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1. Introduction

Coronary atherosclerosis related cardiac events remain the leading cause of morbidity
and mortality worldwide (1). Most acute coronary events can be linked to the rupture of
a coronary atherosclerotic plaque, resulting in the formation of a luminal thrombus and
possible occlusion of the vessel (2). Similar atherosclerotic lesions are also present in
individuals who did not experience acute cardiovascular event (3). Autopsy studies have
revealed features specific to plaques vulnerable to rupture such as increased plaque
dimensions, a large lipid-rich necrotic core and a thin fibrotic cap separating the
necrotic core from the vessel lumen (4-6). To date invasive techniques such as
intravascular ultrasound (IVUS) and optical coherence tomography (OCT) are the
clinical gold standards to study plaque morphology associated with acute coronary
events (7,8). IVUS permits not only invasive imaging of the entire arterial wall with
high spatial and temporal resolution, discriminating plaque components, but both
accurate and highly reproducible detection and cross-sectional quantification of
coronary atherosclerotic plaque burden (9,10). OCT is an optical analogue of IVUS
allowing for high-resolution tomographic intra-arterial visualization of the coronaries
and it has also been validated for characterizing various plaque components as
compared to histology (11). However, these techniques are not appropriate for large-
scale screening or serial follow-up studies. Thus, significant interest exists in the
development of non-invasive imaging techniques to characterize atherosclerotic lesions,
assess their risk for rupture and further complications. Furthermore, over-time change in
atherosclerotic plaque burden represents a potential surrogate endpoint indicating the
efficacy of novel anti-atherosclerotic drugs, underlining the potential of non-invasive

techniques in follow-up of patient treatment (9).
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1.1  Natural history of atherosclerosis and concept of the vulnerable

plaque

Atherosclerosis is as a chronic inflammatory disease that incubates over decades and
affects the global arterial vasculature. Complex interactions between cellular factors and
molecular messengers both in the vessel wall and blood are required for its evolution.
Vascular injury and endothelial dysfunction are considered as the triggers for
atherosclerotic inflammatory cell activation. Their appearance promotes the infiltration,
accumulation and modification of lipoproteins in the vessel wall. The various
combinations of these lipoproteins with extracellular matrix components (collagen,
proteoglycans), smooth muscle cells, inflammatory cells (macrophages,
T lymphocytes), calcium and new blood vessels (angiogenesis) results in the buildup of

an atherosclerotic plaque (12).

The conversion of chronic atherosclerotic lesions to complicated thrombotic plaques
happens often suddenly without any prior warning symptoms of the patient. Therefore
the mechanisms leading to such complications have been studied extensively in the past
years. Early investigations hypothesized, that ST-segment elevation acute coronary
syndrome (ACS) results from a progressive, high-grade luminal narrowing of the
coronary artery, which is complicated by a small platelet thrombi occluding the vessel
completely and arresting myocardial blood supply. Accordingly, myocardial infarction
with no ST-segment elevation would result from a transient or incomplete occlusion of
a critical lesion in the culprit coronary artery. Current diagnostic approaches of
atherosclerotic lesions are generally based on these concepts. Invasive catheterization
visualizes the arterial luminal narrowing directly, while other diagnostic techniques
(e.g., stress tests, perfusion imaging) evaluate ischemia related to fixed stenotic lesions.
Treatment strategies as percutaneous coronary intervention (PCI) and coronary artery

bypass grafting (CABGQG) also target these stenotic lesions (12).

Recent clinical and pathological observations have challenged these commonly ingrown
notions (12-15). According to serial angiographic studies, plaques at the site of the
culprit lesion deemed responsible for future myocardial infarction usually do not cause

flow-limiting stenosis. The Prospective Natural-History Study of Coronary
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Atherosclerosis (PROSPECT) investigated and followed-up for 3 years near 700
patients who underwent three-vessel coronary angiography and IVUS imaging after
percutaneous coronary intervention due to ACS. Surprisingly, only about 50% of
subsequent events arose from stenotic plaques that might have warranted
interventionists at the time of PCI (16). Also, angiographic control after thrombolytic
therapy of the occluding thrombus often reveals a non-stenotic underlying lesion in the
artery. Recent studies with computed tomography imaging, which allows the
visualization of the arterial wall beyond luminal narrowing, have particularly evaluated
the characteristics of such lesions. Outward expansion of the arterial wall (positive
remodeling) and plaque with little of no calcification has been associated with ACS
(17,18). These lesions also lie usually proximal to the location of the maximal luminal
stenosis, which is the target of conventional revascularization therapies (19).
These observations explain the fact that myocardial infarction or sudden cardiac death is
often the first sign of coronary atherosclerosis, while culprit lesions stay hidden and do
not cause prior angina pectoris for the patient. In line with these observations the
Clinical Utilizing Revascularization and Aggressive Drug Evaluation (COURAGE) trial
found that medical therapy is equally preventive for future acute coronary events as
invasive revascularization procedures (20). This assembly of clinical findings turned
researchers attention to the early identification of silent lesions at increased risk of acute

coronary events and proposed the concept of the vulnerable (21).

The term vulnerable or high-risk plaque is generally accepted for lesions at increased
risk of thrombosis (or recurrent thrombosis) and rapid stenosis progression (22).
Autopsy studies were extensively performed to reveal the specific characteristics of
such lesions (5,13,15). Their findings underscored the clinical observation, that luminal
narrowing occurs relatively late in the atherogenesis process, when plaque evolution
outstrips the capability of the artery for compensatory expansion (23). This results in a
substantial burden of atheromatosus plaque outward the lumen preventing stenosis and

obscuring the clinical signs of ischemia for the patient (12).

Different forms of atherosclerotic lesions are presented in Figure 1. Histopathological
features of an advance atherosclerotic plaque (thin-cap fibroatheroma) are shown in

Figure 2, while Figure 3 summarizes the stages of plaque evolution.
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Figure 1 — Different presentations of coronary atherosclerosis.

Cross-sectional images of plaques at the proximal left anterior descending artery.
Upper image represents a positively remodelled excentric fibroatheroma with thrombus
formation provoken by the fibrous cap rupture. Middle image shows the healed plaque
rupture resulting in a more fibrous lesion. Strata represents the buried fibrous cap from
prior disruption. Progressive fibrosis and calcification may be present. These lesions
narrow the lumen and may cause stable ischemic symptomes to the patient.
Bottom image represents a proteoglycan rich plaque eroded at the intimal surface,
causing occlusive thrombus (12). Typically three types of atherosclerotic plaque
morphologies are associated with acute coronary syndromes: plaque rupture, plaque
erosion and calcified nodule (12,13). The rupture of a thin, inflamed cap covering a
lipid-rich, necrotic center of a plaque, termed as “thin-cap fibroatheromas” (TCFA) is
responsible for the majority of fatal coronary events. The fibrous cap separates the
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thrombogenic material enriched in the lipid core and the latent coagulant factors of the
blood compartment (12). Fibrous cap thickness under 50-65 pm was identified as the
cut-off indicating plaques causing fatal ruptures (13,24,25).

Figure 2 — Histopathological images of a thin-cap fibroatheroma.

The intact fibroatheroma plaque was reveled in a 61-year-old male, who died suddenly
in ischemic stroke and had a history of coronary artery disease. The plaque was located
in the proximal left anterior descending coronary artery and resulted in 50% cross-
sectional luminal narrowing. Note the large necrotic core (*) seperated with a thin
fibrous cap (red arrow) from the vessel lumen (L). The core is surrounded with
prominent fibrotic tissue (closed arrows) and a sheet calcification (open arrows).
Additional machrophage infiltration (blue arrow) is present within the plaque
(unpublished data).

Thrombosis-prone plaques are also generally larger, have significant size of lipid-rich
necrotic cores and show punctuate or spotty calcification (18,26). Abundant
inflammatory cell accumulation was also discovered as characteristic for high-risk
lesions. Macrophages and their mediators (matrix-metalloproteinase enzymes) are hold
responsible for the disruption of collagen, which stabilizes the fibrous cap and prevents
plaque rupture (12,27,28). The superficial erosion of atheromatosus plaques triggers
20-25% of fatal acute coronary syndromes (13). Endothelial cell desquamation due to
programmed cell death, oxidative stress and hypochlorous acid initiated apoptosis
associated with inflammatory cells could contribute to plaque erosion (29,30). Intimal
erosion of a calcified nodule protruding into the lumen and intraplaque hemorrhage may

be responsible for only a small proportion of acute coronary syndromes (13).

Importantly, compelling evidence suggest that plaque rupture and thrombus formation

are frequent events that are instrumental in plaque evolution and luminal stenosis
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development (13,31). Thus, a ruptured atherosclerotic plaque and a formatted thrombus
typically do not cause coronary events (13,21). Numerous healed plaque ruptures are
essential for the development of a high-grade luminal stenosis of the coronaries.
Autopsy studies revealed plaque rupture up to 8-11% in the coronary arteries of patients
who died of noncardiac causes and had no history of ischemic heart disease (13,32,33).
While plaque ruptures were found up to 16-31% in patients who died of noncardiac
causes, but had relevant cardiovascular risk factors (13,31,34). All of the above
thoughts strongly suggest that an acute coronary event results as the combination of
various factors. Conjunction of certain atherosclerotic plaque characteristics, flow
dynamics deviation, intrinsic fibrinolytic and hemostatic dysfunction, neurohormonal
dysregulation and external triggers are essential for the initiation of an acute coronary
syndrome (13). Additional serial imaging data might contribute to a better

understanding of important morphological plaque changes over time.

O-Or2-O
Q@

Figure 3 — Evolution of atherosclerotic plaque.

A: normal coronary wall. B: atherosclerotic plaque accumulation with external vascular
remodeling and minimal luminal narrowing. C: Plaque rupture with hemorrhage
resulting in intramural thrombus. D: Healing of rupture resulting in plaque growth
(in the vast majority of the cases). E: Distal embolization of thrombus material (it may
cause symptoms or asymptomatic microinfarctions). F: Plaque rupture in coincidence
with a thrombosis-conductive state resulting in thrombosis and occlusion of the artery
(it may trigger an acute coronary syndrome) (13).

10
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1.2 Imaging of coronary atherosclerotic plaque with CT

Owing to simultaneous data acquisition in numerous parallel slices with sub-second
gantry rotation time and data reconstruction with ECG-correlated partial algorithms,
coronary computed tomography angiography (CTA) allows for detailed visualization of
the moving heart and coronary arteries (35). Thus, it has emerged in the past decade as a
powerful tool to detect coronary artery stenosis with excellent sensitivity and good
specificity when compared to invasive angiography (17,36,37). Moreover coronary
CTA does not only provide data about the luminal narrowing of the coronary artery tree,
but also allows the vessel wall to be imaged with high spatial resolution, accordingly
permits the characterization of coronary atherosclerotic plaques (38). Current clinical
practice of coronary CTA differentiates simply calcified, non-calcified and partially
calcified (mixed) atherosclerotic lesions. Although coronary CTA has been shown to be
highly accurate in detection of calcified plaque, various studies have demonstrated
limitations in visualization of non-calcified plaque (39,40). Yet, growing body of
evidence suggests that based on the different computed tomography (CT) attenuation of
coronary plaque components, non-calcified plaques can be further distinguished to
fibrotic and lipid-rich lesions (17,41). Still, owing to a substantial overlap of the CT
numbers of the various plaque types, a reliable differentiation of plaques is not possible
with sufficient accuracy (42). Recently, several small studies suggested that a certain
morphological pattern on CT, a hyperdense ring-like structure surrounding a hypodense
center, described as “napkin-ring” sign (NRS), is associated with advanced coronary
plaque as defined by the Amerocan Heart Association (AHA) classification (43-45).
Previous studies have shown that the napkin-ring sign in coronary CTA offers a high
specificity and positive predictive value to detect lipid-rich plaques, yet the sensitivity
of this sign to detect advanced plaque is rather low (43,46,47). This can be related to the
various histological characteristics of advanced coronary atherosclerotic lesions

resulting in nondescript delineation of the NRS in coronary CT angiography.

Limited detection and characterization of non-calcified coronary atherosclerotic plaques
can be further linked to the difficulty to establish outer and inner plaque boundary due

to the limited contrast resolution of the CT images, which may have been influenced by

11
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quantum noise (38). Further problem related to image noise is the hampered
applicability of automated tools for quantitative coronary CTA assessments, which
software packages are available from all CT vendors and several software companies.
Automated algorithms have been shown to provide stenosis degree and plaque volume
measurements at least as good as manual measurements when compared to gold
standard invasive techniques as IVUS (42,48) and they may even reduce inter-/intra-
reader variability for the non-calcified plaque quantification, especially for less
experienced observers (49). However they are rarely used in clinical practice, as a large
portion of automatically fitted boundaries must be manually corrected, which is time

consuming and makes reading complicated (42).

