE-positive in both 

scans, 2 plaques (9%) were categorized as CE-positive in only one scan, and 12 plaques (52%) 

were categorized as CE-negative in both scans, yielding a kappa coefficient of 0.82 (95%CI: 

0.55, 1). Among the 9 plaques categorized as CE-positive in both scans, quantitative CE 

measures showed high reproducibility and small measurement variability (Table 3.2). The CV 

statistic favored enhancement ratio, while the ICC statistics favored Gd uptake and volumetric 

CE measurements. Bland-Altman plots (Figure 7) revealed no apparent relationship between 

variance and the mean for all the quantitative metrics. 
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Table 3.2 Assessment of scan-rescan reproducibility of the quantitative contrast enhancement 

metrics 
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Figure 3.6 CE map reproducibility. 

Upper: Example of co-registered scan and rescan intracranial vessel wall images with the 

corresponding CE map, presented in both cross-sectional and longitudinal views. A supraclinoid 

internal carotid plaque displaying CE is highlighted. Lower: Histograms of pre-T1w and post-

T1w maps demonstrate good overlap between scan and rescan, indicating consistency in 

normalized signal intensity distributions. 
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Figure 3.7 Bland-Altman plots illustrate the reproducibility of enhancement ratio, enhancement 

uptake, enhancement volume, and percent enhancement volume in the 9 plaques categorized as 

CE-positive in both scan and rescan sessions. 

 

3.4 Discussion 

We developed and validated an image processing method for quantitative characterization of 

contrast enhancement (CE) in intracranial atherosclerotic plaques, building upon a previously 

proposed multi-contrast, multi-planar framework for analyzing intracranial vessel wall (IVW) 

MRI12. Our method integrated intensity normalization across pre- and post-T1w scans, 



 73 

mitigation of enhancing artifacts, and an optimized signal intensity threshold for CE detection, 

demonstrating strong agreement with expert reader assessments of CE presence and volume. In 

addition, the scan-rescan reproducibility of CE detection and measurement was high using the 

quantitative CE map. Incorporating this method into clinical practice could standardize IVW 

review and streamline radiologist workflows, enabling comprehensive plaque characterization 

while improving stroke risk assessment and treatment planning.  

Despite the promise of IVW for improving the diagnosis and characterization of intraplaque 

atherosclerotic diseases, the small caliber of intracranial vessels and the limited resolution of 

imaging pose significant challenges in identifying specific plaque components, such as 

intraplaque hemorrhage and necrotic core—features commonly associated with high-risk plaques 

in larger arterial beds17,18. Despite these limitations, CE of intracranial plaques has emerged as a 

valuable biomarker in imaging ICAD. Upon the administration of gadolinium (Gd)-based 

contrast agents, plaque CE occurs through two primary mechanisms: direct diffusion from the 

arterial lumen or infiltration via the vasa vasorum in the adventitia. Intriguingly, healthy 

intracranial arteries lack vasa vasorum19, which only develops in response to pathological 

conditions20. Consequently, the presence of vasa vasorum and associated CE may serve as an 

indicator of increased endothelial permeability and vessel wall vulnerability. Therefore, CE has 

been strongly linked to downstream acute infarction9,21, with plaques demonstrating CE being up 

to ten times more likely to cause infarction in their supplied tissue compared to non-enhancing 

plaques5. For patients presenting with acute ischemic stroke, integrating CE assessment into 

routine IVW examinations could serve as a valuable method for identifying high-risk plaques 

and guiding therapeutic strategies.  
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Clinicians often assess intracranial plaque enhancement through qualitative grading21–24 as 

follows: grade 0 indicates no enhancement; grade 1, enhancement higher than the normal vessel 

wall but lower than the pituitary infundibulum (PI); and grade 2, enhancement similar to or 

exceeding that of the PI. Additionally, they qualitatively categorize CE morphology as either 

focal (localized, well-defined enhancement) or diffuse (widespread, homogeneous enhancement). 

However, especially in research settings, a broader range of quantitative metrics is desirable for a 

more detailed analysis of plaque properties. Most studies quantify CE in 2D, using a single 

image slice from a specific plane of view in the source images, typically selecting the slice with 

the most severe stenosis or the thickest plaque wall. The degree of CE is then normalized to that 

of a reference structure, such as the PI22,23, gray matter25,26, cerebrospinal fluid (CSF)27, or the 

genu of the corpus callosum (CC)9,28, with the CC shown to provide the most reliable reference 

for identifying culprit plaques in stroke patients9. 

Despite these advances, most studies have fallen short of achieving intuitive 3D visualizations 

and voxel-wise CE measurements. Sanchez et al.9, by adapting a workflow originally designed 

for quantifying intracranial aneurysms16,29, utilized signal intensity probes extending from the 

lumen into the vessel wall to create a 3D enhancement color map. However, this spoke-based 

approach often misrepresents eccentric plaques as thin CE surfaces, still requiring manual plaque 

morphology measurements from source images. Furthermore, a lack of an image registration 

module between pre- and post-T1w images requires separate measurements on each, doubling 

the manual efforts for plaques delineation. Our proposed quantitative CE map, built upon 

MOCHA, address these challenges by streamlining ICAD and CE characterization. This 

approach allows for simultaneous multi-contrast image review, and the organic integration of 

plaque morphological and enhancement assessments within a single workflow through multi-
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planar reformation. Beyond MOCHA’s plaque characterization, only the manual signal intensity 

measurement of the reference structure (CC) is required to generate the CE map, significantly 

improving efficiency. Moreover, the derived quantitative metrics, including Gd uptake and 

enhancement volume, were found to correlate well with the widely adopted qualitative metrics. 

Additionally, previous quantitative CE maps lacked a definitive threshold for determining CE 

presence, and these measurements were often compromised by common enhancing artifacts, 

such as proximity to the sinus or venous flow. While clinicians performing qualitative 

assessments can often recognize and disregard these artifacts10, prior quantitative methods have 

not addressed this issue, leading to false-positive detections and reduced specificity. In our study, 

we implemented an artifact adjustment module that significantly improved specificity by 

distinguishing true plaque enhancement from non-plaque-related signal elevations using a 3D 

connected component-based approach. By excluding enhancing regions extending beyond the 

arterial wall boundary—likely stemming from imaging artifacts rather than true CE—this 

adjustment markedly reduced false positives, increasing specificity from 0.70 to 0.90 while 

maintaining high sensitivity at 0.83. The increased specificity is significant because it ensures 

that the detected CE truly reflects a pathological process rather than capturing imaging noise, 

establishing CE as a more reliable IVW imaging biomarker.  

The accurate assessment of CE is particularly critical for facilitating longitudinal follow-up 

studies on ICAD, which help understand the time course of intracranial plaque enhancement and 

its relationship with acute ischemic events30,31. Evidence suggests that both the degree and 

persistence of plaque enhancement may serve as promising biomarkers for predicting recurrent 

strokes32–34. Given that patients with stroke attributable to ICAD face the highest risk of 

recurrence among all stroke etiologies1, this understanding is crucial for optimizing primary and 
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secondary stroke prevention strategies. Several IVW studies have reported different trends in CE 

changes: plaques associated with recurrent events often exhibit an increase in CE35, while non-

recurrent plaques generally show a decrease in CE8,31, potentially indicating a favorable response 

to medical treatment. To further elucidate the relationship between ICAD and CE evolution, a 

broader adoption of longitudinal IVW studies is necessary. Our quantitative CE map offers an 

efficient and reliable method for IVW lesion quantification, which may help overcome the 

barriers to such future investigations. 

Few studies have reported on the reproducibility of CE measurements, which is a critical 

requirement for reliably tracking changes in plaque enhancement over serial IVW examinations. 

Existing studies have reported inter-rater ICCs ranging from 0.77 to 0.9223,36,37, although the 

definitions of the measured quantities vary widely, and these studies continued to rely on 

traditional 2D approaches to characterize CE intensity. One previous study12 evaluated the scan-

rescan reproducibility of CE signals on IVW, reporting an ICC of 0.94 (95% CI: 0.89, 0.97) for 

the enhancement ratio in patients scanned twice within a two-week interval. However, that study 

did not perform intensity normalization, which may be sufficient in an experimental setting, 

where the same patient is scanned on the same scanner within a short timeframe, but fails to 

ensure comparability of CE values across patients. This limitation reduces its applicability in 

larger cohort studies. Importantly, our proposed method was developed and further validated 

against expert manual review, addressing reproducibility for broader applicability.  

