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As a critical feature of vulnerable atherosclerotic plaque, intraplaque hemorrhage (IPH) is 

associated with fast plaque progression and subsequent cerebral ischemic events. Although 

presence/absence of intraplaque hemorrhage is a recognized biomarker for plaque 

vulnerability assessment, quantitative measurement of the intraplaque hemorrhage signals 

on MRI may contribute greater utilities to access the evolution of intraplaque hemorrhage 

and its vulnerability. Recent studies have demonstrated that intraplaque hemorrhage 

volume and signal intensity could either progress or regress along time and that the change 

differs between symptomatic and asymptomatic plaques. Therefore, intraplaque 

hemorrhage quantification may contribute to a precise assessment of atherosclerosis’s 
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clinical risk. However, intraplaque hemorrhage detection and segmentation have mainly 

relied on manual review, which is not only time-consuming but also prone to measurement 

errors due to flexible window display level settings. Furthermore, carotid MRI often suffers 

from complex motion problems, causing degradation of image quality and inaccurate vessel 

wall delineation.  

 

In this dissertation, a semi-automatic method was developed based on histological 

validation for intraplaque hemorrhage detection and quantification from magnetic 

resonance imaging (MRI). First, intraplaque hemorrhage detection criteria was established 

on the widely used Magnetization-Prepared Rapid Acquisition Gradient-Echo (MP-RAGE) 

sequence and recently developed Simultaneous Noncontrast Angiography and intraPlaque 

hemorrhage (SNAP) sequence. Both adjacent soft tissue and local median values on MP-

RAGE were found to be good intensity normalization references for intraplaque 

hemorrhage detection, while the sternocleidomastoid muscle on the SNAP reference image 

was chosen for SNAP image intensity normalization. Second, a volumetric image processing 

method was developed on 3D SNAP and reproducibility for intraplaque hemorrhage 

quantitative measures were demonstrated. Lastly, a non-marker-attached motion detection 

and correction technique based on structured light was proposed for both abrupt and bulk 

motion correction in carotid MRI for better vessel wall delineation, which could also 

potentially improve delineation for intraplaque hemorrhage and other plaque components. 
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Chapter 1. INTRODUCTION 

1.1 INTRAPLQUE HEMORRHAGE: A CHARACTERISTIC RISK FACTOR FOR VULNERABLE 

ATHEROSCLEROSIS 

1.1.1 Atherosclerosis  

Cardiovascular disease has been identified as the primary cause of death both globally [1] and in 

developed countries such as the United States [2] and the Europe [3]. It was estimated to cause 

15.6 million deaths (29.6%) worldwide annually [1], with 0.8 million deaths (31.9%) in the United 

States [2] and 4 million death (46%) in the Europe [3]. Among the reasons that cause 

cardiovascular disease [2], atherosclerosis is the leading one [2, 4].  

 

Atherosclerosis is an inflammatory and chronic disease occurring mainly in large and medium 

sized arteries [5]. The progression of atherosclerosis is a complex process mediated by many 

factors, with endothelial dysfunction being the first step [5]. Endothelial dysfunction increase the 

adhesiveness and permeability of endothelium to induce many offending agents. If the 

inflammatory response does not successfully remove or neutralize those agents, the inflammatory 

response will continue indefinitely, stimulating migration and proliferation of smooth muscle cells 

to form an intermediate lesion. The vessel wall is then thickened with lumen size unchanged, 

which is called remodeling. But continuous progression will eventually lead to focal lipid-rich 

necrotic core, covered by fibrous cap, forming the so-called advanced and complicated lesion [5, 

6]. The occlusion and rupture of plaques can lead to ischemia of the heart, brain or extremities [5].  
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Although plaque stenosis is currently the main clinical criteria for plaque rupture risk evaluation, 

studies found that plaque rupture also frequently happens among nonstenotic plaques [7]. Recent 

researches have demonstrated that the components of plaque is of vital importance to determine 

the vulnerability of plaque rupture and future medicine treatment [4]. High risk plaques have the 

features of large lipid core, thin fibrous cap, intensive inflammation, increased neovasculature 

and/or intraplaque hemorrhage [4, 8, 9].  

 

1.1.2 Intraplaque Hemorrhage  

Intraplaque hemorrhage (IPH) is commonly observed in the advanced plaque lesion and was 

found to be a critical factor in plaque progression and destabilization [10]. The rupture of the 

leaky neoformed vessels within the plaque could be the source for intraplaque hemorrhage [10, 

11]. The rapid accumulation of erythrocyte membrane from intraplaque hemorrhage derives free 

cholesterol crystals and is accompanied by macrophage infiltration, which further contribute to 

necrotic core volume and stimulate plaque progression [10]. The oxidant activities associated with 

large amounts of haemoglobin released by erythrocytes and blood-borne proteolytic activities 

during the evolution of intraplaque hemorrhage are also involved with the biological progress of 

atherosclerosis [12].  

 

Previous research has found that carotid plaques with intraplaque hemorrhage presented were 

more likely to have enlarged wall volume and lipid-rich necrotic core volume and were more 

likely to have repeated hemorrhage [13]. Also, presence of intraplaque hemorrhage was found to 

have association with subsequent ischemic cerebrovascular events [14, 15] and increased risk of 
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plaque rupture [16]. Presence of intraplaque hemorrhage detected by magnetic resonance 

imaging (MRI) has been shown to be predictive of future ischemic events in both previously 

asymptomatic [13] and symptomatic patients [17]. Therefore, intraplaque hemorrhage detection 

is very important and valuable to access the vulnerability of the plaque and to predict the progress 

of atherosclerosis.  

 

1.2 NON-INVASIVE INTRAPLAQUE HEMORRHAGE IMAGING 

1.2.1 Magnetic Resonance Imaging of Intraplaque Hemorrhage 

Atherosclerotic plaque could have very complex plaque components mixed with intraplaque 

hemorrhage in a relatively small region, such as calcification [18], neovasculature, macrophages 

and lipid-rich necrotic core [16]. With limited soft tissue contrast, computed tomography (CT) is 

not capable of differentiate intraplaque hemorrhage from lipid-rich necrotic core and connective 

tissue, although it is a time-efficient imaging modality for angiography, calcification and 

intracranial hemorrhage imaging [19, 20]. Similarly, ultrasound imaging cannot differentiate 

intraplaque hemorrhage from atheromatous debris [21]. 18F-fluorodeoxyglucose (FDG)-Positron 

emission tomography (PET) is widely used clinically to track glucose uptake associated with 

disease such as cancer and inflammation. However, our previous work shown that intraplaque 

hemorrhage don’t have enhanced FDG uptake and thus FDG-PET is not suitable for intraplaque 

hemorrhage detection [22].   

 

Among these non-invasive clinical imaging modalities, Magnetic resonance imaging (MRI) is the 

only one that is capable of imaging intraplaque hemorrhage by identifying paramagnetic 
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substances such as methemoglobin [23], an oxidation product of hemoglobin, due to its T1 

shortening effect. Therefore, intraplaque hemorrhage can be detected by heavily T1-weighted MRI 

sequences as hyperintense signals within plaque wall area [24, 25]. For example, Yuan et al. has 

demonstrated that high-resolution multispectral carotid MRI is capable of detecting lipid-rich 

necrotic core and intraplaque hemorrhage with good accuracy at 1.5-T [26], where intraplaque 

hemorrhage showed hyperintensity on 3D time-of-flight (TOF) images and isointensity to 

hyperintensity on double inversion recovery T1-weighted 2D fast spin-echo sequence. 

 

1.2.2 MR sequences for Carotid Intraplaque Hemorrhage Detection  

Heavily T1-weighted Magnetization-Prepared Rapid Acquisition Gradient-Echo (MP-RAGE) 

sequence was developed for short-T1 species imaging at 1.5-T with the advantage of good tissue 

contrast, high spatial resolution and short scan time [27, 28]. It has been demonstrated of good 

sensitivity and specificity for complicated plaque (Type VI) detection [24], where intraplaque 

hemorrhage can be identified as hyperintense regions compared to surrounding tissues [25, 29, 

30]. With the widely use of 3.0-T MRI scanners in clinical examinations, the sequence was further 

optimized at 3.0-T for intraplaque hemorrhage detection by Zhu et al [25]. Comparison of the 

carotid intraplaque hemorrhage diagnostic performance among three T1-weighted sequences at 

3.0-T and demonstrated that the optimized MP-RAGE sequence outperformed T1-weighted fast 

spin-echo and TOF sequences in sensitivity and specificity [30]. 

 

Although MP-RAGE has good intraplaque hemorrhage detection performance [24, 30], it was 

reported to suffer from flow artifact with limited blood suppression [31]. Recently, a new 
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sequence, named Simultaneous Noncontrast Angiography and intraPlaque hemorrhage (SNAP), 

has been developed to concurrently increase IPH-to-wall contrast and improve flow-suppression 

efficiency (Figure 1-1) [32]. Since SNAP sequence takes the advantage of an improved dynamic 

range offered by phase-sensitive reconstruction: in theory, it may offer higher sensitivity to 

intraplaque hemorrhage among existing techniques.  

 

Figure 1-1. SNAP MRI can image angiography and intraplaque hemorrhage simultaneously. The 

angiography was comparable with TOF while the intraplaque hemorrhage detection had good agreement 

with MP-RAGE with higher IPH-to-wall contrast and better blood suppression compared with MP-

RAEG.  
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1.2.3 Challenges in Intraplaque Hemorrhage Detection 

In most MRI studies, hemorrhage was identified by manually outlining high intensity regions, as 

compared to fibrous tissue in the artery wall or surrounding muscle [25, 30, 32]. However, manual 

intraplaque hemorrhage identification may suffer from poor inter-reader reproducibility with 

subjective criteria. Previous study has also found that small intraplaque hemorrhages or heavily 

calcified hemorrhages would highly impact the intraplaque hemorrhage diagnostic performance 

[30], which is hard to detect by human eyes with relatively lower signal intensity compared with 

large and non-calcified intraplaque hemorrhage. Several studies [30, 33] have used histology as 

the ground truth to identify regions of intraplaque hemorrhage (Table 1-1).  But no intraplaque 

hemorrhage detection criteria was specifically optimized using histology in those studies.  

 

To our knowledge, studies to determine the optimum objective criteria for intraplaque 

hemorrhage detection in both MP-RAGE and SNAP with histology validation are lacking. 

Identification of an MP-RAGE hyperintensity threshold that corresponds to intraplaque 

hemorrhage areas verified on histology and which will ultimately allow automatic techniques for 

intraplaque hemorrhage detection and quantification is needed [34]. SNAP was demonstrated of 

good agreement with MP-RAGE for intraplaque hemorrhage detection performance (ĸ = 0.82) 

[32]. However, a full validation of SNAP with histology is still needed before full clinical adoption. 

And an optimized intraplaque hemorrhage detection criteria is needed for semi-automatic image 

review in SNAP with high reproducibility. 

 

For semi-automatic/automatic intraplaque hemorrhage detection, signal normalization is very 

important before performing further analysis to get a standard signal intensity range [35]. 
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Furthermore, carotid MRI scans use surface coils which have inhomogeneous coil sensitivity, 

causing extra challenges for signal normalization without pre-scan coil sensitivity correction.   
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Table 1-1. Previous studies that identified IPH (or high signal intensity) using MP-RAGE 

Study No of 

subjects 

Histology Threshold Reference 

tissue 

Field 

Intensity 

(T) 

Coil MPRAGE 

parameters, 

ms (TR/ TI) 

Comments 

Yamada et 

al.[36] 

222 No 200% Adjacent 

muscle 

1.5 Standard 

neck array 

and spine 

array coil 

1500/ 660 Define high 

signal 

intensity 

regions 

Hishikawa 

et al.[33] 

35 Yes 200% Adjacent 

muscle 

1.5 Standard 

neck array 

and spine 

array coil 

1500/ 660 Define high 

signal 

intensity 

regions 

Altaf et 

al.[17] 

64 No 150% Adjacent 

SCM 

1.5 Receive-

only 

quadrature 

neck array 

cervical 

spine coil 

10.3/ 20 Define 

regions for 

IPH 

Mendes et 

al.[37] 

35 No 150% Adjacent 

SCM 

3 Custom 

designed 4 

or 16 

element 

phased array 

surface coils 

667/ 370 Define 

regions for 

potential 

IPH 

Ota et 

al.[30] 

20 Yes Subjective Fibrous 

tissue and/ 

or adjacent 

muscle 

3 Four-

channel 

phased-

array 

surface coil 

13.2/ 304 Manually 

define 

regions for 

IPH 

Note: IPH = intraplaque hemorrhage; MP-RAGE = Magnetization-Prepared Rapid Acquisition 

Gradient-Echo; SCM = sternocleidomastoid muscle 

 

1.3 CAROTID INTRAPLAQUE HEMORRHAGE QUANTIFICATION IN MRI 

1.3.1 Intraplaque Hemorrhage Signal Change over Time 

The status of intraplaque hemorrhage presence or absence appears to be a relatively stable 

biomarker that rarely changes in a few years [13, 36, 38]. Nonetheless, studies that quantitatively 

measured the extent or strength of intraplaque hemorrhage signals on MRI revealed that 
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intraplaque hemorrhage may be a highly dynamic pathological process [13, 38-40].  For example, 

Simpson et al. measured intraplaque hemorrhage signal intensity ratio against muscle intensity 

and found 16 out of 28 (57%) intraplaque hemorrhage positive plaques had detectable signal 

intensity ratio change during a 2-year period, although intraplaque hemorrhage presence/absence 

stage remained unchanged in 47/54 plaques (87%), using MP-RAGE protocol [38]. A more recent 

study found both visual progression and regression of intraplaque hemorrhage volume occurs in 

asymptomatic patients over 17-month, although quantitatively intraplaque hemorrhage volume 

decreased [40].   