Currently, most CT imaging studies have been reconstructed by using the filtered
backprojection reconstruction (FBPR) technique. An adaptive statistical iterative
reconstruction (ASIR) algorithm was developed to help reduce the quantum noise
associated with standard convolution reconstruction algorithms (50,51). Most recently,
an algorithm called model-based iterative reconstruction (MBIR) was introduced
representing a latest advancement in the field of reconstruction techniques (52). ASIR is
a hybrid method, which updates iterative reconstruction technique on FBPR, and MBIR
is a raw data based 3-dimensional image reconstruction method, which increases point
spread function and thus image resolution. In general, iterative reconstruction
techniques have been found to yield lower noise than the FBPR technique (53). Thus,
iterative reconstruction techniques may improve the visualization of coronary artery
atherosclerotic plaques and have a significant benefit above standard image

reconstruction when using automated tools to assess quantitative plaque parameters.

1.3 Imaging of coronary atherosclerotic plaque with MRI

The experience with magnetic resonance imaging (MRI) characterization of carotid
artery plaque is now extensive (54). Owing to its excellent soft tissue contrast, MRI is
able to differentiate atherosclerotic plaque components, thus detect carotid lipid content,
hemorrhage, neovascularization and fibrous cap thickness (55-59). Recently, ultra-short

echo time (UTE) MRI has been used to detect and quantify plaque calcification in

12
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carotids (60,61). MRI characterization of coronary plaque, however, is in its nascency.
Unlike MRI of the carotids, MRI of the coronary wall currently lacks the spatial
resolution needed for the detailed characterization of plaque morphology. High-field
MRI systems have been introduced to overcome these difficulties and potentiate high-
resolution imaging in human use, however only limited number (approx. 40) of these
devices are available worldwide, mostly used for research purposes (62). The challenges
with high-field MRI imaging of cardiac structures are magnetic inhomogeneity and
specific absorption rate constraints with commercial available high-field at 7T (62).
MRI systems are not regularly equipped with required body radiofrequency (RF)
transmit coils or surface RF receive coils (62). However, several groups have shown the
feasibility of human cardiac imaging with 7T-units, moreover successful imaging of the
coronary arteries in vivo (62-67). Although these achievements are promising for further
clinical use of coronary MRI in the future, the ability of high-resolution MRI to
accurately characterize human coronary atherosclerotic plaque remains poorly defined.
Only one study to date has examined the correlation between human coronary artery
plaque by MRI and histology (68) and this study was hindered by the absence of a

sequence to specifically detect plaque calcification.

13
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2 Objectives

2.1 Histopathological correlates of the napkin-ring sign in CT

Our purpose was to identify histological characteristics of advanced coronary
atherosclerotic plaques that promote or interfere with the delineation of the napkin-ring

sign in coronary CT angiography.

2.2 Plaque visualization with advanced image reconstruction

We aimed to compare the qualitative and quantitative image quality (IQ) parameters of
coronary CTA images regarding atherosclerotic plaque visualization in human
coronaries with images reconstructed with standard filtered backprojection
reconstruction (FBPR), adaptive statistical iterative reconstruction (ASIR) and model-

based iterative reconstruction (MBIR) techniques.

2.3 Effect of image reconstruction on automated plaque assessment

We aimed to determine the effect of iterative reconstruction algorithms in comparison
to FBPR regarding the need for manual corrections of the automatically fitted vessel-
wall boundaries. A reduction of the number of necessary boundary corrections would
translate directly into an improved feasibility and potentially into a wider clinical

applicability of automated tools for plaque assessment in coronary CTA.

2.4  Characterization of coronary atherosclerotic plaque with MRI

We sought to use high-resolution MRI with T1, T2, and UTE sequences to visualize
human coronary atherosclerotic plaques. Furthermore, we aimed to characterize
coronary plaques to distinguish potentially vulnerable lipid-rich plaques from more
stable fibrocalcific plaques with a high degree of accuracy. In addition, our goal was to
assess the capability of MRI to classify human coronary atherosclerotic lesions with T1,

T2, and UTE technique as compared to the histopathological plaque classification.

14
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3 Methods

An ex vivo experimental setup has been established for the imaging of human coronary
atherosclerotic plaques (69). Multimodal imaging techniques (CT and MRI) were used
to assess atherosclerotic plaque parameters and compared to co-registered histological
data. All procedures were performed in accordance with the local and federal
regulations and the Declaration of Helsinki. Approval of the local Ethics Committee

was obtained.

3.1 Exvivo hearts

The human donor hearts were retrieved through the International Institute for the
Advancement of Medicine (IIAM). IIAM is a non-profit oriented organization, which
facilitates the recovery and placement of donated non-transplantable human organs and
tissues with researchers. The donor hearts went through transplantation evaluation,
however, the organs deemed unusable or unable to be transplanted mainly due to

significant coronary artery disease (CAD).

The donor inclusion criteria according to our protocol were male gender, age between
40 and 70 years, and proven CAD. To minimize the prevalence of coronary segments
with chronic total occlusion and severe calcification, donors with long standing diabetes
mellitus and/or chronic renal failure were excluded from the study. The maximum warm
ischemia time was 6 hours and the maximum cold ischemia time was 15 hours. The
fresh donor hearts were transported to our institution in histidine tryptophan-
ketoglutarate or University of Wisconsin solution and packed in wet ice. Seven isolated
donor hearts (mean age: 53 years, range: 42 — 61 years) were acquired and investigated.
The cause of death was stroke in six cases and in one case the cause of death was non-
natural (suicide). CAD was proven in all donor hearts either with catheter coronary

angiography or based on the donor’s medical history.

15
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3.2  Specimen preparation

As a first step, the ascending aorta was removed in order to provide access to the
coronary artery ostia. The right and the left coronary arteries were selectively
cannulated with plastic luers. The luers were secured in the coronary arteries by ligating
the ostial parts from the outer surface of the coronary. After implanting the luers in the
coronary arteries, a balloon was placed in the left ventricle and inflated with saline to
regain the physiological shape of the ventricle. The following steps were performed on
the heart submerged in saline bath. The coronaries were flushed with saline to remove
superficial thrombus and air bubbles. As the next step plastic tubes filled with
methylcellulose based iodinated contrast agent were attached under water to the luers.
The loose ends of the plastic tubes were sealed with a T-port valve. The heart was
positioned in the center of a Styrofoam box filled with canola oil to simulate the
epicardial adipose tissue compartment. For the MRI analysis formalin pre-fixation was
implemented on the specimens. The ostium of the left anterior descending coronary
artery (LAD) was selectively cannulated with a catheter with a plastic luer connector,
which was connected to a pressure-perfusion system. Buffered neutral formalin solution
(10%) was infused at 130 mmHg for 30 min for tissue fixation. A block of myocardium
— including the LAD and its proximal side branches — was then excised from the heart

for MRI.

3.3 CT Protocol

Methylcellulose based contrast agent (approximately 5-10 ml) was injected in the
coronary arteries. To achieve an intra-luminal contrast enhancement similar to in vivo
CT angiography of the coronary arteries methylcellulose (Methocel, DOW Chemical
Company, Midland, MI, USA) with 3% iopamidol contrast agent (Isovue 370, Bracco
Diagnostics, Milan, Italy) was used. Typically, with this procedure attenuation within
the vessel lumen was achieved similar to in vivo studies. CT data acquisitions were

performed with a 64-detector row CT scanner (High-Definition, GE Discovery, CT

16
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750HD, Milwaukee, WI, USA) using the following parameters: 64 mmx0.625 mm
collimation; 0.35 s rotation time; tube voltage of 120 kV; tube current of 500 mAs.

3.4 CT image reconstruction

The raw data were reconstructed by FBPR, an adaptive statistical iterative

reconstruction (ASIR), and a model-based iterative reconstruction (MBIR) algorithm.

FBPR represents the image reconstruction algorithm, which has been used widely
during the last years. This method is a discrete implementation of inverse solution of
continuous Radon problem so that it can use pre-calculated mathematical solution for an
implementation with multiple steps of discretization and approximation (70). As a

result, FBPR is easy to implement and fast. However it is still an approximated solution.

In contrast, iterative reconstruction techniques represent an approach where based on
true system model (optics or/and geometry) the error between measurements and
reconstructed image is minimized (71). In comparison to FBPR, iterative reconstruction
algorithms are able to simulate the true X-ray path, in which X-ray photons originate
from their location at a focal spot to the detector through the scanned object. The
residual error between this forward projection and the scanner-acquired raw projection
data is backprojected to update the image, which renders the reconstructed image as the
optimum image for the given raw data and system model. Furthermore, iterative
reconstruction techniques are able to incorporate noise statistical information of raw
projection data and measured electric noise to achieve de-noised images in the final

solution with regularization term (71).

Overall, iterative reconstruction algorithms can be classified regarding their extent of
implementing information from FBPR. While there are several hybrid iterative
algorithms, which include some extent data from FBPR such as ASIR, full iterative
reconstruction algorithms, such as MBIR are not yet available in daily clinical practice.
Specifically, ASIR predominantly focuses on the modeling of the statistical behavior of
incident photons and electric noise (so called statistical modeling) and is limited to a

number of iterations. It compares image data to a noise model to improve image quality

17
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(72). A blending factor of 40% was chosen for ASIR based on the recommendation
from the vendor. Image reconstruction was performed at the workstations of our

department’s console.

MBIR is a full model-based iterative reconstruction algorithm that implements data
from modeling the actual detector response function, the focal spot size, and the system
geometry (so called system optics modeling) along with statistical behavior of incident
photons and electric noise (so called statistical modeling) (52,72,73). This algorithm is
more computer-intensive due to multiple iterations from raw data based image
reconstruction and so far not available for coronary CTA. Therefore, an ex vivo setting
was chosen and a prototype version of this algorithm was applied at the research

department of the vendor (GE Healthcare, Milwaukee, WI, USA).

All images were reconstructed at 0.625 mm slice thickness, 0.4 mm slice increment, and
full field of view with FBPR, ASIR, and MBIR techniques by using soft-tissue kernel.

All reconstructed CT images were sent to an offline workstation for further analysis.

3.5 MRI Protocol

Magnetic resonance images were acquired on a 9.4T horizontal bore magnetic
resonance scanner (Biospec, Bruker, Billerica, MA, USA) using transmit-receive
birdcage coil. The specimens were immersed in a fluorocarbon-matching medium with
the same magnetic susceptibility as tissue but no proton MRI signal, thus providing a
signal and artifact free background (Fomblin, Ausimont, NJ, USA). Specimens were
imaged with T1, T2 and UTE sequences. T1-weighted imaging was achieved with a 3
dimensional (3D) gradient echo sequence using the following parameters: field of view
(FOV) 48x36x64mm’, image matrix 192x144x256 (0.250mm isotropic resolution), TR
= 30ms, TE = 2.5ms, flip angle 45 degrees, fat suppression, 1 average. T2-weighted
imaging was performed using a 2 dimensional (2D) fast spin echo sequence with the
following parameters: FOV 40x30mm’, image matrix 256x192 (in plane resolution
0.156 mm), slice thickness 0.4 mm, TR = 3000 ms, TE = 40 ms, echo train 16, 16
averages. UTE imaging was performed using a 3D radial sequence with the

following parameters: FOV ~ 51x26x60 mm’, image matrix 192x192x192

18



DOI:10.14753/SE.2015.1797

(resolution 0.267x0.133x0.312 mm”) projections 75546, TR = 8 ms, TE = 20 ps, fat

suppression, 1 average.
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3.6  Histopathology

The histological processing and analysis was performed at a pathology institute
specialized in cardiovascular histopathology (CV Path Laboratory, Maryland, MD,
USA). The coronary specimens were embedded en bloc in paraffin. Cross-sections were
acquired in I-mm increments (6um slice thickness) and Movat’s pentachrome staining
was used according to the standard techniques (74). Images were digitalized using a
high-resolution camera attached to a microscope connected to a PC workstation and
converted into high-resolution TIFF images. An experienced pathologist blinded to the
CT and MRI data analyzed the histological sections. Main plaque components such as
lipid-rich necrotic core and calcification were reported. Further classification of the
coronary plaques was performed according to the histological criteria established by the
AHA (4). Each cross-section was classified according to the AHA classification and

early and advanced lesions were distinguished.

For the assessment of the napkin-ring sign, all plaques that were previously classified as
advanced were further analyzed regarding the presence or absence of a lipid-rich
necrotic core (LRNC), intraplaque hemorrhage, intraplaque microvessels, macrophage
infiltration and calcifications. The latter characteristics were stratified as being related
or unrelated to the lipid/necrotic core. Calcifications were subdivided into micro-
calcifications (punctate calcification of smooth muscle cells, macrophages, or
extracellular matrix, maximum diameter <50 um), spotty (coalescent calcification,
maximum diameter 50-1000 um) and sheet calcifications (plate calcification, maximum
diameter >1000 um) (75). All cuts that were subsequently digitalized were further
analyzed using dedicated software and manual contouring (ImageJ 1.440, National

Institutes of Health, Bethesda, MD, USA).

