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The assessment of myocardial perfusion using single-energy (SE) imaging is influenced by beam-hardening arti-
facts (BHA).We sought to explore the ability of dual-energy (DE) imaging to attenuate the presence of BHA.Myo-
cardial signal density (SD) was evaluated in 2240 myocardial segments (112 for each energy level) and in 320
American Heart Association segments among the SE group. Compared to DE reconstructions at the best energy
level, SE acquisitions showed no significant differences overall regarding myocardial SD or signal-to-noise
ratio. The segmentsmost commonly affected by BHA showed significantly lowermyocardial SD at the lowest en-
ergy levels, progressively normalizing at higher energy levels.
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1. Introduction

The evaluation of myocardial perfusion imaging by means of multi-
detector computed tomography (CT) has earned interest during the
past decade and shows promise to provide a significant incremental
value over coronary computed tomography angiography (CCTA)
[1–5]. The growing need to assess the physiological impact of a given
atherosclerotic lesion is supported by the relatively poor relationship
between the degree of stenosis and the presence of ischemia [6,7].

Several ex vivo and in vivo studies provide a robust proof of concept,
with a close correlation between contrast kinetics of gadolinium-based
agents in magnetic resonance imaging and iodinated contrast agents in
CT [8,9]. Myocardial CT perfusion (CTP) has been validated in a number
of clinical scenarios, including the evaluation of patients with low to in-
termediate likelihood of coronary artery disease (CAD), as well as for
the triage of patients with acute chest pain [3,4,9].

Notwithstanding, the assessment of CTP using conventional single-
energy (SE) acquisitions is influenced by the presence of beam-
hardening artifacts (BHA) [10,11]. These artifacts are related to the poly-
chromatic nature of X-rays and to the energy-dependency of X-ray at-
tenuation, and lead to a significant drop in attenuation levels in areas
adjacent to highly enhanced structures, commonly resembling perfu-
sion defects in certain left ventricular segments during CCTA [11].
Dual-energy (DE) CT imaging appears as an intriguing technique for
CTP, mainly driven by its ability to obtain synthesized monochromatic
image reconstructions that might attenuate some of the aforemen-
tioned technical issues [5,12].We therefore sought to explore the ability
of DE CTP to mitigate the presence of BHA.
2. Materials and methods

The present study was a single-center, investigator-driven, observa-
tional study that involved consecutive patients without a history of CAD
whowere referred for CCTA evaluation at our institution due to atypical
chest pain and evidence of a normal stress-rest single-photon emission
CT within the previous 3 months. All patients included were N18 years
old; in sinus rhythm; able tomaintain a breath-hold for ≥15 s; andwith-
out a history of contrast-related allergy, renal failure, or hemodynamic
instability. Additional exclusion criteria comprised a body mass index
N32 kg/m2 or a history of previous myocardial infarction, percutaneous
or surgical coronary revascularization, severe valve disease, chronic
heart failure, chronic obstructive pulmonary disease, or high-degree
atrioventricular block. Patients with diabetes, left ventricular hypertro-
phy, and obstructive (≥50% stenosis) atherosclerotic coronary lesions
were also excluded. In addition, patients with intrascan mild heart
rhythm abnormalities leading to motion artifacts such as premature
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Table 1
Demographical characteristics

DE SE P

(n=20) (n=20)

Age (years±S.D.) 60.8±9.9 58.5±14.3 .56
Male, n (%) 12 (60%) 16 (80%) .30
Hypertension, n (%) 12 (60%) 10 (50%) .75
Hypercholesterolemia, n (%) 11 (55%) 10 (50%) .99
Previous smoking, n (%) 7 (35%) 2 (10%) .13
Body mass index (kg/m2±S.D.) 27.9±3.2 27.8±3.9 .88
Heart rate (bpm±S.D.) 63.3±5.8 63.1±5.4 .93
Effective dose (mSv±S.D.) 3.1±0.4 3.3±0.7 .34

Comparisons performed using Fisher’s Exact Test.
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beats and heart rate b40 bpm were excluded. Two cohorts of patients
were sequentially included. The study group was acquired using DE
scan; and the control group, using conventional SE scan.