 

It is worth noting that although intracranial hemorrhage was found to have clear changing MR 

signals patterns with hemorrhage changing from hyperacute, acute, early subacute, late subacute 

to chronic [20], intraplaque hemorrhage differs vastly from intracranial hemorrhage due to its 

complexity and substrate matrix [29]. Both progression and regression of hemorrhage at different 

rate could happen due to surrounding degrading enzymes and/or inflammatory cells.  

 

1.3.2 Intraplaque Hemorrhage Quantitative Measures Correlate with Symptoms 

In recently symptomatic patients with bilateral intraplaque hemorrhage, the ipsilateral plaques 

showed higher T1 signals than the contralateral plaques [41]. Another 18-month longitudinal 

study found descending signal intensity in asymptomatic intraplaque hemorrhage, but not in 

symptomatic intraplaque hemorrhage, which may indicate that repeated hemorrhage is more 

common in symptomatic carotid plaques. 
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Therefore, quantitative measures of intraplaque hemorrhage signals by MRI may contribute to a 

more precise assessment of clinical risk beyond the mere presence of intraplaque hemorrhage and 

facilitate serial studies that eventually expand our knowledge on the risk factors and effective 

therapies of intraplaque hemorrhage. 

 

1.3.3 Challenges in Intraplaque Hemorrhage Quantification  

With large-coverage, three-dimensional MRI has been increasingly adopted in clinical and 

population studies on intraplaque hemorrhage [42, 43], there remains a lack of time-efficient 

method to obtain quantitative, reproducible measures of intraplaque hemorrhage signals. 

Previous studies largely relied on manual review of cross-sectional images [38, 41]. Manual 

segmentation is not only time-consuming but also prone to measurement errors due to the 

irregular and inconspicuous boundaries of intraplaque hemorrhage areas, which tend to change 

by varying window level settings.  

 

Another gap in intraplaque hemorrhage-related research is that there are limited data on scan-

rescan reproducibility of intraplaque hemorrhage signals on MRI. In part, this may be attributable 

to the aforementioned challenges associated with manual review. Furthermore, most 

reproducibility studies did not include a sufficient number of intraplaque hemorrhage plaques 

[44-46], prohibiting assessment of quantitative measures. Finally, the biological stability of 

intraplaque hemorrhage signals on MRI remains unknown. Reproducibility studies typically scan 

subjects twice within one month [44]. Although the presence of high T1 signals was noted to be 

persistent in previous studies, quantitative measures may change more rapidly with time. 
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SNAP MRI was developed with inversion-recovery prepared phase-sensitive acquisition to detect 

intraplaque hemorrhage and luminal stenosis concurrently [32]. SNAP shows flowing blood as 

strong negative signal, which can be exploited to generate angiograms using minimum intensity 

projection. With strong positive signal on SNAP, intraplaque hemorrhage is shown as hotspots in 

the vicinity of carotid arteries, which can be overlaid onto SNAP angiograms with intrinsic 

coregistration. Therefore, SNAP MRI may allow time-efficient volumetric image analysis. 

Improved IPH-to-wall contrast in SNAP as compared to traditional magnitude-only images may 

improve reproducibility of MR quantification of intraplaque hemorrhage [32]. 

 

1.4 MOTION IN MAGNETIC RESONANCE IMAGING 

Since the diagnosis of atherosclerosis components, including intraplaque hemorrhage, depending 

on high-resolution MRI, the image quality of MR images could highly impact the clinical 

assessment of the plaque [47]. However, with the relatively long duration of MR scan, patient 

motion often present challenge for artifact-free images, which further cause difficulty in disease 

diagnosis or revenue loss with rescans [48]. Patient motion during MR scan can cause blurring and 

ghost artifacts in MR images [49], which can affect the image quality and increase difficulty for 

disease diagnosis. Nearly 7.5-29.4% clinical MRI scans were found to have significant motion 

artifacts. The revenue lost was estimated at approximately $115,000 per scanner per year [48].  
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1.4.1 Motion in Carotid MRI 

Figure 1-2. Motion artifact highly impact carotid artery wall delineation. Without voluntary motion, 

carotid artery wall of a healthy volunteer has smooth boundary with uniform thickness (a). The right 

common carotid artery area (read square) is zoomed in and shown in b; with voluntary motion (both 

abrupt motion and bulk motion), carotid artery wall of the same subject was hard to delineate reliably 

(c).  

Neck motion has one of the most complex motion pattern. Beside the periodic breathing and 

pulsation, there could be cough, swallowing, chowing, speaking and bulk motion in the neck area. 

Based on a study to quantify motion in carotid artery imaging, swallow motion amplitude was 4.7 

± 2.4 mm [50]. Considering that the normal vessel wall thickness is very thin (0.5 ± 0.1 mm) [51] 

and the size of plaque components are also in millimeter scale, the neck motion is a big challenge 

for carotid MR image quality (Figure 1-2). In a previous carotid plaque research, 24 out of 160 

MRI images (15%) were rejected due to motion-induced unacceptable image quality [47]. 

a b 

c 
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Therefore, motion correction for carotid artery MRI is very important for carotid atherosclerosis 

diagnosis.  

 

1.4.2 Motion and Intraplaque Hemorrhage 

intraplaque hemorrhage is associated with rapid plaque progression and plaque vulnerability. A 

small intraplaque hemorrhage could progress into a big one due to repeated hemorrhage [13]. 

Therefore, detection of small intraplaque hemorrhage is very important to diagnose risky plaques 

at early stage, enabling early control of fast-progressing plaques with aggressive medical 

treatment.   

 

However, the detection of intraplaque hemorrhage, especially small one, can be missed in MR 

images when there are motion artifacts. Although SNAP and MP-RAGE sequences were optimized 

for intraplaque hemorrhage detection [25, 32], they were found to have low sensitivity for small 

intraplaque hemorrhage [30]. For example, in our previous study on SNAP with resolution of 0.64 

mm2, the sensitivity for intraplaque hemorrhage with area bigger than 0.64 mm2 and smaller than 

4.52 mm2 was only 31%. By studying the cases with small intraplaque hemorrhage in histology 

but no hyperintensity signal in matched SNAP slices, we found that nearly half of these cases had 

poor image quality mainly due to motion problems. Therefore, motion correction for carotid MRI 

is critical for improving intraplaque hemorrhage detection sensitivity, as well as delineating other 

structures in carotid plaque. 
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1.4.3 Current Motion Correction Methods 

There have been many techniques proposed for motion detection and correction in MRI, which 

can be divided based on mediation occurring time into prospective and retrospective motion 

correction [52]; or based on motion detection methods into three kinds: navigator based, self-

navigation and external device based motion correction. In the following, current motion 

correction methods are discussed with the focus on the technique applicable to carotid MRI.  

 

Prospective motion correction is a technique capable of updating pulse sequence during the 

acquisition based on detected motion information [52]. When rotation or translation information 

are measured, motion can be compensated by rotating gradient waveforms, changing slice select 

center frequency or re-acquiring motion corrupted data. In this way, motion is minimized or 

compensated before causing artifacts in the reconstructed images. However, prospective motion 

correction may require extra scanning time for motion measurement or re-acquiring. The other 

category is retrospective motion correction, where data is corrected after acquisition based on 

measured motion or iterative correction to maximize data consistency. Retrospective motion 

correction may not increase scan time but may require more sophisticated algorithms during 

image reconstruction.  

 

Navigator-based motion correction has been developed and applied on swallowing detection in 

carotid MRI [53, 54]. In Crowe et al.’s research [54], a crossed pair navigator was placed on the 

epiglottis to track swallowing motion. A ± 2 mm acceptance window was used for prospective 

gating. However, the navigator placement need to be carefully adjusted to avoid carotid artery 

area, as well as capture the motion of epiglottis. Furthermore, carotid MR scans often use surface 
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coil with low signal-to-noise ratio (SNR) in the deep epiglottis region, making epiglottis 

monitoring more challenging.  

 

Another newly proposed free-induction decay (FID) navigator gating may overcome the above 

limitations [55]. FID navigators monitor the center of k-space, which is sensitive to motion in all 

directions. Since it was implemented in a stand-alone module, this technique can be applied to any 

sequence. FID navigator gating have demonstrated effective image quality improvement in healthy 

volunteer scanning who were instructed to swallow or breathe deeply. However, this technique 

cannot handle the situation when bulk motion occurs, which could cause drifting of signal and 

thus change the baseline level.  

 

Another alternative for swallowing detection is self-gating technique [56]. In Fan et al.’s work, self-

gating signal along the superior-inferior direction was acquired to derive the projection profile 

which was compared with reference profile using cross-correlation for swallowing motion 

detection. This technique has been applied on both healthy volunteers and atherosclerosis 

patients. Improved vessel wall and plaque components delineation were achieved with self-gating. 

However, this technique suffers the same problem as the FID navigator when bulk motion 

happens.  

 

Some external devices have been developed to monitor swallowing motion in the neck area [57, 

58]. For example, an external magnetic coil was placed on the surface of the neck to track 

swallowing motion in Chan’s research [57]. Effective motion artifacts removal was obtained in 

healthy volunteers. But these kinds of technique require devices to be attached on the patients, 
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which is subject to shift and can cause discomfort for patients. Breath belts, the most popular 

external device based motion detection techniques for breathing motion, may suffer from drifting 

and cannot provide accurate absolute motion measurement [59]. Recently, optical marker-

tracking technique [52] has been proved to be capable of measuring the exact motion of rigid 

imaging targets, usually head, to improve the image quality. But neck motion is mainly non-rigid 

and thus is hard for those markers to correct. 

 

There are also post-processing motion correction methods available base only on acquired MR 

data [60]. For example, Huang et al proposed a retrospective motion correction method by data 

convolution and combination and demonstrated its effectiveness in reducing ghost artifacts 

caused by swallowing, breathing or blood flow. Although it has the advantage that no motion 

detection device or sequence is needed, post-processing motion correction often involve complex 

algorithm and is computationally expensive. Furthermore, it may fail when motion is complex 

without any prior motion information.  

 

1.4.4 Challenges in Motion Correction of Carotid MRI 

As discussed above, navigator based methods or self-gating usually need extra time with sequence 

dependency; current external devices need markers or coils to be attached on patient surface, 

causing discomfort to the patient, which is also not practical due to the limited neck space with 

carotid coils already attached. More importantly, current motion correction techniques have only 

showed efficiency on motion like swallowing and would easily fail when bulk shift motion 

happens. Therefore, for carotid MRI which is inherently susceptible to complex motion, a more 
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robust motion correction technique capable of correcting both abrupt motion and bulk motion is 

needed, without sacrificing scanning time or attaching devices on patients. 

 

Structured light has been used for depth measurement with high accuracy without contact with 

the object [61]. Previous study has used structured light to track the head motion in the PET 

scanner and demonstrated good accuracy and stability [62]. Another study demonstrated the 

feasibility and accuracy of using structured light for motion tracking in an MR head coil [63]. 

However, their experiments were performed outside of the MR scanner due to both geometry and 

MR-compatibility limitation. Two cameras were used instead of one, which further added 

geometry limitation to their system. Study using structured light for motion detection and 

correction during MRI scans is limited. 

 

1.5 RESEARCH GOAL AND HYPOTHESIS OF THIS STUDY 

As discussed in the above sections, intraplaque hemorrhage is a critical factor in atherosclerosis 

progression. The detection and quantification of intraplaque hemorrhage may contribute to 

assessing the rupture risk of plaque and facilitate the pursuit of targeted therapies. However, 

there remains a lack of time-efficient and histology-validated method to obtain intraplaque 

hemorrhage detection and quantification measures. Furthermore, complex neck motion highly 

impacts the delineation of carotid vessel wall and plaque components, yet the current motion 

correction methods for carotid MRI still face many challenges and are hard to be adopted in 

clinical use. To fill these gaps, the research goal of this study is to develop a semi-automatic carotid 
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intraplaque hemorrhage detection and quantification method in carotid MRI with novel motion 

correction technique. 

 

We hypothesize that semi-automatic carotid intraplaque hemorrhage detection and quantification 

on MRI have good intraplaque hemorrhage detection performance and reproducible intraplaque 

hemorrhage quantification measurements and that motion detection and correction of carotid MR 

image can further improve the carotid vessel wall visualization for future intraplaque hemorrhage 

quantification. 

 

To test the hypothesis, the following studies are proposed. 