Vessel area (VA) was defined as the area inside the external elastic lamina.
Furthermore, the lumen area (LA) and the area of the lipid/necrotic core (CA) were
measured. From this data, the total plaque area (TPA) was calculated as TPA = VA —
LA. The area of non-core plaque was calculated as NcA = TPA — CA. The plaque
burden (PB) was calculated using the following formula: PB = (TPA / VA) * 100. We

also assessed the thickness of the fibrous cap, which was measured at its thinnest part.
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Histologic features representing the atherosclerotic plaque such as size and area of the
necrotic core and area of non-core plaque as well as the presence of calcification,

hemorrhage and macrophages are further referred to as histologic plaque features.

Variables associated with the plaque such as the vessel area, the lumen area, plaque
burden and distance of the plaque from the ostium are further referred to as associated

plaque features.

3.7  Co-registration of the images (CT, MRI, histology)

All images were co-registered using a freeware Dicom reader (OsiriX, version 3.6.1,
Geneva, Switzerland) by an experienced investigator, who was not participating in

further image analysis.

A multiplanar reconstruction technique was used to generate CT images perpendicular
to the vessel centerline to match the position of the histological cuts prepared in 1-mm
increments. The cross-sectional and rotational position of the slices were identified by
distance measurements from the distal end of the plastic cannulas and verified by using
fiducial markers such as side branches, bifurcations and features of vessel wall
morphology (e.g.: plaque shape, calcification pattern, orientations of the myocardium

and the pericardial adipose tissue layer).

The cross-sectional images were co-registered between FBPR, ASIR, and MBIR
similarly by using the distance from the plastic luer as a fixed starting point.
Furthermore, plaque burden profiles were generated for each vessel and compared
between the different reconstruction algorithms to guarantee perfect alignment of each

coronary cross-section in the co-registered dataset.

Manual co-registration of the T1, T2, and UTE MRI data with the CT images and
histological slides was performed by using multi-planar reformats of the MRI images
perpendicular to the vessel centerline prepared in 1-mm increments to match to the
histological slides. Anatomical features such as distance from the coronary ostia,
presence of side-branches or vessel bifurcation, vessel size and shape, and plaque

morphology were used to warrant the rigid co-registration.

21



DOI:10.14753/SE.2015.1797

3.8 CT analysis

3.8.1 Features associated with the napkin-ring sign

As the most advanced, model-based image reconstruction technique is available mostly
in the research phase, the dataset used for plaque feature assessment was reconstructed
using ASIR technique. The purpose of this sub-study was to define features of advanced
atherosclerotic plaques that promote or interfere with the delineation of the NRS in
coronary CT angiography, thus, only cross-sections containing advanced plaques as
classified by histology were used. The corresponding CT images were reviewed in
consensus by two radiologists with 6 and 10 years of experience in coronary CT
angiography. All reading was performed using a fixed window setting [700 Hounsfield
Units (HU) width, 200 HU level]. Based on the CT appearance, it was specified whether
a napkin-ring sign could be identified within the plaque. The NRS was defined by a
low-attenuation plaque core surrounded by a circumferential area of higher attenuation
(45). Additionally, we measured the attenuation of the non-calcified plaque portion of
all plaques using an in-house program developed in Matlab. For this purpose, the outer
circumference of the vessel and the lumen were manually traced and the median density
of the pixels within the plaque was calculated. In plaques with a positive NRS, we also
measured the median density of the central hypodense area and the peripheral

hyperdense ring.

3.8.2 Image quality of different reconstruction techniques

Image analysis was performed at a commercially available workstation (Advantage
Windows 4.2; GE Healthcare, Milwaukee, WI, USA) by two experienced observer
blinded to the image review results. The three image sets, obtained with reconstruction
techniques FBPR, ASIR, and MBIR in each patient, were displayed side by side with a
preset soft tissue window (window width, 200 HU; window level, 700 HU).
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3.8.2.1 Qualitative image analysis

The two reviewers were asked to grade the overall image quality on a four-point scale:
1 = excellent; 2 = good (minor artifacts); 3 = moderate (considerable artifacts but
diagnostic quality); 4 = poor, non-diagnostic. Regarding calcification and blooming
artifacts, both readers were asked to rate if there is calcification or not. If present, a
three-point scale was used to qualify blooming artifacts: 0 = no blooming; 1 = blooming
but lumen clearly visualized; 2 = blooming, no lumen visible. Image noise was defined
as overall graininess or mottle in the coronary artery. It was graded on a four-point
scale: 1 = no image noise; 2 = average noise; 3 = above average noise; 4 = severe noise.
Image sharpness was evaluated on a five-point scale: 0 = extremely poor, no definable
lumen; 1 = poor, severe streaking comprising more than 50% of the vessel lumen;
2 = fair, vessel walls may show mild streaking or blurring, but a defined lumen is
identifiable; 3 = good, coronary walls may be blurred but lumen is clearly discernible
and separate from the surrounding fat; 4 = excellent, coronary walls are sharp and well-
defined with no blurring. Such an assessment scheme was used in a previous study of

coronary lumen analysis at CT (76,77).

3.8.2.2 Quantitative image analysis

We obtained mean CT attenuation values (in Hounsfield units) for the peri-coronary fat
and coronary artery by manually placing circular regions of interest (ROIs) at the same
image level. The attenuation of the coronary artery was recorded from a single drawn
ROI that was as large as the vessel lumen. For each protocol, image noise was measured
as the standard deviation of the pixel values from a circular or ovoid ROI drawn in a
homogeneous region of the peri-coronary fat. For all measurements, the size, shape, and
position of the ROIs were kept constant among the three protocols by applying a copy
and paste function at the workstation. The attenuation of the peri-coronary fat was
recorded as the measurement of one ROI placed in the peri-coronary area to the
coronary lumen. Areas of focal changes in parenchymal attenuation and prominent

artifacts, if any, were carefully avoided. For each of the three reconstructions, the
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contrast-to-noise ratio (CNR) relative to peri-coronary fat for the coronary artery was
calculated by using the following equation: CNR = (HUymen — HUfat) / SDiymen, Where
HUjumen and HUgy are the mean CT numbers of the coronary artery lumen and the peri-
coronary adipose tissue, respectively. SDpmen represents the standard deviation of

luminal CT number.

3.8.3 Automated plaque assessment

For each vessel reconstructed by three different algorithms (FBPR, ASIR, MBIR), a
separated 3D dataset was generated. All images were anonymized regarding the applied
reconstruction algorithm and vessel origin. All 3D datasets were transferred to a
dedicated offline workstation (Vitrea Advanced Cardiac Solutions, Vital Images,
Minnetonka, MN, USA), which allowed automated vessel segmentation and

quantification of coronary artery components (49,78).

The starting point for the luminal centerline was manually set at the proximal ending of
the vessel by a coronary CTA reader in the 3D dataset and visually verified. Afterwards,
the software performed the automatic vessel segmentation and fitted the inner and outer
vessel-wall boundaries. The automatically fitted boundaries were reviewed by an
experienced coronary CTA reader on cross-sectional images with 0.5 mm increments. If
the boundaries did not follow the anatomical structures, the inner and/or outer vessel-
wall boundary was manually corrected. The proximal 40 mm of each vessel (left
anterior descending [LAD], left circumflex [LCX], right coronary [RCA] artery)
starting from the plastic luer was included in the assessment, plus the left main (LM)
which was counted as part of the LAD. All measurements were exported for further

processing.

The primary endpoint was the percentage of cross-sections where a manual correction
of the automatically fitted vessel-wall boundaries (inner or outer) was necessary to
perform. Secondary endpoints were the following: 1.) Percentage of cross-sections that
required corrections of only the inner vessel-wall boundary; 2.) Percentage of cross-
sections that required corrections of only the outer vessel-wall boundary; 3.) Benefit of

MBIR over FBPR (or over ASIR), which was defined as cross-sections that needed any

24



DOI:10.14753/SE.2015.1797

corrections on FBPR (or ASIR) but not in MBIR, as compared to cross-sections, which
showed no difference between MBIR and FBPR (or ASIR). The latter group contained
cross-sections which have been or which have not been corrected in both image

reconstruction algorithms (MBIR and FBPR; MBIR and ASIR).

The reproducibility of the primary endpoint was confirmed in a random subset (33% of
the entire cohort). The vessel assessment including the boundary delineation was
performed twice with a time gap of two weeks. A high correlation was observed with
respect to the percentage of corrected cross-sections per vessel between the two
assessments (intraclass correlation coefficient: 0.99). Also, an excellent regional
agreement was achieved comparing which individual cross-sections were corrected the

first and second time (kappa: 0.86).

3.9 MRIimage analysis

Prior to data analysis a 5-point image quality Likert-type scale was used to assess the
quality of the UTE images (57). UTE images with a clearly definable lumen, coronary
wall and adventitial boundary, and with no artifacts were graded as 5; those with minor
artifacts were rated as 4; grade 3 was assigned to images where the wall structures were
easily identifiable, but the lumen and outer boundaries were partially obscured. Non-
diagnostic images were assigned a grade 2 if only the arterial wall was distinct, and
grade 1 if no structures were visible. Two independent, experienced cardiac imaging

specialists rated the 1Q.

Three independent observers blinded to the histological plaque classification performed
plaque classification. In cases of disagreement a consensus was reached in a subsequent
reading. The MRI signal and contrast characteristics used to identify the relevant plaque
components are shown in Table 1. Areas of plaque showing signal hypointensity on the
T1 but not on the UTE images were classified as calcified. Areas showing signal
hypointensity on the T2 images were classified as lipid-rich necrotic core. Hemorrhage
was identified by hyperintensity on the T1 and UTE images and regions that were
isointense on all sequences were classified as fibrotic, Table 1. Signal intensities were

interpreted with the adjacent myocardium as a reference.
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Table 1 — Predicted signal intensities of plaque components by MRI.

Tissue Tear/

Ca LRNC Fibrotic Hemorrhage Disruption*
T1 Hypo Iso Iso Hyper Hypo
T2 Hypo Hypo Iso Hyper/Hypo  Hypo
UTE Iso Iso Iso Hyper Hypo

Ca = calcification, Hypo = hypointense, Iso = isointense, Hyper = hyperintense

* Results in the local accumulation of the fluorocarbon matching medium

The used MRI classification system (Table 2) was based on the one that has been
proposed by Cai et al. for carotids (79), but was adopted to include the assessment of
plaque calcification using the UTE technique (60,61). Type I and II lesions were
grouped together (I-1I lesions) and defined by slight thickening of the arterial wall with
near normal wall thickness. Type III plaque was defined by eccentric wall thickening.
Type IV and V lesions were grouped together, as per the Cai classification, but were
further subclassified by UTE MRI as being either non-calcified IV-VA or calcified IV-
VB. The presence of a surface defect and/or luminal thrombus (type VI plaque) is
challenging to detect accurately ex vivo. Thus, we did not include a separate category
for these plaques in our classification scheme. Type VII lesions (completely calcified
plaque) were included in the analysis but where not encountered. Type VIII lesions
were defined as per Cai et al as highly fibrotic, but could be further subclassified by
UTE MRI as being either non-calcified VIIIA or calcified VIIIB.
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Table 2 - Scheme for classification of atherosclerotic plaques with MRI (4,59).

Conventional AHA
classification ¥

Modified AHA
classification for MRI ©”

Modified AHA
classification for MRI
adopted for UTE imaging

Type I: initial lesion with
foam cells

Type II: fatty streak with
multiple foam cell layers

Type I-II: near normal
wall thickness, no
calcification

Type I-II: near normal
wall thickness, no
calcification

Type III: preatheroma with
extracellular lipid pools

Type III: diffuse intimal
thickening or small
eccentric plaque with no
calcification

Type III: diffuse intimal
thickening or small
eccentric plaque without
calcification

Type IV: atheroma with a
confluent extracellular lipid
core

Type V: fibroatheroma

Type IV-V: plaque with a
lipid or necrotic core
surrounded by  fibrous
tissue with  possible
calcification

Type IV-VA: plaque with
lipid or necrotic core
surrounded by fibrous
tissue without calcium

Type IV-VB: plaque with
lipid or necrotic core
surrounded by  fibrous
tissue with calcium

Type VI: complex plaque

with  possible  surface
defect, hemorrhage or
thrombus

Type VI: complex plaque

with  possible  surface
defect, hemorrhage or
thrombus

Type VI: complex plaque

with  possible  surface
defect, hemorrhage or
thrombus

Type VII: calcified plaque

Type VII: calcified plaque

Type VII: calcified plaque

Type VIII: fibrotic plaque
without lipid core

Type VIII: fibrotic plaque
without lipid core and with
possible small
calcifications

Type VIIIA: fibrotic
plaque without lipid core
and without calcification

Type VIIIB: fibrotic
plaque without lipid core
and with calcification

AHA: American Heart Association
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3.10 Statistical analysis

Continuous variables are reported as mean (standard deviation) or median [interquartile
range] and categorical by percentage (counts). Statistical analysis was performed using
commercially available software (SAS, version 9.2 SAS Institute Inc., Cary, NC, USA).

A p-value of <0.05 was considered significant.

