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ABSTRACT

BACKGROUND AND PURPOSE: Plaque characterization using virtual monochromatic imaging derived from dual-energy
computed tomography (CT) angiography requires the determination of normal signal density values of each plaque component.
We sought to explore the signal density values of carotid plague components using dual-energy compared to conventional
single-energy CT angiography (CTA), and to establish the energy level with the largest differences between plaque components.
METHODS: The present prospective study involved consecutive patients referred for carotid artery evaluation by CTA. Two scans
(single-energy and dual-energy CTA) were performed in all patients, and a single radiologist analyzed the data. Single-source
dual-energy CTA allowed the generation of virtual monochromatic images from 40 to 140 keV.

RESULTS: A total of 35 internal carotid artery lesions were examined in 20 symptomatic patients. The mean age was 72.3 +
6.7 years, and 9 (45%) patients were male. Internal carotid artery geometrical variables including lumen area (P = .96), vessel
area (P = .97), and percent area stenosis (P = .99) did not differ between groups (single-energy CTA, and dual-energy CTA at
40, 70, 100, and 140 keV). Differences between signal densities of different tissues were largest at 40 keV (calcium/lumen,
P < .0001; fat/noncalcified, P < .0001).

CONCLUSIONS: In the present pilot investigation, virtual monochromatic imaging at low-energy levels derived from dual-
energy CTA allowed the largest differences in attenuation levels between tissues, without affecting vessel or plagque geometry.
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Introduction

The Asymptomatic Carotid Atherosclerosis Study (ACAS) and
the Asymptomatic Carotid Surgery Trial (ACST) have origi-
nally established that stenosis severity is not an independent
predictor of ipsilateral late stroke."? In the European Carotid
Surgery Trial, 44% of patients with symptomatic carotid steno-
sis showed only mild angiographic stenosis. Furthermore, the
North American Symptomatic Carotid Endarterectomy Trial
reported a similar 5-year risk of stroke between patients with
50-69% stenosis and patients with 0-49% stenosis.>* These ob-
servations suggested that aside from stenosis severity, plaque
composition might be considered an important determinant of
plaque instability.>’

More recently, a number of studies showed that some high-
risk plaque characteristics such as thin fibrous cap, large lipid
core, and intraplaque hemorrhage can be identified or indi-
rectly inferred by means of ultrasound, magnetic resonance
imaging (MRI), and conventional computed tomography an-
giography (CTA).8-10

Dual-energy imaging has emerged as a technology with
the ability to reduce contrast volume requirements, attenu-
ate blooming, and beam hardening artifacts, and potentially
improve tissue characterization. The initial studies using CT

dual-energy angiography (CTA-DE) have shown promising
findings in this regard, demonstrating a high sensitivity for
the detection of mixed and low-density fatty plaques.!! More
recently, effective zmaps derived from dual energy have
shown potential to discriminate between vulnerable and sta-
ble plaques.'? An alternative approach for tissue characteriza-
tion using dual energy comprises virtual monochromatic imag-
ing (VMI). For this purpose, it is pivotal to establish normal
signal density (SD) values of each plaque component at each
monoenergetic level. Therefore, the aim of this study was to
explore the SD values of carotid plaque components using
dual-energy compared to conventional single-energy CT an-
giography (CTA), and to establish the energy level with the
largest differences between plaque components.

Materials and Methods
Patient Population

The present single-center, investigator-driven, prospective
study involved consecutive patients referred for carotid artery
evaluation by CTA in our institution. Two scans were per-
formed in all patients: single-energy CTA (CTA-SE), and dual-
energy CTA (CTA-DE). All patients were more than 18 years
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old, without a history of contrast related allergy, renal failure,
or hemodynamic instability. Additional exclusion criteria com-
prised a body mass index larger than 32 kg/m?, a history of
bilateral carotid percutaneous revascularization, or carotid by-
pass graft surgery.