Specific Aim I: To establish intraplaque hemorrhage detection criteria on MRI and evaluate its 

intraplaque hemorrhage detection performance.  

a) Obtain intraplaque hemorrhage detection criteria in MP-RAGE MRI. 

b) Obtain intraplaque hemorrhage detection criteria in SNAP MRI. 

c) Evaluate the intraplaque hemorrhage detection performance of MP-RAGE and SNAP MRI 

 

Specific Aim II: To develop a semi-automatic method for quantitative intraplaque hemorrhage 

measurement and evaluate its reproducibility. 

a) Develop a semi-automatic method for quantitative intraplaque hemorrhage measurement. 

b) Evaluate the reproducibility of intraplaque hemorrhage quantification measures. 

 

Specific Aim III: To develop a motion tracking and correction technique using structured light to 

improve carotid artery wall delineation. 
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a) Develop a motion tracking system using structured light. 

b) Detect both abrupt motion (such as cough and swallowing) and bulk motion during MR 

scans. 

c) Correct both abrupt carotid motion and bulk motion in carotid MRI. 

 

Overall, intraplaque hemorrhage detection criterial will be established using histology as the gold 

standard and a semi-automatic and reproducible volumetric image processing method will be 

developed for quantitative intraplaque hemorrhage characterization. A novel motion correction 

technique with both abrupt and bulk motion correction capability will be developed for carotid 

atherosclerosis MR imaging to improve the carotid artery vessel wall delineation with the merits 

of no attaching to patients and independence of MR sequence.  
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Chapter 2. INTRAPLAQUE HEMORRHAGE DETECTION IN CAROTID 

MRI 

2.1 OVERVIEW 

As discussed in Chapter 1, the presence of intraplaque hemorrhage (IPH) is an important indicator 

for plaque vulnerability and future clinical events. However, current intraplaque hemorrhage 

detection have been relaying on subjective evaluation by human reviewers or arbitrary unverified 

intensity threshold. Therefore, the research goal of this study was to replace those subjective 

evaluations with objective threshold for intraplaque hemorrhage detection on both MP-RAGE and 

SNAP MRI and evaluate their intraplaque hemorrhage detection performance.  

 

In order to accomplish this goal, the following studies were performed: 1) the intraplaque 

hemorrhage intensity thresholds were optimized in MP-RAGE and SNAP using histology specimen 

as the gold standard; 2) the sensitivity and specificity of intraplaque hemorrhage detection on MRI 

were calculated using the optimized thresholds.  

 

2.2 INTRAPLAQUE HEMORRHAGE DETECTION IN HISTOLOGY 

2.2.1 Histology Specimen Processing 

In order to have histology specimen as the intraplaque hemorrhage detection gold standard, 

carotid endarterectomy (CEA) patients were recruited for this study. Patients with either 

asymptomatic, greater than 80% carotid artery stenosis or symptomatic, greater than 70% carotid 

artery stenosis were recommended for CEA surgery [30] to prevent future stroke. Before the 
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surgery, patients underwent MR scans including MP-RAGE and/or SNAP, as well as conventional 

MR sequences (T1-weighted, T2-weighted and TOF).  

 

Processing and analysis of CEA specimens were consistent with previous studies [30, 64, 65]. 

During the CEA surgery, carotid plaque was removed with an effort to keep its structure intact.  

Within 4 hours following the CEA, carotid plaque specimens were fixed in 10% neutral buffered 

formalin. They were then decalcified in 10% formic acid, embedded in paraffin and sectioned at 

every 1.0 mm in the common carotid and at every 0.5 mm in the internal carotid (Figure 2-1). The 

sections (10 µm) were stained with hematoxylin-eosin [30]. 

 Figure 2-1. Carotid plaque removed by carotid endarterectomy for histology processing. Red lines 

represent the sectioning positions (every 0.5 mm in the internal carotid artery and every 1 cm in the 

common carotid artery).  

2.2.2 Intraplaque Hemorrhage Delineation in Histology  

By carefully checking the hematoxylin-eosion stained histology sections under microscope, an 

experienced histologist, blinded to MRI results, outlined intraplaque hemorrhage boundaries [30] 

on each section photo if there was any intraplaque hemorrhage identified (MATLAB). The 

1mm 

0.5mm 
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presence/ absence of intraplaque hemorrhage for each section was recorded. And the area of 

intraplaque hemorrhage for each section was measured and recorded with photo size calibrated.  

 

2.2.3 Matching between histology and MRI  

In order to be blinded to MP-RAGE and SNAP findings, only conventional MR images (co-

registered T1-weighted, TOF and T2-weighted images) were used to match with histology 

sections. The matching was also performed independently from the histology measurements.  

 

Due to the slice thickness and gap difference between conventional MR axial image (2 mm 

thickness at every 2 mm) and histology sections (10 µm thickness at every 1 mm or 0.5 mm), 

multiple histology sections could be matched to the same MR location. The averaged area of 

intraplaque hemorrhage among matched histology sections was calculated for each MR location. 

Other matching challenges include the imperfect match of slice direction between histology and 

MRI, as well as the shrinkage of histology specimen. Therefore, not only the bifurcation level but 

also plaque morphology and components (e.g. calcification) morphology information were used to 

facilitate the matching between histology and MRI.  

 

2.3 MR IMAGE PRE-PROCESSING 

Image intensity normalization is an important pre-processing step in analyzing MR images, 

because MR image signals have a variety of intensity range, even at different time points from the 

same scanner with the same MR sequence [35]. In carotid plaque MRI, adjacent muscle such as 

sternocleidomastoid muscle, and fibrous tissue which is considered as the normal artery wall 
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tissue inside carotid artery, were often used as the intensity reference to normalize the MR image 

signal intensity [34, 66]. This is also in accordance with the human reviewers who define 

hyperintensity and hypointensity of the artery wall by comparing it with adjacent SCM and/or 

normal artery tissue [26].  

Figure 2-2. MP-RAGE image slice with lumen, out wall, reference and ROI contours. ROI is 

centered at the carotid artery with a radius of 2 centimeters (yellow circle). SCM = sternocleidomastoid 

muscle; ST = adjacent soft tissue; IPH = intraplaque hemorrhage.  

2.3.1 MP-RAGE Image Intensity Normalization 

Since original pixel value in MP-RAGE images varies not only between patients, but also between 

axial slices due to the inhomogeneous coil sensitivity, original pixel value should be normalized by 

dividing the signal intensity of a reference region. The choice of a reference to calculate the 

threshold can also affect diagnostic performance. Therefore, three types of signal intensity 

references were selected. Two references required manual outlining: the mean value of the 

sternocleidomastoid muscle (SCM) within the ROI and the mean value of adjacent soft tissue (ST) 

drawn as a small region adjacent to the carotid artery that visually appears of similar intensity 
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compared with presumed dense fibrous tissue within the non-plaque portion of the carotid artery 

wall. The third reference was the median signal intensity value (MED) within ROI [67]. The 

adjacent soft tissue reference was chosen beside the sternocleidomastoid muscle because the 

muscle is closer to the skin surface and may be biased towards a higher value relative to the 

carotid artery due to the surface coil sensitivity. Ratios of the signal intensity of each pixel within 

the vessel wall and signal intensity of each reference (SCM, ST or MED) within the same slice were 

calculated to produce relative values more comparable between slices and subjects.  

 

2.3.2 Coil Sensitivity Normalization in MP-RAGE 

Due to the inhomogeneous coil sensitivity, the intraplaque hemorrhage detection in MP-RAGE may 

be affected by the coil sensitivity with the varying depths of carotid artery from the skin with 

different intensity level. Previously, Han et al proposed a coil correction method based on wavelet 

transform [68] and showed promising results in images of both phantom and human images, 

without using any prior knowledge of the subject or coil. In order to access the effect of coil 

sensitivity, coil sensitivity correction [68] was applied on MP-RAGE images before threshold 

optimization. The intensity of SCM, adjacent soft tissue and local median value before and after 

coil correction were compared.  

 

2.3.3 SNAP Image Reformation and Signal Intensity Normalization 

Since the optimized intraplaque hemorrhage intensity threshold on SNAP images would be 

applied directly on 3D SNAP images in the next step, during the intensity optimization, 3D SNAP 

images were reformatted to 0.4 mm thick 2D axial slices in consistence with 3D SNAP images.  
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SNAP utilizes phase-sensitive inversion recovery [32, 69] and three sets of images are generated 

simultaneously [70]: 1) heavily T1-weighted images (I1); 2) proton density-weighted reference 

images (I2); and 3) phase-corrected images (SNAP). Only static tissues with short T1 are 

hyperintense on SNAP, making it well suited for detecting intraplaque hemorrhage. The SNAP 

image also shows carotid lumen as strong negative signals so its negative portion can be used for 

MR angiography. However, other soft tissues including commonly used sternocleidomastoid 

muscle (SCM) and normal vessel wall have near-zero signal intensities and are thus not suitable as 

reference tissues. Therefore, the signal intensity of SCM on I2, sampled by using a 2D region-of-

interest (ROI) close to the common carotid bifurcation was used for signal intensity 

normalization. SNAP images were normalized voxel-by-voxel to the mean signal intensity of SCM 

on I2.  

 

Unlike MP-RAGE, SNAP MRI has built-in coil sensitivity correction, which mitigates influences of 

coil sensitivity on signal intensity measurements [32]. Therefore, coil sensitivity correction was 

not necessary for SNAP and only a single SCM ROI was selected for each artery.  

 

2.4 INTRAPLAQUE HEMORRHAGE INTENSITY THRESHOLD OPTIMIZATION 

Receiver operating characteristic (ROC) curves for detection of intraplaque hemorrhage were 

generated for each of the reference methods by comparing the presence/ absence of intraplaque 

hemorrhage in MR images with that in matched histology slices. The overall performance was 

summarized using the area under the ROC curve (MATLAB, R2010b, US). The optimal threshold 
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was then chosen as the one with the maximum Youden’s Index (sensitivity+specificity-1), which 

weighted sensitivity and specificity equally.  

 

In order to eliminate the effect of co-localized calcification and resolution limits of MRI [30], sub-

sets of data excluding slices with small intraplaque hemorrhage areas or calcified intraplaque 

hemorrhage  (>50% intraplaque hemorrhage area calcified) were also analyzed. Small 

intraplaque hemorrhage area thresholds were set by π · (x · pixel length)2 with x being 1 and/or 

1.5 by referring to previous established method [30]. AUCs for detecting presence/absence of 

intraplaque hemorrhage in MR images using various thresholds were also calculated.  

 

2.5 IN VIVO EXPERIMENT ON MP-RAGE 

2.5.1 Imaging Population 

14 patients scheduled for carotid endarterectomy were recruited for this study, which was a 

subset of a previously reported group [30], all scanned at Michigan State University. All patients 

signed IRB-approved consent forms. According to the criteria for carotid endarterectomy at our 

institution, patients were either asymptomatic with greater than 80% carotid stenosis or 

symptomatic with greater than 70% carotid stenosis. 

 

2.5.2 MR Imaging 

Before the carotid endarterectomy surgery, patients were imaged on a 3T Signa HDx MR scanner 

(GE Healthcare, Waukesha, WI) using a dedicated 4-channel carotid bilateral phased-array coils 
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(Pathway MRI, Seattle, WA). An optimized 3D MP-RAGE sequence [25] was used 

(TR/TE=13.2ms/3.2ms, in plan spatial resolution = 0.63 mm × 0.63 mm, reconstructed 

resolution = 0.31 mm × 0.31 mm,  slice thickness = 1 mm, TI = 304 ms, acquisition time = 3 min 

50 sec). Fat suppression was achieved by water selective excitation. 

 

2.5.3 MR Image Analysis 

Carotid lumen and outer wall boundaries were drawn by two experienced reviewers trained in 

carotid plaque MR image interpretation. The MR readers were blinded to the histology results. 

Within each image, all analysis was performed within a 4 centimeter diameter circular region of 

interest (ROI), centered at the carotid lumen. This ROI was chosen to reduce the effect of signal 

inhomogeneity associated with the surface coil while generally still including sufficiently large 

reference areas (Figure 2-2). 

 

Considering the resolution limit of MRI and possible hyperintensity of heavily calcified 

intraplaque hemorrhage, the analysis was conducted using all slices as well as after excluding 

subsets of slices with heavily calcified intraplaque hemorrhage or with intraplaque hemorrhage 

area < 1.25 mm2 or < 2.8 mm2 measured on histology [30], where the area thresholds were 

calculated using π(0.63x)2 with x being 1 and 1.5, respectively, and 0.63 (mm) being the 

resolution of MP-RAGE images. 
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2.5.4 Coil Generality Test 

In order to investigate whether surface coil could make a difference on signal ratios, surface coil 

sensitivity correction was applied using Han et al.’s automatic multi-scale coil correction method based 

on the wavelet transform [68]. For each slice, signal ratios of maximum intensity within the artery over 

the three references (SCM, ST, MED) were calculated before and after coil correction. The bootstrap 

method was used to calculate confidence intervals for the signal ratio change percentage after coil 

correction (R, version 3.0.2, Austria). 

 

2.5.5 Statistical Analysis 

After intraplaque hemorrhage signal intensity optimization, the thresholds were used to 

measured areas of intraplaque hemorrhage on MRI and were compared with histology using 

Pearson’s correlation coefficient (SPSS Statistics 21, US). The nonparametric bootstrap and 

percentile method were used to compute 95% confidence intervals [71, 72] (R version 3.0.2, 

Vienna, Austria).  