There are a few limitations in this study. First, while the number of plaques may be sufficient for 

analysis, this study remains limited by the small number of plaques with contrast enhancement. 

Additionally, scan-rescan validation was performed on a subset of asymptomatic patients, who 

may exhibit fewer CE features compared to clinical stroke cohorts. Second, the CE threshold was 
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developed and validated against manual review. Challenges remain in conducting histological 

studies to establish a definite ground truth for the presence of intracranial plaque CE. Third, this 

study was conducted at a single center using a single type of MRI scanner and IVW sequence, 

and CE intensity may also be influenced by factors such as the timing between gadolinium 

injection and IVW imaging27. Future studies are needed to evaluate the generalizability of the CE 

threshold across different imaging protocols and clinical settings. 

 

3.5 Conclusion 

We developed and validated a quantitative CE mapping method for intracranial atherosclerotic 

plaques, integrating a multi-contrast, multi-planar IVW MRI framework with intensity 

normalization, artifact mitigation, and an optimized signal intensity threshold for CE detection. 

Our approach demonstrated high accuracy and strong scan-rescan reproducibility for CE 

intensity and volumetric measurements. By offering an efficient and reliable means of assessing 

CE, this method has the potential to enhance stroke risk stratification, monitor disease 

progression, and guide treatment strategies for ICAD patients. 
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Chapter 4 Plaque Evolution and Vessel Wall Remodeling of 

Intracranial Arteries: A Prospective, Longitudinal Vessel Wall MRI 

study 

 
This chapter presents a one of the first prospective, longitudinal investigations into the 

evolution of intracranial atherosclerotic disease (ICAD) using three-dimensional vessel wall 

MRI (IVW). Following 37 patients with angiography-confirmed ICAD over a one-year period, 

we employed our validated MOCHA workflow to jointly analyze baseline and follow-up 

imaging data. The majority of plaques (74%) remained stable during the observation period, 

with the regression group showing significant increases in minimum lumen area and the 

progression group exhibiting significant decreases. Our findings reveal significant associations 

between diabetes mellitus and plaque progression, with diabetic patients experiencing 

significant decrease in lumen area increase in wall thickness at one-year follow-up. Notably, 

baseline contrast enhancement emerged as a significant predictor of plaque progression, while 

culprit plaques demonstrated a distinctive pattern of luminal expansion. compared to non-

culprit lesions. These results provide valuable insights into the natural history of ICAD and 

highlight potential imaging biomarkers for identifying high-risk plaques that may benefit from 

more aggressive intervention. 

The work presented here is reproduced and adapted from: Yin Guo, et al. "Plaque evolution and 

vessel wall remodeling of intracranial arteries: a prospective, longitudinal vessel wall MRI 

study." Journal of Magnetic Resonance Imaging 60.3 (2024): 889-899. 
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4.1 Introduction 

Intracranial atherosclerotic disease (ICAD) is a leading cause for ischemic stroke worldwide1. 

It represents a dynamic process, as evidenced by prior studies associating ICAD progression 

with both baseline and recurrent ischemic stroke events2,3. Therefore, there is a need for 

imaging techniques to investigate ICAD evolution and its associations with stroke. 

Traditionally, ICAD evolution has been monitored with luminal stenosis changes on 

angiographic imaging such as computed tomography angiography (CTA) or magnetic resonance 

angiography (MRA)4–6. Three-dimensional (3D) intracranial vessel wall MRI (IVW), on the 

other hand, allows for morphological characterization of vessel wall lesions. IVW provides 

unique advantages in the longitudinal evaluation of ICAD as it can directly measure plaque 

evolution and vessel wall remodeling and identify both stenotic and non-stenotic lesions. Non-

stenotic lesions are challenging to identify on angiography but are reported to account for 30%-

70% of ICAD plaques7,8. 

Two longitudinal ICAD 3D IVW studies9,10 monitored culprit plaques in stroke patients and 

documented regression under intensive medical treatment. However, these studies were limited 

in numbers, and as a result, ICAD evolution and its contributing factors remains relatively 

unknown. One of the challenges for longitudinal IVW studies is rater analysis of complex 

multi-contrast and multi-time point 3D datasets11,12. To address this limitation, our group 

previously developed MOCHA13 (multi-planar, multi-contrast and multi-time point analysis 

tool for intracranial vessel wall characterization), a dedicated pipeline for efficient and reliable 

serial IVW lesion detection and quantification. MOCHA has shown excellent inter-rater and 

scan-rescan reproducibility for ICAD characterization, surpassing the reproducibility of 

standard rater review14. 
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The objective of this study is to characterize imaging patterns of plaque evolution and vessel 

wall remodeling in ICAD, with longitudinal 3D IVW and MOCHA. 

 

4.2 Methods 

4.2.1 Study Population 

This HIPAA-compliant study was approved by the Institutional Review Board. After written 

informed consent was obtained, patients were prospectively recruited as part of the WALLI 

study8 between September 2016 and September 2020. The inclusion criterion was CTA- or 

MRA-confirmed intracranial artery stenosis or luminal irregularity after patients undergoing 

acute stroke workup. A board-certified radiologist conducted chart and clinical image review 

to determine eligibility of potential subjects. Exclusion criteria included: non-atherosclerotic 

vasculopathies, extracranial carotid stenosis >50%, recent stroke from atrial fibrillation or 

other potential cardioembolic sources, current or prior subarachnoid hemorrhage, intracranial 

stent or clip, history of radiation therapy to the head, any contraindication to MRI or 

intravenous gadolinium contrast, or inability to provide informed consent. During patient 

recruitment, demographic and clinical characteristics, including age, sex, hypertension, 

hyperlipidemia, diabetes mellitus and medications were collected. Patient management was 

determined by the clinical team and followed standard clinical care for medical management. 

No patients received intracranial stents.  

After initial screening, 45 patients with evidence of ICAD on clinical luminal imaging were 

consecutively recruited in the WALLI study. To analyze atherosclerotic plaque evolution, 

subjects underwent IVW twice at a twelve-month interval. A total of 37 subjects (age 68.91 ± 
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11.74 years, 12 females) who completed longitudinal 3D IVW were included in this analysis. 

The study flow chart is provided in Figure 4.1(a). The mean interval between scans was 1.3 ± 

0.4 years. A total of 29 subjects (78%) were on statins and 30 (81%) were on antiplatelet 

medications.  

 

Figure 4.1 Flow chart for (a) the prospective WALLI longitudinal study and (b) IVW processing 

and interpretation by MOCHA. 

 

4.2.2 MRI Protocol 

Details of the 3D multi-contrast IVW protocol were previously reported13,15. Briefly, IVW was 

performed at two time points on a 3.0T scanner (Ingenia CX, Philips Healthcare, Best, The 
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Netherlands) with a 32- channel head coil. The imaging protocol included pre- and post-

contrast T1 volumetric isotropic turbo spin echo (VISTA), delay alternating with nutation for 

tailored excitation (DANTE)- prepared blood-suppressed proton density (PD) weighted VISTA 

and time-of-flight MRA (TOF) sequences (see sequence parameters in Table 4.1). 

Conventional MRI sequences, including diffusion weighted imaging (DWI), susceptibility 

weighted imaging (SWI) and T2-fluid attenuated inversion recovery (FLAIR) were performed 

at both time points. 

Table 4.1 MRI protocol sequence parameters 

 

 

4.2.3 IVW Interpretation and Morphological Measurements 

The MOCHA workflow, as described previously13,16,  was used for the analysis of IVW 

images  incorporating an image registration step to account for the multi-time point imaging 

data. Briefly, the baseline and follow-up contrast weightings (pre- and post-contrast T1 
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VISTA, PD VISTA and TOF, as mentioned above) were registered, and automated cross-

sectional multi-planar reformats (MPRs) perpendicular to the luminal centerline were then 

created. 

Cross-sectional MPRs were used for the detection of plaque and delineation of the luminal and 

outer wall boundaries of eight intracranial arterial segments. These included: petrous (PET), 

cavernous (CAV) and supraclinoid (SC) internal carotid arteries (ICA), M1/M2 middle 

cerebral artery (MCA), A1/A2 anterior cerebral artery (ACA), basilar artery (BA), V4 

vertebral arteries (VA) and P1/P2 posterior cerebral arteries (PCA). A lesion was identified if 

it showed stenosis or irregularity on luminal imaging and/or wall thickening on T1 pre- and 

post-contrast VISTA8, and the luminal and outer wall boundaries were manually traced by one 

reader (GC with 13 years of vascular imaging experience). The results were then peer-

reviewed by a second reader (JS with 13 years of vascular imaging experience). Disagreement 

in the peer review was discussed with a third rater (MMB with 19 years of vascular imaging 

experience). Each arterial segment was analyzed independently after randomization, and 

plaques were traced on baseline and follow-up imaging side-by-side at the same session, with 

the order of the two scans randomized and timestamps removed. With the same readers, 

reproducibility of IVW plaque detection and measurements were extensively validated in a 

prior publication13. Per arterial segment with plaque, the manual analysis typically took 15 

minutes for both studies. For segments without plaque, the analysis time was substantially 

shorter.  