CTA-SE and CTA-DE Acquisitions

Patients were scanned using a 64-detector row dual-energy CT
scanner (Discovery HD 750, GE Healthcare, Milwaukee, W1,
USA) equipped with gemstone spectral imaging. CTA-DE was
acquired through rapid switching (.3 to .5 milliseconds) be-
tween high and low tube potentials (80-140 kV) from a single
source, allowing the reconstruction of low- and high-energy
projections and generation of monochromatic image recon-
structions ranging from 40 to 140 keV. Sequentially, two ac-
quisitions were performed in each patient from the aortic arch
to the base of the skull in caudocranial direction: CTA-SE and
CTA-DE. Using an antecubital venous access, both acquisitions
were performed after injection of a 50 to 60 mL bolus of iod-
inated contrast (iobitridol, Xenetix™, 350 mg I/mL, Guerbet,
France) at flow rate of 4.5 mL/seconds, followed by a 40 mL
saline chaser using the same flow rate. Scan delay was deter-
mined using a test bolus method. CTA-SE was performed using
the following acquisition parameters: slice thickness, .625 mm,;
rotation speed, .5 seconds; tube voltage, 100 kVp; tube cur-
rent, 300 mA; pitch .984:1; and matrix, 512 x 512. CTA-
DE acquisition was performed using the following parameters:
slice thickness, .625 mm; rotation speed, .5 seconds; tube volt-
age, fast-kV switching between 80 and 140 kVp; tube current,
630 mA; pitch .984:1; and matrix, 512 x 512. CTA-DE acqui-
sitions allowed the generation of VMI from 40 to 140 keV.

Image Analysis

Image analysis was performed offline by an experienced ra-
diologist in a dedicated workstation using commercially avail-
able software (AW 4.6, GE Healthcare). The same observer
analyzed the CTA-SE dataset and, 30 days later, the CTA-
DE dataset at four independent monoenergetic (40, 70, 100,
and 140 keV) reconstructions. Iterative reconstruction was ap-
plied at 50% adaptive statistical iterative reconstruction (ASIR)
for CTA-SE datasets and for CTA-DE datasets (70, 100, and
140 keV). With the current software, 60 keV is the lowest
monoenergetic level available for reconstructions with ASIR.
Window level and width for this purpose were at the observer’s
discretion. All analyses were performed at the site of maximum
stenosis and at a distal reference segment with minimal or no
evidence of atherosclerosis. Carotid plaque analysis was per-
formed for each patient initially using multiplanar reconstruc-
tions and orthogonal views at the cross-sectional area (CSA) of
the internal carotid artery with the highest degree of stenosis.
Care was taken to identify the carotid bifurcation at the same
slice and projection across all datasets, using anatomical land-
marks as reference. Manual planimetry of the lumen CSA and
vessel CSA was performed both at the site of maximum steno-
sis and at the distal reference segment. The plaque CSA was
derived from these measurements (vessel, — lumen,,). The
degree of carotid artery stenosis was defined using the percent
area stenosis as suggested by the European Carotid Surgery
Trial (vesselcsy — lumencsy/vesselye, x 100).13 The SD of each
tissue (perivascular fat, lumen, and two different carotid plaque
tissue types: calcium and noncalcified plaque with the lowest
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SD) was measured (in Hounsfield units [HUs]). Given the small
size and heterogeneity of carotid plaque tissues and thus the
inability to standardize regions of interest for every patient, we
decided to use a pixel lens (Fig 1). This was performed with
particular care to target the core of the tissue component (af-
ter sampling three regions and selecting the mid measurement)
and to avoid regions affected by beam hardening artifacts.

The effective radiation dose with CTA-SE and CTA-DE
was also estimated and obtained using the correction factor as
suggested by international standards.'* The institutional review
board approved the study protocol, which complied with the
Declaration of Helsinki, and written informed consent was ob-
tained from all patients.

Statistical Analysis

Discrete variables are presented as counts and percentages.
Continuous variables are presented as means =+ standard devia-
tion. Comparisons among groups were performed using paired
samples #tests, and one way analysis of variance (post-hoc com-
parisons with Bonferroni tests). Nonparametric correlations be-
tween variables were performed using Spearman correlation
coefficients. In order to test the reproducibility of our find-
ings, the same observed performed 4 months after the original
analysis a densitometric analysis of the ICA at CTA-SE and
CTA-DE at all energy levels for lumen SD, calcium SD, non-
calcified plaque SD, and perivascular fat SD. The intraobserver
variability was assessed using intraclass correlation coefficients
(using a two-way random effect model, absolute agreement, and
average measurement) with 95% confidence intervals. All sta-
tistical analyses were performed using SPSS software, version
22.0 (Chicago, Illinois, USA). A two-sided P value of less than
.05 indicated statistical significance.