 

2.5.6 Results 

133 axial MR slices from 14 patients were matched with histology specimens, among which 63 

slices had intraplaque hemorrhage identified in histology. Eight of the 133 slices were excluded 

when the SCM was used as reference, because the SCM in those slices were more than 2cm away 

from the artery, outside the primary ROI.  
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Table 2-1. Optimized thresholds for detecting IPH 

Data subset Area Under the ROC Curve  

(95% confidence interval) 

Optimized threshold,%  

(95% confidence interval) 

 IPH 

Area 

(mm2)a 

n+/nb SCM ST MED SCM ST MED 

With 

CA 

>0 63/133 
0.69 

(0.53-0.83) 

0.71 

(0.55-0.86) 

0.58 

(0.42-0.75) 

100 

(73-131) 

162 

(115-208) 

223 

(197-275) 

>1.25 52/122 
0.71 

(0.56-0.87) 

0.72 

(0.56-0.84) 

0.64 

(0.45-0.80) 

101 

(83-131) 

162 

(129- 208) 

223 

(217-275) 

>2.80 34/104 
0.74 

(0.64-0.91) 

0.79 

(0.55-0.88) 

0.68 

(0.46-0.85) 

104 

(83-131) 

160 

(130-167) 

223 

(218-275) 

No 

CAc 

>0 49/119 
0.74 

(0.58-0.86) 

0.71 

(0.52-0.87) 

0.66 

(0.49-0.81) 

100 

(83-131) 

170 

(115-208) 

223 

(182-275) 

>1.25 40/110 
0.76 

(0.50-0.88) 

0.71 

(0.60-0.86) 

0.72 

(0.54-0.86) 

101 

(83-131) 

170 

(140-208) 

223 

(217- 275) 

>2.80 25/95 
0.83 

(0.71-0.91) 

0.80 

(0.60-0.92) 

0.80 

(0.66-0.91) 

104 

(89-131) 

162 

(140-208) 

223 

(217-275) 

Note: IPH = intraplaque hemorrhage; MED = median value; ROC = Receiver operating characteristic; 

SCM = sternocleidomastoid muscle; ST = soft tissue.  

a IPH area: excluding IPH with areas < π (0.63x)2, where 0.63mm was the in-plane resolution of MP-

RAGE, and x was set as 1 and 1.5 which gave areas of 1.25 and 2.80 
b n+: number of slices with IPH present in histology; n: total number of slices  
c No CA: excluding heavily (>50%) calcified IPH; with CA: not excluding heavily calcified IPH 

 

 

Table 2-2. Performance of optimized thresholds 

Data subset  Sensitivity (%) Specificity (%) Pearson's correlation 

coefficient (r) 

 IPH 

Area(mm2) 

n+/n SCM ST MED SCM ST MED SCM ST MED 

With 

CA 

>0 63/133 51 46 51 81 88 80 0.62 0.84 0.81 

>1.25 52/122 57 54 60 82 87 80 0.62 0.84 0.81 

>2.80 34/104 57 68 68 84 84 80 0.64 0.85 0.81 

No  

CA 

>0 49/119 57 49 57 81 90 80 0.77 0.93 0.89 

>1.25 40/110 62 52 67 82 90 80 0.78 0.93 0.89 

>2.80 25/95 68 68 80 84 87 80 0.79 0.94 0.90 

Note: IPH = intraplaque hemorrhage; MED = median value; SCM = sternocleidomastoid muscle; ST = 

soft tissue.  
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Figure 2-3. Receiver operator curves for IPH detection using three reference standards (SCM, ST 

and MED). The subset of slices without heavily calcified IPH or IPH <2.8 mm2 was used.  

 

ROC curves for the subset excluding slices with intraplaque hemorrhage area < 2.80 mm2 or 

heavily calcified intraplaque hemorrhage are plotted in Figure 2-3. The area under the ROC curve 

for each subset is shown in Table 2-1 for all three references. When compared to the full dataset, 

the area under the ROC curve increased when heavily calcified intraplaque hemorrhage and 

intraplaque hemorrhage with areas area <2.80 mm2 were excluded. However there were no 

differences observed for ROC or area under the ROC curve between different references. 
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Optimized thresholds to detect the presence of intraplaque hemorrhage are also summarized in 

Table 2-1. Using different data subsets, the optimized intraplaque hemorrhage signal intensity 

threshold remained about the same, being 100-104% of SCM, 160-170% of ST and 223% of MED.  

 

Figure 2-5. Sensitivity and specificity using different thresholds based on two types of references: 

(a) ST (adjacent soft tissue) and (b) MED (median value within ROI). Red line shows optimized 

thresholds (heavily calcified IPH areas and IPH area<2.80mm2 excluded, n=95).  

Figure 2-4. Pearson’s correlation coefficients (r) of IPH area measured in MP-RAGE images and 

histology using optimized thresholds based on three references for different subsets of data. 
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The performance of optimized thresholds is summarized in Table 2-2. When heavily calcified 

intraplaque hemorrhage and small intraplaque hemorrhage were excluded, sensitivity increased 

from 51% to 68% for SCM, from 46% to 68% for ST and from 51% to 80% for MED; Pearson’s 

correlation coefficients (r) increased from 0.62 to 0.79 for SCM, from 0.84 to 0.94 for ST and from 

0.81 to 0.90 for MED (Figure 2-4). Specificity did not change with different subsets: 81%-84% for 

SCM, 84%-90% for ST and 80% for MED. The sensitivity, specificity and Youden’s index for 

various thresholds using the ST and MED as reference are shown in Figure 2-5. Semi-automatic 

intraplaque hemorrhage identification using threshold based on MED compared well with 

histology identified intraplaque hemorrhage.  

 

After surface coil sensitivity correction, signal intensity ratios of the artery to the ST and MED reference 

had relatively small changes compared to their values before coil correction (+5%, p = 0.16 and -6%, p 

= 0.03, respectively). However, the signal intensity ratio based on the SCM reference showed a much 

larger change after coil correction (46%, p < 0.01).  

 

2.5.7 Discussion  

By using histology as the gold standard, this study provides the optimized thresholds for three 

different references in the detection of carotid intraplaque hemorrhage by MP-RAGE MRI.   

 

A threshold of 162% based on ST was found to have good performance for intraplaque 

hemorrhage detection with high correlation (r = 0.84-0.94) for intraplaque hemorrhage area. As 

such, the ST method is recommended for intraplaque hemorrhage detection where an adjacent, 
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soft tissue region that is isointense with fibrous plaque can be readily identified and manually 

outlined. For a more automated intraplaque hemorrhage detection method, the local median 

appears to be the optimal choice for efficiency and accuracy, considering that the threshold of 

223% based on MED is nearly as accurate as ST with intraplaque hemorrhage area correlation r = 

0.81-0.90. Of note, we found that the optimized threshold for the commonly used SCM reference 

method [17, 37] is around 100%, suggesting that using the sternocleidomastoid muscle as 

reference may be problematic without surface intensity correction when surface coils are used. 

Also, the measured intraplaque hemorrhage area correlation between MP-RAGE and histology is 

relatively low using SCM as reference compared with ST and MED (Figure 2-4). 

 

Although surface coil was used in this study, our results demonstrated that coil correction had a 

relatively minor, if any impact, on signal intensity ratios based on ST or MED, suggesting that the 

optimized threshold based on ST or MED is also applicable with other kind of coils, such as 

neurovascular coils that are readily available on major scanner platforms.  

 

Figure 2-5 provides thresholds for selection by determining the desired optimum sensitivity, 

specificity for the ST and MED methods. A threshold with higher sensitivity may be preferred to 

screen patients for intraplaque hemorrhage, whereas a threshold with a lower false positive rate 

may be preferable for clinical decision-making. 

 

Some previous studies have used similar relative intensity thresholds (e.g. 150% or 200% of 

adjacent muscles signal) to determine hyperintensity [17, 33]. Yamada et al. [36] utilized 200% of 

adjacent muscle signal as threshold for “high signal intensity” in MP-RAGE images. Using the same 
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threshold, the same group [33] used histology as reference and found that carotid plaques with 

hyperintensity in MP-RAGE had large necrotic cores containing intraplaque hemorrhage. A 

threshold of 150% of adjacent SCM signal were also utilized in other research [17, 37] for defining 

intraplaque hemorrhage or potential intraplaque hemorrhage areas. In addition, Zhu et al.’s study 

outlined intraplaque hemorrhage ROIs in carotid MP-RAGE images, referring to matched histology 

specimens [25]. In four patients, intraplaque hemorrhage showed averaged signal intensity values 

as 227.4%, 244.1%, 322.4%, 266.2% of adjacent sternocleidomastoid muscle mean intensity. 

 

Compared with manual intraplaque hemorrhage detection, automatic or semi-automatic 

intraplaque hemorrhage detection has the advantage of higher repeatability and requires less 

time.  Ota et al. [30] manually outlined intraplaque hemorrhage for 20 patients scheduled for 

carotid endarterectomy using the MP-RAGE sequence and evaluated the performance by referring 

to histology ground truth. Our study only include a subset population of Ota et al.’s (14 out of 20) 

scanned from one site. Using the semi-automated MED technique, we found better intraplaque 

hemorrhage area correlation with histology (r = 0.90 compared with r = 0.813) and comparable 

sensitivity (80% compared with 80%) but lower specificity (80% compared with 97%). We 

assume the specificity of automatically detecting intraplaque hemorrhage can be improved by 

combining threshold method with information of plaque morphology [67] and/or area of 

hyperintensity.  

 

Furthermore, specificity, area under the ROC curve and Pearson’s correlation coefficient increased 

when heavily calcified intraplaque hemorrhage and/or intraplaque hemorrhage smaller than 

cutoff area was excluded. This is likely due to 1) co-localized calcification resulting in lowered 
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intraplaque hemorrhage signal intensity and 2) intraplaque hemorrhage areas smaller than the 

detection threshold of MP-RAGE. However, the optimal threshold was found to be stable 

regardless of the present/absence of these characteristics. This suggests that using these 

thresholds can detect intraplaque hemorrhage with the caveat that sensitivity may be reduced in 

populations with small or heavily calcified intraplaque hemorrhage. Furthermore, when 

calcification can be identified with other MRI weighting, reduced intensity threshold can be used 

for increasing co-localized intraplaque hemorrhage detection sensitivity.  

 

One limitation of the current study is that the thresholds were optimized based on intraplaque 

hemorrhage presence/ absence information in each slice, without considering the location of 

detected intraplaque hemorrhage within the slice or its size. Nevertheless, based on our 

observation, the location of detected intraplaque hemorrhage in MP-RAGE mostly coincided with 

the true intraplaque hemorrhage location in histology when checked visually. While the optimized 

threshold was determined without consideration of size of intraplaque hemorrhage, our study 

demonstrates that the size of intraplaque hemorrhage detected using optimized thresholds 

correlates well with that in histology (r = 0.94 for ST and r = 0.90 for MED). Another limitation is 

that we did not assess the effect of varying MP-RAGE imaging parameters on optimized 

thresholds. We used MP-RAGE parameters previously optimized for intraplaque hemorrhage 

detection [25], but variation in optimized thresholds for other MP-RAGE protocols is possible for 

other MP-RAGE parameters. 
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2.5.8 Summary 

With histology validation, an optimized threshold of approximately 150% based on adjacent soft 

tissue has good intraplaque hemorrhage detection performance and thus is recommended where 

an adjacent soft tissue region of isointense with fibrous plaque can be readily identified and 

manually defined. For semi-automated intraplaque hemorrhage detection, an optimized threshold 

of approximately 200% based on local median value appears to be the optimal choice giving an 

accuracy similar to that of adjacent soft tissue. These optimized thresholds can be used not only 

for semi-automatic or automatic intraplaque hemorrhage detection in MP-RAGE images, but can 

also provide an objective criterion for manual detection of carotid intraplaque hemorrhage. 

 

2.6 IN VIVO EXPERIMENT ON SNAP 

2.6.1 Imaging Population 

14 carotid atherosclerosis patients scheduled for carotid endarterectomy (CEA) were recruited 

from University of Washington Medical Center and Affiliated Hospitals and consented in the study. 

Study protocol was approved by the institutional review board. Written informed consent was 

obtained from enrolled subjects. 

 

2.6.2 MR Imaging 

All patients were scanned with 3T MRI (Philips R3.2.1, Best, The Netherlands) before surgery 

using an eight-channel carotid coil. The MR sequences included 3D SNAP (TR/TE/TI = 

10/4.7/500 ms, acquisition resolution = 0.80×0.80×0.80 mm3, reconstructed resolution = 
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0.40×0.40×0.40 mm3) [32] and a conventional 2D multicontrast protocol (TOF, proton density 

weighted, T1-weighted and T2-weighted) [26]. The thickness of conventional MRI was 2mm. 