3.10.1 NapKkin-ring sign

In univariate analysis, we tested which parameters derived from histology were
significantly different between sections with and without NRS in CT. Wilcoxon signed-
rank test and Fishers exact test were used to assess differences within continuous and
categorical variables. All variables which showed a difference at a significance level of
p<0.01 were included in multivariate analysis. We fitted two different logistic
regression models, one for associated variables and one for histologic variables. Non-
significant variables were removed stepwise from the initial models. The remaining
significant variables from both models (associated and histologic) were combined in a
final multivariate logistic regression model. We derived from these models the c-
statistic, which is equal to the area under the curve. To estimate the probability of NRS
appearance in dependency of the necrotic core size, we fitted a univariate logistic

regression model where the necrotic size served as the predictor.

To assess the inter-observer variability of the measurements in the histology sections,
the measurements were repeated by a second reader in a subset of 30 randomly chosen
histology slices. The agreement between the two readers was evaluated using Pearson
correlation coefficients and calculation of relative differences. A paired t-test was

performed to assess whether the difference varied significantly from zero.

To determine inter-observer variability for the detection of the napkin-ring sign, an
independent reader assessed a random subset of 100 co-registered coronary CTA
images for the presence of the napkin-ring sign. The inter-observer agreement was

evaluated using Cohen’s kappa statistics that was interpreted as follows: A k value
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greater than 0.80 corresponded to an excellent agreement, a k value of 0.61-0.80 good

inter-observer agreement, and a k value of 0.41-0.60 moderate agreement (80).

3.10.2 Image quality

The observer-agreements regarding qualitative parameters (i.e. presence of
calcifications, image quality, image noise score, sharpness) between readers and
readouts were analyzed by using weighted kappa. The Mantel-Haenszel Chi’-test was
used to compare categorical parameters between the reconstruction techniques and

between images with and without calcifications.

The inter- and intra-reader agreement between quantitative parameters (i.e. luminal CT
number, image noise, CNR) was assessed using Pearson’s correlation coefficient.
Comparisons of quantitative parameters between reconstruction techniques was carried
out using ANalysis Of VAriances, t-test for related samples was used for pairwise
comparisons. Spearman’s correlation analysis was used to correlate image noise as

assessed quantitatively with the qualitative image noise score.

3.10.3 Automated plaque assessment

Chi-square test was used for categorical and t-test for continuous variables compared

between cross-sections with versus those without any boundary corrections.

The percentage of cross-sections with boundary corrections per vessel was compared
between FBPR, ASIR and MBIR using a paired Wilcoxon Rank-sum test. To assess the
regional agreement of performing boundary corrections, Cohen’s kappa statistics was

calculated between FBPR, ASIR, and MBIR.

To assess the association of co-variates to the benefit of MBIR over FBPR (or ASIR)
multivariate logistic regression analysis was applied. As co-variates, minimal luminal
diameter, plaque area and burden as well as the extent of calcification were included in
the model, as derived from MBIR datasets. The extent of calcification was defined

based on relative plaque volumes: no calcification equaled to 0% of plaque volume
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>180 HU, moderate calcification to 1-24% of plaque volume >180 HU, severe

calcification to >25% of plaque volume >180 HU (81).

The intra-reader reproducibility was determined for the primary endpoint; the
assessment was repeated with a time gap of two weeks in a random sub-set (n=9
vessels) of vessels reconstructed with FBPR, ASIR, or MBIR. The reproducibility was

assessed using intraclass correlation coefficient (ICC) and Cohen’s kappa statistics.

3.10.4 MRI

Continuous variables with normal distributions are expressed as mean + standard

deviation, while categorical variables are given as counts and percentages.

Inter-observer agreement for image quality rating was assessed using Spearman’s rank
correlation. Inter-observer agreement for plaque classification was determined by using
kappa statistic as reported previously (82). Using histology as the gold standard, the
sensitivity, specificity, positive, and negative predictive values (plus binominal 95%
confidence intervals) of MRI for the detection of calcium and lipid-rich necrotic core
were calculated. The agreement between MRI classification and the gold standard

histology was calculated using weighted kappa.
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4 Results

4.1 Histopathological correlates of the napkin-ring sign plaque in CT

4.1.1 Histological characteristics of the napkin-ring sign

Based on the histopathological evaluation, advanced plaques (types IV-VI) were present
in 139 (22.7%) of 611 cross-sections, while early lesions were found in 472 slices
(77.3%). Among the advanced lesions 33 (23.7%) demonstrated an NRS in coronary
CTA, whereas no NRS was found in 106 slices (76.3%), see Table 3 and Figures 4 and
5. However, NRS was also found in 5 of the 472 slices (1.1%) classified as early

lesions.

Table 3 — Distribution of histologic features in plaques with positive and negative NRS

on coronary CT angiography.

NRS (n=33) Non-NRS (n=106) p-value

Lipid-rich necrotic core related components

Macrophages 18 (55%) 48 (45%) 0.43
Angiogenesis 16 (48%) 32 (30%) 0.06
Hemorrhage 11 (30%) 25 (24%) 0.27
Micro-calcification 9 (27%) 49 (46%) 0.07
Spotty or sheet calcification 14 (42%) 31 (29%) 0.20
Lipid-rich necrotic core unrelated components

Macrophages 1 (3%) 7 (7%) 0.68
Angiogenesis 4 (12%) 26 (25%) 0.15
Hemorrhage 2 (6%) 7 (7%) 1.00
Micro-calcification 2 (6%) 10 (9%) 0.73
Spotty or sheet calcification 1 (3%) 18 (17%) 0.04
Additional lipid pool 4 (12%) 37 (35%) 0.02
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The napkin-ring sign was most commonly observed in the right coronary artery (55%)
followed by the left-circumflex artery (30%) and the left anterior descending artery
(15%). In contrast, plaques without NRS were evenly spread among the 3 arteries. The
median density of the non-calcified plaque portion was 61.8 HU [48.4-70.1 HU] for
plaques with an NRS and 65.9 HU [49.3-87.7 HU] for plaques without NRS (p=0.10).
In plaques with a positive NRS, the median HU of the central hypodense area was 48.1
HU [33.4-61.6 HU], whereas the rim showed a median density of 68.2 HU [52.3-76.5
HU]. The difference between the density values was significant (p<0.001).

Figure 4 — (Late) fibroatheroma as classified by histology.

Note the large necrotic core (*) in the center of the plaque in the histology image (left
image), which correlates with the hypodense center of the plaque (*) in CT (right
image). The core is surrounded by prominent fibrotic tissue (open arrows), which
appears as a hyperdense ring around the core in CT. Thus the plaque has a ring-like
appearance in coronary CTA which was coined as napkin-ring sign. Additionally
neovascularization is present within the plaque (closed arrow).
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Figure 5 — (Early) fibroatheroma as classified by histology.

Note the small lipid core in the histology image (left image). Due to the small size, the
lipid core (*) did not appear as a napkin-ring sign in coronary CTA.

4.1.2 Histologic features corresponding to the napkin-ring sign

The frequency of histologic plaque features and their relation to the presence or absence
of NRS on CT is summarized in Table 3.

The area of the necrotic core was more than twice as large in plaques with NRS as
compared to those without NRS (median 1.1 mm?® vs. 0.5 mm’, p=0.05, Figure 6).
Similarly, the area of non-core plaque was significantly larger in plaques with NRS as
compared to those without (median 10.2 mm® vs. 6.4 mm’, p<0.001, Figure 6).
The thickness of the fibrous cap was not different for plaques with and without NRS
(median 0.4 mm vs. 0.3 mm, p=0.15). Microvessels within the plaque, indicative of
angiogenesis tended to be more frequent in plaques exhibiting the NRS sign
(48% vs. 30%, p=0.06), while microcalcifications tended to be more common in
plaques without an NRS (27% vs. 46%, p=0.07). The presence of macrophages,
hemorrhage, and calcifications (independent of whether they were spotty or sheet-like)
in close proximity to the lipid core was not associated with the NRS. Additional lipid
pools, smaller than the main core, were more common in plaques without an NRS (35%
vs. 12%, p=0.02) Histologic plaque features distant from the core were generally not
associated with the NRS except for core-unrelated spotty and sheet calcifications, which

were more commonly detected in the absence of an NRS (3% vs. 17%, p=0.04).
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In multivariate adjusted analysis the area of the necrotic core [OR: 1.70 (95% CI: 1.12-
2.57 per increase by one mm® p=0.01] and the area of the non-core plaque [OR: 1.24
(95% CI: 1.11-1.40) per increase by one mm’, p<0.01] remained as independent
predictors of the NRS. In contrast, the presence of additional smaller lipid pools

independently reduced the probability of the appearance of the NRS [OR: 0.22 (95%

CI: 0.07-0.75)].
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Figure 6 — Areas of the lipid/necrotic core and the non-core plaque as measured in
histology in plaques with presence and absence of the napkin-ring sign in coronary

CTA.
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Although there is a substantial overlap, the mean size of the core was significantly
larger in plaques with positive NRS. Note that the vast majority of cores in plaques
without the NRS had an area below 1 mm?, which is deemed a crucial size often found
in rupture-prone lesions. Plaques with a positive NRS in coronary CT angiography also
had a significantly higher non-core plaque area as compared to plaques without the
NRS.

4.1.3 Other features associated with the napkin-ring sign

Plaques exhibiting a NRS on CT were located more proximally as compared to those
without NRS (median distance from ostium 19.0 mm vs. 31.0 mm, respectively;
p=0.02). Also, the vessel area was larger at the site of the plaque (median 17.1 mm® vs.
12.9 mm?, p=0.02) and plaque area itself was larger (median 11.5 mm* vs. 7.5 mm’,
p<0.001) in plaques with NRS than in plaques without NRS. Interestingly, the lumen
area was not different between plaques with and without NRS (median 2.6 mm?® vs. 3.1
mm®, p=0.58). As a result, plaque burden was significantly larger in plaques with NRS
as compared to those without NRS (80% vs. 69%, p<0.001).

In multivariate adjusted analysis both vessel area [OR: 0.84 (95% CI: 0.75-0.94) per 1
mm” increase, p<0.01)] and plaque area [OR: 1.74 (95% CI: 1.36-2.21) per 1 mm®
increase, p<0.0001] remained independent predictors for the delineation of the NRS in
CT. Plaque burden was not included in this analysis as it was co-linear and inferior to

the combination of vessel and plaque area.

When adjusting for both histologic and associated features the area of the necrotic core
area, the area of the non-core plaque, and the vessel area remained independent
predictors for the appearance of the NRS with the area of the necrotic core being the
strongest predictor (OR 1.91; 95% CI: 1.23-2.98). The combined model reached a c-
statistic of 0.816, Table 4.
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Table 4 — Independent predictors of the napkin-ring sign.

Independent predictors OR (95%CI) p-value
Vessel area [per mm?] 0.88 (0.78-0.99)  0.03
Area of non-core plaque [mm?] 1.60 (1.24-2.05)  0.0002
Area of lipid and/or necrotic core [mm®] 1.91 (1.23-2.98)  0.004
Presence of additional lipid cores 0.36 (0.10-1.25) 0.11

4.1.4 Interobserver-agreement

We found a very good correlation between the measurements for the vessel area, lumen
area and the area of the necrotic core (r=0.998, 0.994, and 0.997 respectively) in
histology. Measurements for necrotic core area and vessel area were significantly
different between the two readers (p<0.05), however, the mean difference between the
measurements was 1.9% (0.3£0.5 mm?) for the vessel area and 2.9% (0.04+0.08 mm?)

for the area of the necrotic core. No difference was found between the two readers for

the lumen area (p=0.61).

The interobserver agreement between the two CT readers to detect the napkin ring sign

was excellent (Cohen’s kappa=0.86; 95% CI: 0.76-0.96).
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4.2 Impact of CT image reconstruction on coronary plaque

visualization

A total of 1125 images were used for this sub-analysis derived from three datasets
reconstructed with FBPR, ASIR, and MBIR yielding 375 triplets of co-registered image

sets. All of these were included in image quality analysis.

4.2.1 Qualitative image analysis

Kappa-values indicated good to excellent inter- and intraobserver agreement regarding
qualitative parameters except for image sharpness (k=0.38), Table 5. Although both
readers had full agreement only in 43% of the cases regarding image sharpness, both

were only a single category apart using a 5-point Likert scale in 54% of the cases.

Table 5 — Inter- and intra-observer agreement for qualitative parameters.

Inter-observer Intra-observer

Kappa Agreement Kappa Agreement
Image quality 0.92 >90% 1.00 >90%
Calcification 0.73 85% 0.97 >90%
Blooming 0.47 70% 0.89 >90%
Image noise score 0.62 74% 0.92 >90%
Sharpness 0.38 43% 0.91 >90%

Overall image quality was classified to be good or excellent in 274 (73.1%) and 48
(12.8%) images using FBPR, 318 (84.8%) and 15 (4.0%) images using ASIR, and 248
(66.1%) and 96 (25.6%) using MBIR, Figure 7. Image quality was significantly better
with MBIR than with ASIR (p<0.001) or FBPR (p<0.001). ASIR and FBPR
reconstruction techniques yielded similar image quality (p=0.17).