Results

A total of 35 internal carotid artery bifurcation lesions were ex-
amined in 20 symptomatic patients and prospectively included
in the study protocol. One vessel was excluded from the anal-
ysis due to previous carotid stenting. The effective radiation
dose, although very low with both techniques, was significantly
lower using CTA-SE compared to CTA-DE (1.45 £ .1 mSv vs.
1.75 £ .2 mSv, P< .0001). Based on CTA-SE, 21 (54%) internal
carotid arteries had mild (<50%) stenosis, 5 (13%) had moderate
(50-69%) stenosis, 9 (23%) had severe (70-99%) stenosis, and
4 vessels were totally occluded. The later were excluded from
the analysis as prespecified in the study protocol. On a per-
patient basis, the maximum stenosis severity was the following:
6 (30%) mild stenosis; 2 (10%) moderate stenosis; 8 (40%) severe
stenosis; and 4 had total occlusion.

The mean age was 72.3 + 6.7 years, and 9 (45%) patients
were male. Seventeen (85%) patients had hypertension, 14
(70%) hypercholesterolemia, 2 (10%) diabetes, and 1 (5%) pa-
tient was a current smoker. The mean body mass index was
27.4 £ 2.9 kg/m?. Eight (40%) patients were included due to a
previous history of ischemic stroke, whereas 12 (60%) patients
were included due to transient ischemic attack.

Carotid Plaque Analysis

The mean internal carotid artery percent area obstruction was
62 £ 19% at CTA-SE assessment, with no significant differences
compared to CTA-DE. The other vessel geometrical variables
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Fig 1. Sixty-three-year old male with right internal carotid plaque. Orthogonal views of the internal carotid artery at the bifurcation level using
single-energy CT angiography (A) and dual-energy CT at of 40, 70, 100, and 140 keV (B—E). Densitometric analyses (in Hounsfield units) of
intraluminal (12 o’clock), perivascular fat, calcium, and noncalcified tissues are depicted.

Table 1. Geometrical Analysis. Computed Tomography Angiography
Using Single-Energy (CTA-SE) and Dual-Energy (CTA-DE)

Acquisitions
Lumen Vessel Calcium Area
(mm?) (mm?) (mm?) Stenosis (%)
CTA-SE 22 + 12 60 + 19 12 £ 17 62 + 19
CTA-DE
40 keV 22 + 12 60 + 17 13 £ 24 62 £+ 20
70 keV 22 + 12 62 + 18 10 +£ 14 62 + 21
100 keV 22 + 12 61 + 17 9 + 12 63 + 21
140 keV 21 +£ 11 60 + 19 8 + 12f 64 + 20
P .96 .97 .60 .99

*P(ANOVA across CTA-DE); { P= .07 versus CTA-SE.

(lumen and vessel CSA) did not differ between groups neither
at the site of maximum stenosis, nor at the distal reference
(Table 1, Figs 1 and 2).

Among the CTA-DE group, lumen and calcium SD values
were significantly higher at the lowest energy level (40 keV),
rapidly decreasing at increasing energy levels (Table 2). Perivas-
cular fat and noncalcified plaque SD levels gradually in-
creased and declined, respectively, at increasing energy levels
(Table 2).

SD levels of the internal carotid artery lumen, calcium, non-
calcified plaque, and perivascular fat were similar between
CTA-SE and CTA-DE at 70 keV (lumen 341 + 210 HU vs.
327 £ 162 HU; calcium 834 + 296 HU vs. 774 £+ 347 HU;
noncalcified plaque 81 £ 51 HU vs. 80 & 62 HU; and perivas-
cular fat —91 + 39 HU vs. —96 £ 43 HU; with nonsignificant
differences across all paired comparisons).

The differences between signal densities of different tissues
were larger using the lowest energy level (40 keV) (Fig 3).

There was an excellent intraobserver agreement for all tis-
sues using CTA-SE (fat: £ .98 [95% CI .97-.99], P < .0001;
lumen: £.99 [95% CI .98-1.0], P < .0001; calcium: £.99 [95%
CI .97-.99], P < .0001; and noncalcified plaque: £.99 [95% CI

.97-.99], P < .0001). The intraobserver agreement using CTA-
DE across all energy levels was as follows (fat: £.90 [95% CI
.86-.93], P < .0001; lumen: £.99 [95% CI .99-1.0], P < .0001;
calcium: £ .99 [95% CI .99-1.0], P < .0001; and noncalcified
plaque: £.93 [95% CI .91-.95], P < .0001).