Plaque length was determined by counting consecutive cross-sectional slices with lesions. 

Plaque morphological measurements (including lumen area, wall area, total vessel area, 

maximum wall thickness, and normalized wall index) were derived based on the delineated 
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luminal and outer wall boundaries. In addition, we measured mean signal intensity within the 

vessel wall on pre-contrast and post-contrast T1-VISTA images to calculate the contrast 

enhancement ratio. Detailed definitions of these parameters can be found in a prior 

publication13. The flow chart for IVW processing and interpretation by MOCHA is provided in 

Figure 4.1(b).  

Blinded to the IVW MPR images and interpretation, three neuroradiologists (MMB, DBG 

with 10 years of experience and MK with 5 years of experience) independently reviewed 

baseline TOF-MRA to record the location of stenoses across the different segments and 

measured the degree of stenosis with the Warfarin-Aspirin Symptomatic Intracranial 

Disease (WASID) criteria17 using the RadiAnt DICOM Viewer 

(https://www.radiantviewer.com, Medixant, Poznan, Poland). Inter-reader agreement was 

assessed, and any disagreement was then resolved by consensus.  

In a separate review session while blinded to all other imaging, one board-certified 

neuroradiologist (MMB) reviewed brain MRI performed in close temporal proximity to 

baseline IVW and determined the location of recent infarcts. Recent infarcts were lesions 

showing diffusion restriction. Medical charts and follow-up brain MRI were reviewed (MMB), 

and patient interviews were performed every 3 months over the one-year follow-up period for 

any recurrent ischemic events. These results were peer-reviewed and confirmed by one 

radiologist (NZ with 5 years of experience).  

Detected atherosclerotic plaques were classified into two groups (culprit and non-culprit) 

based on their location, mean wall area, and the infarct territory, similar to approaches defined 

in prior studies18–20. A culprit plaque was identified when it was either the only lesion within 

the vascular territory upstream of the infarct, or it had the largest mean wall area when 

http://www.radiantviewer.com/
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multiple plaques were upstream within the same infarct territory. Other plaques were 

considered non-culprit. When deciding between possible culprit plaques all within a single 

infarcted vascular territory, wall area was used as the criterion rather than luminal stenosis, 

given the presence of non-stenotic or mildly stenotic culprit lesions in previous reports21.  

 

4.2.4 Statistical Analysis 

Plaques were categorized as progressing, stable and regressing based on longitudinal changes 

in maximum wall thickness between the two scans. The threshold was determined using the 

measurement error in a previous scan-rescan reproducibility cohort13 to establish meaningful 

changes in maximum wall thickness. A 15.2% change (two times the standard deviation of 

percentage measurement differences (7.6%), covering 95% of the confidence interval (CI)) in 

maximum wall thickness over one year was chosen as the threshold for determining whether a 

plaque had progressed, regressed, or remained stable. Plaque morphological measurements on 

IVW were compared between baseline and one-year scans within the three groups. Logistic 

regression was used to compare the differences in baseline plaque characteristics between 

regression versus stable/progression groups, and between progression versus stable/regression 

groups. 

Regarding both baseline measurement and percentage changes of ICAD characteristics, we 

used univariate regression to study the associations with vascular risk factors and medications, 

and logistic regression to compare between culprit and non-culprit lesions. Specifically, culprit 

lesions were compared between both all non-culprit lesions from all patients, and to control for 

potential patient-specific confounders, with matched non-culprit lesions within patients where 
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culprit lesions were identified.  

To assess the inter-reader reproducibility of luminal stenosis measurement, the intra-class 

coefficient (ICC) with 95% CI was calculated from a two-way mixed model.  

Categorical variables were summarized as count (percentage). Continuous variables were 

summarized as mean ± standard deviation. To account for non-independent observations of 

multiple plaques detected in the same patient, generalized estimating equations (GEE)-based 

models were used throughout all above-mentioned analyses. Artery segment was included as a 

covariate in the regression models to account for properties of different artery beds.  

All statistical analyses were performed using statsmodels22 0.13.5 with Python 3.10. A two-

sided p-value<0.05 was considered statistically significant.  

 

4.3 Results 

Among 37 subjects, a total of 120 plaques were detected on IVW, with the ICA being the most 

frequently involved segment (n=64) and the ACA being the least frequently involved segment 

(n=1). The distribution of lesions among the above-mentioned eight segments and their 

changes in maximum wall thickness are shown in Figure 4.2. During the twelve-month follow-

up, 89 (74%) plaques remained stable, 18 (15%) plaques regressed, and 13 (11%) plaques 

progressed. Specifically, 13/55 (24%) plaques progressed in 9/37 (24%) subjects, and 18/78 

(23%) plaques regressed in 14/37 (38%) subjects. Example images of progressing and 

regressing plaques are shown in Figure 4.3. 
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Figure 4.2 Percentage changes in maximum wall thickness grouped by intracranial artery 

segments. 

ICA_PET: petrous internal carotid artery, ICA_CAV: cavernous internal carotid artery, 

ICA_SC: supraclinoid internal carotid artery, MCA: M1/M2 middle cerebral artery, ACA: 

A1/A2 anterior cerebral artery, BA: basilar artery, VA: V4 vertebral artery, PCA: P1/P2 

posterior cerebral artery. Each dot represents one identified plaque. 



 93 

 

Figure 4.3 Examples of longitudinal evolution of intracranial plaques analyzed using MOCHA, 

showing multi-contrast IVW (columns) in cross sections with lumen (red) and outer wall (blue) 

contours. 

(a) A culprit PCA plaque showing regression (thinning of arterial wall and expansion of 

lumen). (b) A non-culprit ICA supraclinoid plaque showing progression (thickening of arterial 

wall and contraction of lumen.  
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Ischemic infarcts were identified in 24 subjects (65%), and subsequently 18 culprit plaques 

were found. Two subjects experienced recurrent events during the follow-up period.  

The three readers reached excellent reproducibility in measuring luminal stenosis, with the ICC 

value of 0.972 and 95% CI of (0.962, 0.979).  

 

4.3.1 Associations of Plaque Morphology with Vascular Risk Factors 

Table 4.2 presents the associations between patient demographics, clinical risk factors, 

medications, and baseline measurements and percentage changes in minimum lumen area and 

maximum wall thickness. We found that non-white race was significantly associated with 

smaller baseline lumen area. Presence of hypertension, hyperlipidemia, and diabetes were all 

significantly associated with larger arterial wall thickness measurements at baseline. 

However only diabetes was significantly associated with ICAD progression, with 6.6% 

decrease in lumen area and 6.7% increase in wall thickness at one-year follow-up. 
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Table 4.2 Associations between patient demographics and clinical risk factors, and baseline 

characteristics and percentage changes of plaque lumen area and wall thickness 
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4.3.2 Plaque Wall Remodeling Patterns 

As shown in Table 4.3, we measured the minimum lumen area significantly increase from 7.4 

mm2 to 8.3 mm2 and the mean wall area significantly decrease from 11.6 mm2 to 10.1 mm2 in the 

regression group. For the progression group, the minimum lumen area significantly decreased 

from 5.4 mm2 to 4.3 mm2 and the mean wall area significantly increased from 10.5 mm2 to 11.5 

mm2. In the stable group, neither measurement differed significantly from baseline to follow-up 

(p=1.00 and 0.79, respectively). In all three groups, the changes in mean total vessel area were 

not statistically different (p=0.23, 0.42 and 0.49, respectively). Therefore, progressing plaques 

demonstrated inward remodeling with lumen loss, while regression was accompanied by luminal 

expansion.  

We did not observe statistically significant changes in contrast enhancement in regression, stable 

and progression groups (p=0.18, 0.64 and 0.12, respectively).  
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Table 4.3 ICAD characteristics at baseline and 1-year follow-up 
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4.3.3 Baseline Plaque Characteristics Across Plaque Evolution Categories 

We did not find significant differences in the degree of baseline luminal stenosis comparing the 

regression or progression group to the other two corresponding groups combined (odds 

ratio=0.99 and 1.00, p=0.70 and 0.96), as shown in Table 4.4. Figure 4.4 further illustrates the 

relation of baseline luminal stenosis with percentage changes in minimum lumen area and 

maximum wall thickness.  