 

2.6.3 Data analysis 

Histology sections and reformatted axial SNAP images were matched indirectly by first matching 

each to the conventional 2D multi-contrast MR images. Matching between histology and multi-

contrast images was based on lumen/wall morphology and the distance to carotid bifurcation to 

account for any distortion and variable shrinkage of the tissue [30]. Matching between SNAP and 

multi-contrast images was based on distance to the carotid bifurcation as both protocols were 

acquired sequentially in the same imaging session. As histological sampling was finer than the 

spacing between MR slices, multiple histological sections may be matched to a single MR image. In 

that case, intraplaque hemorrhage was defined as present on that slice if any of the matched 

histological sections showed intraplaque hemorrhage. Considering the limited resolution of SNAP 

compared to histology, slices with small intraplaque hemorrhage area (π ∙ r2 = 2.01 mm2, where r 

= 0.80 mm) defined in histology were excluded from analyses according to previous established 

criteria [30]. 

 

The max normalized signal intensity on SNAP on each image was compared to the 

presence/absence of intraplaque hemorrhage as defined on the matched histology sections to 

determine an optimal signal intensity threshold for detecting intraplaque hemorrhage, as 

described in Chapter 2.4 section above. 
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Additionally, the reformatted axial SNAP images were reviewed by two readers (eight and four 

years’ experience in cardiovascular MR). intraplaque hemorrhage presence was determined in 

consensus by visually inspecting whether there were distinct hyperintense signals within the 

carotid wall. Agreement in intraplaque hemorrhage detection between histology and manual 

review, as well as automatic and manual review were evaluated using Cohen’s kappa. 

 

The sensitivity and specificity associated with the chosen threshold was estimated using leave-

one-out cross-validation. One plaque was left out at each iteration rather than one slice, due to 

potential non-independence between slices of the same plaque. To retain the dependence between 

the images and histology slices from the same patient, images were resampled as clusters using R 

when calculating the confidence intervals. All statistical analysis was performed using R software 

(version 3.0.2). 

 

2.6.4 Results           

Patient information was summarized in Table 2-3. 116 MR slices with matched histology 

intraplaque hemorrhage information from 14 patients were generated. By excluding slices with 

small intraplaque hemorrhage bellow MRI detection resolution, 108 matched slices (36 with 

histology-detected intraplaque hemorrhage) were analyzed.  
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Table 2-3. Study Population 

Characteristics Number (N = 14) 

Age (y)* 68.4 ± 9.7 

Male 12 (86) 

Symptomatic 3 (21) 

Hypertension 11 (79) 

Hyperlipidemia 14 (100) 

Diabetes 3 (21) 

Current smoker 5 (36) 

Current statin user 14 (100) 

Note: All numbers except age are numbers of patients, with percentages in 

parentheses.  

* Mean age ± standard deviation 

Figure 2-6. IPH detection performance in SNAP MRI using sternocleidomastoid muscle signal 

intensity on SNAP reference image for normalization. Receiver operator characteristic (ROC) curve (a) 

was used for intensity threshold optimization. Optimized threshold (red line in b) was chosen as the one 

that maximize Youden’s Index (sensitivity + specificity – 1). Sensitivity and specificity curve with 

varying thresholds are also shown in (b) which can facilitate different threshold selection based on 

different goals.  

Threshold (a) (b) 
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The overall AUC for intraplaque hemorrhage detection was 0.83 (0.73, 0.93). The optimized 

hyperintensity threshold was identified as 1.0 of SCM signal intensity on I2 (Figure 2-6). The 

sensitivity and specificity were 76% and 88% based on cross-validation. If the 8 slices with small 

intraplaque hemorrhage were included, the optimized threshold was still 1.0 of SCM signal 

intensity on I2.  

 

Manual review detected intraplaque hemorrhage in 35 MR slices from 8 plaques. The sensitivity 

and specificity were 83% and 93%, respectively. Both automatic (kappa: 0.72; 95% CI: 0.55, 0.85) 

and manual (kappa: 0.77; 95% CI: 0.59, 0.87) review had a moderate agreement with histology, 

whereas the agreement between automatic and manual intraplaque hemorrhage detection was 

high (kappa: 0.87; 95% CI: 0.75, 0.97). 

 

2.6.5 Discussions 

In this study, thresholds for intraplaque hemorrhage detection were optimized using intensity of 

SCM on SNAP reference image for intensity normalization and referring to histology as gold 

standard, resulting a semi-automatic method to identify intraplaque hemorrhage on SNAP.  

 

The near-perfect agreement with manual review indicates that visual inspection of hyperintense 

areas is a viable approach despite being more time-consuming. This may be again attributable to 

high IPH-to-wall contrast in SNAP. Both manual and automated review showed a substantial 

agreement with histology. These findings highlighted some intrinsic limitations of MRI in 

characterizing intraplaque hemorrhage, including limited spatial resolution and possible 
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colocalization of intraplaque hemorrhage with calcification, as previously seen for other 

sequences [30, 34]. To ensure blinded analyses, matching between histological sections and 

reformatted SNAP images was performed indirectly by using 2D MR images as a bridge, which 

could also lower the agreement. Nonetheless, we expected that any mismatching should be 

random and not affect the signal intensity threshold. 

 

The optimized thresholds were obtained by maximizing the sum of sensitivity and specificity, but 

Figure 2-6 can be used to choose a different threshold where higher sensitivity or specificity is 

required. For example, when screening patients for intraplaque hemorrhage a lower threshold 

value can be used to obtain a higher sensitivity for intraplaque hemorrhage. 

 

Previous researches on MP-RAGE in detecting intraplaque hemorrhage manually have obtained 

sensitivity and specificity of 84% and 84% [24], 53-80% and 97% [30], respectively. In this study, 

sensitivity and specificity for intraplaque hemorrhage detection on SNAP MRI were 76% and 88%, 

respectively. It is not rigorous to compare intraplaque hemorrhage detection performance 

between SNAP and MP-RAGE with different study cohort. However, comparing with MP-RAGE, 

SNAP has the advantages such as 1) higher IPH-to-wall contrast, 2) less flow artifact [4] and 3) 

simultaneous lumen and intraplaque hemorrhage imaging.   

 

The limitation of this study was that slice matching between SNAP and histology was not perfect. 

The reasons included 1) the histology specimen may be sectioned at a slightly different 

orientation compared with MRI slices; 2) the histology specimen may have different magnitudes 

of shrinkage during processing that varies depending on the presence and quantity of different 
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plaque components. However, the intraplaque hemorrhage detection performance was good 

despite the possible under-estimation due to mis-registration. 

 

2.6.6 Summary 

Using histological gold standard, this study developed a semi-automatic method to identify 

intraplaque hemorrhage on SNAP. The optimized threshold was 1.0 times SCM (mean 

sternocleidomastoid intensity) on SNAP reference image. Using the optimized intensity threshold, 

semi-automatically detected intraplaque hemorrhage had good intraplaque hemorrhage detection 

performance and high agreement with manual intraplaque hemorrhage detection. 
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Chapter 3. QUANTITATIVE MR CHARACTERIZATION OF CAROTID 

INTRAPLAQUE HEMORRHAGE  

3.1 OVERVIEW 

Although Chapter 2 established an objective approach for intraplaque hemorrhage detection, 

quantitative characterization of intraplaque hemorrhage on MRI may provide more information 

toward the vulnerability of intraplaque hemorrhage and its clinical risk, considering that 

intraplaque hemorrhage quantitative measures (volume [40] and intensity [38]) change more 

rapidly than intraplaque hemorrhage presence and that intraplaque hemorrhage quantitative 

measures differ between symptomatic and asymptomatic plaques [39, 41]. Therefore, semi-

automatic and reproducible method for intraplaque hemorrhage quantitative measures is in great 

need for more insightful plaque vulnerability and progression assessment.  

 

The goals of this study were two-fold. First, the study aimed to develop a time-efficient method for 

quantitative MR characterization (volume and intensity) of carotid intraplaque hemorrhage based 

on volumetric image processing and the optimized intensity threshold. Second, the study sought to 

evaluate the scan-rescan reproducibility of intraplaque hemorrhage signals, which were generated 

using the time-efficient volumetric image processing method.  
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3.2 MATERIALS AND METHODS 

3.2.1 Imaging Population 

The study protocol was approved by the local institutional review board and written informed 

consent was obtained from all enrolled subjects. The study was compliant with the Health 

Insurance Portability and Accountability Act. Thirty-three patients with asymptomatic 16-99% 

carotid stenosis identified by ultrasound who did not meet clinical indications for CEA were 

recruited in this study. They underwent two SNAP scans within one month. Consecutive screening 

and enrollment of subjects occurred between June 2013 and February 2016, at the University of 

Washington Medical Center and Affiliated Hospitals.  

 

3.2.2 MR Imaging 

All scans were performed at 3.0-T (Philips, Best, The Netherland) with an 8-channel carotid coil 

[73]. SNAP is a recently developed inversion-recovery gradient echo sequence using phase-

sensitive reconstruction [32]. The sequence design has been previously described in detail [32]. 

Two SNAP MRI scans were performed within one month. The SNAP protocol used for this study 

was consistent with the one used in Chapter 2, which was optimized for both IPH-to-wall contrast 

and flow-suppression [70]: repetition time/echo time = 10/4.8 msec, flip angle = 11°, inversion 

time = 500 msec, field-of-view = 160×160×32 mm3, scan time = 5.3 minutes. Spatial resolution 

was 0.8×0.8×0.8 mm3 acquired and interpolated to 0.4×0.4×0.4 mm3 by the scanner. 
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3.2.3 Quantitative Characterization of Intraplaque Hemorrhage Using Volumetric Image Processing 

SNAP image signal intensity was first normalized using the sternocleidomastoid muscle signal 

intensity on SNAP reference image (described in Chapter 2.3.3). A rapid intraplaque hemorrhage 

quantification method (Figure 3-1) with minimal human input was developed for evaluating the 

extent and magnitude of intraplaque hemorrhage signals in SNAP based on the signal intensity 

threshold of intraplaque hemorrhage as determined in Chapter 2.6.  First, maximum and minimum 

intensity projections were automatically generated and overlaid to facilitate region selection. 

Second, a 3D box to delineate the ROI covering the carotid bifurcation was defined interactively on 

the compound display by selecting two points (left upper and right lower corners) in the coronal 

and sagittal views, respectively. The 3D ROI was wide enough to include any hyperintense areas if 

present, but avoided hyperintense areas that were distant from the carotid artery (e.g. peripheral 

regions with low coil sensitivity or poor fat saturation). Third, the mean SCM signal intensity on I2 

was measured to normalize the signal intensity on SNAP, as described above. The optimized signal 

intensity threshold of intraplaque hemorrhage was applied to all voxels (0.4×0.4×0.4 mm3) in the 

3D ROI box to obtain a binary 3D volume representing the presence/absence of intraplaque 

hemorrhage within each voxel. No vessel wall boundary was needed for intraplaque hemorrhage 

segmentation. Fourth, intraplaque hemorrhage regions were determined after a morphological 

opening with a 2×2×2 cubic as the structuring element which accounted for the lower acquired 

resolution (0.8×0.8×0.8 mm3). intraplaque hemorrhage volume was calculated as the number of 

voxels in all intraplaque hemorrhage regions multiplied by voxel size. Maximum normalized 

intensity of the 3D ROI and mean normalized intensity of intraplaque hemorrhage regions (if 

intraplaque hemorrhage was present) were recorded.  
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Figure 3-1. Using the rapid IPH quantification, IPH was segmented automatically in two repeated 

scans (a and b) with the optimized signal intensity threshold after 3D ROI was defined. At the first scan 

(a1), 3D ROI was defined interactively by selecting two points in coronal and sagittal views, 

respectively, and was mapped to the second scan (b1) with local rigid registration. 2D ROI for SCM was 

selected close to the common carotid artery bifurcation in coronal SNAP I2 image for each artery at 

each scan (a2). By zooming in the 3D ROI areas, MRA (white, mIP image, a3, b3), color-coded IPH 

(red, MIP image, a4, b4) and the combined view (a5, b5) show reproducible IPH imaging. Axial views 

(a6, b6) at the yellow dashed line levels show very similar segmented IPH boundaries between the two 

scans (red). The two scans occurred the same day. SCM = sternocleidomastoid.  
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3.2.4 Reproducibility Studies 

In order to access the scan-rescan reproducibility, the 3D ROI defined on the first scan was 

automatically mapped to the second scan by local rigid registration (MATLAB, R2015a) with 

bicubic interpolation method. The mean SCM signal intensity on I2 was measured separately for 

each scan to normalize the signal intensity. After the 3D ROI was mapped to the second scan, the 

intraplaque hemorrhage measurements (intraplaque hemorrhage volume, maximum normalized 

intensity and mean normalized intensity of intraplaque hemorrhage) were calculated 

automatically and independently from each scan. This approach is also suitable for analyzing 

multiple follow-up scans in serial imaging studies. 

 

3.2.5 Statistical Analysis 

Cohen’s kappa was used to assess scan-rescan reproducibility in presence of intraplaque 

hemorrhage signals. Intraclass correlation coefficient (ICC) and coefficient of variance (CV) were 

used for evaluating the reproducibility of maximum normalized intensity, intraplaque hemorrhage 

volume and mean normalized intensity of intraplaque hemorrhage. ICC of greater than 0.75 

indicates strong agreement [74]; kappa values of greater than 0.81 and 0.61-0.80 were considered 

near-perfect and substantial, respectively [75]. The paired t-test was used to test differences 

between first and reproducibility scans. 