3. Image acquisition

Patients with a heart rate of more than 65 bpm received 50mgmet-
oprolol orally or 5 mg intravenous propralonol if needed in order to
achieve a target heart rate of less than 60 bpm.

Patients were scanned using a DE scanner equipped with gemstone
detectors with fast primary speed and low afterglow designed for spec-
tral imaging (Discovery HD 750; GE Medical Systems, Milwaukee, WI,
USA). All scans were performed using prospective electrocardiogram
gating using a 100-ms padding centered at 75% of the cardiac cycle.
Other scanner-related parameters were a collimation width of
0.625 mm and a slice interval of 0.625 mm. Maximum tube voltage
and current of SE scans were adjusted according to the body habitus
(100 kV or 120 kV for patientswith bodymass index b30 kg/m2 or larg-
er, respectively).

DE imaging was performed by rapid switching (0.3–0.5 ms)
between low and high tube potentials (80–140 kV) froma single source,
thereby allowing the reconstruction of low- and high-energy projec-
tions and generation of monochromatic image reconstructions with
10-keV increments from 40 to 140 keV. Iterative reconstruction was
performed in all cases at 40% adaptive statistical iterative reconstruc-
tion. For DE acquisitions, 60 keV is so far the lowest monoenergetic
level available for the reconstruction of images utilizing an iterative
reconstruction algorithm. A dual-phase protocol with 50–70 ml of
iodinated contrast (iobitridol; Xenetix 350, Guerbet, France) followed
by a 30–40-ml saline flush was injected through an arm vein. A bolus
tracking technique was used to synchronize the arrival of contrast at
the level of the coronary arteries with the start of the scan. Image acqui-
sition was performed after sublingual administration of 2.5–5 mg of
isosorbide dinitrate.

The institution’s Ethics Committee approved the study protocol,
which complied with the Declaration of Helsinki, and written informed
consent was obtained from all patients.

4. Myocardial perfusion analysis

CCTA image analysis was performed off-line on a dedicatedworksta-
tion using a commercially available dedicated software tool (AW4.6; GE
Healthcare). Two experienced observers (PC, GRG) were randomly
assigned to independently analyze patients of either of the two groups.
CT images were analyzed at mid diastole using a smooth filter in axial
planes andmultiplanar reconstructions. Short-axis viewswere obtained
initially using 5-mm average multiplanar reconstructions from base to
apex, with the full dataset available for the reader. Using standardized
regions of interest of 10 to 20 mm2, myocardial signal density (SD)
and noise (standard deviation of myocardial SD) were determined for
every segment according to the American Heart Association (AHA)
17-segment myocardial model [13]. AHA segment 17 corresponding
to the left ventricular apex was excluded from the analysis since it en-
compasses a thin myocardial wall and is therefore prone to measure-
ment error. Left ventricular and right ventricular chamber mean SDs
were evaluated at basal, mid, and apical short axis.

Measurements among the DE group were performed at different
energy levels ranging from 40 to 100 keV. SD ratio, which is highly
related to myocardial blood flow measured by microspheres, was
determined as previously described: myocardial SD/left ventricular
blood pool SD (at the corresponding level; basal, mid, or apical) [14].
Myocardial SD, SD ratio, and signal-to-noise ratio were evaluated at
every AHA segment.

CT effective radiation dose was derived by multiplying the dose–
length product with the weighting (k) value of 0.014 mSv/mGy/cm
for chest examinations, as suggested by the Society of Cardiovascular
Computed Tomography [15].

5. Statistical analysis

Discrete variables are presented as counts and percentages; and con-
tinuous variables, as mean±standard deviation. Comparisons among
groups were performed using paired-samples t test, independent-
samples t test, analysis of variance (ANOVA), χ2 tests, or Fisher’s Exact
Tests, as indicated. Post hoc comparisons were explored using least sig-
nificant difference tests. We explored correlations between the basal
inferolateral (BIL) segment SD, previously established as themost com-
mon location of BHA [11], and variables thought to be related to the
presence of BHA using Spearman correlation coefficients. The agree-
ment between observers for the identification of BHA was assessed
using the Kappa coefficient. A two-sided P value of less than .05 indicat-
ed statistical significance. Statistical analyses were performed with use
of SPSS software, version 22 (Chicago, IL, USA).

