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Abstract

Objectives We sought to evaluate the accuracy of standardized total plaque volume (TPV) measurement and low-density non-

calcified plaque (LDNCP) assessment from coronary CT angiography (CTA) in comparison with intravascular ultrasound (IVUS).

Methods We analyzed 118 plaques without extensive calcifications from 77 consecutive patients who underwent CTA prior to

IVUS. CTA TPV was measured with semi-automated software comparing both scan-specific (automatically derived from scan)

and fixed attenuation thresholds. From CTA, %LDNCP was calculated voxels below multiple LDNCP thresholds (30, 45, 60, 75,

and 90 Hounsfield units [HU]) within the plaque. On IVUS, the lipid-rich component was identified by echo attenuation, and its

size was measured using attenuation score (summed score analysis length) based on attenuation arc (1 =<90°;2 =90-180° 3 =

180-270°; 4 =270-360°) every 1 mm.

Results TPV was highly correlated between CTA using scan-specific thresholds and IVUS (r=0.943, p<0.001), with no

significant difference (2.6 mm®, p = 0.270). These relationships persisted for calcification patterns (maximal IVUS calcium arc

of 0°, <90°, or >90°). The fixed thresholds underestimated TPV (—22.0 mm?, »<0.001) and had an inferior correlation with

IVUS (p <0.001) compared with scan-specific thresholds. A 45-HU cutoff yielded the best diagnostic performance for identi-

fication of lipid-rich component, with an area under the curve of 0.878 vs. 0.840 for <30 HU (p =0.023), and corresponding

%LDNCP resulted in the strongest correlation with the lipid-rich component size (»=0.691, p <0.001).

Conclusions Standardized noninvasive plaque quantification from CTA using scan-specific thresholds correlates highly with

IVUS. Use of a <45-HU threshold for LDNCP quantification improves lipid-rich plaque assessment from CTA.

Key Points

* Standardized scan-specific threshold-based plaque quantification from coronary CT angiography provides an accurate total
plaque volume measurement compared with intravascular ultrasound.

* Attenuation histogram-based low-density non-calcified plaque quantification can improve lipid-rich plaque assessment from
coronary CT angiography.
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Abbreviations

CTA Coronary CT angiography

HU Hounsfield units

IQR Interquartile range

IVUS Intravascular ultrasound

LDNCP Low-density non-calcified plaque
TPV Total plaque volume
Introduction

The lipid-rich component is considered one of the major his-
topathologic features of high-risk coronary plaques prone to
rupture [1-3]. Noninvasive imaging has, therefore, focused on
identifying the lipid-rich component. On coronary CT angiog-
raphy (CTA), the lipid-rich component is identified as low-
density non-calcified plaque (LDNCP) [2, 4-7]. Landmark
CTA studies have shown that the presence of LDNCP defined
as <30 HU is more frequent in patients with acute coronary
syndrome than in patients in stable coronary artery disease [8]
and is associated with subsequent coronary artery disease
events [9].

Binary detection of LDNCP on two-dimensional cross sec-
tions used in most CTA studies [4, 6-9] can be affected by the
location and/or size of regions of interest and contrast en-
hancement [10, 11], which have been shown to be inconsistent
in prior reports [4, 5, 7]. In addition, a two-dimensional anal-
ysis based on mean HU hampers an assessment of the extent
of the lipid-rich component. Volumetric analyses based on
histogram analysis providing the volume or burden of
LDNCP, which is independent of regions of interest, have
additional clinical value [12—14]. Thus far, no in vivo study
has investigated volumetric LDNCP measurement with vary-
ing HU thresholds on CTA compared with IVUS.

The aim of this study was to examine the accuracy of semi-
automated TPV quantification and lipid-rich plaque assess-
ment using attenuation histogram-based LDNCP analysis, in
a head-to-head comparison with IVUS.

Materials and methods

All imaging studies were clinically indicated. The study pro-
tocol was approved by the local ethics committee, and written
informed consent was obtained from all patients for the use of
their data for research.

Patients
This retrospective study included 77 consecutive patients with
known or suspected coronary artery disease who underwent

CTA before IVUS within a period of 1 month at Kusatsu
Heart Center. Exclusion criteria are composed of poor image
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quality on CTA or IVUS, patients with acute myocardial in-
farction, stented lesions, predilatation before [IVUS examina-
tion, or presence of extensive acoustic shadowing from calci-
fication (arc of >90° and >3 mm in length) on IVUS, which
precludes accurate measurement of vessel and plaque by IVUS
(Supplement).