 

Figure 4.4 Percentage changes in minimum lumen area and maximum wall thickness by degree 

of baseline stenosis (measured on time-of-flight (TOF) based on Warfarin-Aspirin Symptomatic 

Intracranial Disease (WASID) criteria). 

Each dot represents one identified plaque. Changes in vessel lumen and wall had substantial 

overlap between plaques with varying degree of stenosis. 
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Table 4.4 Predictabilities in baseline intracranial plaque characteristics when distinguishing 

between regression vs. stable and progression groups, or progression vs. stable and regression 

groups 

  

No baseline plaque morphological features predicted progression. However, when controlled for 

arterial segment, maximum contrast enhancement ratio at baseline was significantly higher in the 

progression group than in the stable and regression groups (odds ratio=3.61). We also observed a 

trend of lower contrast enhancement in the regression group (odds ratio=0.36, p=0.08).  

 

4.3.4 Culprit vs. Non-culprit Plaque Comparison 

Four of the 18 culprit plaques underwent regression and 14 remained stable. Table 4.5 shows 

that there were no significant differences in baseline plaque characteristics between culprit and 

non-culprit lesions. However, we observed luminal increase (Figure 4.3(a)) in percentage 

changes within culprit lesions (n=18, 10.93 ± 19.06), the degree of which was significantly 

higher compared with non-culprit lesions (n=102, 2.25 ± 21.24). The comparison with matched 

culprit lesions confirmed the same association (10.93 ± 19.06 vs. 2.72 ± 24.09).  
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Table 4.5 Differences in baseline characteristics and percentage changes of ICAD between 

culprit and non-culprit plaques 
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4.4 Discussion 

In this study, we reported a prospective study assessing the longitudinal evolution of ICAD on 

3D IVW using a standardized quantification pipeline of 3D multi-planar, multi-contrast, multi-

time point imaging review, and identified plaque contrast enhancement and diabetes mellitus, 

rather than stenosis, to be biomarkers indicating progression. We found that, after one-year 

follow-up, a quarter of all ICAD plaques evolved. Progressing plaques exhibited inward 

remodeling with lumen loss, while regression was accompanied by luminal expansion. Total 

vessel area, which represents changes in the outer wall boundary, remained stable in all three 

groups. This indicates there were no significant changes of outward remodeling in our study 

cohort, which differs from findings in the carotid plaque literature where outward remodeling 

was demonstrated in progressing plaques23,24. For example, Underhill et al. observed increases 

in wall and total vessel area but no changes in lumen area, demonstrating outward remodeling 

in 24 asymptomatic subjects with carotid atherosclerosis. Investigators and clinicians 

frequently infer ICAD behavior based on the carotid literature; however, this study suggests 

potential differential evolution that, with further validation, may better inform clinical 

longitudinal ICAD evaluation. 

This study also demonstrated the limitations of using luminal angiography alone when 

assessing ICAD evolution. The changes in minimum lumen area and maximum wall thickness, 

indicative of plaque burden evolution, correlated poorly with the degree of baseline stenosis and 

had substantial overlap between stenotic and non-stenotic lesions. Additionally, the degree of 

baseline luminal stenosis did not predict future progression or regression of ICAD lesions. 

IVW-derived plaque features, however, could differentiate progressing plaques, which had 

higher contrast enhancement at baseline compared to plaques that regressed or remained stable. 
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Plaque contrast enhancement has been identified as a biomarker for increased 

neovascularization and inflammation19,25, and our study further presented evidence highlighting 

the value of monitoring plaque enhancement.  

Culprit ICAD lesions showed an expansion in lumen area. One possible explanation for this 

regression post-stroke is that, compared with non-culprit ICAD, culprit lesions may be more 

dynamic and more responsive to aggressive medical treatment. Another potential explanation is 

that before or immediately after the event, plaques may grow and the lumen size may be 

reduced secondary to inflammation, which subsides over time to baseline levels. Supporting 

this theory, culprit lesions showed a decrease in contrast enhancement over one year in our 

study. 

The evolution of culprit lesions in symptomatic patients was the focus of four previous IVW 

longitudinal studies9,10,25,26. These studies imaged stroke patients with IVW over six to eighteen 

months, and divided patients into recurrent and non-recurrent stroke groups based on 

subsequent stroke events. The culprit plaques of the primary stroke were followed up, and they 

experienced plaque regression, especially in non-recurrent stroke patients, in agreement with 

our findings. However, when attempting to identify which plaque features are critical to predict 

future stroke events, each study pointed to different characteristics, such as stenosis, maximum 

wall thickness, plaque burden or enhancement ratio. The lack of consensus may be due to 

variable study designs: the two prospective studies used 2D IVW imaging acquisitions25,26, 

which has its limitations in IVW coverage and lesion assessment27, while the two 3D IVW 

imaging studies were retrospective9,10. The current study benefits from a prospective cohort 

with 3D IVW imaging protocols and a standardized analysis workflow. Moreover, 

comprehensive assessment and monitoring of all arterial segments and ICAD lesions, rather 
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than only one culprit plaque per patient, may further elucidate the risk of recurrent events and 

relationships in plaque behavior. 

In the current study, the efficient identification and evaluation of all intracranial plaques in 

major vascular territories was facilitated by the dedicated MOCHA pipeline. MOCHA 

performed automated registration and arterial reconstruction into straight and curved planar 

reformats, allowing reviewers to navigate and identify lesions through all eight major 

intracranial arteries in an interactive, multi-planar display. Moreover, MOCHA was conceived 

as a tool dedicated to characterizing changes in ICAD over time with a built-in step to perform 

multi-time point image registration. Its excellent scan-rescan measurement reproducibility13  

has served as a firm quantitative basis in this longitudinal study. Previous investigative studies 

and patient monitoring of ICAD relied almost exclusively on luminal imaging modalities like 

transcranial Doppler3,28, rotational angiography29,30 and MRA4,5,31,32. As demonstrated in this 

study, more than half of the intracranial plaques that showed no appreciable stenosis would 

have been neglected on luminal imaging. With the advantages of MOCHA in both identifying 

and quantifying vessel wall abnormalities, through implementation into clinical workflows, we 

would expect increased IVW usage both in research and clinical settings to facilitate 

comprehensive evaluation of the intracranial vasculature. A recent survey of the ASNR 

membership indicated that more than 50% of institutions surveyed were performing IVW. 

Amongst those not using IVW, more than 50% indicated challenges of interpretation as an 

obstacle, and if these challenges were overcome, 55% indicated their institution would perform 

IVW33.  MOCHA can help facilitate more efficient and automated imaging review with 

software-enabled lesion detection and characterization.  

Vascular risk factors for ICAD traditionally include older age, male sex, race, smoking, 
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hypertension, diabetes, and hyperlipidemia. None of our 37 subjects were current smokers, so 

the effect of smoking on ICAD evolution could not be tested. Consistent with prior research, 

our study showed that non-white race was associated with smaller lumen area at imaging 

baseline, and the presence of hypertension, hyperlipidemia and diabetes were all significantly 

associated with thicker plaques. Diabetes mellitus was significantly associated with plaque 

progression, with an annualized 6.7% increase in wall thickness. However, we were not 

sufficiently powered to discriminate the effects of diabetes control on ICAD. 