6. Results

Forty patients constituted the study population (DE group, n=20;
SE group, n=20). The mean age was 59.6±12.0 years, and 28 (70%)
weremale. Demographical characteristicswere similar between groups,
as well as the heart rate and the effective radiation dose (Table 1).

Myocardial SD levels were evaluated in 2240 AHA myocardial seg-
ments (112 for each energy level from 40 to 100 keV at 10-keV inter-
vals) among the DE group and in 320 AHA segments in the SE group.

7. Myocardial SD levels using DE and SE imaging

Among the DE group, myocardial SD levels and myocardial SD ratio
were higher at low energy levels, with significantly lower SD levels at
increasing energy levels (Tables 2 and 3, and Figs. 1 and 3). In turn,myo-
cardial signal-to-noise ratio was not significantly influenced by the en-
ergy level applied, although 70 keV was identified as the energy level
with the best overall signal-to-noise ratio (Table 4). Compared to DE re-
constructions at 70 keV, SE acquisitions showed no significant differ-
ences overall regarding myocardial SD levels or signal-to-noise ratio,
whereas a number of segments showed lower SD ratio among the SE
group (Fig. 2).

8. Effect on BHA

Among the SE group, a total of 35/320 segments (10.9%) were iden-
tified as BHA by both observers (kappa 0.82; Pb .0001), whereas among
the DE group, a total of 42/320 segments (13.1%)were identified as BHA
by both observers (kappa 0.83; Pb .0001).

On a per-patient level, 18 (90%) patients among the SE group showed
at least one segment with BHA, most commonly located at the BIL (65%)



Table 2
Myocardial SD (Hounsfield units, HU) of left ventricular segments (AHA segmentation) among different energy levels using DE acquisitions

SE 40 keV 50 keV 60 keV 70 keV 80 keV 90 keV 100 keV P (ANOVA)

AHA-1 78.3±12.9 197.0±73.7 136.7±43.3 100.0±31.4 79.2±25.2 65.7±17.0 57.4±13.7 51.1±12.0 b .0001
AHA-2 90.6±27.8 267.6±79.3 183.0±52.3 133.0±34.0 101.4±23.3 81.4±16.6 67.8±12.6 57.7±10.1 b .0001
AHA-3 83.6±19.9 261.4±70.8 178.4±49.3 130.1±31.9 99.6±23.6 80.8±18.4 68.4±15.8 59.1±14.4 b .0001
AHA-4 75.5±13.7 200.8±71.5 139.1±51.3 105.7±33.8 84.3±26.9 68.5±20.4 59.3±18.3 52.7±16.6 b .0001
AHA-5 78.3±14.7 178.2±76.2 127.7±47.0 95.7±31.0 75.8±21.5 63.8±15.4 55.9±13.5 49.9±11.6 b .0001
AHA-6 82.5±20.3 228.2±74.9 156.9±47.8 107.2±33.9 80.0±25.0 65.8±20.5 52.8±17.0 44.6±15.0 b .0001
AHA-7 75.5±11.0 187.5±75.2 136.0±49.3 96.5±34.0 74.4±24.4 61.5±20.1 54.4±17.5 48.4±15.4 b .0001
AHA-8 96.2±20.6 257.1±74.5 177.0±47.1 126.1±31.6 95.1±22.0 76.5±14.3 63.5±10.6 54.5±8.8 b .0001
AHA-9 86.6±19.8 262.3±85.0 178.7±59.8 132.6±36.7 101.9±26.0 83.3±20.5 71.6±17.7 62.7±16.2 b .0001
AHA-10 86.2±18.9 223.5±70.8 155.6±46.8 114.7±31.8 88.6±22.3 71.3±17.7 60.3±15.2 52.5±13.3 b .0001
AHA-11 86.4±14.6 237.5±81.1 164.7±52.4 119.6±34.2 91.1±24.4 74.3±20.1 63.7±18.4 55.6±16.8 b .0001
AHA-12 80.8±16.6 227.3±56.1 154.8±37.1 109.5±22.7 82.3±16.2 65.9±12.3 55.6±10.3 47.6±8.9 b .0001
AHA-13 68.4±13.8 197.6±67.0 139.4±44.2 101.9±31.6 78.7±23.1 64.1±16.0 55.2±12.8 48.7±11.1 b .0001
AHA-14 92.1±18.6 260.1±65.9 180.0±45.1 130.4±30.0 99.7±21.5 79.9±18.5 66.2±16.4 57.7±15.0 b .0001
AHA-15 75.6±19.2 214.3±66.9 151.7±43.0 111.3±26.5 86.2±17.2 71.6±13.0 61.9±10.8 54.6±9.2 b .0001
AHA-16 80.0±16.0 223.0±76.6 153.8±49.0 109.0±32.3 81.3±22.2 65.9±16.4 56.4±14.2 48.4±12.5 b .0001