Relationship between Luminal Attenuation Levels and Density
of Plaque Components

We identified a significant correlation between the luminal SD
levels and the attenuation level of noncalcified plaques only at
40 keV reconstructions (r = .43, P = .01), whereas we did not
find significant relationships between luminal and noncalcified
plaque SD levels among CTA-SE (r= .14, P= .42), or CTA-DE
at 70 keV (r = .14, P = 43), 100 keV (r = .33, P = .054), or
140 keV (r= .13, P= 47).

On the contrary, no significant correlations were identified
between the lumen SD levels and the attenuation levels of cal-
cified plaques among neither CTA-SE (r = .19, p = .27), nor
CTA-DE at 40 keV (r = .26, p = .14), 70 keV (r = .19, p =
.28), 100 keV (r = .17, P = .33), or 140 keV (r= —.06, P =
.74). Similarly, no significant relationships were found between
lumen SD levels and the SD levels of perivascular fat among
neither CTA-SE (r = —.06, P = .74), nor CTA-DE at 40 keV
(r=.02, P=.92), 70 keV (r= —.21, P= .24), 100 keV (r =
—.12, P= 49), or 140 keV (r=.18, P= 31).

Discussion

The main finding of the present study was that VMI at low-
energy levels derived from dual-energy CTA allowed the largest
differences in attenuation levels between carotid plaque tissues,
without affecting vessel or plaque geometry.

Recent data emerging from robust clinical studies sug-
gest that patients with extensive but nonobstructive coronary
atherosclerosis have similar or even worse clinical outcome than
patients with obstructive but nonextensive disease.'>!® These
findings, along with the aforementioned results from the ACAS
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Fig 2. Seventy-five-year old male with left internal carotid plaque. Curved multiplanar reconstructions of the common and internal carotid
artery using single-energy CT angiography (A) and dual-energy CT at of 40, 70, 100, and 140 keV (B-E). No significant variation in plaque
geometry is observed (arrow).

Table 2. Signal Density Analyses of Carotid Plaques and Surroundings by Computed Tomography Angiography Using Single-Energy (CTA-SE)
and Dual-Energy (CTA-DE) Acquisitions

Fat (HU) Calcium (HU) NCP (HU) Lumen (HU)
CTA-SE —91 + 38 834 + 296 81 + 51 341 + 210
CTA-DE
40 keV —180 + 100 1,698 + 654" 166 + 1127 846 + 244"
70 keV —96 + 43 774 + 347 80 + 62 327 + 162
100 keV —72 + 17" 548 + 228" 52 + 347 163 + 37
140 keV —63 + 16" 450 + 219" 54 + 73" 104 + 347
P(ANOVA across DECT) <.0001 <.0001 <.0001 <.0001

*denotes significant paired differences versus single-energy CT. NCP refers to noncalcified plaque. CTA-SE = computed tomography angiography single energy;
CTA-DE = computed tomography angiography dual energy; SE = single energy; DE = dual energy; HU = Hounsfield units.

Differences between plaque components (calcium/lumen and fat/non calcificied)

900
P<.0001 for Calcium-Lumen
800 P<.0001 for Fat-noncalcified
766 (ANOVA)
P<.0001 for 40 keV vs. all groups (Post-hoc Bonferroni)
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Fig 3. Signal density (in Hounsfield units) differences of plaque components (calcium/lumen and fat/noncalcified plaque) using single-energy
CT angiography and dual-energy CT angiography at increasing energy levels (40, 70, 100, and 140 keV).
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and ACST studies, underscore the need for significant improve-
ment in risk prediction strategies based on accurate noninvasive
plaque characterization.

Advanced carotid plaque imaging by means of MRI has
emerged as a tool with the ability to assess a number of high-
risk features such as lipid content, intraplaque hemorrhage, and
even to infer fibrous cap thickness.!”'® Although MRI is the
gold standard for carotid plaque imaging, this technique has
a number of limitations including high cost and long scan-
ning times, along with recent safety concerns (albeit proba-
bly overemphasized) including reports of DNA double-strand
breaks and gadolinium-associated nephrogenic systemic fibro-
sis and deposition in the skin and brain.!*?! Carotid plaque
imaging by means of CTA allows fast high-resolution imag-
ing and can accurately detect ulceration, calcification, and
low attenuation plaques suggestive underlying high-risk fea-
tures, although it cannot reliably discriminate between lipid-
rich plaques, fibrotic plaques, and intraplaque hemorrhage.?
Furthermore, the role of CTA might be particularly useful
among patients with claustrophobia and/or with implantable
cardiac devices.