 

To adjust for dependence between multiple measurements from the same subject (bilateral 

arteries), the non-parametric bootstrap and percentile method was used to calculate 95% 

confidence intervals (CIs) for kappa and ICC, which were expressed in parentheses. Spearman’s 
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correlation coefficient was compared to 0 using a permutation test where the inter-scan time 

interval was permutated between subjects. Statistical significance was defined as p<0.05. All 

statistical analysis was performed using R software (version 3.0.2). 

 

3.3 RESULTS 

3.3.1 Patient Characteristics 

33 subjects (68.4 years ± 9.7; 12 males) were recruited (Table 3-1). The mean inter-scan time 

interval was 7.8 days ± 8.9. Sixty-six carotid arteries were thus included in the reproducibility 

study. 

Table 3-1 Study Populations 

Characteristics Number (N = 33) 

Age (y)* 67.8 ± 14.7  

Male 23 (70) 

Symptomatic 0 (0) 

Hypertension 27 (82) 

Hyperlipidemia 31 (94) 

Diabetes 6 (18) 

Current smoker 6 (18) 

Current statin user 26 (79) 

Note: All numbers except age are numbers of patients, with 

percentages in parentheses.  

* Mean age ± standard deviation 
 

3.3.2 Scan-rescan Reproducibility of Intraplaque Hemorrhage Signals on SNAP 

Maximum normalized intensity in SNAP showed high scan-rescan reproducibility with an ICC of 

0.88 (95% CI: 0.74, 0.92) (Table 3-2). Using the histology-determined signal intensity threshold, 
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17 (26%) arteries were categorized as IPH-positive in both scans, 7 (11%) were categorized as 

IPH-positive in only one scan, and 42 (64%) were categorized as IPH-positive in neither scan, 

yielding a kappa of 0.75 (95% CI: 0.57, 0.91). The arteries showing intraplaque hemorrhage in 

only one scan were associated with a much smaller intraplaque hemorrhage volume compared to 

those showing intraplaque hemorrhage in both scans (3.0 mm3 ± 5.0 versus 34.9 mm3 ± 38.9; 

p<0.001). 

 

Table 3-2. Scan-Rescan Reproducibility of Quantitative Measures from Volumetric Image 

Processing. 

 

 

All Arteries (N = 66) IPH-positive in both scans (N = 

17) 

IPH-positive in at least one 

scan (N = 24) 

 ICC 

(95

% 

CI) 

CV Within

-

subject 

SD 

ICC 

(95% CI) 

CV Within

-

subject 

SD 

p* ICC 

(95

% 

CI) 

CV Within

-

subject 

SD 

p* 

Maximu

m 

normalize

d 

intensity 

0.88 

(0.77

, 

0.93) 

15.6

% 

0.19 0.86 

(0.57,0.9

6) 

10.6

% 

0.21 0.49

2 

0.86 

(0.70

, 

0.94) 

12.8

% 

0.22 0.10

2 

IPH 

volume 

(mm
3
) 

- - - 0.99 

(0.93, 

1.00) 

11.8

% 

4.13 0.06

2 

0.99 

(0.94

, 

1.00) 

16.2

% 

4.06 0.02

2 

Mean 

normalize

d 

intensity 

of IPH 

- - - 0.77 

(0.32,0.9

4) 

5.2% 0.07 0.82

7 

- - - - 

* Paired t-test between scan 1 and scan 2. 

CI = confidence interval, CV = coefficient of variation, ICC = intraclass coefficient variation, IPH = 

intraplaque hemorrhage, SD = standard deviation. 
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Figure 3-2. Scan-rescan reproducibility of quantitative measure of IPH signals. Scatter plots (left) 

and Bland-Altman plots (right) show the reproducibility of IPH volume (a) and mean normalized signal 

intensity (b) in the 17 arteries categorized as IPH-positive at both scans. Dashed lines in scatter plots are 

y = x lines.  

 

Of the 17 arteries categorized as IPH-positive in both scans, quantitative measures of intraplaque 

hemorrhage signals showed high reproducibility and small measurement variability (Table 3-2). 

ICC favored intraplaque hemorrhage volume while CV favored mean normalized intensity of 

intraplaque hemorrhage. Bland-Altman plots indicated no apparent relationship between variance 

and mean for both measurements (Figure 3-2). There was no significant difference in mean 

normalized intensity of intraplaque hemorrhage between first and reproducibility scans. 

However, there was a trend towards a lower intraplaque hemorrhage volume in the 

reproducibility scan (36.2 mm3 ± 38.3 versus 33.6 mm3 ± 39.7; p=0.062). When analysis of 

intraplaque hemorrhage signals was extended to the 24 arteries categorized as IPH-positive in at 
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least one scan, a significant decrease in intraplaque hemorrhage volume was seen in the 

reproducibility scan, accompanied by a trend of decrease in maximum normalized intensity (Table 

3-2). The inverse registration (scan 1 registered to scan 2) also confirmed similar results.  

 

3.4 DISCUSSION 

To our knowledge, this is the first study to describe a volumetric image processing method for 

quantitative characterization of carotid intraplaque hemorrhage. It leverages the unique dual 

contrast of SNAP MRI to achieve time-efficient intraplaque hemorrhage quantification and can be 

easily applied to other vascular beds where artery tortuosity poses a bigger challenge and 

histological data are more difficult to acquire [76, 77]. Using this method validated with histology 

and manual review, our study also provides a detailed evaluation of scan-rescan reproducibility of 

intraplaque hemorrhage signals on MRI. It was noted that intraplaque hemorrhage signals may 

evolve more rapidly than currently understood, although short-term changes appeared subtle and 

may be only detectable with automatic analysis. Methods and findings from this study can be 

easily adopted in future serial studies to expand our knowledge on the risk factors and effective 

therapies of intraplaque hemorrhage. 

 

Most previous studies focused on the presence or absence of high T1 signals when studying high-

risk plaques. However, recent studies suggested that quantitative measures of T1signals may 

serve as novel biomarkers for understanding the substantial heterogeneity among intraplaque 

hemorrhage plaques and monitoring intraplaque hemorrhage progression [38-41, 78]. In a study 

of 31 patients with recent cerebrovascular ischemic events and bilateral carotid intraplaque 
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hemorrhage, Wang et al [41] found that intraplaque hemorrhage plaques on the symptomatic side 

had stronger and more extensively distributed T1 signals than those on the asymptomatic side. 

Both intraplaque hemorrhage progression and regression have been observed by measuring the 

extent or strength of T1 signals in 1-2 years [38-40]. Whether these changes reflect underlying 

tissue repair or repeated intraplaque hemorrhage remain unclear. In a serial study of coronary 

plaques, Noguchi et al [78] found that 12-month pitavastatin treatment resulted in a significant 

decrease in normalized T1 signal intensity compared to a significant increase in the control group. 

The quantitative, reproducible approach to the assessment of high T1 signals as developed and 

validated in this study will greatly facilitates future research on this topic. 

 

Few studies have reported scan-rescan reproducibility of intraplaque hemorrhage signals on MRI. 

A few practical, technical, and biological reasons are likely accountable (see Introduction). The 

lack of time-efficient methods to perform quantitative, reproducible review is a major technical 

barrier. Using multicontrast MRI, Touze et al [79] reported ICCs of 0.70 (95% CI: 0.52, 0.85) and 

0.60 (95% CI: 0.37, 0.81) for intraobserver and interobserver reproducibility, respectively. 

Inversion-recovery prepared gradient echo affords higher IPH-to-wall contrast [30], which may 

improve reproducibility of intraplaque hemorrhage signal measurements. By using phase-

sensitive acquisition to increase the dynamic range of image contrast, SNAP further increases IPH-

to-wall contrast and avoids flow artifacts, which may further improve reproducibility of 

intraplaque hemorrhage signal measurements. The strong negative signal of flowing blood can be 

exploited to facilitate time-efficient volumetric image processing, as shown in this study. 
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To our knowledge, only one previous study evaluated scan-rescan reproducibility of intraplaque 

hemorrhage signals on MRI [80]. A Pearson’s correlation coefficient of 0.97 was reported for 

intraplaque hemorrhage volume in 12 carotid arteries scanned twice within two weeks using a 

semi-automated segmentation algorithm. Compared to the previous study, the method described 

here does not require manual seed points of intraplaque hemorrhage for initialization. It works on 

3D data directly and may thus handle tortuous arteries. Furthermore, our method was developed 

and validated against histology rather than manual review, which avoided the measurement error 

introduced by subjective manual review. 

 

With quantitative, reproducible measures of intraplaque hemorrhage signals afforded by the 

proposed method, this study found the first evidence of rapid yet subtle changes in intraplaque 

hemorrhage signals in a short study period. It indicates that methemoglobin from erythrocyte 

degradation was being cleared, at least partly, from atherosclerotic plaques. Intraplaque 

hemorrhage volume appeared to have higher reproducibility than mean signal intensity of 

intraplaque hemorrhage, which could explain why differences between first and reproducibility 

scans were primarily seen in intraplaque hemorrhage volume. An unsolved question is whether 

histogram analysis of intraplaque hemorrhage signal intensity at the voxel level may provide 

additional information. It is possible that repeated intraplaque hemorrhage may develop locally, 

leading to a local increase in signal intensity, while overall intraplaque hemorrhage volume and 

mean signal intensity may decrease. 

 

Compared to previous reproducibility studies [44-46], we adopted imaging inclusion criteria to 

enrich our study sample with carotid plaques. However, this study remains limited by the small 
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number of intraplaque hemorrhage plaques. Particularly, the finding of rapid intraplaque 

hemorrhage signal evolution needs to be further studied using a larger study population. This 

finding also suggest that the reproducibility metrics as reported here may represent a 

conservative estimation of the true reproducibility of these quantitative biomarkers. 

 

3.5 SUMMARY 

We described a time-efficient method based on volumetric processing of dual contrast SNAP data 

for quantitative characterization of carotid intraplaque hemorrhage with minimal human input. 

The method was found to provide reproducible measures of intraplaque hemorrhage volume and 

signal intensity, which may serve as novel biomarkers and facilitate serial studies.  

 

  



www.manaraa.com

55 

 

 

 

Chapter 4. MOTION DETECTION AND CORRECTION FOR CAROTID 

MRI USING STRUCTURED LIGHT  

4.1 OVERVIEW 

In establishing intraplaque hemorrhage (IPH) analysis methods, one common challenge arose 

from degraded image quality due to patient motion. Blur and ghost motion artifacts highly impact 

carotid MR image quality, reducing the accuracy of intraplaque hemorrhage delineation and 

quantitative measures of both intraplaque hemorrhage and reference signals. Indeed, patient 

motion has been a major challenge for MRI, and clinically applicable and robust motion correction 

technique could greatly enhance diagnostic yield.  

 

The research goal of this specific aim was to develop a non-marker-attached motion detection and 

correction system targeted at carotid MRI, which is capable of detecting and correcting carotid 

abrupt motion (like cough and swallowing) and bulk motion, with the merits of sequence 

independence and no patient interaction. 

 

In order to accomplish this goal, the following studies were conducted: 1) motion detection 

system based on structured light [81] was built inside the MRI scanner bore to record the motion 

of the object; 2) for abrupt motion, such as cough and swallowing, motion correction based on 

parallel imaging was developed; 3) for bulk shift motion, phase correction was implemented with 

rigid motion assumption. 
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4.2 MOTION DETECTION 

4.2.1 Theory 

Structured light (parallel lines, grid or other patterns) has been used for depth measurement with 

high accuracy and is non-contact with the object [61, 81]. When the light hits the surface of the 

object, different depth will be reflect as different light position in the camera image plane. In Chen 

et al.’s research on surface height measurement based on structured light, the sensitivity was 0.18 

mm/ pixel and the accuracy was around 0.06 mm with their system layout [61]. Therefore, 

structured light can accurately detect depth information without any attached markers.  

Figure 4-1. Optical motion detection system. Camera can capture the projected laser shift caused by 

the height (h) change of the patient. 

  

The theory of optical motion detection method was based on triangle measurement, as shown in 

Figure 4-1. The height of the subject (h) could be calculated based on the laser position (d) in the 

image plane of the camera (Figure 4-1), using a similar triangle calculation, 

h =
dkH

D + dk
 

Laser 
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, where k is the length ratio of the object and its image, H is the distance between the camera and 

the reference plane, and D is the distance between the camera and the laser projector. 

 

4.2.2 Hardware Setup 

The optical motion detection system was set up inside the bore of a 3T whole body MR scanner 

(Philips, Best, The Netherlands). A laser (GM-CR02, Apinex, Canada) projected a green cross line 

on the subject, which was captured by a MR-compatible camera (12M, MRC, Germany) with a 

frame rate of 30 frames per second. A video cable transmitted the video to a laptop workstation 

(Windows 7, i7-4810MQ CPU @ 2.80GHz, 8.00 GB RAM, DELL, USA ) after passing a penetration 

panel and a filter box (MRC, Germany). 