Analysis of variance across energy levels. SE mean values are also depicted.
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and at the anteroapical (50%) segments. Among the DE group, 17 (85%)
patients showed at least one segmentwith BHA, most commonly located
at the BIL (65%) and at the anteroapical segments (60%).

Among the DE group, the BIL segments showed significantly lower
SD levels than most AHA myocardial segments (Table 5). The two seg-
ments most commonly affected by BHA (the BIL segment, AHA-5; and
the anteroapical segment, AHA-13) [11] showed significantly lower
SD levels at the lowest energy levels. These differences progressively di-
minished at higher energy levels and were undetected at 100 keV
(Fig. 3).

Among the SE group, we did not find a significant relationship be-
tween BIL segment SD levels and body mass index (r=0.05, P=.68),
heart rate (r=−0.22, P=.35), basal left ventricular chamber SD
(r=0.10, P=.67), right ventricular chamber SD (r=0.25, P=.29), or de-
scending aorta SD (r=−0.09, P=.69). Among the DE group, we did not
find a significant relationship between the BIL SD levels and body mass
index at any energy level (40 keV; r=−0.36, P=.13). Nevertheless, a
significant relationship was found between BIL SD levels and descend-
ing aorta SD until 70 keV (r=0.48, P=.04), whereas at higher levels,
no relationship was found (80 keV; r=0.33, P=.17; 90 keV; r=0.30,
P=.22; 100 keV; r=0.36, P=.12). On the other hand, BIL SD levels at
energy levels ≥ 70 keV were not significantly related to heart rate
(70 keV; r=0.07, P=.79), basal left ventricular chamber SD (70 keV;
r=0.41, P=.08), or right ventricular chamber SD (70 keV; r=0.27,
P=.26).
Table 3
Myocardial SD ratio (defined as myocardial SD/left ventricular chamber SD) of left ventricular

SE 40 keV 50 keV 60 keV

AHA-1 0.24±0.1 0.22±0.1 0.23±0.1 0.25±0.1
AHA-2 0.27±0.1 0.29±0.1 0.30±0.1 0.32±0.1
AHA-3 0.25±0.1 0.29±0.1 0.30±0.1 0.32±0.1
AHA-4 0.23±0.1 0.22±0.1 0.23±0.1 0.25±0.1
AHA-5 0.24±0.1 0.19±0.1 0.21±0.1 0.22±0.1
AHA-6 0.25±0.1 0.25±0.1 0.26±0.1 0.26±0.1
AHA-7 0.23±0.1 0.20±0.1 0.22±0.1 0.23±0.1
AHA-8 0.29±0.1 0.28±0.1 0.29±0.1 0.30±0.1
AHA-9 0.26±0.1 0.28±0.1 0.29±0.1 0.31±0.1
AHA-10 0.26±0.1 0.25±0.1 0.26±0.1 0.28±0.1
AHA-11 0.26±0.1 0.26±0.1 0.27±0.1 0.28±0.1
AHA-12 0.24±0.1 0.25±0.1 0.26±0.1 0.27±0.1
AHA-13 0.21±0.1 0.22±0.1 0.24±0.1 0.25±0.1
AHA-14 0.28±0.1 0.29±0.1 0.30±0.1 0.32±0.1
AHA-15 0.23±0.1 0.24±0.1 0.25±0.1 0.27±0.1
AHA-16 0.24±0.1 0.24±0.1 0.25±0.1 0.26±0.1

Analysis of variance across energy levels. SE mean values are also depicted.
9. Discussion

The main finding of our study was that BHA that influence the as-
sessment of myocardial perfusion can be attenuated using DE imaging
at increasing energy levels.