There are a few limitations in this study. First, the study sample size was limited. Although the 

number of identified lesions was adequate for plaque-level analysis, detailed segment-level 

analysis was precluded by the uneven distribution of lesions between artery segments. Larger 

studies are needed to determine if plaques involving the various intracranial arterial segments 

evolve differently. Moreover, due to sample size limitations we could not perform analysis on 

the impact of medications or vascular risk factor control. Second, most plaques in our cohort 

remained stable after one year of follow-up. Longer follow-up may provide further information 

on ICAD evolution patterns as plaques may take longer to change. Third, two subjects dropping 

out of the study due to death before follow-up imaging could bias the results. However, the 

subject number was small (2) compared to those whose follow-up imaging was completed (37), 

and therefore likely would not have a major impact on the study findings. Fourth, we did not 

investigate plaque composition and its contribution to evolution. As lipid core and intraplaque 

hemorrhage have been reported to be strongly associated with extracranial carotid artery plaque 

progression34,35, investigation of these features with improved IVW techniques may provide 

additional information on ICAD evolution.  
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4.5 Conclusion 

ICAD plaque evolution might be quantitatively assessed on longitudinal IVW and showed 

remodeling on the lumen side. Culprit plaques demonstrated longitudinal luminal expansion 

compared to their non-culprit counterparts. Baseline stenosis did not predict lesion changes, 

but baseline plaque contrast enhancement and diabetes mellitus were found to be significantly 

associated with ICAD changes. 
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Chapter 5 Long-Term Carotid Plaque Progression and the Role of 

Intraplaque Hemorrhage: A Deep Learning-Based Analysis of 

Longitudinal Vessel Wall Imaging  

This chapter investigates the long-term impact of intraplaque hemorrhage (IPH) on carotid 

atherosclerosis progression through a comprehensive longitudinal study utilizing novel deep 

learning-based segmentation approaches. A key methodological contribution of this work is the 

development and validation of deep learning algorithms for automatic quantification of carotid 

plaque burden and intraplaque hemorrhage from multi-contrast vessel wall imaging. These 

automated segmentation pipelines demonstrate excellent reproducibility, and therefore facilitate 

efficient, consistent measurements that are particularly valuable for longitudinal studies where 

manual analysis would be prohibitively time-intensive and subject to inter-observer variability.  

The unprecedented scope of our longitudinal investigation—following 28 asymptomatic subjects 

over nearly six years with up to five imaging timepoints per patient—vastly exceeds the duration 

and frequency of follow-up reported in most studies in the current literature, thereby providing 

novel insights into the long-term natural history of atherosclerosis that were previously 

unattainable. Through this extensive follow-up, we demonstrate that carotid plaque progression 

exhibits bilateral correlation under normal circumstances, but this symmetry is disrupted in the 

presence of IPH. Our analysis reveals that while arteries without IPH showed minimal 

progression (-0.001%/year) under contemporary medical therapy, the presence of IPH was 

associated with significant plaque burden increase (2.3% absolute increase in wall volume 

percentage). Furthermore, we observed that IPH can persist for extended periods, with greater 

IPH volume directly correlating with accelerated plaque growth. These findings, enabled by our 
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validated deep learning segmentation pipelines and unprecedented longitudinal data collection, 

highlight IPH as a critical biomarker for identifying high-risk atherosclerotic lesions that warrant 

more aggressive monitoring and intervention despite being asymptomatic.  

This work presented here is being prepared for publication: Yin Guo, et al. "Long-Term Carotid 

Plaque Progression and the Role of Intraplaque Hemorrhage: A Deep Learning-Based Analysis 

of Longitudinal Vessel Wall Imaging."  
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5.1 Introduction 

Stroke remains the fifth leading cause of mortality in the United States, with an 8.4% increase in 

the age-adjusted death rate from 2011 to 20211. Carotid atherosclerosis is a leading etiology in 

stroke2. The progression of carotid atheroma, which leads to a reduction in vessel lumen and 

eventual plaque rupture, is closely related to the risk of cerebrovascular ischemic events3,4. 

Understanding the mechanisms driving plaque evolution is essential for improving stroke 

prevention strategies. 

A recent meta-analysis demonstrated the prevalence of intraplaque hemorrhage (IPH) in patients 

with both symptomatic and asymptomatic carotid stenosis and identified IPH as a stronger 

predictor of stroke than any known clinical risk factors5. Moreover, IPH is associated with 

increasing lumen stenosis and rapid vessel wall growth6–9. Despite this, little is known about the 

long-term behavior of IPH, including its occurrence, resolution, and distribution over extended 

periods, as most studies have been limited to follow-ups of one to two years7–9. Its long-term 

impact on plaque progression also remains inadequately explored. 

Carotid magnetic resonance (MR) vessel wall imaging (VWI) is a noninvasive imaging 

technique validated with histology for the accurate in vivo detection of IPH and has become an 

established approach for measuring IPH and plaque growth in longitudinal studies10–12. 

Traditionally, manual analysis of longitudinal VWI has limited the ability to study carotid 

atherosclerosis due to its labor-intensive and expertise-dependent nature. Advances in deep 

learning-based segmentation have now enabled automated, reproducible measurements of the 

carotid vessel wall13–15 and IPH, facilitating comprehensive studies of plaque dynamics over 

longer follow-up periods. 
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This study leverages these tools to analyze carotid atherosclerosis in an initially asymptomatic 

cohort over approximately six years. By investigating both systemic and localized trends in 

plaque evolution, this work provides novel insights into the natural history of carotid 

atherosclerosis, emphasizing the critical role of IPH in driving plaque burden progression and its 

implications for stroke prevention. 

 

5.2 Methods 

5.2.1 Study Population 

Participants for this study were recruited as part of a prospective cohort study over a ten-year 

period (2012-2022), aimed at examining the natural history of carotid atherosclerosis through 

serial VWI. Eligible participants included patients aged 35 years and older with clinically 

identified atherosclerosis in at least one carotid artery and without cerebrovascular events in the 

six months prior to enrollment. Study procedures and consent forms were reviewed and approved 

by the institutional review board, and all participants provided written informed consent prior to 

enrollment. Detailed information on cohort recruitment has previously been published16. 

To monitor the evolution of atherosclerotic plaque, serial VWI scans with consistent parameters 

(detailed below) were conducted up to five times during the study period. For the analysis of 

long-term plaque burden progression and the effects of IPH, we conducted a retrospective 

analysis of a subset of participants. Inclusion criteria for this retrospective analysis required 

subjects who had undergone at least three VWIs over a minimum span of five years. Arteries 

with a history of carotid endarterectomy (CEA) or stenting at study entry were excluded. Scans 

of arteries performed after CEA or stenting were also excluded.   
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5.2.2 MR Imaging Protocol 

Two large-coverage three-dimensional isotropic VWI sequences were performed using a 3.0T 

Philips Ingenia CX scanner (Philips Healthcare, Best, The Netherlands): 1) Motion-sensitized 

driven equilibrium prepared rapid gradient echo sequence (MERGE17) was used to delineate 

vessel wall morphology; 2) an inversion-recovery gradient echo sequence with phase-sensitive 

reconstruction (simultaneous non-contrast angiography and intraplaque hemorrhage imaging, 

SNAP18) was used to detect and measure IPH. Detailed description of both sequences and 

imaging parameters can be found elsewhere9,16.  

 

5.2.3 Ischemic Infarct Assessment 

Conventional brain MRI examinations, including diffusion weighted imaging (DWI), 

susceptibility weighted imaging (SWI), and T2-fluid attenuated inversion recovery (FLAIR), 

were performed at all VWI time points. A board-certified neuroradiologist directly compared the 

baseline and follow-up brain MRI images and scored for any incident infarcts (FLAIR and DWI 

images) or hemorrhages (SWI images). Vascular territory and signs of acuity or associated 

hemorrhage were noted for the infarcts.  
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5.2.4 Deep Learning-based Vessel Wall and IPH segmentation 

5.2.4.1 Model Design  

Two deep learning-based imaging analysis pipelines were developed to bilaterally segment the 

carotid vessel wall and IPH on MERGE and SNAP sequences, respectively. Each scan was 

segmented independently.  

For the segmentation of carotid lumen and outer wall boundary using MERGE19, the location of 

the left and right common carotid bifurcations was identified automatically. On each side, a 3D 

bounding box encompassing the bifurcation area as well as the distal and proximal segments of 

the bifurcation was extracted and then used for a preliminary 3D lumen segmentation. A trained 

radiologist reviewed the preliminary segmentation to assess image quality and ensure that the 

lumen from all slices encompassing the bifurcation region were correctly localized. Finally, 2D 

patches along both carotids were segmented slice-by-slice using a 2.5D convolutional neural 

network.  

To segment IPH from SNAP, a similar bifurcation detection module was first applied to locate 

the left and right carotid bifurcations. A 3D bounding box was then generated on each side to 

focus on the bifurcation area, ensuring that IPH detection was performed within the anatomically 

relevant region. A 2D nnUNet20-based algorithm was trained to segment IPH slice-by-slice by 

identifying hyperintense signals on axial reformatted images with 2mm spacing.  

For each MERGE image, after obtaining lumen and outer wall segmentations of the same artery, 

the range of slices with wall thickness greater than 2mm in any scan was included as 

atherosclerotic plaque. This threshold aligns with the criteria used in the Rotterdam21, PARISK22 
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and other established researches. Plaque burden was defined as the percent wall volume (%WV), 

calculated as wall volume divided by total vessel volume, multiplied by 100.   