Calcifications were observed in 369/1125 images (32.8%), no significant differences

were discovered among the three reconstruction algorithms (FBPR, 33.9%; ASIR,
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32.8%; MBIR, 31.7%; p = 0.53). Independent of the CT image reconstruction
technique, image quality was significantly (p<0.001) worse if calcification was present.
Regarding images with presence of calcifications, 87/369 images (23.6%) were
considered to show no blooming, 267/369 images (72.4%) were considered to have
blooming artifacts but allowing luminal visualization, and 15/369 images (4.1%) were
considered to have blooming artifacts rendering luminal visualization impossible. No

differences among FBRR, ASIR, and MBIR were revealed (p=0.95), Figure 8a—c.
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Figure 7 — Overall image quality as assessed by qualitative analysis.

Image quality was significantly better with MBIR than with ASIR (*p<0.001) or FBPR
(*p<0.001). ASIR and FBPR reconstruction techniques yielded similar image quality
(p=0.17).
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a b c

Figure 8 — Cross-sectional CT images of a partially calcified atherosclerotic plaque.

CT images reconstructed with (a) FBPR, (b) ASIR, and (c) MBIR technique. There is
no difference in blooming of calcified component of the coronary artery plaque in the
three different reconstruction modes.

Regarding image noise score the majority of images were rated to be of score 3, using in
325 images (86.7%) reconstructed with FBPR, and 296 (78.9%) images reconstructed
with ASIR. Regarding the reconstruction technique of MBIR, images were most
frequently classified to be of image noise score 2 representing 231 (61.6%) of the cases.
Image noise was significantly lower by ASIR as compared to FBPR (p<0.01) and was
further reduced by MBIR as compared to ASIR (p<0.001, Figure 9).
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Figure 9 — Image noise as assessed by qualitative analysis.

Image noise score was significantly lower by ASIR as compared to FBPR
("p<0.01) and was further reduced by MBIR as compared ASIR (*p<0.001).

Image sharpness with MBIR was significantly improved as compared to ASIR
(p<0.001) and FBPR (p<0.001); however, ASIR and FBP were comparable (p=0.61).
Percentages representing the different image sharpness categories are demonstrated in
Figure 10. Examples for the differences in image sharpness and image noise between

the three reconstruction algorithms are shown in Figure 11a—c.
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Figure 10 — Image sharpness as measured by qualitative scoring.

Image sharpness was significantly improved with MBIR as compared to ASIR
(*p<0.001) and FBPR (*p<0.001); however, ASIR and FBPR were comparable
(*p=0.61).

Figure 11 — Cross-sectional CT images of a non-calcified coronary plaque.

Images reconstructed with (a) FBPR, (b) ASIR, and (c) MBIR technique. Note the
substantial reduction in noise resulting in improved sharpness of the vessel lumen and
adjacent vessel wall (c) as compared to (a) and (b).
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4.2.2 Quantitative image analysis

Inter- and intra-reader correlation coefficients ranged from 0.72 to 0.91 and 0.79 to

0.94, respectively, Table 6.

Table 6 — Inter- and intra-observer correlation for quantitative parameters.

Inter-observer Intra-observer
correlation correlation
Luminal CT number 0.91 0.94
Image noise 0.82 0.79
CT number of adipose tissue 0.72 0.92

Mean luminal CT number was on average 6-10 HU higher in images reconstructed with

MBIR than in those reconstructed with FBPR and ASIR (p<0.05, both; Figure 12).
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Figure 12 — Mean attenuation in the coronary arteries.

Mean luminal CT number was higher in images reconstructed with MBIR than in those
reconstructed with FBPR and ASIR ($p<0.05 , both).

Mean image noise was 16.0+5.1 HU in images reconstructed with FBPR, 14.5+4.3 HU
in images reconstructed with ASIR, and 10.2+4.0 HU in images reconstructed with
MBIR, Figure 13. Quantitative assessment of image noise correlated significantly with

the qualitative image noise score (r=0.43, p<0.001).
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Figure 13 — Image noise as assessed by quantitative analysis.

The three reconstruction techniques were significantly different for image noise
(*p<0.001).

Mean CNR was 26+9 HU in images reconstructed with FBPR, 29+15 HU in images
reconstructed with ASIR, and 44+19 HU in images reconstructed with MBIR. The
image noise and CNR among the three reconstruction techniques were significantly
different (p<0.001, both). Image noise was highest using FBPR and lowest using MBIR
(p<0.001, all); whereas CNR was lowest using FBPR and highest using MBIR
(p <0.001, all), see Figure 14. MBIR increased the CNR by 51-69% while decreasing
the noise by 30-36% as compared to both other techniques of ASIR and FBPR.
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Figure 14 — Contrast-to-noise ratios in the coronary arteries.

The three reconstruction techniques were significantly different for CNR(*p<0.001).
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4.3  Automated plaque assessment with coronary CTA and image

reconstruction

A total of 2313 coronary CTA cross-sections with an increment of 0.5 mm were
assessed from the proximal 40 mm of nine coronary arteries for this sub-study, each
reconstructed with FBPR, ASIR and MBIR. Of those, data were co-registered and
available in 2295 cross-sections (99.6%) resulting in 765 triplets of images. Average
measured plaque area was 8.5+3.5 mm” with a plaque burden of 51.7+13.8%. Nearly
two-third (59.5%) of the cross-sections contained no calcification, one-third moderate
calcification (32.6%) and less than a tenth (7.9%) severe calcification. Examples for co-
registered cross-sections and the differences in automatically fitted vessel-wall
boundaries are illustrated in Figure 15. Further specimen characteristics are provided in

Table 7.

FBPR ASIR MBIR

Example 2 Example 1

Example 3

Figure 15 — Three examples of automatically fitted vessel-wall boundaries.

Example I demonstrates a cross-sectional image of the coronary artery with adjunct
non-calcified plaque. No boundary correction was necessary in all three image
reconstruction algorithms. Example 2 shows the cross-section of a partially calcified
coronary plaque. The automatically fitted inner vessel-wall boundary in FBPR did
wrongly include the calcification within the lumen. Example 3 shows the cross-section
of a more calcified plaque than example 2. The automatically fitted inner vessel-wall
boundary in FBPR but also in ASIR delineated the lumen incorrectly.
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Table 7 — Study sample characteristics stratified by performance of any vessel-wall

boundary corrections.

Overall Any boundary  No boundary p-value
corrections corrections

N 2295 712 1583
Reconstruction Algorithm <0.0001
FBPR 33.3% (765) 39.3% (280)  30.6% (485)
ASIR 33.3% (765) 34.8% (248)  32.7% (517)
MBIR 33.3% (765) 25.9% (184)  36.7% (581)
Vessel Territory 0.98
LAD 37.9% (870) 37.9% (270)  37.9% (600)
LCX 31.2% (717) 31.5% (224)  31.1% (493)
RCA 30.9% (708) 30.6% (218)  31.0% (490)
Calcification <0.0001
No 59.5% (1366) 37.4% (266)  69.5% (1100)
Moderate 32.6% (749) 44.5% (320)  27.1% (429)
Severe 7.9% (180) 17.7% (126)  3.4% (54)
Distance from ostium (mm) 22.1+13.1 22.7+13.2 21.8+12.9 0.11
Min. luminal diameter (mm) 2.7+0.8 2.6+0.8 2.7+£0.9 0.001
Vessel Area (mm?) 17.2+6.6 18.1£7.5 16.9+6.1 0.0002
Plaque Area (mm?) 8.5£3.5 9.5+4.3 8.0+£2.9 <0.0001
Plaque burden (%) 51.7+13.8 54+12.7 50.7+14.2 <0.0001

All continuous measurements with respect to coronary CTA were derived from

corrected image datasets.
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4.3.1 Feasibility of automatic vessel-wall delineation for plaque assessment

Any corrections of the outer or of the inner vessel-wall boundaries were performed in a
total of 712 cross-sections (31.0%), while the outer vessel-wall boundary was corrected
in 400 cross-sections (17.4%) and the inner in 381 cross-sections (16.6%). For both the
outer and the inner vessel-wall, the boundary circumference was on average reduced by
the manual corrections (delta of -0.6+1.8 mm for the outer, and delta of -0.9+1.1 mm
for the inner vessel-wall comparing the boundary circumference before and after the
manual corrections, both p<0.0001). The correction of one boundary (inner or outer)
lasted on average for 21+4 seconds, for both boundaries 46+5 seconds. Corrections of
vessel-wall boundaries were performed with a similar frequency for all three vessel
territories (p=0.98), whereas more often performed at the side of moderate and severe
calcification (p<0.0001), Table 7. The minimal luminal diameter was smaller whereas
the cross-sectional vessel area and the plaque burden were larger in cross-sections with
boundary corrections as compared to those without any corrections (all p<0.001,

Table 7). No difference was observed regarding the distance from the ostium (p=0.11).

4.3.2 Impact of iterative reconstruction on automated vessel-wall

delineation

Comparing the portion of cross-sections with boundary corrections (of the inner or/and
the outer vessel-wall) between FBPR, ASIR, and MBIR, a stepwise reduction of
corrected cross-sections was observed using MBIR as compared to ASIR and FBPR
(26% and 34% relative reduction, respectively; all p<0.0003), Table 7 and Figure 16.
The difference between FBPR and ASIR was marginally non significant (p=0.09).
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image reconstruction algorithms.

A significant reduction of boundary corrections (to the inner or/and outer vessel-wall)
was observed when MBIR was applied for image reconstruction as compared to ASIR

or FBPR (all p<0.0003).

Similarly, the percentage of cross-sections with inner vessel-wall boundary corrections
was not different between FBPR and ASIR (p=0.79), while MBIR demonstrated again a
smaller percentage of corrected cross-sections for the inner vessel- wall boundaries

when compared to FBPR and ASIR (27% and 29% relative reduction, respectively;

all p<0.009), Figure 17.
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Figure 17 — Corrections of the outer and inner vessel-wall boundaries stratified by
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For both vessel-walls, MBIR led to a reduced need for boundary corrections as
compared to ASIR or FBPR (all p<0.02). Further, a reduction of outer vessel-wall
boundary corrections were observed for ASIR as compared to FBPR (p=0.03).

For the outer vessel wall boundaries, the cross-sections with boundary corrections were
reduced in ASIR as compared to FBPR and further reduced in MBIR (20% and 25%
relative reduction, respectively; all p<0.03), Figure 17. In cross-sections with any
corrections, the degree of manual adjustments to the boundary circumference (in mm)

did not differ between FBPR, ASIR, and MBIR (all p>0.64), Figure 18.

Inner Vessel-Wall Boundary Outer Vessel-Wall Boundary
: |
FBPR (N=138) i FBPR (N=167)
30% | -0.98+1.14mm 30% - i -0.49+1.84mm
p<0.0001 : p=0.007
25% ! 25% - _
1 |
E 20% - i 20% 1
E 15% 15% - M
10% 1 10% -
5% - 5% —l_’l
0% . } + ' 0% = b t ! +
ASIR (N=142) /) ASIR (N=133)
30% - -0.87+1.06mm 30% 4 t -0.68+1.56mm
p<0.0001 ! p<0.0001
25% = | 25% - :
1 |
K 20% I T 20% | S
) e ' S
15% - : 15% <
< N b >
10% A 10% -
5% - 5%
0% f { 1 ! i , 0% L—F= ! - }
MBIR (N=101) ! MBIR (N=100)
30% 1 -0.90+1.16mm 30% 1 f -0.58+1.87mm
p<0.0001 : p=0.003
25% i 25% - I
|
|
E 20% 1 20% i
m |
E 15% 15% A !
10% - 10% -
5% ’7 5% -
0% " 1 + t 0% ——— : ——
5 -4 -3 2 - 0 1 7 6 5 43 2401 2 3 45
Amount Corrected Circumference (mm) Amount Corrected Circumference (mm)

Figure 18 — Comparison of the corrected amount of the boundary circumference
between image reconstruction algorithms.

All data demonstrated on average a significant reduction of the automatically fitted
boundary circumference due to the manual corrections (all p<0.003). However, no
differences were observed regarding the corrected amount of boundary circumference
between the image reconstruction algorithms (all p=>0.64).
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On a per-vessel level, 32.5% (median, IQR: 27.5-48.1) of the entire assessed vessel
length was corrected in FBPR, 29.2% (median, IQR: 23.8-43.0) in ASIR and 19.1%
(median, IQR: 11.4-36.3) in MBIR. This resulted in a significant reduction of the
corrected vessel length in MBIR as compared to ASIR and to FBPR (p=0.008 and
p=0.004, respectively), while the difference between ASIR and FBPR was marginal
(p=0.05), Figure 19.
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Figure 19 — Percentage of cross-sections with any boundary corrections per vessel
stratified by image reconstruction algorithms.