Several preclinical and clinical studies have validated the application
of cardiac CT for the assessment ofmyocardial perfusion (CTP) usingdif-
ferent scanners, pharmacological agents, and acquisition protocols
[16,17]. CTP can be evaluated using two different approaches: static or
dynamic CTP. Static CTP acquisitions, as used in our investigation,
allow a qualitative assessment of CT attenuation-based myocardial per-
fusion evaluation based onmyocardial SD levels, aswell as themeasure-
ment of myocardial SD levels. Conversely, dynamic assessment of
myocardial CTP provides quantitative estimation of myocardial time–
attenuation curves and other parameters such as myocardial blood
flow. Although there is a good agreement between methods and both
have a high diagnostic performance for the detection ofmyocardial per-
fusion defects, dynamic CTP is associated to significantly higher radia-
tion dose compared to static CTP [18,19].

Attenuation artifacts are considered an important limitation of CTP
[20]. BHA are commonly observed in CTP studies and might resemble
myocardial perfusion defects, affecting predominantly the BIL segment
and less frequently other locations [11].

DE imaging appears as a promising technique towards CTP, driven
by its ability to generate monochromatic image reconstructions that
segments (AHA segmentation) among different energy levels using DE acquisitions

70 keV 80 keV 90 keV 100 keV P (ANOVA)

0.27±0.1 0.30±0.1 0.33±0.1 0.36±0.1 b .0001
0.34±0.1 0.36±0.1 0.38±0.1 0.40±0.1 .004
0.34±0.1 0.36±0.1 0.38±0.1 0.41±0.1 .001
0.28±0.1 0.30±0.1 0.33±0.1 0.36±0.1 b .0001
0.24±0.1 0.27±0.1 0.30±0.1 0.33±0.1 b .0001
0.26±0.1 0.29±0.1 0.30±0.1 0.30±0.1 .47
0.25±0.1 0.27±0.1 0.30±0.1 0.33±0.1 b .001
0.32±0.1 0.34±0.1 0.36±0.1 0.38±0.1 .055
0.32±0.1 0.36±0.1 0.40±0.1 0.43±0.1 b .0001
0.29±0.1 0.31±0.1 0.34±0.1 0.36±0.1 .003
0.30±0.1 0.32±0.1 0.35±0.1 0.37±0.1 .001
0.28±0.1 0.29±0.1 0.31±0.1 0.33±0.1 .068
0.26±0.1 0.29±0.1 0.31±0.1 0.34±0.1 .003
0.33±0.1 0.35±0.1 0.37±0.1 0.39±0.1 .03
0.29±0.1 0.32±0.1 0.35±0.1 0.38±0.1 b .0001
0.27±0.1 0.29±0.1 0.31±0.1 0.33±0.1 .006



Fig. 1. Basal short-axis view using DE imaging at increasing energy levels from 40 to 100 keV. A significant drop inmyocardial density is obvious at the lowest energy levels (arrow) with
normal attenuation at the remaining segments, whereas at mid and higher energy levels, myocardial SD is homogeneous. The bottom right panel depicts themid left ventricular segment
at 40 keV, showing no BHA.
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might improve some technical issues related to the polychromatic na-
ture of X-rays.
10. Myocardial SD levels using DE imaging

One of the strengths of our study is the fact that we included nondi-
abetic patients with normal stress-rest myocardial perfusion and with-
out evidence of CAD [21].

To the best of our knowledge, the present study is the first to estab-
lish the normal values of myocardial SD of left ventricular segments
using DE imaging, as well as SD values normalized according to the
left ventricular chamber SD (SD ratio). It is noteworthy that DE imaging
was not related to an increase in effective dose radiation compared to
SE imaging.