 

4.2.3 Image Acquisition and Processing 

Video data was collected and processed using LabVIEW (v2013, USA) during MR scans (Figure 

4-2). The coordinate of the center of cross line in each video frame was calculated by real-time 

pattern matching algorithm and was recorded every 2 ms. Low-discrepancy sampling method was 

used in pattern matching algorithm and subpixel accuracy was enabled.  
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Figure 4-2. LabVIEW panel for motion detection. Green laser cross was projected onto a bottle 

phantom during the MR scan. The video data was acquired as RGB images and transferred to gray 

images using their intensity value. By comparing with a laser cross image template generated for each 

object, the location of laser cross on each frame was determined using pattern matching and recorded for 

each MR scan.  

 

4.2.4 System Calibration 

In order to get the relationship between object height, h, and laser position, d, calibration was 

performed by recording the laser position of subjects of known heights. The heights of subjects 

used for calibration were 72, 84, 96, 108, 120 mm. The relationship between h and d were fitted 

utilizing nonlinear least square curve fitting (MATLAB, R2010b, USA). 
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4.2.5 Abrupt and Bulk Motion Detection  

Edge detection based on Canny’s method [82] was used to detect abrupt motion, which has a 

relatively quick change. It was combined with monotonicity detection to accurately locate the time 

when abrupt motion started or ended. Edge detection was choose over amplitude thresholding to 

avoid bulk motion effect. After the time of motion was identified and adjusted by subtracting the 

time delay, the corresponding corrupted k-space lines were located. 

 

For bulk shift motion, which could easily happen around the abrupt motion, median value of the 

laser location in the camera image before and after the abrupt motion period were calculated. The 

location differences (∆d =  𝑑1 − 𝑑2) were recorded. 

 

4.3 MOTION CORRECTION 

In order to find the corresponding k-space lines with the motion occurring time information, the 

time of each k-space line acquisition was recorded in a log file during MR scans by editing and 

generating patch file using Philips Paradise software.  

 

With the motion information measured by the structured-light system during MR scans, the MRI 

raw data (k-space data) were exported after the scan and reconstructed retrospectively in the 

following steps. 
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4.3.1 Abrupt Motion Correction 

The abrupt motion in the neck area is non-rigid and thus is hard to correct by just phase 

adjustment. Since abrupt motion duration is short, the corresponding corrupted k-space lines 

could be deleted and re-estimated using parallel imaging reconstruction methods. In this study, 

Iterative Self-consistent Parallel Imaging Reconstruction (SPIRiT) was selected over generalized 

autocalibrating partially parallel acquisitions (GRAPPA) [83, 84] since it showed better image 

reconstruction quality in our experiments.  

 

4.3.2 Bulk Shift Motion Correction Using Initial Distance Estimation 

Bulk motion caused by shifting position or rotating head is unavoidable during MR scans, 

especially after abrupt motion. This kind of bulk motion could last for a long duration and thus it is 

not feasible to be corrected by deleting all the corresponding k-space lines. Since the bulk motion 

happens in the narrow space within the scanner bore and attached carotid coil, it was assumed as 

rigid motion and thus phase correction was performed to adjust the location difference before and 

after abrupt motion based on the initial distance estimation according to system calibration.  

 

Using structured light motion detection system (Figure 4-1), the anterior-posterior translation 

(∆h =  ℎ1 − ℎ2) can be calculated based on the recorded shift of the laser (∆d =  𝑑1 − 𝑑2) from the 

captured images. As discussed in Chapter 4.2.1,  

h =
dkH

D + dk
 

Therefore,  
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∆h = ℎ1 − ℎ2 =  
[𝑑1𝑘𝐻(𝐷 + 𝑑2𝑘) − 𝑑2𝑘𝐻(𝐷 + 𝑑1𝑘)]

(𝐷 + 𝑑1𝑘)(𝐷 + 𝑑2𝑘)
=

(𝑑1 − 𝑑2)𝑘𝐻𝐷

(𝐷 + 𝑑1𝑘)(𝐷 + 𝑑2𝑘)

=
∆d𝑘𝐻𝐷

(𝐷 + 𝑑1𝑘)(𝐷 + 𝑑2𝑘)
 

If  𝐷 ≫ 𝑑1k, 𝑑2k, then D + 𝑑1𝑘 ≈ 𝐷 + 𝑑2𝑘, we can further simplify the equation to 

∆h ≈
∆d𝑘𝐻𝐷

(𝐷 + 𝑑1𝑘)2
 

When 𝐷 ≫ 𝑑1k, 𝑑2k, the relationship between ∆d and ∆h can be simplified as a linear relationship, 

which can be obtained by system calibration.  

 

The phase correction for bulk shift was based on Fourier Transform property that translation in 

image space corresponding to added phase in frequency space: 

0 0i ( )

0 0

2

{ ( , )} ( , )e

ux y

Nf x y F ux y v







  
 

, where  means Fourier Transform, and ( , ) { ( , )}F u v f x y . 

 

4.3.3 Bulk Motion Correction Using Optimized Distance Estimation 

In this study, only two dimensional in-plane motion was considered in this 2D MR scan. Only one 

dimension of motion in the anterior-posterior direction was recorded but the bulk motion could 

also happen in the left-right direction.  Therefore, every point in the vicinity of the initial distance 

estimation was used as translation parameter to calculate the 2nd order sharpness of 

reconstructed image. Neck shift was corrected using optimized translation parameters with 

maximized sharpness of reconstructed image (Figure 4-3).  
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Figure 4-3. Motion correction steps for both abrupt motion and bulk motion. Images without motion 

correction (I0), with only abrupt motion correction (IA), with both abrupt motion and bulk motion 

correction (initial estimation) (IBI) and with both abrupt motion and bulk motion correction (sharpness 

optimized) (IBS) were reconstructed.  

 

4.4 PHANTOM MOTION CORRECTION EXPERIMENTS 

4.4.1 Image Acquisition 

A phantom bottle was scanned on 3T MR scanner (Philips, Achieva, The Netherlands) with 8-

channel neck coil. 2D Fast Field Echo (FFE) MRI protocol was used with the following parameters: 

TR/ TE = 100 / 5.2 ms, flip angle = 20°, FOV = 200×200 mm2, resolution = 1.0 mm, slice 

thickness = 5 mm.  

 

During the MR scan, abrupt motion was introduced by manually lifting the phantom in vertical 

direction for a short duration (around 1s) and returning to its original position. Bulk shift motion 
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was introduced by shifting the phantom position. Abrupt motion and bulk shift motion were 

introduced to different MR scans and were corrected separately retrospectively. 

 

4.4.2 Time Synchronization 

In order to accurately find the corresponding corrupted k-space lines when motion occurs, time 

between the laptop which was used to record motion and the MR scanner should be synchronized 

accurately. The accuracy should be within several milliseconds, considering that the repetition 

time (TR) for one k-space line could be as small as a few milliseconds. Therefore, the time was 

synchronized using Network Time Protocol (NTP), which has time accuracy better than 1ms 

within local network [85].  

 

However, there was still time difference between motion occurred and recorded due to the delay 

caused by image acquisition and processing. Therefore, an experimental method using LabVIEW 

(version 2013, USA) was developed to record the time delay caused by image acquisition and 

processing. The current changing time of the laptop (T1) was displayed in the panel ( 

Figure 4-4) as both numbers and graphics (showing increasing second and millisecond as 

rectangles as increasing heights) in the panel on the screen. The displayed rectangle was captured 

by the camera and its height was calculated and transferred back to millisecond, using similar 

pattern matching methods as in motion detection. Therefore by comparing the calculated time 

after image acquisition and processing and the current time of the laptop, the time delay was 

recorded. The same procedure was repeated for 15 times. 
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Figure 4-4. LabVIEW panel for time delay experiments. Current time (T1) was displayed as 

numbers and rectangles (increasing height corresponding to increasing second and millisecond). After 

being captured by the camera, the height of right rectangle was calculated and transferred to 

corresponding millisecond (T1). By comparing the current time of the laptop (increased to T2) and 

calculated time (T1), the time delay (∆t) was recorded.  

 

4.4.3 Results 

The system calibration result was shown in Figure 4-5. With the increasing pixel position, 

relationship between h and d was increasingly closer to a linear relationship. With this obtained 

calibration line, unknown heights of object can be calculated accurately given each pixel position d. 

Time Displayed (elapsing) Time Graphic Displaying T1 

Captured Image Processed Image 

T1 

y2 

y1 

y 

T2 

+ ∆t 
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Figure 4-5. Relationship between height of subject (h) and pixel shift (d), obtained by calibration 

using subjects with known heights (h). Line was fitted using nonlinear least square curve fitting. 

  

The time delay caused by image acquisition and processing was 109.6 ± 23.1 ms (mean ± 

standard deviation) based on the 15 experimental measurements.  

Figure 4-6. Laser location across time during phantom scanning.Three abrupt motions were detected 

(left). The corresponding corrupted k-space lines were localized (white lines, right), deleted and re-

estimated using SPIRiT algorithm.  

 

For motion detection, manually introduced motion on the phantom can be readily detected by 

tracking the shifting of laser. The recorded motion was matched to corresponding corrupted k-

space lines. One phantom motion detection example was shown in Figure 4-6 with three manually 
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introduced motion readily identified. The corresponding corrupted k-space lines were located by 

checking the time stamps.  

Figure 4-7. Phantom MR Images before and after motion correction. Abrupt motion (a) and bulk 

shift motion (b) were introduced respectively. In the original images (b1) shifted boundary induced by 

bulk shift was observed. After motion correction by added phase, image quality was improved with less 

motion artifacts (b2). The difference (x5) between original image and motion corrected image were 

shown in a3, b3. Red arrows point to the reduced motion artifacts inside the object while red arrow 

heads point to the reduced motion artifacts outside the object.  

 

The abrupt motion introduced inhomogeneity to the image (Figure 4-7, a1). After re-estimating 

corrupted k-space lines, most of the motion artifacts were removed, including artifacts both 

outside and inside of the object (Figure 4-7, a2). And after motion correction, the phantom image 

was more homogenous with less strip artifacts.  

 

A)Original Image B)After spirit,extend backward 0ms C)DiffA)Original Image B)After spirit,extend backward 0ms C)DiffA)Original Image B)After spirit,extend backward 0ms C)Diff

(a1) (a2) (a3) 

(b1) (b2) (b3) 
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The bulk shift motion during image acquisition was detected by the structured light system, which 

produced motion artifact of shifted boundary in the original MR images (Figure 4-7, b1). After 

phase correction for the bulk motion, the motion artifacts were effectively reduced (Figure 4-7, 

b2).  

 

4.4.4 Discussion 

Using phantom MR scans and manually introduced motion, the feasibility of detecting and 

correcting both abrupt motion and bulk motion for 2D MR scans was demonstrated. 

 

One limitation of the current motion detection system is the relatively long delay of image 

acquisition and processing. However, the pattern matching algorithm only took around 10 ms and 

most the the delay should come from the camera image acquisition. Reducing standard deviation 

of time delay could also locate the corresponding corrupted k-space lines more accurately, 

especially when TR is small. If motion correction is performed retrospectively, image processing 

for laser position calculation could be done off-line, to further reduce the standard deviation of 

time delay. However, since the current frame rate was 30 frames per second (fps), the time 

interval between frames was around 33ms, limiting the accuracy of time delay. Therefore, in this 

study, TR was selected as bigger than 33ms to locate corrupted k-space lines. If TR smaller than 

33ms has to be used, the neighbor of the calculated k-spaces lines should also be considered 

corrupted. In addition, the time delay accuracy was expected to be further reduced if a camera 

with higher frame rate was used. The current high speed camera in the market could be more than 

10, 000 fps, resulting only 0.1ms duration for each frame. Therefore, accurately locate corrupted 
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k-space lines with much smaller TR is possible with higher speed camera and off-line image 

processing. 

 

4.5 VOLUNTEER CAROTID MRI MOTION CORRECTION EXPERIMENTS 

Carotid artery wall imaging requires high-resolution black-blood MRI, but its image quality is 

often degraded by neck motion. The neck area has very complex motion pattern due to 

superposition of abrupt motion like swallowing and cough and bulk neck shift. In the previous 

section, it has been demonstrated that it is feasible to correct both abrupt and bulk shift in 

phantom MRI using structured light. This study aimed to separate different motion components 

and correct them for 2D carotid artery wall imaging, using non-marker-attached structured light 

system.  

 

4.5.1 Image Acquisition 

 

A healthy volunteer was scanned for 2D black-blood carotid artery wall imaging using 8-channel 

carotid coil and 3T MR scanner (Philips, the Netherlands). 2D FFE sequence with saturation band 

was used: TR/TE = 100/5.4 ms, flip angle = 20° , FOV = 200 × 200 mm2, resolution = 1.0 × 1.0 

mm2, slice thickness = 5 mm. For the first scan, the subject was instructed to avoid voluntary 

Figure 4-8. A green cross laser was projected on the neck of subjects to monitor the motion during 

MR scans. 
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motion, while for the next ten scans, the subject was instructed to swallow during five scans and to 

raise head shortly during the other five scans. K-space trajectory was low-high (e.g. 0, -1, 1, -2, 2 

…) to make the k-space lines acquired during a short time more sparse. Laser was projected onto 

the neck area and monitored by the camera during MR scans.  