For each SNAP image per artery per time point, IPH was categorized as present (IPH+) or absent 

(IPH-). IPH volume was aggregated as the sum of IPH areas per slice multiplied by 2mm, and 

percent hemorrhage volume (%HV) was defined as IPH volume divided by wall volume, 

multiplied by 100.  

 

5.2.4.2 Training Datasets 

For the segmentation of carotid lumen and outer wall boundary using MERGE, the training data 

was provided by the 2020 and 2021 Grand Challenge hosted by the Society of Magnetic 

Resonance Angiography: the CARE-II dataset and the COSMOS dataset. The CARE-II dataset 

includes VWI data from 50 participants with expert annotations. The imaging was conducted on 

a 3T Philips MRI scanner using the MERGE sequence, producing isotropic voxels with a 0.35 

mm resolution. Similarly, the COSMOS dataset offers VWI data from 50 participants with 

annotations. This data was collected using a 3T Philips MRI scanner with a 3D VISTA sequence, 

achieving isotropic voxels with a 0.35 mm resolution. 

To segment IPH on SNAP, the training data were derived from the full study cohort of 98 

subjects, using manually annotated IPH contours on baseline SNAP images9. These images were 

axially reformatted into 2mm spacing. IPH was identified based on visual inspection, defined as 

hyperintense areas on SNAP in comparison to the sternocleidomastoid muscle.  
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5.2.4.3 Validation Datasets 

In a separate validation cohort, group A consisted of 14 subjects who were scheduled for carotid 

endarterectomy (CEA). Histological specimens were available and were matched with axially 

reformatted SNAP images, for assessment of IPH detection and segmentation23. Group B 

consisted of 33 patients who underwent baseline MRI (MERGE and SNAP) twice within one 

month. For each scan, the vessel wall and IPH were segmented from the MERGE and SNAP 

images, using the two abovementioned deep learning-based pipelines, for analysis of scan-rescan 

reproducibility. Detailed information on this validation cohort can be found in Figure 5.1 and the 

referenced publication23. 

 

Figure 5.1 Flow chart of the study cohort. 

 

5.2.4.4 Statistical Analysis 

In group A, sensitivity and specificity for IPH detection were estimated at the slice level, and 

agreement in IPH detection between deep learning and histological analysis was evaluated using 
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Cohen’s kappa. Agreement in IPH area quantification between SNAP and histology was assessed 

using Spearman’s correlation coefficient, as it is less affected by shrinkage of histological 

specimen during processing compared to absolute agreement measures like the intraclass 

correlation coefficient (ICC) and the Bland-Altman plot.  

In group B, Cohen’s kappa was used for evaluating the scan-rescan reproducibility of IPH 

detection of the deep learning-based image segmentation pipeline, and the ICC was used for 

evaluating the reproducibility of plaque burden and IPH volume (within arteries identified as 

IPH+ in either scan). The nonparametric bootstrap and percentile method was used to calculate 

95% confidence intervals (CI).  

 

5.2.4.5 Assessment Results of Deep Learning-based Plaque Segmentation 

In the 14 arteries in group A, a total of 121 SNAP slices were matched with histological 

specimens, of which 49 (40%) slices from 13 (93%) plaques had histology-detected IPH. Deep 

learning-based analysis had moderate overall agreement with histology in detecting IPH (kappa: 

0.62, 95% CI: 0.48 - 0.76). The sensitivity and specificity for IPH detection at the slice level 

were 61% and 97%, respectively. In these 30 slices where both methods agreed on IPH presence, 

IPH area measured using deep learning (mean ± SD: 16.4 ± 12.6 mm2) and histology (mean ± 

SD: 12.0 ± 7.3 mm2) were strongly correlated (Spearman’s rho = 0.63, p < 0.001).  

In the 33 subjects with 66 arteries in validation group B, eight pairs of MERGE images were 

excluded due to low image quality on either scan, and one artery was lesion-free. In the 

remaining 57 pairs of arteries, %WV characterized by MERGE showed high scan-rescan 

reproducibility, with an ICC of 0.88 (95% CI: 0.80 - 0.93).  
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In SNAP from group B, 15 (26.3%) arteries were categorized as IPH+ in both scans, 3 (5.3%) 

were categorized as IPH+ either scan, and 39 (68.4%) were categorized as IPH- in both scans, 

yielding a kappa of 0.87 (95% CI: 0.71 - 0.99). Of the 18 arteries categorized as IPH+ in at least 

one scan, IPH volume showed high reproducibility, demonstrated by an ICC of 0.93 (95% CI: 

0.82 - 0.97).  

Bland-Altman plots indicated no apparent relationship between variance and mean for 

measurements of both %WV and IPH volume (Figure 5.2).  

 

Figure 5.2 Bland-Altman plots demonstrate scan-rescan reproducibility for deep learning-based 

measurements of percent wall volume and IPH volume. 

 

5.2.5 Statistical Analysis 

Summary statistics of baseline demographics are presented as mean ± standard deviations (SDs) 

for continuous variables and counts with percentage for categorical variables.  
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For each analyzable plaque, a linear model was fitted across all available time points to 

determine the long-term growth rate of plaque burden24, defined as annualized absolute change 

in %WV, expressed in units of percent per year. The method for deriving the long-term plaque 

growth rate is illustrated in Figure 5.3. Generalized estimating equation (GEE)-based linear 

regression models were used to evaluate associations of the long-term growth rate of each side 

with the contralateral side, adjusted for potential confounding factors of age, sex, history of 

hypertension and statin use. The number of risk factors considered in the models was limited by 

the available sample size. Effect sizes were summarized using the partial correlation coefficient.  

In all arteries, to investigate whether long-term progression rate in plaque burden depends on 

presence and volume of IPH, we employed a linear mixed-effects model. This model used %WV 

as the primary outcome variable and included random intercepts to account for within-subject 

and within-artery correlation. As fixed effects, the model included time as a continuous variable 

to estimate the growth rate of %WV and account for variation in scan intervals, a binary 

predictor indicating IPH presence, and %HV to assess the effect of IPH volume. %HV was log2-

transformed to reduce right skewness, and further transformed such that it equals zero when IPH 

is absent, and equals the deviation from the population mean when IPH is present. The model 

setup was designed to disentangle the effects of the presence and volume of IPH on plaque 

burden progression. This model was further adjusted for age, sex, history of hypertension and 

statin use. The Wald method was used to compute 95% confidence intervals (CI) for the fixed-

effect coefficients.  

All statistical analyses were performed using R 4.4.0. A two-sided p-value < 0.05 was considered 

statistically significant.  
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Figure 5.3 Assessing the symmetric evolution of carotid atherosclerosis. 

Upper panel: for each plaque, a linear model was fitted across all available time points to 

determine the long-term growth rate of plaque burden (%/year). Lower panel: associations of 

long-term growth rate of plaque burden between bilateral carotid arteries.  
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5.3 Results 

5.3.1 Patient Characteristics 

A total of 98 subjects were recruited prospectively, and population demographics can be found in 

the referenced publication9. Among these, 28 subjects underwent at least three VWIs over a span 

of at least five years and were therefore included in this retrospective analysis. All subjects were 

under contemporary medical management, and the baseline clinical information of these 28 

subjects is presented in Table 5.1. After three scans were excluded due to poor image quality, 

each subject had an average of 4.7 ± 0.6 scans within 5.8 ± 1.1 years, indicating a relatively 

uniform distribution of imaging time points and follow-up duration across the cohort. Figure 5.1 

shows the study flow chart.  