Acquaintance of these normal values is essential for the interpreta-
tion of CTP. As expected, among the DE group, myocardial SD levels
were highest at low energy levels, with significantly lower SD levels at
increasing energy levels. In turn, myocardial signal-to-noise ratio was
Table 4
Myocardial signal-to-noise ratio of left ventricular segments (AHA segmentation) among differ

SE 40 keV 50 keV 60 keV 7

AHA-1 4.3±1.4 3.2±1.6 3.2±1.4 3.7±1.7 3
AHA-2 4.5±1.8 4.3±1.8 4.3±1.8 4.7±1.8 4
AHA-3 4.2±2.0 4.4±1.8 4.3±1.9 4.9±1.8 4
AHA-4 4.0±1.7 3.4±2.1 3.3±1.9 4.0±2.2 4
AHA-5 5.1±2.4 2.8±1.3 2.9±1.3 3.4±1.4 3
AHA-6 5.3±2.3 3.9±2.1 3.8±1.8 4.4±2.7 3
AHA-7 5.5±2.4 3.3±1.9 3.4±1.6 3.8±1.7 3
AHA-8 5.5±2.2 4.7±2.0 4.7±1.9 5.0±1.8 4
AHA-9 5.1±3.0 4.5±2.4 4.6±2.5 5.3±2.7 5
AHA-10 4.5±2.0 3.9±2.5 4.2±2.7 4.9±2.7 6
AHA-11 6.7±3.2 4.7±3.2 4.8±3.7 5.5±4.5 5
AHA-12 5.4±2.2 4.6±2.5 4.8±2.8 4.8±2.8 4
AHA-13 4.4±1.9 3.7±1.8 3.8±1.8 4.1±1.7 4
AHA-14 6.2±4.1 4.9±2.4 5.0±2.4 5.7±2.7 6
AHA-15 4.6±2.5 3.6±2.2 3.7±1.9 4.4±2.1 5
AHA-16 5.7±2.3 4.2±2.2 4.2±2.1 4.4±2.2 4

Analysis of variance across energy levels. SE mean values are also depicted.
⁎ Pb .05 versus 100 keV (post hoc comparisons using LSD tests).
‡ Pb .05 versus 40 and 50 keV (post hoc comparisons using LSD tests).
† Pb .05 versus 90 and 100 keV (post hoc comparisons using LSD tests).
not significantly influenced by the energy level applied given that the
energy level is inversely related to both SD and noise [22]. Furthermore,
in line with a previous study involving conventional SE imaging, mild
regional differences regarding myocardial SD levels were observed
and should therefore be accounted for in order to avoid misinterpreta-
tion of the results. It is noteworthy that CTP using DE imaging at the
best energy level showed overall similar SD and signal-to-noise ratio
levels compared to SE acquisitions among segments without BHA.
11. Attenuation of BHA with DE imaging

The BIL segment serves as a consistent location of BHA [11]. The se-
lectivefiltration of low-energy photons by dense cardiac structures such
as the descending aorta, the contrast-enhanced left ventricle, as well as
bony structures such as the spine, sternum, and ribs, occasionally gener-
ates focal areas of nonphysiologic hypoenhancement within the myo-
cardium. Given that all these highly attenuating structures are aligned
along the same X-ray path as these myocardial segments, it is expected
ent energy levels using DE acquisitions

0 keV 80 keV 90 keV 100 keV P (ANOVA)