Image acquisition
IVUS

All IVUS examinations were performed prior to percutaneous
coronary intervention in a standard fashion with commercially
available 40-MHz imaging catheters (Boston Scientific or
Terumo) as described previously [15]. The imaging catheter
was advanced beyond the distal portion of the target lesion for
percutaneous coronary intervention, and automated pullback
was performed at a rate of 0.5 mm/s.

CTA

CTA images were acquired with a 64-detector scanner
(Lightspeed VCT, GE Healthcare) utilizing prospective
ECG-gating or retrospective ECG-gating with tube current
modulation. All patients received nitroglycerin for coronary
vasodilation, and those with a heart rate over 60 beats per
minute were given beta-blockers unless a contraindication
was present. An intravenous bolus of iopamidol (Iopamiron
370, Schering) was continuously injected for 10—-12 s, de-
pending on the scan length, followed by a 20:80 admixture
of contrast agent (25 ml). The injection rate of contrast agent
was adjusted according to body weight (2.7-5.6 ml/s) [16].
Real-time bolus-tracking technique was used to trigger scan
initiation. The scan parameters were collimation of 64 x
0.625 mm, rotation time of 350 ms, tube voltage of 100 or
120 kV, and tube current of 450—780 mAs. Transaxial images
were reconstructed with filtered backprojection reconstruction
algorithm at the cardiac phase exhibiting minimal cardiac mo-
tion. Image reconstruction parameters comprised the individ-
ually adapted field of view, matrix size of 512 x 512 pixels,
and a medium-soft tissue convolution kernel.

Data analysis
IVUS

IVUS analysis was performed as reported previously [15]
using dedicated software (echoPlaque, INDEC Medical
Systems) by experienced observers, who were blinded regard-
ing the result of CTA. We identified intracoronary atheroscle-
rotic lesions on IVUS with maximal plaque thickness of >
1.0 mm and plaque burden (vessel area plaque area) of >
40% [17, 18]. The proximal and distal reference segments
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were selected at the most adjacent points to the maximal ste-
nosis in which there was minimal or no plaque. Vessel (exter-
nal elastic membrane) and lumen contours were manually
delineated every 1 mm, and TPV was calculated as the vessel
volume minus the lumen volume.

Calcium was defined by the presence of a bright echogenic
signal with acoustic shadowing. The arc of acoustic shadowing
was measured in degrees with a protractor centered on the
lumen every 1 mm, and the maximal arc of calcium deposit
was identified. Spotty and large calcifications were defined as
calcium deposits with an arc of < 90° and >90°, respectively
[19, 20]. The lipid-rich component was identified by superfi-
cial echo attenuation (leading edge of attenuation closer to the
lumen than to the adventitia) despite the absence of bright
calcium [21-23]. The arcs of attenuation were measured in
degrees with a protractor centered on the lumen every 1 mm
and were graded based on a 5-point scale (0, no attenuation; 1,
0-90°; 2, 90-180°; 3, 180-270°; 4, 270-360°) to create the
mean attenuation score (summed score analysis length) [24].

CTA

Quantitative analysis of CTA images was performed with ded-
icated software (Autoplaque version 2.0, Cedars-Sinai Medical
Center) by an independent observer blinded to IVUS findings
as previously described (details in Supplement) [11, 25, 26].
Excellent intra-observer reproducibility and inter-observer re-
producibility have been previously reported [25, 27]. Plaque
co-registration between CTA and IVUS was performed by
another investigator, who was not involved in the other pro-
cessing of CTA analysis. Stretched multiplanar reconstruction
and cross-sectional CTA images were used to compare [VUS
images. The proximal and distal reference limits of the plaque
were matched to IVUS using anatomical landmarks, such as
the distance from the aorto-coronary ostium, target lesions,
side branches, or calcifications. Plaque volumes for total and
each component were automatically quantified using scan-
specific thresholds. The plaque composition was derived as
(plaque component volume TPV) x 100 (%). For quantitative
LDNCP analysis, the percentages of voxels below multiple
LDNCEP thresholds (30, 45, 60, 75, or 90 HU) within the
plaque were calculated from CTA. CT attenuation of voxels
located < 0.5 mm inward from the vessel boundaries was con-
sidered to be within the LDNCP threshold due to partial vol-
ume effects between the plaque and epicardial fat tissue; these
voxels were excluded from the measurement of LDNCP in this
study using standardized “erosion” from the vessel centerline.
When there was a difference in lesion length between two
modalities (possibly due to catheter-induced deformation of
the coronary artery, cardiac motion, or pullback speed varia-
tions), volume parameters in CTA were corrected by the lesion
length (volume parameters in CTA x the lesion length in
IVUS the lesion length in CTA) [28]. An example of semi-

automated TPV quantification from CTA is shown in Fig. 1.
TPV was also quantified using previously reported fixed HU
thresholds (non-calcified plaque, <150 HU; lumen, 150—
500 HU; calcified plaque, > 500 HU) [29, 30].