Among the 56 carotid arteries within the 28 subjects, six were excluded due to prior history of 

CEA or having fewer than three available scans due to CEA during the study period. The 

remaining 50 arteries from 28 subjects were included in artery-level analyses. Of these subjects, 

there were 22 with bilateral arteries available (44 arteries) for the subject-level analysis where 

plaque growth on each side was compared.  
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Table 5.1 Population demographics at baseline 

Variable Value 

Age 71.3 ± 9.7 

Male sex 20 (71%) 

Current smoker  3 (10%) 

History of hypertension  17 (60%) 

History of hyperlipidemia  25 (89%) 

History of diabetes 3 (10%) 

Statins 21 (75%) 

Antihypertensives 16 (57%) 

Antiplatelets 21 (75%) 

Values are no. (%) or mean ± standard deviation  

 

5.3.2 IPH Presence, Occurrences, and Relation to New Infarcts 

Among the 50 carotid arteries from 28 subjects, 23 arteries (46%) from 17 subjects (60.7%) 

showed presence of IPH on VWI at any time point during the study period. Of the 39 IPH- 

arteries at the baseline scan, eleven (28.2%) became IPH+ on all subsequent scans after the 

initial occurrence of IPH, and one artery (2.56%) developed new IPH on the second scan but 

reverted to IPH- on scans 3 to 5. Of the 11 arteries that were IPH+ at baseline, IPH persisted in 

five (45.5%) throughout the study, whereas six (54.5%) demonstrated resolution of IPH before 

the final scan.    
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During the follow-up, only three subjects (10.7%) developed new ischemic infarcts, with two 

(66.7%) occurring among the 17 subjects (60.7%) with either unilateral or bilateral IPH. One of 

these subjects consistently exhibited ipsilateral IPH and was IPH- on the contralateral side across 

all scans. In the other subject, a new infarct was detected at the third scan, coinciding with the 

appearance of new ipsilateral IPH. The third subject who developed an infarct had no detectable 

IPH in either carotid artery at any time point. Given the limited number of ischemic events, the 

association between IPH and ischemic stroke in this study remains exploratory in nature.  

 

5.3.3 Bilateral Symmetry in Plaque Evolution and the Disruptive Role of IPH 

In the 22 subjects with bilateral analyzable arteries, the baseline %WV was 54.4 ± 3.8% for the 

left carotid artery and 53.2 ± 6.2% for the right. The average %WV absolute growth rate was -

0.19 ± 0.74 %/year on the left side and 0.04 ± 0.54 %/year on the right. The long-term plaque 

growth rate of one side was moderately correlated (r = 0.54, p < 0.001) with the contralateral 

side, suggesting that plaque progression may be influenced by systemic factors. The significant 

correlation remained after adjusting for age, sex, history of hypertension and statin use (r = 0.38, 

p = 0.016). Figure 5.4 provides an example of bilateral plaque burden increases over five scans. 

The association between plaque progression on the left and right sides is visualized in Figure 5.5.  
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Figure 5.4 Example of bilateral plaque burden increases over five vessel wall imaging sessions 

spanning five years, demonstrating symmetrical plaque progression on both the left and right 

sides. 

The vessel wall contours were generated using deep learning-based segmentation, with red 

contours delineating the vessel lumen and blue contours delineating the vessel outer wall 

boundary. 'TP' denotes 'time point'. 
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Figure 5.5 Correlation of long-term growth rate of plaque burden between bilateral carotid 

arteries in groups. 

Upper panel: Correlation of long-term growth rate of plaque burden between bilateral carotid 

arteries, demonstrating systemic influences on bilateral plaque progression. Lower panel: 

Correlation of bilateral long-term progression in the two subgroups of carotid arteries with 

(right) and without IPH (left). Due to the limited number of subjects with bilateral IPH, a 

separate subgroup analysis for this cohort is not shown. 
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To further explore the potential effects of IPH, the 22 subjects were further divided into two sub-

groups based on its presence. In nine subjects, IPH was not detected at any time point, and in this 

IPH- subgroup, significant associations of plaque progression between one side and its 

contralateral part were found (r = 0.57, p < 0.001). However, among the 13 subjects with either 

unilateral or bilateral IPH during the study period, the correlation coefficient decreased, and the 

association no longer remained significant (r = 0.28, p = 0.19). These findings suggest that the 

presence of IPH may be associated with a disruption of the systemic symmetry in bilateral 

plaque evolution. The correlation of bilateral long-term plaque progression in the two subgroups 

is visualized in Figure 5.5.  

 

5.3.4 IPH’s Long-term Impact on Plaque Progression 

Building on these findings, we further evaluated both the presence and the volume of IPH 

on %WV progression using a linear mixed-effects model. In the unadjusted model, the random 

effects for patients and arteries accounted for individual variability, with SDs of 4.3% and 1.9%, 

respectively. The SD of the residual term is 3.1%. This suggests considerable variability 

in %WV progression among patients and between bilateral arteries within the same patient. 

The progression of %WV over time in arteries without IPH was minimal, with an average 

absolute growth rate of -0.001 %/year (95% CI: -0.18 - 0.16, p = 0.90). However, the presence 

and occurrence of IPH at any point was a significant predictor, associated with a 2.34% absolute 

increase in %WV on average (95% CI: 1.02 - 3.67, p < 0.001). This indicates that patients with 

IPH had higher %WV compared to those without IPH and that the development of new IPH was 

significantly associated with an increase in plaque burden.  
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Furthermore, within the IPH+ arteries, %HV was further associated with %WV (p = 0.005). 

Each doubling of the %HV – reflected by a 1-unit increase in the log2-transformed %HV – was 

associated with an additional 0.73% absolute increase in %WV (95% CI: 0.23 - 1.23), 

corresponding to a 31% increase relative to the average IPH effect ([2.34% + 0.73%] / 2.34% = 

1.31). This underscored the significant impact of both the presence and volume of IPH on the 

progression of carotid plaque burden over time, as illustrated in Figure 5.6. Figure 5.7 provides 

an example of plaque progression over four scans, highlighting the increasing plaque burden 

alongside the occurrence (scan 3) and subsequent volume expansion (scan 4) of IPH.   

When adjusted for age, sex, history of hypertension and statin use, the linear mixed-effects 

model continued to show strong associations between IPH and %WV progression. The presence 

of IPH was associated with an adjusted 2.29% absolute increase in %WV (95% CI: 0.95 - 3.64, p 

< 0.001), and the %HV association persisted, with a coefficient of 0.74% (95% CI: 0.24 - 1.24, p 

= 0.004), similar to the unadjusted model. Age, sex, history of hypertension and statin use did 

not have statistically significant associations with %WV progression (p > 0.33 for each). 
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Figure 5.6 Box plots demonstrating the effects of presence and volume of IPH on plaque burden. 

In (a) and (c), %WV and annualized changes in %WV were compared based on presence or not 

of IPH. In (b) and (d), %HV was divided into three equal-sized bins, comparing %WV and 

annualized changes in %WV across different degrees of IPH volume. 



 131 

 

Figure 5.7 Example of plaque progression over four vessel wall imaging sessions spanning five 

years. 

This figure demonstrated an increase in plaque burden, marked by the occurrence of intraplaque 

hemorrhage (IPH) at TP3 and subsequent volume expansion at TP4. The vessel wall and IPH 

contours were generated using deep learning-based segmentation, with red and blue contours 

delineating the vessel lumen and vessel outer wall boundary on MERGE, and orange contours 

delineating IPH boundary on SNAP. 'TP' denotes 'time point'. 

 

5.4 Discussion 

By leveraging two deep learning-based segmentation pipelines on two large-coverage 3D MR 

vessel wall imaging (VWI) sequences, we comprehensively evaluated carotid plaque features 

across an average of five scans over six years in an asymptomatic patient cohort. The role of 

intraplaque hemorrhage (IPH) in long-term plaque progression can be characterized in two 
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critical ways. First, while plaque progression on one side was significantly correlated with the 

contralateral side, reflecting the systemic nature of atherosclerotic disease, this symmetry was 

notably weakened in subjects with IPH, suggesting an association between IPH and more 

localized effects. Second, despite contemporary medical management, the occurrence and 

volume of IPH were strongly associated with plaque burden increase, whereas plaques without 

IPH remained stable over the study period. These findings deepen our understanding of the long-

term and pivotal role IPH plays in the natural history of carotid atherosclerosis and underscore 

the importance of early IPH detection for optimized strategies in managing atherosclerosis. 

Previous studies have demonstrated carotid plaque symmetry by comparing cross-sectional 

measurements of plaque burden between bilateral carotid arteries, as observed in ex vivo 

imaging studies25 and in vivo assessments using ultrasound26 and VWI27. Our study extends this 

understanding with longitudinal follow-up over a six-year period, which reveals not just static 

morphological symmetry but also symmetrical trends in bilateral plaque progression. While our 

results suggest that monitoring the more advanced plaque could provide prognostic insights into 

the less advanced contralateral plaque, the clinical implications of bilateral plaque progression 

remain an area for further investigation. Specifically, it is unclear whether patients with plaque 

disruption in one carotid artery are more likely to develop similar disruptions in the contralateral 

artery or other vascular beds. Evidence from prior studies, such as the AIM-HIGH sub-study28, 

suggests that patients with high-risk carotid plaque features may have an increased risk of 

systemic cardiovascular events, highlighting the need for further research into the relationship 

between local plaque progression and broader vascular instability.  

