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� Introduction
The American Heart Association approximates that 17.9 

million people die of cardiovascular diseases annually and 
500,000 of which are attributed to sudden cardiac death 
(SCD).³ SCD is characterized by the fatal sudden loss of 
heart function. Several underlying factors, such as coronary 
artery disease and ventricular fibrillation, contribute to SCD. 
However, the primary cause of SCD, responsible for more 
than 66% of cases, is thrombosis, or the clotting, of vulnerable 
plaque. Vulnerable plaque is a type of atherosclerotic plaque 
developed within arterial segments in high-risk cardiovascular 
patients.4 The presence of vulnerable plaque is often detected 
only after death. As the cases of cardiac episodes, especially 
cardiac arrest,¹ continue to increase exponentially, the urgency 
to take preventative action is critical.  

Vulnerable plaque (VP) is identified by enlarged lipid 
necrotic core tissue, spotty calcification, and remodeling of the 
arteries due to plaque burden.⁵ VPs are also comprised of an 
enlarged lipid pool and thin fibrous cap (Figure 1). VP begins 
development as unstable VP. Unstable plaque is prone to 
rupturing and clotting.6 After rupturing, these plaques slowly 
gain stability and fully become calcified.6 In contrast, fibrous 
plaque, a common type of stable plaque, generally consists of 
a smaller necrotic core and thicker fibrous cap (Figure 1). The 
VP rupture exposes the necrotic core to blood flow, resulting 
in extensive clotting.7 The thin fibrous cap occasionally 
erodes, exposing the necrotic core to the inner lining of the 
arterial segment called the lumen. Macrophages attempt to 
restrict this exposure by forming a clot. The presence of VP is 
asymptomatic before the initial acute cardiac episode making 
it difficult to identify living patients with VP before the onset 

of SCD.8 Previous research has identified that the lipid pool is 
a precursor for an unstable necrotic core.8 This region is highly 
unstable and exposed blood flow can result in fatal clotting. It 
is urgent for cardiologists to distinguish VP from stable plaque 
in living patients to ultimately prevent death. 

Coronary computed tomography angiography (CCTA) 
is commonly used for the characterization of atherosclerotic 
plaque, the determination of calcium scores, the precise 
identification of stenosis, and the diagnosis of plaques. Calcium 
scores refer to calcium accumulation within coronary segments. 
A high calcium score indicates the presence of extensive stable 
plaque and is a marker for coronary artery disease. Computed 
tomography (CT) scans can precisely identify stenosis and 
plaques. The two predominant CT scan types are single energy 
CT scans (SECT) and dual energy CT scans (DECT). Both 
scans are used to visualize coronary anatomy and eliminate 
calcium artifacts typical of other scans (Figure 2).
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Figure 1: Vulnerable plaque with enlarged lipid core and thin fibrous cap 
(left) and stable plaque with thick fibrous cap and small lipid core (right).4
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SECT scans are often used for diagnosis. Alternatively, 
DECT has the potential to more accurately identify vari-
ous atherosclerotic plaques and other landmarks within the 
heart thanks to its higher resolution images.⁹,¹¹ The current 
study compared the two scans to determine which one can 
best distinguish between VPs and stable plaques through the 
identification of high-risk plaque features. Since SECT is lim-
ited by its inability to effectively evaluate the characteristics of 
high-risk plaque, the DECT scan is preferable for VP identi-
fication and tissue characterization.

Histopathology is another useful method for analyzing dif-
ferent plaque tissue characterization. This technique studies 
cross-sectionalized arterial segments under a microscope.¹² 
Such visualization results in precise identification of each 
component, shown in Figure 3.

Objective:
To improve current methods of high-risk plaque diagno-

sis in SCD-suspected patients by comparing the accuracy of 
DECT and SECT during tissue characterization of VP.

Hypothesis:
H1. DECT will be more precise in identifying and charac-

terizing VP ex-vivo in comparison to a SECT scan. 
H2. DECT will more accurately characterize tissue of VP. 
H3. High-risk plaque features will be identifiable from 

stable plaque features as expected to be justified through his-
tology.

� Results and Discussion
DECT/SECT Identification of Necrotic Cores & Fibrous   
Plaques:
Ninety-four cross sections were identified. The sample 

was made up of 71% male subjects and 29% female subjects. 
The mean age of the cohort was 61.4±10.9 years. From this, 
a total of 8 necrotic cores (NC), 50 fibrous plaques (FP) or 
atherosclerotic plaques, and 36 lipid pools (LP) were identified 
using histopathology. Hounsfield units were computed by GE 
software to measure the substances’ radiodensity.² The mean 
HU for both the NC and FP using SECT was 29.4 and 78.95, 
respectively. The highest resolution to differentiate these two 
features was at 40 keV of energy using a DECT scan. At 40 
keV, cardiologists are best able to differentiate between the 
stable and unstable VPs. On the other hand, the mean HU 
for the NC and FP for a DECT scan was 85.34 and 210.57, 
respectively, also at 40 keV. These values indicate that DECT 
scans are superior at NC and FP identification. A higher 
HU value coincides with a more precise identification of the 
examined substance on any CT scan.  There was no notable 
difference for the mean values for LP. 

Histopathology confirmed cardiologists’ prediction that 
DECT scans are better at the prediction of vulnerable plaques 
within a heart. This correlates to observations on both the 
SECT and DECT scans since the position of the NCs, LP, 
and FPs aligned almost perfectly with the images produced 
following histopathology, illustrated in Figure 4. 

With supporting results, it can be concluded that DECT 
scans more accurately identify VPs from stable plaques with 
the aid of high-risk plaque markers.