Statistical analysis

Statistical analysis was performed with SPSS Statistics 24 (IBM
Corporation). Quantitative variables were expressed as median
with interquartile range (IQR). Categorical variables were
expressed as frequencies or percentages. Intra-observer agree-
ment and inter-observer agreement for calcification and echo
attenuation on IVUS assessment were examined using
Cohen’s kappa coefficient and Bland-Altman analysis.
Correlations between two variables were assessed with
Spearman’s rank correlation coefficient. The Wilcoxon signed-
rank test was used to compare TPV between IVUS and CTA.
The agreement of TPV between IVUS and CTA was examined
using Bland-Altman analysis. Two dependent correlations being
equal using Fisher’s z-transformation was used to compare CTA
TPV between the scan-specific and fixed thresholds. The receiv-
er operating characteristic analysis was applied to determine the
diagnostic performance for identification of [VUS-verified lipid-
rich component at each LDNCP threshold [31]. A p value <
0.05 was considered statistically significant.

Results
Patient characteristics and IVUS findings

A total of 118 atherosclerotic plaques from 77 patients were
examined. CTA was performed at 100 kV in 32 patients (42%)
and at 120 kVin 45 (58%). Clinical characteristics are listed in
Table 1. On IVUS, 54 (46%) and 41 (35%) plaques were
accompanied by spotty and large calcifications, respectively.
The remaining 23 (19%) plaques were unaccompanied by any
calcification. The lipid-rich component was observed in 63
(53%) plaques.

Reproducibility of IVUS plaque measurements

Intra-observer and inter-observer reproducibility for calcifica-
tion patterns, presence of echo attenuation, and the mean at-
tenuation score on IVUS assessment were evaluated in ran-
domly selected 20 patients (36 plaques). Intra-observer agree-
ment and inter-observer agreement for calcification patterns
(no, spotty, or large calcification) were + values of 0.91 and
0.87 (p<0.001 for both), respectively. The mean differences
in the maximal calcium arc (with the 95% limits of agreement)
were —0.1° (—11.1 to 10.8°) and —0.8° (— 13.4 to 11.8°) for
intra-observer and inter-observer measurement, respectively.
For presence of echo attenuation, intra-observer agreement
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Fig.1 An example of semi-automated quantification from CTA. a Cross-
sectional and double oblique CTA images of multiplanar reconstruction
showing non-calcified plaque with spotty calcification without (top) or
with (bottom) color-coded overlay from automated plaque quantification.

and inter-observer agreement were « values of 0.94 and 1.0
(p<0.001 for both), respectively. The mean differences in the
mean attenuation score (with the 95% limits of agreement)
were —0.009 (—0.280 to 0.261) and —0.012 (—0.289 to
0.265) for intra-observer and inter-observer measurement,
respectively.

Comparison of TPV
CTA and IVUS

Due to extensive echo attenuation on IVUS precluding mea-
surement, 4 plaques from 4 patients were excluded from the

@ Springer

Yellow overlay corresponds to calcified plaque and red to non-calcified
plaque. b Corresponding IVUS cross section with external elastic mem-
brane (red) and lumen (yellow) contours. CTA, coronary CT angiogra-
phy; IVUS, intravascular ultrasound

TPV analysis. In all the other plaques, the median scan-
specific attenuation thresholds were — 19 HU (IQR — 30 to
—9) for epicardial fat, 193 HU (IQR 165 to 213) for the upper
level of non-calcified plaque, and 505 HU (IQR 460 to 550)
for the lower level of calcified plaque, respectively.