Assessing the need for boundary corrections per vessel and comparing it between
FBPR, ASIR and MBIR, a stepwise reduction was observed.

4.3.3 Regional agreement of vessel-wall boundary correction

On a per cross-section level of co-registered triplets (n=765), 53.6% required no
corrections in any of the three image reconstruction algorithms. In contrast, 16.3% of
the co-registered triplets were corrected in all three image reconstruction algorithms,

Figure 20. Overall, there was a moderate agreement for performed corrections of the
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vessel wall boundaries between all three image reconstruction algorithms (k=0.53) and

increased to good agreement if limited to FBPR and ASIR only (k=0.61). Accordingly,

no agreement existed in 30.1% between all three image reconstruction algorithms.

Of those, nearly one third were cross-sections with vessel-wall boundary corrections in

FBPR and ASIR, but not in MBIR, Figure 20.
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Figure 20 — Regional agreement for boundary corrections between FBPR, ASIR and

MBIR.

Co-registered cross-sections were stratified according to the agreement (vessel-wall
boundary corrections yes/no) in all three or in two out of three image reconstruction
algorithms. In about 70%, agreement regarding the need for boundary corrections was
achieved between all three image reconstruction algorithms, which resulted in an

overall ¥ of 0.53.
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4.3.4 Benefit of MBIR for automated vessel-wall delineation

Comparing the cross-sections where a benefit of MBIR was observed over FBPR
(n=132) to those with no differences between MBIR and FBPR (n=597), only the extent
of calcification was independently associated, Table. 8. The odds for the benefit of
MBIR over FBPR increased by about 3-folds for the presence of moderate calcification
[OR: 2.9 (95%CI: 1.9-4.5), p<0.0001], and by about 6-folds for the presence of severe
calcification [OR: 5.7 (95%CI: 2.6-12.7), p<0.0001]. Minimal luminal diameter, plaque
area and burden did not show any association with the benefit of MBIR over FBPR for
the automated delineation of vessel-wall boundaries (all p>0.45). A similar pattern was

observed for the benefit of MBIR over ASIR, Table 8.

Table 8 — The association of plaque characteristics with the benefit of MBIR over
FBPR (and over ASIR).

OR (95%CI) p-value

Association to the benefit of MBIR over FBPR

Calcification

Moderate 2.9 (1.9-4.5) <0.0001
Severe 5.7 (2.6-12.7) <0.0001
Min. luminal diameter 1.3 (0.6-2.7) 0.48
Plaque Area 1.0 (0.9-1.1) 0.66
Plaque burden 1.0 (1.0-1.1) 0.44

Association to the benefit of MBIR over ASIR

Calcification

Moderate 4.3 (2.7-7.0) <0.0001
Severe 9.2 (4.0-21.0) <0.0001
Min. luminal diameter 0.7 (0.3-1.6) 0.49
Plaque Area 1.1 (1.0-1.3) 0.11
Plaque burden 1.0 (0.9-1.0) 0.37
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4.3.5 Estimated time saving for automated plaque assessment

With an average time of 21 seconds for correcting one boundary per cross-section (inner
or outer vessel-wall), and 45 seconds for correcting both boundaries per cross-section
(inner and outer vessel-wall), the usage of MBIR would reduce the assessment time for
an average heart (including the proximal 40 mm of all three coronary arteries) by an
average of 9 minutes as compared to ASIR and 12 minutes as compared to FBPR. The
time benefit of using MBIR as compared to FBPR increased to 18 and 24 minutes per
heart if a vessel-length of 60 and 80 mm would have been automatically assessed

(Figure 21).

180 1| ___ AsIRvsFBPR Daily Workloac 180 1| _—— AsIRvs FBPR Daily Workload
MBIR vs FBPR Center - MBIR vs FBPR Center  —
7 7 J_I—
[} @
] 5
c 120 € 120
E E
o o
£ £
> >
© ©
7} »n
g 60 g 60
- = SR b
—_—
_— Lt
———t ==t
—_ ==t
_.___J___J——- P I‘---r
0 - T T T ; T T T 0 T T T T T T T T T
0 1 2 3 4 5 6 7 8 9 10 0 1 2 3 4 5 6 7 8 9 10
Number of coronary CT angiography cases Number of coronary CT angiography cases
with assessment of the proximal 40 mm of each artery with assessment of the proximal 60 mm of each artery

Figure 21 — Estimated time saving for automated plaque assessment using iterative
reconstruction algorithms.

Based on the study results, the use of MBIR would reduce the assessment time by an
average of 12 minutes (or 18 minutes) as compared to FBPR for an average coronary
CT angiography case where the proximal 40 mm (or 60 mm) of all three coronary
arteries were assessed.

52



DOI:10.14753/SE.2015.1797

4.4  Characterization and classification of atherosclerotic plaque with

MRI

59 plaque cross-sections could be co-registered with corresponding high-field MRI
datasets (T1, T2, UTE). All sections had evidence of atherosclerotic disease with
calcification present in 48% (28/59) and lipid-rich necrotic core in 56% (33/59). We
used 31 co-registered sections to study plaque characteristics and 28 were used for the

analysis.

The image quality of the UTE images was high, averaging 4.1+0.7, and was diagnostic
in all cases. MRI had an excellent sensitivity (100%), specificity (90%) and both
positive (80%) and negative (100%) predictive values for the identification of calcium,
Table 9. The sensitivity, specificity, positive and negative predictive values for lipid-
rich necrotic core recognition with MRI were 90%, 75%, 90% and 75%, respectively,
Table 9. MRI failed to identify lipid-rich necrotic areas in two plaques; however, both
these lesions were classified histologically as early lesions with only very small lipid-
rich necrotic cores. Table 10 shows the comparison of plaque classification by MRI and
histology. Complete agreement was seen in 22/28 cases. Type I-II lesions were
identified correctly by MRI in all cases. Two sections with Type III plaques by
histology were misclassified by MRI as having small lipid-rich necrotic cores. It should
be noted that prior to the consensus discussion, 2/3 readers had classified these plaques
as Type III by MRI as well. Among Type IV-V lesions, 2 plaques were falsely
classified as calcified by MRI. Overall only 6/28 lesions were misclassified by MRI,
resulting in a good correlation between MRI and histology (k value of 0.69). Excellent
inter-observer agreement was found for the detection of plaque components
(calcification and lipid-rich necrotic core) by MRI with a k value of 0.80 and 0.82,
respectively (p<0.0001). The inter-observer correlation for overall MRI plaque

classification was also high (x=0.78, p<0.0001).

Examples for plaque classification are shown in Figure 22-25.
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Table 9 — Detection of calcification and lipid-rich necrotic core with MRI.

Calcification
Ca on Histology No Ca on Histology n
Ca on MRI 8 2 10
No Ca on MRI 0 18 18
n 8 20 28
Sensitivity: 8/8 = 100% (95%CI, 63-100%) PPV: 8/10 = 80% (95%CI, 44-98%)
Specificity: 18/20 = 90% (95%CI, 68-99%) NPV: 18/18 = 100% (95%CI, 82-100%)

Lipid-rich Necrotic Core

LRNC on Histology No LRNC on Histology n
LRNC on MRI 18 2 20
No LRNC on MRI 2 6 8
n 20 8 28
Sensitivity: 18/20 = 90% (95%CI, 68-99%) PPV: 18/20 = 90% (95%CI, 68-99%)
Specificity: 6/8 = 75% (95%Cl, 35-97%) NPV: 6/8 =75% (95%CI, 35-97%)
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Table 10 - Classification of coronary plaques by MRI vs. histology.

Type VIII |
Type VIII |
Total 2 6 12 8 28
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Figure 22 — T1, T2 and UTE images of a partially calcified lipid-rich necrotic plaque.

T1-weighting (A) reveals a large plaque with two focal areas of profound hypointensity.
These areas are also hypointense on the T2-weighted image (B) but are isointense on
the UTE image (C), consistent with foci of calcification. Profound hypointensity is seen
in the plaque on the T2-weighted image (B), consistent with a lipid-rich necrotic core.
Pentachrome staining of the plaque cross-section (D) correlates extremely well with the
MRI. Segmentation of the histological section (E, F) shows the lipid-rich necrotic core
(light blue) and the foci of calcification (red dots, white arrows). The plaque was
correctly classified as a Type [V-VB lesion by MRI. L= Lumen.
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T2W UTE

Figure 23 — A coronary artery plaque with a non-calcified lipid-rich necrotic core.

No profound areas of hypointensity are seen on the T1-weighted image of the plaque
(A), excluding plaque calcification. The plaque interior, however, is hypointense on the
T2 image (B), consistent with a lipid-rich necrotic core. Plaque histology (D) and
segmentation (E, F) correlated well with the MRI and revealed the LRNC (light blue).
The plaque was correctly classified as a Type IV-VA lesion by MRIL
L= Lumen.
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Figure 24 — Example of plaque misclassification by MRI.

Profound signal hypointensity (arrow) is seen on the T1-weighted image (A) with
corresponding recovery of signal in the UTE sequence (C). A corresponding small-
localized area of hypointensity is seen on the T2-weighted image (B), which could be
due either to an isolated focus of calcification or due to calcification of a small lipid-rich
necrotic core. (D-F) Histology revealed that the hypointense focus is produced by
diffuse calcification (red dots) of a small lipid-rich necrotic core (light blue). The plaque
was incorrectly classified by MRI as VIIIB (fibrocalcific without a lipid-rich necrotic
core). Only 2/20 lipid-rich necrotic cores were missed by MRI in the study, both of
which were small and focal (see panels D, E).
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Figure 25 — T1 and UTE multiplanar reformats (MPRs) of the left anterior descending
coronary artery.

T1-weighted (A) and UTE (B) MPRs of the LAD show two large plaques on opposite
sides of the vessel wall. Cross-sectional images through these plaques are shown with
T1 (C, E) and UTE (D, F). In both plaques, but in particular in the lower one (A, B, E,
F), areas of profound signal hypointensity are seen on T1 images, but not on the UTE
images, consistent with foci of plaque calcification.
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5 Discussion

5.1 Coronary plaque visualization with CT angiography

5.1.1 Histopathological correlates of the napkin-ring sign

In the search to find a pattern of coronary atherosclerotic plaque in coronary CT
angiography beyond CT attenuation that is associated with advanced coronary
atherosclerotic plaque several authors have described the napkin-ring sign (43,44,46).
However, the factors that influence the delineation of this sign remain unclear. In this
ex vivo study we used the gold standard histopathology to define the equivalent of the
NRS and the components of atherosclerotic plaque that correspond to this sign in
coronary CT angiography. Our results demonstrate that the histopathological equivalent

of the NRS is a large and advanced atherosclerotic lesion with a large necrotic core.

Plaques with low density values (typically below 30HU) in coronary CT angiography
correlate with lipid-rich plaques as detected in IVUS or OCT (43,83). There is also
evidence, that culprit lesions in acute coronary syndrome show lower density values
than non-culprit lesions (84). However, due to partial volume effects, the density values
show a large variability preventing a reliable differentiation of plaque types and
detection of lipid-rich plaques based solely on HU values (85). Therefore markers of
atherosclerotic plaques beyond attenuation are needed for plaque stratification in
coronary CTA. Recently, a number of studies have reported a hypodense central plaque
portion surrounded by a hyperdense ring, consistent with the NRS, in patients with
ACS. In the present study, the density values of the rim were significantly higher than
the density measured in the center of the lesion. In a report by Pflederer et al., a similar
ring like pattern was found in 25% of culprit lesions in patients presenting with ACS
but never in patients presenting with stable angina (44). Kashiwagi et al. divided culprit
lesions in patients with ACS in thin-cap fibroatheromas and non-TCFA plaques
according to findings in optical coherence tomography. A ring-like pattern was found in

44% of TCFAs but only in 4% of plaques without a thin fibrous cap (43). Nishio et al.
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found a ring-like pattern in 44% of disrupted plaques detected by angioscopy in patients
with suspected ischemic heart disease, but only in 6% of plaques without signs of
rupture (46). In the present study the most distinct histopathologic feature of plaques
exhibiting the NRS in CT and the strongest independent predictor was the presence of a
large necrotic core representing the center of the napkin-ring sign. In plaques with
positive NRS, the necrotic core was more than twice as large as in plaques without the
NRS (1.1 mm® vs. 0.5 mm? respectively). Invasive studies using IVUS and OCT
showed that the size of the necrotic core in coronary atherosclerosis correlates with the
risk for plaque rupture (8,86). These findings have been confirmed by histopathology.
Virmani et al. have reported in a series of 400 patients who died of sudden coronary

death 80% of ruptured plaques had a necrotic core area of >1 mm® (6).

The second most important feature in plaques with an NRS in CT was the size of the
plaque surrounding the necrotic core, which was also nearly twice as large compared to
plaques without the NRS (10.2 mm® vs. 6.4 mm?, p<0.001). The plaque component
surrounding the necrotic core mainly consists of fibrous tissue and smooth muscle cells

(87) and represents the equivalent of the rim of the napkin-ring sign as seen in CT.