 

4.5.2 Motion Detection and Correction 

Respiration motion were extracted by applying low pass filter (cutoff frequency = 0.6 Hz). Abrupt 

motion was determined by edge detection. By referring to the optical system calibration, the initial 

distance estimation of bulk neck shift before and after abrupt motion was calculated. For the ten 

scans with voluntary motion, the raw data was reconstructed using MATLAB (R2015a, USA) with 

the following three steps for motion correction: (1) k-spaced lines acquired during abrupt motion 

was deleted and re-estimated using SPIRiT algorithm [83]; (2) the initial bulk shift distance was 

estimated and every point in its vicinity was used as translation parameter to calculate 

reconstructed image sharpness; (3) bulk neck shift was corrected using optimized translation 

parameters with maximized sharpness of reconstructed image.  

 

4.5.3 Results 

The respiration (16.9 ± 1.0 Rate/min), abrupt motion and bulk neck shift can all be separated 

from the optical motion detector (Figure 4-9). Averaged amplitudes for abrupt/ bulk/ respiration 

motions = 0.99/0.21/0.17 mm. For all the ten scans with voluntary abrupt motion, unconscious 

bulk neck shift were also detected after abrupt motion.  
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 Figure 4-10. Motion correction for carotid artery wall using structured light.  (a) is the original 

motion corrupted image with full FOV and (b-e) are zoomed in images: (b) original image (c) 

reconstructed image with only abrupt motion correction, (d) reconstructed image with both abrupt 

motion and bulk shift correction (with the initial distance estimation), (e) reconstructed image with both 

abrupt motion and bulk shift correction (with sharpness maximized). Arrows point to right carotid 

artery.  

(b) 

(d) 

(c) 

(e) 

(a) 

Figure 4-9. Original recorded motion and separated respiration, abrupt motion, bulk neck shift. 

Bulk shift 
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The scan without voluntary motion (but with respiration motion) and four scans with abrupt 

motion affecting less than 7.0% peripheral k-space lines still had delineable contours of vessel 

wall. The other six scans had severe motion artifacts, which were successfully removed except for 

two scans with multiple swallowing affecting a large range of k-space lines (17.7% and 31.6%, 

respectively). One motion correction example was shown in Figure 4-10. With abrupt motion and 

bulk neck shift correction (shift distance optimized by maximizing sharpness), the motion artifact 

in vessel wall area was removed, enabling more accurate vessel wall contour delineation.     

 

4.5.4 Discussion 

Carotid artery wall imaging has challenging motion issues due to the complex neck motion 

pattern. This study demonstrated that non-marker-attached structured light system can 

effectively detect abrupt motion, bulk shift motion and respiration in the neck area. Respiration 

motion was not corrected since it introduced much less motion artifact than abrupt motion or 

bulk neck shift in carotid artery wall imaging. It was also shown that unconscious bulk neck shift 

often follows abrupt motion, both of which can be corrected by structured light system.  

 

The total duration of abrupt motion can affect not only the amount of motion artifact, but also the 

effectiveness of motion correction.  Also, maximizing reconstructed image sharpness to optimize 

bulk shift distance can further improve the vessel wall delineation. 

 

It was noticed that when bulk motion happened, there tend to be more motion artifacts affecting 

the carotid artery wall delineation than cases with only abrupt motion such as cough and swallow. 

The reason is probably that bulk motion could affect larger portion of k-space data than abrupt 
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motion. Also, bulk motion is often inevitable after cough or swallowing, since it is hard for the neck 

to precisely return to the same place before cough. Therefore, bulk motion correction is as 

important as, if not more important than, abrupt motion correction for carotid MR images. 

 

Previous research showed that patients with more serious sickness tend to have more serious 

motion-related MR image quality issues [48]. For atherosclerosis patients, most of them are old 

patients who already suffered from plaques and may also have other health issues. Compared with 

other healthier people, it is harder for them to stay still without swallowing, cough or bulk motion, 

making motion a serious problem for carotid plaque imaging. Meanwhile, it is critical to clearly 

capture the plaque components, such as intraplaque hemorrhage, in order to access the 

vulnerability of plaques [4]. Furthermore, this proposed motion detection and correction system 

is non-attached to the patient and independent of the MR sequence, with both abrupt motion and 

bulk motion correction ability, and thus is promising in both clinical and research carotid MR 

scans.  

 

One limitation of the current work was that only the coordinate of laser center was recorded and 

therefore sharpness optimization was needed for bulk shift distance optimization. However, the 

location of the whole laser line can be recorded to get more motion information. In addition, the 

phase correction could only compensate for rigid shift motion. But bulk motion in the neck area is 

often complex non-rigid motion, introduced by head movement or body shift. When bulk motion 

has a big amplitude and may not be assumed as rigid, more sophisticated algorithm for non-rigid 

motion compensation would be needed.  
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4.5.5 Summary 

In summary, structured light motion detection system is able to detect both abrupt motion and 

bulk motion. Abrupt motion with short duration could be corrected by parallel image 

reconstruction methods. Maximizing reconstructed image sharpness to optimize bulk shift 

distance can further improve the vessel wall delineation. 

 

4.6 RESPIRATION MOTION TRACKING AND VALIDATION 

Respiration belt and navigator gated MR techniques have been widely used to detect respiration 

motion. While navigator techniques are widely available, they increase scan times, are not 

compatible with all sequence types, or are only usable if the thorax/abdomen are within the field-

of-view. The respiratory belt is an alternative that can work in the above situations, but it is 

difficult to position and may have drifting problems [59].  

 

In the previous section, it was demonstrated that respiration was detectable using this optical 

system. Therefore, we sought to detect respiration motion accurately and robustly using a 

structured light system which is MRI-independent and non-attached to the subject. 

 

4.6.1 Respiration Motion Detection 

Six healthy volunteers (5 female and 1 male) were recruited for this study. The study protocol was 

approved by institutional review board. Written consent form was obtained from each volunteer.  
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A laser and a MR-compatible camera (MRC, Germany, frame rate = 30 fps) were mounted above 

the subject on the patient bed inside the scanner bore (Philips Ingenia 3T, Best, the Netherland). A 

cross laser light was projected onto the neck area of the subject, which was captured by the 

camera. Based on structured light theory, the height of the object can be calculated based on the 

pixel location in the camera image with calibration using a set of objects with known heights. 

During the MRI scans, the y-coordinate of the cross center was calculated and recorded in real 

time for each frame using pattern matching (LabVIEW, v2013).  

 

4.6.2 Respiration Motion Validation 

A bandpass filter (Butterworth, cutoff frequency of 0.1 Hz and 0.5 Hz) was applied to the original 

motion record (MATLAB, 2014b) to remove bulk motion and other high frequency noise like 

pulsation. During the MRI scans, respiratory belt (Philips, Best, The Netherland) was also used to 

simultaneously record the respiration motion. The sampling rate of the respiratory belt was 500 

Hz. Frequency of each breath was calculated and compared between the respiration belt and our 

optical system. The respiration frequency detected by the structured light system and the 

respiratory belt were compared using t-test and intraclass correlation coefficient (ICC). 95% 

confidence intervals were calculated (R, v3.0.2).   
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4.6.3 Results 

Figure 4-12. Comparison between respirations detected using our structured light system (blue 

curve) and breathing belt (red curve). The top image shows the raw motion record and the bottom image 

shows the filtered motion record.  

 

On average, 17 ± 4 breaths were measured per subject. After bandpass filtering, the respiration 

motion detected using the structured light system correlated well with that detected using the 

respiratory belt (Figure 4-11). One volunteer example was shown in Figure 4-12. There was no 
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Figure 4-11. Respiration frequency detected using structured light system highly correlated with that 

detected using breathing belt. 
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significant difference between the respiration frequency measured by the structured light system 

and that measured by the respiration belt (0.321 ± 0.077 Hz and 0.320 ± 0.078 Hz, respectively) 

with a p-value of 0.866. The ICC of respiration frequency was 0.97 (0.95, 0.98). 

 

4.6.4 Discussion 

The non-marker-attached structured light motion detection system has been demonstrated 

previously to be able to detect and correct abrupt motion (e.g. cough and swallowing) and bulk 

shift motion, by projecting a laser light onto the neck of the subject. Therefore, using a structured 

light system is promising as an integrated motion detection solution, with both physiological 

motion and voluntary motion detected simultaneously. 

 

One limitation of this study was that the sample size was relatively small. More volunteers and 

patients are needed to prove the robustness of this respiration motion detection efficiency. In 

addition, the respiration motion extraction in this study was performed retrospectively. Real-time 

filter need to be developed for prospective respiration tracking if breathing gating is needed.   

 

4.6.5 Summary 

It was demonstrated that a non-marker-attached structured light system can detect respiration 

motion. The accuracy of respiration frequency was highly correlated with that detected by the 

respiration belt.  
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Chapter 5. CONCLUSION AND FUTURE DIRECTIONS  

5.1 SIGNIFICANT CONTRIBUTIONS 

This work demonstrated the first attempt to obtain histology-validated criteria for intraplaque 

hemorrhage detection and quantification. The previous automatic intraplaque hemorrhage 

detection studies all utilized arbitrary thresholds for intraplaque hemorrhage detection. In this 

study, multiple MR signal intensity normalization methods were proposed and compared in MP-

RAGE sequence. It was demonstrated that in the widely used MP-RAGE MR images, using adjacent 

soft tissue as the reference had good intraplaque hemorrhage detection performance yet a big 

sternocleidomastoid muscle area did not qualify for a good normalization reference due to its 

vicinity to the surface coil. Note that median value had similar performance with the adjacent soft 

tissue and has the intrinsic advantage of allowing for more automatic detection. However, in SNAP 

sequence where coil inhomogeneity was already corrected and the above references had close-to-

zero intensity, sternocleidomastoid muscle in the SNAP reference image can be used for intensity 

normalization.   

 

The time-efficient intraplaque hemorrhage quantification method based on 3D SNAP MR was 

developed and high scan-rescan reproducibility of both intraplaque hemorrhage volume and 

intensity were demonstrated. Importantly, the rescanned data within one month also showed a 

trend of decreasing intraplaque hemorrhage volume, which may indicate intraplaque hemorrhage 

quantification matrix as a much rapid changing progress compared with intraplaque hemorrhage 

presence and warrant further study.  
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The novel motion detection and correction on MRI based on structured light was developed and 

good detection and correction effect for both abrupt motion (like swallowing and cough) and bulk 

motion on carotid MRI was demonstrated. None of previous carotid MRI motion correction 

methods have been demonstrated the ability of correcting for bulk motion, which is a frequent 

problem especially when there is abrupt motion. Respiration motion was also detected and 

validated using this sensitive optical motion detection system. Furthermore, this proposed 

method has the intrinsic merit of MR sequence independency and is non-attached to the patient.   

 

5.2 FUTURE DIRECTIONS 

This dissertation has provided a semi-automatic and reproducible intraplaque hemorrhage 

quantification method with intraplaque hemorrhage detection criteria validated based on 

histology. Using this method, it would be feasible to monitor intraplaque hemorrhage progression 

in longitudinal studies to investigate intraplaque hemorrhage quantitative signal change and its 

relationship with atherosclerosis progression.  

 

As demonstrated in the previous chapter, the proposed motion detection and correction system 

using structured light has achieved improved vessel wall delineation in healthy volunteer carotid 

MR scans. Next, this technique can be validated on intraplaque hemorrhage detection to access its 

clinical usage. By recruiting carotid atherosclerosis patients, especially patients scheduled for 

carotid endarterectomy, the hypothesis that motion correction for carotid MRI can improve 

intraplaque hemorrhage detection sensitivity and quantification accuracy, as well as other carotid 

plaque components delineation, can be tested. 
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Technical improvements for the proposed motion detection and correction system could also be 

done in the future. 1) One direction is to perform prospective motion correction. If motion is 

detected, instruction will be transmitted to the MR scanner to rescan the corrupted k-space lines. 

The technical challenge for prospective motion correction is the communication interface with MR 

scanner and manipulating scan process. 2) Another improvement would be motion correction in 

3D MRI, such as SNAP sequence. The modification should be straightforward, because for both 

abrupt motion and bulk motion, the proposed motion correction method could be applied to 3D 

images and k-spaces, respectively. 3) Also, using the detected respiration motion information, it 

would be feasible to correct for respiration motion [86] in both carotid MRI and MRI in other 

areas such as abdomen. It was reported that breathing could cause carotid artery motion of 

around 1.56 ± 0.99 mm [50]. Considering that the thickness of healthy carotid vessel wall is only 

around 0.5 mm, breathing could impact the visualization of carotid artery, especially for patients 

with heavy breathing. 4) A more complex laser pattern, such as a grid, multiple parallel lines or 

random pattern, could be used to record more motion information. In this way, the whole surface 

height within laser pattern area could be captured, which may give more accurate motion 

information.  

 

Lastly, although the proposed motion detection and correction has been mainly focused on carotid 

MRI, this technique is certainly applicable to other areas for both rigid and non-rigid motion 

correction, as long as motion can be detected on the surface of the object.  
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