� Conclusion
Based on the experiment’s results, the hypothesis is support-

ed. DECT scans are most effective at identifying VPs in the 
post-mortem hearts used in the study. Using histopathology, 
the presence of VPs was identified and mirrored the predic-
tions of the plaque’s lipid core and NC locations presented 
in the CT scans. Additionally, DECT scans were preferred 
because the resolution was better compared to SECT. Histo-
pathology was useful to further examine the plaques and their 

Figure 2: A) calcification of the left anterior descending artery (LAD), left 
circumflex, and right coronary artery; B) positive remodeling in the LAD; C) 
acute coronary syndrome 6 months after a CCTA.8

Figure 3: Composition of vulnerable plaque.5

Figure 4: Accuracy of the predicated location of NC, LP, and FP on CT 
scans and histopathology images.2
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compositions. It allowed for the measurements of NC, LP, and 
the thin fibrous cap. Furthermore, DECT using 40 keV pro-
duced the most desirable results compared to a typical SECT 
scan.

DECT is the most efficient in distinguishing fibrous 
plaques from VPs through the identification of NC and LP 
location. This is groundbreaking for the cardiovascular medical 
field. Now that DECT has been shown to be most accurate, 
decreasing the high rates of mortality due to sudden cardiac 
death is almost at reach. DECT scans can be used to identify 
dangerous VPs within living patients who are susceptible 
to cardiovascular diseases. This allows doctors to take the 
necessary precautions to reduce a patient’s risk of a potential 
cardiovascular disease thereby extending their life expectancy. 
Hundreds of thousands of lives can be saved through the 
simple identification of potentially hazardous plaques in high-
risk cardiovascular patients. 
� Methods
Data Analysis
CT Scan Optimization:
The goal of this step was to determine the reliability of CT 

scans using Youden’s method. Youden’s method allowed accu-
racy testing using the equation: 

J = sensitivity + specificity – 1
where J is the Youden test statistic. J=0 indicates many false 

positive and false negative results and J=1 indicates a perfect 
test with no errors.¹³ CT scans measure in Hounsfield units 
which measure a substance’s radiodensity. DECT and SECT 
scans were each run at differing energy levels until J differed 
compared with paired t-tests. This test was performed with the 
assistance of the supervisor and J-values were unavailable to 
the student due to data privacy concerns. The statistical signif-
icance of the J-values indicated the reliability of both DECT 
and SECT scans for this experiment.

Comparison of CT scan HU and Histopathology Values:
Vessel and plaque parameters from histopathology were 

compared on SECT and DECT scans to a quantitative 
computed tomography. Histopathology analysis was computed 
using the Pearson correlation coefficient. The area of plaque 
components was measured directly with histopathology. This 
area was compared to the area of plaque components detected 
by optimally calibrated dual and single energy CT-scans with 
the Pearson correlation coefficient. A coefficient of 1 indicates 
a strong, positive relationship between the actual plaque 
component size and that measured while a coefficient of 0 
indicates a weak relationship. The higher r-value indicated that 
the CT-scan accurately measured plaque components between 
the estimations and actual locations.

A two-sided p-value was derived from each calculated cor-
relation coefficient. This test was performed with the assistance 
of the supervisor and r-values were unavailable to the student 
due to data privacy concerns. This test indicated DECT scans 
accurately measure the size of vulnerable plaque components 
(p<0.05). The correlation was calculated using the 95% confi-
dence interval. 

All Other Variables:
Continuous variables were represented with means or stan-

dard deviations, while categorical variables were expressed as 
percentages. Additionally, a separate equation was generated to 
account for the plaque features in all the individuals included 
within the study.

Student and Mentor Roles :
This study was a multi-site collaboration where each in-

stitute had separate responsibilities within the project. The 
earliest steps of the project were to go through the inclusion 
and exclusion criteria for each participant. Inclusion criteria 
consisted of newly deceased patients suspected of having SCD 
and meeting the minimum age requirement of 18 years. If el-
igible, the next of kin (NOK) provided recorded oral consent 
and requested an autopsy of the post-mortem heart. 

My mentors oversaw each step within the study. After the 
heart was extracted, it underwent coronary cannulation where 
it was rinsed with normal saline to clean the heart. Contrast 
(Diatrizoate) was injected into the left and right main coronary 
artery at the Office of Chief Medical Examiner (OMCE) in 
Maryland. Following the coronary cannulation, the heart was 
taken to CVPath in Baltimore where SECT and DECT scans 
were performed. These images were taken seconds apart as 
the contrast flowed throughout the arteries within the heart. 
The images were sent to the Dailo Institute for Cardiovascular 
Imaging (DICI) where cardiologists used both the DECT and 
the SECT to determine total vessel area, NC area, calcified 
plaque area, luminal area, degree of positive remodeling, 
presence of spotty calcification with any mixed plaque, the 
presence of any napkin rings, intraluminal stenosis severity and 
proximal location by distance in millimeters to the coronary 
ostium. These values were obtained in HU. The cardiologists 
made annotations on these scans, directing incision points 
where a histopathologist performed histopathology during 
which the plaque was analyzed at a microscopic level. This 
allowed for better distinction between the stable and the 
vulnerable plaques identified within the arteries. 

The student’s role was to analyze the DECT and SECT 
scans of each ex-vivo heart and generate centerlines of each 
vessel (left anterior descending (LAD), left circumflex (LCX), 
right coronary artery (RCA), and the diagonals) using a ref-
erence CT scan for guidance. The student also observed any 
high-risk plaque features such as spotty calcification (Figure 
3A) or positive remodeling (an extended diameter difference 
greater than 1 mm) (Figure 3B). Additionally, the student as-
sisted in the management of the data & measurements of the 
segments in HU. The mentor performed all other procedures.
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