The association between plaque size and NRS is explained in that the limited spatial
resolution of CT requires a certain number of voxels representing a specific plaque
component in order to be able to differentiate them from each other, i.e. the hypodense
core from the hyperdense rim. While a large plaque area is required for the delineation
of the napkin-ring sign, it is also a feature of advanced atherosclerotic plaques. Several
CT and IVUS studies have reported that unstable lesions associated with ACS show a
larger plaque area with positive remodeling compared to stable lesions in patients with
stable angina (17,18,88). The association of a large plaque area with the NRS is also
mirrored in the association of NRS and plaque burden and the fact that the napkin-ring

sign was more commonly detected in proximal segments of the coronary artery tree.

Initially it was speculated that the ring like sign was caused by deep calcifications
within the plaque. Indeed, spotty calcifications were slightly more common in plaques
where the NRS was present (42% vs. 29%). However, the formation of these
calcifications did not explain the appearance of the NRS. In addition, several authors

demonstrated the absence of macrocalcifications around the hypodense central part of
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the napkin-ring sign in non-enhanced CT scans (45).

Consequently, most authors support the hypothesis that the napkin-ring sign is caused
by vasa vasorum enhancing the outer curvature of the plaque. Our results demonstrate
that angiogenesis is associated with the NRS (48%) but it is also quite common in
plaques not characterized by an NRS (30%). In our ex-vivo study, the contrast material
injected in the coronary arteries had high viscosity due to the use of methylcellulose and
probably did not enter the vasa vasorum. Thus, we believe that the contrast agent did
not enhance the outer rim of the plaque. This is in line with previous reports
demonstrating the NRS in non-contrast enhanced images (45). However, it is
conceivable that neovascularization contributes to the delineation of the napkin-ring
sign in-vivo by increasing the attenuation of the tissue around the core after the
administration of contrast media. Independent of this, the fact that neovessels are often
found in plaques with an NRS is important as neovascularization arising from
adventitial vasa vasorum is common in advanced coronary atherosclerotic lesions and
has been associated with intraplaque hemorrhage and subsequent plaque destabilization

(89,90).

Somewhat surprisingly, we found microcalcifications in the rim surrounding the core
only in a quarter of NRS plaques (27%). Microcalcifications have also been suggested
as a possible cause for an increase in CT attenuation as in some cases the brighter rim of
the NRS has been observed in non-contrast scans (45). Indeed, data from atherosclerosis
models shows that microcalcifications often develop around the necrotic core (91). In
the present study, microcalcifications were more commonly found in plaques without an
NRS (46%), suggesting that microcalcifications can elevate the Hounsfield values of the
tissue around necrotic core and thus lead to volume averaging which might prevent the
smaller hypodense cores from being identified in coronary CT angiography. The
presence of microcalcifications around the core might also explain why density values
in advanced atherosclerotic plaques vary, making a reliable differentiation of plaques

types difficult with CT (85).
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5.1.2 Coronary plaque visualization with FBPR, ASIR, and MBIR

technique

Our study demonstrates better image quality using MBIR compared with ASIR or
FBPR for both qualitative and quantitative image analysis. Analysis of ASIR and FBPR
yielded similar image quality. The image noise was highest using FBP and lowest using
MBIR; whereas CNR was lowest using FBPR and highest using MBIR. The described
MBIR algorithm shows improved image sharpness as compared to ASIR and FBPR, but
no differences were discovered among the three reconstruction techniques regarding the
detection of calcifications. Qualitative image analysis revealed higher mean luminal CT
numbers on average in images reconstructed with MBIR than in those reconstructed
with FBPR and ASIR. The subjective image quality rating for MBIR was better than
ASIR and FBPR images.

Previous studies that evaluated the image quality of iterative reconstructions in chest
(51,92) and abdominal (50) CT demonstrated similar results for the comparison of
ASIR with FBPR. In contrast to their experiences, we were not able to show significant
difference regarding the image quality between ASIR and FBPR, that was rated equally.
This might be related to the use of a subjective overall image quality scoring system.
Interestingly Prakash et al. (51) have also found no difference for ASIR and FBPR for
evaluation of small bronchioles of the lungs. Any difference was only present when an
ASIR-HD reconstruction technique was used. The qualitative rating of image sharpness
showed MBIR better than ASIR and FBPR images, however, ASIR and FBPR were not
different. This finding is in line with the findings from overall image quality reading
showing no differences between ASIR and FBPR but for MBIR. Coronary image
sharpness was assessed subjectively with a considerable inter-observer variability.

However, other studies assessing IQ have used similar scoring systems (76,77).

According to our results MBIR and ASIR were not more effective in the suppression of
blooming artifacts than FBPR at constant X-ray tube settings. We hypothesized, that
iterative reconstruction techniques would substantially lower blooming artifacts,
enabling better appreciation of the vessel lumen, which have traditionally been

recognized as limitation of cardiac CT. However, independent of the CT image
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reconstruction technique, image quality was significantly worse when calcification was

present.

The quantitative analysis showed lower image noise using MBIR as compared to ASIR
or FBPR. We were unable to compare results of our study owing to lack of published
clinical studies of the MBIR technique. However, prior phantom studies using the
MBIR techniques for CT image reconstruction have reported potential for image noise
and artifact reduction (52,73,93). Thus, lower image noise with MBIR and ASIR
reconstruction techniques allow the use of sharper or greater edge-enhancement kernels,
which may have contributed to the improved CNR ratio and aided in the visualization of
small structures not satisfactorily evaluable with the more noise-prone filtered
backprojection technique. That ability of ASIR technique to lower the image noise has
already been found in several other non-coronary CT studies (50,51,53,92,94).
Furthermore, an increase in CNR as in our study was also shown by an abdominal CT
study evaluating the potential radiation dose reductions potentially related with this
technique (50). The finding of lower noise and higher CNR together with better vessel
sharpness using MBIR compared with ASIR or FBPR analysis may have an important
clinical implication for the evaluation of coronary artery plaques that needs to be
validated in vivo. Qualitative image analysis revealed higher mean luminal CT numbers
on average in images reconstructed with MBIR than in those reconstructed with FBPR

and ASIR. This can be explained by a narrower point spread function.

5.1.3 Effect of image reconstruction technique on automated plaque

detection

Although several studies showed a good performance of automated coronary CTA
assessment tools when compared with gold-standard, such as IVUS (48,78), the main
drawback which precludes the wider clinical applicability of these tools is the need for

significant corrections of the automatically fitted vessel-wall boundaries (42).

We demonstrated that with the use of MBIR for coronary CTA image reconstruction,
the percentage of necessary corrections to the vessel-wall boundaries was significantly

reduced when compared to ASIR and even more to FBPR. The need for boundary
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corrections showed a high reproducibility and a regional agreement between FBPR,
ASIR and MBIR. The benefit of MBIR over the other reconstruction algorithms was

associated with the extent of calcification.

The use of iterative reconstruction algorithms, especially MBIR, improves the
feasibility of automated coronary CTA assessment and may lead to a wider acceptance
of plaque quantification and characterization in the daily clinical practice. Prior studies
yielded multiple benefits of iterative reconstruction algorithms over FBPR. These
include a reduction of image noise and an increase in the contrast to noise ratio, both
closely linked to the observed improvement in image quality (95-97). This was achieved
by incorporating noise statistical information of raw projection data and measuring
electric noise (71). Accordingly, novel coronary CTA scan protocols have been
developed which allow clinical scanning at much lower radiation doses without
impeding the image quality as compared to FBPR (98,99). The results of our study are
in line with these previous observations as the increased feasibility of automated plaque
assessment using iterative reconstruction algorithms can be related to the improved

image quality (78,100).

Another important benefit of iterative reconstruction algorithms is the reduction of
blooming artifacts caused by calcification (101). Similarly, the blooming artifact at the
site of metal objects, e.g. coronary stents is reduced if iterative image reconstruction
algorithms are applied. In two clinical studies, it has been shown that the visualization
and the evaluation of implanted coronary stents were more accurate when hybrid
iterative reconstruction algorithms were applied (one study used SAFIRE [sinogram
affirmed iterative reconstruction], one used ASIR), as compared to FBPR, even with
lower radiation doses (102,103). In accordance, we observed a significant benefit of
MBIR over FBPR at the sites of moderate, and even more, at the sites of severe
calcifications, which resulted in more accurate automated delineation of vessel-wall
boundaries. Particularly, MBIR helps to improve image quality ‘locally’ with respect to
noise and resolution through several, iterative comparison between measurements and
reconstructed image including data from statistical, but also system optics modeling

(72).
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Interestingly, assessing the influence of reconstruction algorithms on the accuracy of
plaque burden measurements by coronary CTA as compared to IVUS, no difference
was observed by Stolzmann et al. who used pure manual boundary delineation method
(104). We did not assess the accuracy of coronary CTA in this study, however we
observed a clear benefit of MBIR and a marginal benefit of ASIR over FBPR with
respect to the feasibility of automated plaque assessment. Manual vessel-wall boundary
delineation by experienced CT readers, as done in the study of Stolzmann et al. (104), is
less dependent on image quality and blooming artifacts since the CT reader is trained to
overcome those situations. On the other hand good image quality and reduced artifacts

seem to have an incremental importance when using an automated plaque assessment.

The implementations of our findings may have significant aspects on everyday clinical
practice. For coronary CTA, automated plaque assessment has shown to be accurate and
less dependent on the readers’ experience (42,48,49,78). Furthermore, the quantification
of plaque volume is a strong prognostic marker (105) and the characterization of local
lesions can determine their vulnerability (106). However, these data are rarely retrieved
from coronary CTA in clinical practice due to the labor-intensive manual adjustments
required by the currently used automated assessment tools. With the implementation of
the iterative reconstruction algorithms, such as MBIR, in the routine clinical practice,
automatically fitted vessel-wall boundaries must be corrected less frequently and the
coronary CTA assessment time will be significantly reduced as compared to FBPR.
This warrants a more systematical use of automated assessment tools for plaque
quantification and characterization, since both have great potential to improve patients’

management and long-term risk stratification.

5.2  Coronary plaque assesment with MRI

The utility of cardiac MRI in the classification of human coronary atherosclerotic
plaque remains poorly defined. Moreover, coronary atherosclerotic plaques frequently
calcify and any MRI classification scheme must therefore be able to reliably detect
plaque calcification. Here we showed that a combination of T1, T2 and UTE MRI can

robustly classify human coronary atherosclerotic plaques, including lipid-rich and
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calcified lesions. We show that plaque classification with this approach correlates very
strongly with plaque classification by histology. To the best of our knowledge, this is
the first use of a UTE-based triple-contrast approach (T1, T2, UTE) in the evaluation of

human coronary atherosclerosis.

Histological and invasive studies have shown that the majority of acute coronary
syndromes result from rupture of advanced atherosclerotic plaques (4-6). These plaques
typically have a large lipid-rich necrotic core covered by a thin fibrous cap (5).
The histological threshold used to define a thin-cap is 65 um (5), and is beyond the
resolution of all non-invasive imaging techniques. Nevertheless, we show that MRI can
accurately differentiate fibrous coronary plaques with no necrotic cores from those
containing large lipid-rich necrotic cores. The role of calcification in plaque
vulnerability remains unclear. While some have suggested that heavily calcified plaques
are more stable (107,108), this is disputed by others (109,110). Regardless, accurate
detection of calcification is vital for reliable plaque classification and is made possible

by the addition UTE MRI.

The use of MRI is well established in the carotid arteries, and several studies have
shown its strong correlation with histological analysis of endarterectomy specimens
(55,56). The discrimination of lipid-rich necrotic cores in carotid arteries was originally
described using T1, T2 and Proton Density (PD) weighted fast spin echo sequences with
fat suppression. These studies report the delineation of lipid-rich necrotic core with a
sensitivity of 90% and specificity of 65-74% (55,56). The use of UTE imaging in the
carotid arteries ex vivo has also recently been described (60,61). While the experience
in the carotid vascular bed is extremely valuable, a direct correlation with plaque
morphology in the coronary arteries cannot be assumed. Direct imaging of plaque
morphology with MRI in the coronary arteries is thus required to characterize the
disease. The results of our study show that the classification of atherosclerotic plaque
using MRI produces similar accuracy in the coronary and carotid arteries. Moreover, the
incorporation of UTE MRI in our study resulted in a higher specificity for necrotic core
detection compared to some of the prior carotid imaging studies (55,56). Several
sequences, routinely performed during in vivo MRI of the carotids, could not be
performed in this ex vivo study. The intravenous injection of gadolinium-based contrast

agents in the carotid artery can delineate plaque neovascularization and fibrous cap
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rupture, but could not be performed in our setting (58,111). Although some of the
plaques in our study showed features suggesting surface disruption, the accuracy of this
finding in fixed ex vivo coronary arteries remains unknown. We chose therefore to limit
our classification to the plaque interior, where fixation has been shown not to have an
effect on plaque characterization by MRI (112). Intra-plaque hemorrhage produces
signal hyperintensity on T1 and off-resonance MRI images (113,114), and signal
hypointensity in T2* weighted images (115,116). Plaque hemorrhage can thus be
expected to produce marked hyperintensity on UTE images, in which the R2* effects
are completely eliminated. No plaques with hemorrhage, however, were encountered in

this study and this will need to be further tested in future studies.