Notably, as demonstrated by Li et al.27, IPH exhibits low concordance between left and right 

carotid plaques, with unilateral or bilateral IPH frequently reported in the current and other 
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studies, underscoring the role of localized factors in its pathogenesis. Studies showed that IPH 

development, likely driven by the rupture of neo-vessels, is shaped by conditions such as 

hemodynamic forces29, calcification9, and inflammation30 within the plaque microenvironment. 

At the same time, systemic factors still significantly contribute to the development of IPH. For 

instance, the Rotterdam Study31, in a cross-sectional analysis, identified pulse pressure as the 

most significant predictor of IPH, independent of plaque burden and other cardiovascular risk 

factors. Similarly, another longitudinal study associated male sex and hypertension with an 

increase in IPH9. Understanding the interplay between these localized and systemic influences is 

critical for advancing our understanding of pathophysiology of IPH development and its impact 

on plaque stability.  

IPH is a dynamic process with the potential for growth or resolution over time. Longitudinal 

follow-up studies have shown that its hyperintense signal on VWI, likely attributable to 

methemoglobin from hemoglobin breakdown after erythrocyte extravasation, can persist 

throughout the course of atherosclerotic disease. Previous studies7,32,33 using T1-weighted 

sequences reported IPH resolution rates of 0%, 0%, and 6% over 17 to 18 months of follow-up. 

More recently, one study9 found that IPH resolved in only 3 out of 89 scan pairs (3.4%) over an 

average of 1.8 years, utilizing the SNAP sequence which combines inversion-recovery gradient 

echo with phase-sensitive acquisition to enhance IPH-to-wall contrast and measurement 

accuracy34,35. Similarly, our study, using SNAP to detect IPH, demonstrated that all but one 

newly developed IPH persisted to the study end, around half arteries with pre-existing IPH 

continued to exhibit it throughout the study period, and hyperintense IPH signals may be 

observed for as long as six years. This persistence may be explained by ongoing erythrocyte 

extravasation from leaky neo-vessels36. 
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IPH is widely recognized as a strong indicator of carotid plaque vulnerability, with its presence 

linked to an increased risk of future ischemic cerebrovascular events37, independent of symptom 

status38 or degree of stenosis5,39. In our study, despite more than half of subjects exhibited IPH at 

some point during follow-up, the incidence of ischemic symptoms over at least five years was 

low. Histological studies36,40 have supported this observation by identifying neovasculature, a 

potential source of IPH, predominantly located in the adventitia away from the plaque surface, 

thus preserving surface integrity. This suggests that assessing plaque surface disruption41,42 could 

be an important additional metric for stratifying stroke risk, particularly in asymptomatic 

patients. Nonetheless, IPH has been consistently associated with a rapid increase in plaque 

burden7,9, and our findings added to the body of evidence by further highlighting the sustained 

and long-term impact of IPH presence and volume on the progression of atherosclerotic disease.  

Statin therapy improves cardiovascular outcomes and has demonstrated plaque regression43–45 in 

multiple imaging studies, by the mechanism of modulating inflammation and decreasing or even 

depleting the lipid content within plaques46–49. However, the recent AIM-HIGH MRI sub-study49 

showed that, despite two years of intensive lipid-lowering therapy, carotid arteries with IPH 

experienced larger increases in lipid core size and greater reductions in lumen area compared to 

plaques without hemorrhage, which exhibited stabilized plaque burden and significant reductions 

in lipid content. This suggests the IPH’s interplay with a potential non-lipid-driven pathway of 

plaque progression. One study50 identified CD163+ macrophages, induced by IPH, as potential 

contributors to a positive feedback loop involving increased vascular permeability, inflammation, 

and further IPH increase. Our findings similarly highlighted the role of IPH in counteracting the 

systemic stabilizing effects of contemporary medical treatment. While non-IPH plaques 

remained stable, current therapies may be insufficient to prevent IPH-associated plaque burden 
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increase. Further investigation into the mechanisms behind this non-lipid-driven pathway is 

essential and could pave the way for novel therapeutic approaches specifically targeting IPH. 

Overall, there remains a significant gap in longitudinal imaging studies investigating the 

pathophysiology of carotid atherosclerosis and IPH, as most studies are either short-term7,9,51 or 

involve long-term clinical follow-up without repeated imaging22,38. To the best of our knowledge, 

the longest imaging follow-up duration reported is 54 months6. However, this study was limited 

by a very small sample size and the use of 2D VWI, which provided inadequate coverage of the 

carotid bifurcation. This limitation was further compounded by challenges in identifying 

consistent imaging coverage for bilateral arteries and comparing multiple time points. Indeed, 

Geleri et al. reported that, when using the large-coverage 3D VWI sequence MERGE, only 54% 

of lesions were fully covered and 25% partially covered by 2D VWI in their analysis of 381 

advanced plaques from the CARE-II study52. Recognizing these limitations, our study utilized 

MERGE, which provided adequate imaging coverage for bilateral and longitudinal analysis. 

The emergence of deep learning-based imaging analysis also offers a promising solution to the 

labor-intensive nature of longitudinal VWI studies, reducing the need for extensive reviewer 

training and minimizing bias, as well-validated deep learning tools provide consistent and 

reproducible analyses across time points. While significant efforts have been made in segmenting 

the vessel wall on VWI13–15, robust algorithms for detailed plaque composition segmentation 

remain underdeveloped53,54. In our study, we successfully utilized deep learning to integrate 

multi-contrast VWI, demonstrating its potential to deliver more detailed and comprehensive 

assessments of plaque morphology and composition55. 

Our study has a few limitations. First, although each patient underwent an average of five scans, 

the requirement to analyze the long-term evolution of atherosclerosis over more than five years 
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restricted the number of participants in this retrospective analysis. Second, the retrospective 

nature of this analysis resulted in a relatively healthy and stabilized patient cohort, as individuals 

with severe symptoms—indicative of plaques experiencing dramatic reductions in stability—

were more likely to drop out of the prospective cohort early. Third, despite extensive follow-up, 

the absolute number of newly detected or resolved hemorrhages remained relatively low, 

underscoring the need for larger studies to better understand these potentially course-altering 

events in the plaque natural history. Finally, future research should aim to develop more 

advanced deep learning algorithms capable of simultaneously segmenting additional plaque 

components, such as lipid contents and calcification56, to further elucidate the complex interplay 

between these plaque components and the pathobiology of atherosclerosis. 

 

5.5 Conclusion 

By leveraging deep learning-based segmentation on multi-contrast VWI, we successfully 

monitored long-term plaque dynamics across an average of five scans over a follow-up of six 

years in an asymptomatic cohort. Around half of the arteries with pre-existing IPH continued to 

exhibit it throughout the study period, while newly developed IPH also persisted, yet caused few 

new ischemic symptoms. Importantly, the presence of IPH was associated with disruption of the 

systemic symmetry of bilateral plaque progression: arteries without IPH demonstrated minimal 

growth under contemporary medical treatment, whereas the occurrence and volume of IPH were 

strongly associated with accelerated plaque burden progression. 
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Chapter 6 Conclusion 

This dissertation advances the field of vascular imaging through innovative methodological 

developments and clinically relevant investigations of atherosclerotic disease across two distinct 

arterial beds. My contributions are two-fold, encompassing both methodological innovations and 

advancements in clinical knowledge. 

For intracranial atherosclerosis, I developed and validated MOCHA, a reproducible image 

analysis pipeline for multi-contrast vessel wall MRI that enables precise plaque characterization 

across multiple arterial segments. Building on this foundation, I introduced a novel semi-

automated method for quantifying contrast enhancement in intracranial plaques, demonstrating 

excellent accuracy against expert assessment and high reproducibility. These methodological 

advances enabled me to conduct the first prospective longitudinal study of intracranial 

atherosclerosis using 3D vessel wall MRI, revealing significant associations between diabetes, 

baseline contrast enhancement, and plaque progression, while identifying distinctive remodeling 

patterns in culprit versus non-culprit lesions. 

In the carotid artery bed, I developed and implemented deep learning-based segmentation 

pipelines capable of accurately identifying vessel walls and intraplaque hemorrhage from multi-

contrast vessel wall MRI. Utilizing these advanced techniques, I conducted the longest-duration 

study with the most follow-up timepoints to date, demonstrating that intraplaque hemorrhage 

persists over extended periods and significantly accelerates plaque growth compared to lesions 

without hemorrhage, which showed minimal progression under contemporary medical therapy. 

Collectively, these studies establish advanced imaging biomarkers across both arterial territories 

that may improve risk stratification and guide targeted interventions for stroke prevention. 
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