SD Levels with Single- and Dual-Energy Imaging

Dual-energy imaging has emerged as a novel approach with the
potential to attenuate several technical limitations of conven-
tional single-energy CT, and a number of studies have showed
the ability of VMI to improve grading of diffusely calcified
carotid artery stenosis, and even tissue characterization.?* Dual-
energy imaging has the potential to analyze the information us-
ing two different approaches: monochromatic evaluation and
material decomposition. Shinohara et al. recently reported an
inverse relationship between effective Z values (based on effec-
tive atomic numbers) derived from CTA-DE and the extent of
fibrofatty tissue assessed by spectral radiofrequency data analy-
sis within carotid plaques. The authors concluded that CTA-DE
can detect vulnerable plaque material. Though hypothesis gen-
erating, it is worth mentioning that the so-called vulnerable
plaque material is typically the necrotic core, not the fibrofatty
tissue. Indeed, recent studies have shown a significant reduc-
tion in the necrotic core and plaque volumes with moderate
to high statin doses, whereas the fibrofatty volume increased
significantly.

Standardization of SD values of carotid plaque components
is pivotal in order to perform plaque characterization with VMI
by means of CTA-DE. Previous studies have reported mean
SD values of fatty plaques (35 & 25 HU), mixed plaques (51 +
19 HU), and calcified plaques (290 & 53 HU) using CTA-SE.!!

Our study is the first that prospectively explored the SD of
carotid plaque components with both CTA-SE and CTA-DE
(at several monoenergetic levels).

Our findings can be summarized as follows. First, internal
carotid artery geometrical variables, such as lumen area, vessel
area, and percent area stenosis, did not differ between CTA-SE
and CTA-DE (at any energy level). Nevertheless, in line with
previous findings from a very small ex-vivo study suggesting
that the most accurate estimates of calcification size was 80—
100 keV, calcified areas gradually declined at increasing energy
levels.?* Furthermore, SD of calcium, noncalcified plaque, and
lumen (iodine) significantly declined at increasing energy levels;
whereas the behavior of fat SD, devoid from iodine, was the
opposite.

It is noteworthy that the largest differences between tissue
components were observed at the lowest energy level (40 keV).
In particular, the largest SD differences between tissues that
commonly have similar SD such as calcium/lumen and noncal-
cified plaque/fat were observed at 40 keV. In addition, we iden-
tified an intriguing albeit weak correlation between the luminal
SD levels and the attenuation level of noncalcified plaques only
at 40 keV reconstructions, whereas no significant correlations
were identified between the lumen SD levels and the attenua-
tion levels of calcified plaques or perivascular fat.

These findings appear to be in agreement with recent data
showing that low-energy levels, which typically depict the high-
est SD and the highest image noise, have the highest diagnostic
performance to detect myocardial perfusion defects and de-
layed enhancement (unpublished data).

Itis expected that with the upcoming iterative reconstruction
algorithm available for all energy levels (with current version
only for =260 keV), contrast to noise ratio of the lowest energy
levels will experience major improvements. Overall, our find-
ings warrant further larger investigations exploring histopatho-
logical correlates of precontrast, contrast, and delayed enhance-
ment imaging of (predominantly noncalcified) carotid plaques.
Furthermore, future studies should explore whether CTA-DE
might become an alternative for carotid plaque MRI in selected
populations.

A number of limitations of our study should be recognized.
The relatively small sample size might lead to selection bias.
Furthermore, histopathological data were not available as a
reference standard for carotid plaque characterization. We rec-
ognize that the definition of tissue types based on manual deter-
mination at specific sites may lead to sampling bias. However,
manually delineating standardized regions of interest may lead
to a systematic bias, as small calcifications or fat depositions
in mixed areas have an impact on pixel density. Furthermore,
automated border detection algorithms are not well validated.
Finally, we did not perform delayed enhancement acquisitions,
which have been related to intraplaque hemorrhage in MRL

Conclusions

In the present pilot investigation, VMI at low-energy levels
derived from CTA-DE allowed the largest differences in atten-
uation levels, without affecting vessel or plaque geometry.
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