Calcified tissues are rigid and hence have extremely short transverse relaxation times
(significantly less than 1 ms). Conventional imaging sequences have echo times (TE)
greater than 1 ms and are thus unable to detect any signal from the tissues. UTE MRI,
however, has a TE in the low microsecond range, and has been used to image bones and
carotid plaque calcification (60,61,117). The utilization of UTE imaging in the carotids
yielded a sensitivity of 71% and specificity of 96% for the detection of calcium (60).

UTE MRI, however, has not been used prior to this in the coronary arteries.

In vivo MRI of the coronary wall has been limited to date to the detection of wall
thickening, delayed enhancement and intra-plaque hemorrhage (113,118,119). High-
resolution ex vivo imaging of the coronary artery wall has been performed but on a very
limited scale (68,112). Itskovich et al imaged ex vivo coronary plaques at 9.4T and used
cluster analysis to successfully classify atherosclerotic plaques (68). UTE MRI,
however, could not be performed in this study and limited the discrimination of plaque
calcification (68). In contrast, the use of UTE MRI in our study allowed plaques with
calcified components to be accurately classified. Moreover, we were able to reach
higher inter-observer agreement for coronary plaque classification with our technique,

than others have reported using T1, T2, PD, and 3D TOF imaging in the carotids (120).

Several factors underline the high image quality obtained in this study. The field
strength used allowed high spatial resolution to be achieved without the loss of signal to
noise ratio (SNR). The performance of our approach at lower field strengths (1.5-3T)

will require further study. It should be noted, however, that the relative relaxation rates
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of plaque components do not change at these fields. The exception to this is intraplaque
hemorrhage, which is significantly easier to detect with T1 and UTE MRI at 1.5-3T
because the longitudinal relaxivity (rl) of iron drops dramatically at higher fields. All
the sequences described here can be performed with advanced cardiorespiratory gating
and motion compensation. Translation of our approach on current clinical systems is

thus feasible.

Several ongoing technical developments have the potential to further improve MRI of
the coronary wall. Cardiac MRI in humans is being performed at 7T by several groups,
but is complicated by specific absorption rate (SAR) limits and magnetic field
inhomogeneity (63,67,121). Nevertheless, in vivo MRI of the coronary arteries has been
performed at 7T in normal volunteers (63,67,121). Transmit arrays for B1 shimming
over the heart at 7T have been developed and raise the possibility of selective inner
volume excitation of the coronary segment of interest (121). While very preliminary,
these data collectively raise the promise of 7T coronary wall imaging in the near future.
Receive coils, optimized specifically for coronary wall imaging, as well as better
motion correction algorithms will also need to be developed. Highly accelerated cardiac
imaging using 128 element arrays is already feasible and could significantly reduce
motion artifacts in coronary imaging (122). While large challenges remain, the technical
foundation needed to perform high-resolution MRI of human coronary atherosclerotic

plaque in vivo is being steadily laid.

5.3 Strenghts and limitations

Our results must be interpreted under some limitations — primarily related to the ex vivo
nature of the study. This setting offered ideal conditions for imaging of the coronary
vessels with coronary CTA, especially with regard to motion artifacts. However
coronary CT angiography can be performed with little to no motion artifacts using state
of the art CT technology with improved temporal resolution and careful planning the
exam (123,124). Although we injected a contrast agent into the coronary arteries, we
presume that this did not reach the small neovessels within the plaques because we used

a viscous contrast agent and a low pressure to push the contrast agent into the coronary
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arteries. The second reason is that residual blood clots in the vasa vasorum prevent the
contrast agent from entering the neovessels. In patients, the contrast agent will reach the
neovessels during the first pass leading to an enhancement of the fibrous tissue around
the necrotic core in advanced coronary atherosclerotic plaques. Thus, the number of
plaques with a positive napkin-ring sign might be higher than in the present study.
However Pflederer et al. reported a similar percentage of plaques with contrast-
enhanced rims detected in culprit lesions in patients with ACS (44). For the present
coronary CTA study, we used a scan protocol with a tube voltage of 120 kVp. While
this has been the standard setting for many years, scan protocols using 100 kVp are now
standard in smaller patients (125). The choice of scan protocol with lower kVp values
alters the Hounsfield-units of all structures containing iodine and calcium, whereas the
density values of other structures are not altered significantly (126). Thus, the selection
of an imaging protocol of coronary CTA with 100 kVp might have slightly enhanced
the detection of calcium. As the contrast material in the present study did not enter the
plaque itself, the delineation of the necrotic core would not have been affected by such a
protocol. Regarding the analysis of coronary CTA images several potential limitations
merit consideration. Image sharpness was assessed subjectively, which introduced the
possibility of bias into the study. Further, we did not evaluate potential radiation dose
saving methods. Owing to increasing concern about the possible radiological-biological
consequences of greater cumulative radiation doses from medical exposures, noise
efficient reconstruction algorithms such as ASIR should be implemented to reduce
radiation doses in cardiac CT protocols. Also the CNR relative to the pericoronary fat
represents a surrogate measure of CT image quality that may not completely encompass
all of the components needed to make a correct diagnosis. As such, it remains to be
determined whether the increase in CNR achieved with MBIR and ASIR markedly
increase coronary plaque evaluation. Furthermore, the computational algorithm for
iterative image reconstruction algorithms varies between vendors and the use of MBIR
is pre-commercial. In addition, iterative reconstruction algorithms are associated with
increased reconstruction times due to their complex mathematical computation.
However, this will be reduced with increasing computational capacity of the
workstations and ASIR is already available as a real-time reconstruction algorithm

(127). Although our study is to date the largest to investigate human coronaries with
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MRI and coregistered histology, the procurement of broad range of human coronary
artery specimens remains challenging. Certain plaque features such as hemorrhage and
thrombus were thus not seen in our dataset. If present, however, the iron products in
blood and fresh thrombus should be detected with our protocol by producing
hyperintensity on the T1 and UTE images. The harvested coronary arteries were imaged
with several modalities, and the nature of our study thus required tissue fixation to be
performed. This, however, has been shown not to affect plaque assessment by MRI

compared to unfixed specimens (112).

While these factors might limit the generality of our findings our approach offered the
unique possibility to compare the CT morphology of advanced atherosclerotic plaques
to the gold standard histopathology. Further research is needed to determine whether

the study results can be translated into the clinical setting
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6 Conclusions

Coronary atherosclerotic plaques with a napkin-ring sign in CT have a distinct
histopathological appearance primarily characterized by a large necrotic core with a
large fibrous component. Because these features have been associated with advanced
atherosclerotic and rupture-prone lesions in histology, the napkin-ring sign can possibly

serve as a marker for advanced lesions in coronary CT angiography.

Our initial results regarding image reconstruction of CT suggest that use of MBIR
algorithm, as compared to ASIR and a standard FBPR reconstruction algorithm, leads to
significantly improved image quality accompanied with a substantial decrease in image
noise and increase of the CNR. These findings and the ability to achieve better vessel
sharpness using MBIR compared to ASIR or FBPR may have an important clinical
implication in the evaluation of the coronary artery tree that needs to be validated in

Vvivo.

Applying automated plaque assessment in CT angiography, a significant portion of the
automatically fitted vessel-wall boundaries must be corrected manually. The need for
boundary correction is reproducible and shows a local relationship. However, MBIR
leads to a significantly reduced need for correcting the automatically fitted boundaries
compared to other reconstruction algorithms, especially at the site of calcifications.
Thus, MBIR leads to a shorter assessment time and may improve the robustness of

automated plaque assessment in coronary CTA.

Further, in our study we applied a novel combination of MRI contrast (T1, T2, and
UTE) to image atherosclerotic plaque in human coronary arteries. We showed that
plaque classification with this approach compares extremely favorably with histology.
The addition of UTE MRI adds significant value by allowing plaque calcification to be
accurately detected. Our study further underscores the potential of coronary plaque
classification by MRI and its potential use to define the clinical stage of coronary

atherosclerosis and guide patient management.
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7 Summary

Cardiovascular disease related events remain the main cause of morbidity and mortality
worldwide. Thus, there is a need of developing reliable non-invasive techniques
potentiating early recognition of atherosclerotic disease. Coronary CT angiography has
the potential to characterize atherosclerotic plaque beyond current clinical practice and
discriminate vulnerable plaques from stable lesions. With the improvement of
automated reading tools coronary CTA may also be used for large-scale clinical
screening. The utility of MRI for assessing coronary atherosclerosis remains poorly
described. Owing to its excellent soft tissue contrast MRI has the ability to accurately
discriminate atherosclerotic plaque components. Still, accurate characterization of
coronary atherosclerotic lesions must incorporate precise discrimination of calcified
components, which limited by current MRI technique.

In our results we have defined the histopathological equivalent of the napkin-ring sing
on CT, which has been understood as a marker of advanced coronary lesions. We
showed, that the NRS is associated with large, advanced atherosclerotic lesion with a
large necrotic core in histology. Our study also demonstrates that advanced CT image
reconstruction techniques — such as MBIR - improve atherosclerotic plaque
visualization. With further application of MBIR for automated plaque assessment, the
necessary manual corrections of vessel-wall boundaries, thus the time for coronary
segmentation and analysis is significantly decreased. Thus, the use of advanced image
reconstruction algorithms, particularly MBIR improves the feasibility of automated
plaque quantification and characterization. This may potentiate the spread of automated
coronary CTA assessment tools in the daily clinical work and contribute to improved
patients’ management.

Furthermore, we demonstrated a novel approach with a combination T1, T2 and UTE
MRI, that can accurately classify human coronary atherosclerotic lesions comprising
lipid-rich and calcified plaques. Our MRI plaque classification scheme showed a strong
correlation with histological data. These results underscore the potential of MRI for
advanced atherosclerotic plaque characterization and its promising role in guidance of

therapeutic interventions in patients with coronary artery disease.

73



DOI:10.14753/SE.2015.1797

8 Osszefoglalas

A sziv és érrendszeri betegségek vezetik a megbetegedési €s haldlozasi statisztikakat
vilagszerte. Ebbdl kovetkezéen nagy igény all fenn megbizhatd, a korai ateroszklerdzis
felismerését is lehetdvé tevé nem invaziv diagnosztikus eszk6zok fejlesztésére.
A CT angiografia vizsgalat alkalmas lehet a korondria ateroszklerotikus plakkok
jelenlegi klinikai gyakorlaton tlmutat6 karakterizacidjara, a potencialisan vulnerabilis
¢és stabil 1éziok elkiilonitésére. Automatizalt kiértékeld programok hasznalataval a
koronaria CTA vizsgéalat nagy szabasu klinikai szlirésre is hasznélhaté lehet. Az MR
vizsgalat alkalmazhatosaga koronaria ateroszklerdzis vizsgalatara kevésbé ismert.
Kivalo kontraszt felbontasanak kdszonhetden azonban alkalmas lehet ateroszklerotikus
plakk komponensek elkiilonitésére. A koronaria 1éziok pontos karakterizacioja
feltételezi a kalcifikalt elemek elkiilonitését is, mely a jelenleg hasznalatos MR
technikaval kihivast jelent.

Munkdmban meghatdroztam a CT-n “napkin-ring” jelet mutaté koronaria plakkok
szovettani jellegzetességeit, amely irodalmi adatok szerint nagy kockazata plakk
ismertetd jegyének szamit. Bizonyitottam, hogy a NRS szovettanilag elérehaladott,
nagy méretli, nagy nekrotikus maggal rendelkezd ateroszklerotikus plakknak
feleltethetd meg. Vizsgalatomban demonstraltam, hogy modern CT képrekonstrukcios
technikdk — mint az MBIR — javitjdk az ateroszklerotikus plakkok &brézolasat. Tovabba
MBIR technika alkalmazasaval automatikus plakk analizis szoftverek hasznélata soran
lecsokken az érkontur kijelolés manualis korrekcidjanak sziikségessége, igy a koronaria
szegmentaciodra ¢és kép analizisre forditando i1d6. Ez Gsszességében megbizhatobb plakk
kvantifikaciot és karakterizaciot tesz lehetévé, ami hozzajarulhat automatizalt
programok klinikai elterjedéséhez és a beteg menedzsment megkonnyitéséhez.

Munkam masodik részében egy uj, T1, T2 és UTE szekvencidkbol allo6 MRI technikat
demonstraltam, mely human korondria ateroszklerotikus plakkok, igy lipiddas és
kalcifikalt 1¢éziok pontos osztalyozasat teszi lehetévé. Az alkalmazott plakk
klasszifikaciés séma erds korrelaciot mutatott a szovettani osztalyozassal. Ezek az
eredmények biztatoan mutatnak r4 az MR technika esetleges alkalmazhatdségara

koronaria betegek vizsgéalata sordn.
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