.7±1.6 4.0±1.6 3.4±1.3 3.3±1.2 .66

.7±1.9⁎ 5.0±1.9⁎ 4.0±1.4 3.6±1.2 .28

.9±1.8 5.1±1.9 4.3±1.7 4.0±1.5 .58

.2±2.1 4.1±2.2 3.6±2.0 3.4±1.9 .68

.8±1.5⁎ 3.8±1.2⁎ 3.4±1.2 3.3±1.2 .17

.8±1.7 4.2±2.1 3.5±1.8 3.2±1.7 .63

.8±1.5 3.9±1.8 3.5±1.7 3.5±1.6 .87

.8±1.9 5.3±2.1 4.5±2.4 4.3±1.9 .85

.3±2.5 5.9±3.2 4.8±2.5 4.7±2.3 .70

.1±4.3‡ 5.1±3.2 4.3±3.1 4.3±2.8 .31

.9±4.1 5.2±3.3 4.2±2.5 4.4±2.6 .78

.4±1.8 4.7±2.0 3.8±1.5 3.7±1.4 .56

.2±1.7 4.1±1.7 3.8±1.8 3.6±1.6 .93

.1±2.9† 5.6±2.6 4.4±1.7 4.5±1.7 .21

.1±2.6†‡ 4.3±1.7 3.7±1.3 3.7±1.6 .15

.4±2.0 4.5±2.0 3.9±1.6 3.9±1.6 .90



Fig. 2.Myocardial SD, SD ratio (defined asmyocardial SD/left ventricular chamber SD), and signal-to-noise ratio of left ventricular segments (AHA segmentation) using SE andDE imaging
at 70 keV.
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that BHA are selectively observed in these segments. Indeed, both
among the DE and the SE groups, the BIL segment showed significantly
lower SD levels than most AHA myocardial segments. Finally, we dem-
onstrated that using DE imaging, BHA observed at low energy levels di-
minish or even vanish at higher (≥90 keV) energy levels. It is worth
mentioning that although BHA are considerably attenuated with in-
creasing energy levels and this was clearly evident from visual analysis,
cancellation of such artifacts is not fully guaranteed since myocardial
SD levels at segments commonly influenced by BHA persist with a very
mild decrease compared to some segments not affected by BHA. Howev-
er, no significant differences are observed overall at or above 90 keV.
Fig. 3. Pairwise comparisons between myocardial SD levels at the same basal short-axis plane (
Only segments with BHA (n=42) are also plotted (independent-samples t test for compariso
among the lowest energy levels (40–60 keV), progressively declining at ≥70 keV. No differenc
Our findings, although preliminary and hypothesis generating,
might have relevant clinical implications regarding the interpretation
of myocardial CTP since they provide energy thresholds at which dis-
crimination between perfusion defects and BHA can be achieved. Future
studies including larger populations as well as patients with perfusion
deficits are warranted.

A number of limitations should be acknowledged. The relatively
small sample size might lead to selection bias. Furthermore, image ac-
quisition requires a number of heart beats, leading to potential nonuni-
form distribution of contrast in myocardial segments. Nonetheless, for
that reason, blood SD at both left and right ventricles (at basal, mid,
BIL segment, AHA-5; and anteroapical segment, AHA-13 versus all myocardial segments).
n versus all myocardial segments). Significant differences (* denotes Pb .05) are present
es are observed at the 100-keV energy level.

Image of Fig. 2
Image of Fig. 3


Table 5
Myocardial SD (HU): paired differences (P value) of left ventricular segments (AHA seg-
mentation) versus the BIL segment (AHA-5) among different energy levels

SE 40 keV 50 keV 60 keV 70 keV 80 keV 90 keV 100 keV

AHA-1 .99 .35 .47 .74 .75 .77 .73 .76
AHA-2 .04 b .0001 b .0001 b .0001 b .0001 b .0001 .002 .02
AHA-3 .29 b .0001 b .0001 b .0001 b .0001 b .0001 b .0001 b .0001
AHA-4 .44 .12 .24 .09 .09 .20 .37 .42
AHA-6 .40 .002 .002 .06 .26 .54 .43 .17
AHA-7 .45 .64 .41 .91 .81 .63 .77 .76
AHA-8 .003 b .0001 b .0001 b .0001 b .0001 .001 .02 .12
AHA-9 .05 .001 .003 b .0001 b .0001 b .0001 .001 .002
AHA-10 .09 .001 .002 .003 .007 .06 .27 .43
AHA-11 .02 .002 .002 .002 .004 .008 .03 .06
AHA-12 .50 .001 .002 .008 .03 .40 .91 .42
AHA-13 .01 .36 .43 .59 .81 .86 .69 .61
AHA-14 .03 b .0001 b .0001 b .0001 b .0001 b .0001 .002 .006
AHA-15 .54 .06 .05 .03 .03 .05 .14 .24
AHA-16 .74 .03 .04 .10 .34 .68 .97 .44

SE values are also depicted.
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and apical levels) was obtained, and SD ratio enabled correction for po-
tential nonuniform distribution of contrast.

12. Conclusions

In a nondiabetic population with normal myocardial perfusion and
without evidence of CAD, BHA that influence the assessment ofmyocar-
dial perfusion can be attenuated using DE imaging at increasing energy
levels. Furthermore, myocardial perfusion evaluation using mid energy
levels show similar SD and signal-to-noise ratio levels compared to
SE acquisitions.
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