Figure 2a displays a scatter plot of CTA TPV quantified
with scan-specific thresholds and IVUS TPV. TPV was highly
correlated between CTA and IVUS (r=0.943, p<0.001).
Table 2 summarizes comparisons of TPV between CTA and
IVUS according to various lesion subsets. The relationships
persisted for all calcification patterns and presence of lipid-
rich component (p < 0.001 for all). By Bland-Altman analysis,
the mean difference was 2.6 mm3, and the 95% limits of
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Table 1

Clinical characteristics and plaque morphology

No. of patients
Age (years)
Male, n (%)
Weight (kg)
Body mass index (kg/m?)
Clinical characteristics
Stable angina/unstable angina, n (%)
Hypertension, n (%)
Diabetes mellitus, n (%)
Dyslipidemia, n (%)
Current smoking, n (%)
Target vessel (LAD/LCX/RCA), n (%)
No. of plaques
Plaque morphology on IVUS
Pattern of calcification
No calcification, n (%)
Spotty calcification, n (%)
Large calcification, n (%)
Superficial echo attenuation, n (%)

77
68 (60-76)

61 (79)

61.1 (52.5-70.0)
23.5(21.3-24.9)

62 (81)/15 (19)
61 (79)

33 (43)

38 (49)

12 (16)

50 (65)/5 (7)/22 (29)
118

23 (19)
54 (46)
41 (35)
63 (53)

Values are expressed as median (interquartile range) or n (%)

IVUS, intravascular ultrasound; LAD, left anterior descending coronary
artery; LCX, left circumflex coronary artery; LM, left main; RCA, right
coronary artery

agreement were —49.3 to 54.4 mm?® (Fig. 2b). TPV was not
significantly different between CTA and IVUS (158.9 mm?
[IQR 106.8-228.3] vs. 152.1 mm’ [IQR 104.0-234.7], p=
0.270). The differences were not significant irrespective of
calcification patterns (p =0.784, p=0.542, and p =0.232 for
no, spotty, and large calcification, respectively) and presence
of lipid-rich component (p = 0.566 and p = 0.307 for presence
and absence of lipid-rich component, respectively). When
CTA TPV was not corrected (166.6 mm> [IQR 106.4—
234.8]) by the lesion length (CTA, 19.9 mm [IQR 13.9—
24.3] vs. IVUS, 19.2 mm [IQR 13.3-23.5], p<0.001), the
mean difference from IVUS TPV was 6.7 mm® (p = 0.006),
and the 95% limits of agreement were —43.9 to 57.3 mm’.
The correlation with IVUS TPV persisted (r=0.944,
p<0.001) without the correction.

Scan-specific thresholds vs. fixed thresholds

CTA TPV quantified with the fixed thresholds also correlated
well with IVUS TPV (r=0.915, p<0.001) (Fig. 3a); CTA
with the fixed thresholds significantly underestimated TPV
(127.3 mm® [IQR 83.1-208.8] vs. 152.1 mm’ [IQR 104.0—
234.7], p<0.001). Compared with scan-specific thresholds,
the fixed thresholds had a greater bias with wider limits of
agreement (—22.0 mm?® with —92.7 to 48.7 mm?®) (Fig. 3b)
and an inferior correlation with IVUS (p <0.001).
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Fig. 2 Comparison of total plaque volume between CTA with scan
specified thresholds and IVUS. a Scatterplot. b Bland-Altman plot. The
solid line is the mean bias (2.6 mm?), and the dashed lines represent the
95% limits of agreement (—49.3 to 54.4 mm>). CTA, coronary CT angi-
ography; IVUS, intravascular ultrasound

Assessment of lipid-rich component by volumetric
LDNCP measurement

Table 3 summarizes plaque compositions from CTA quanti-
fied using scan-specific thresholds for plaques with and with-
out lipid-rich component. The percentages of non-calcified
and calcified plaque were not significantly different between
plaques with lipid-rich component and those without. Plaques
with lipid-rich component had significantly greater percent-
ages of LDNCP than those without lipid-rich component for
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Table2  Comparison of total plaque volume between CTA with scan-specific thresholds and IVUS according to lesion subtypes
n CTA median IVUS median p value  Mean bias Limits of Correlation  p value
(IQR) (mm®) (IQR) (mm®) (CTA —IVUS) (mm®) agreement (mm®) coefficient
All 114 158.8 (106.8-228.3)  152.1 (104.0-234.7)  0.270 2.6 —49.3 to 54.4 0.943 <0.001
Pattern of calcification
No calcification 23 131.9 (84.5-218.1) 130.9 (74.0-203.6) 0.784 -1.1 —3791t035.6 0.965 <0.001
Spotty calcification 51  137.6 (108.4-212.9) 147.4 (96.2-226.0) 0.542 1.5 —50.6 to 53.6 0.927 <0.001
Large calcification 40  169.9 (114.2-300.5)  159.8 (126.8-279.4)  0.232 6.1 —52.7 to 64.8 0.945 <0.001
Lipid-rich component
+ 59 202.1(139.4-258.8)  199.6 (136.0-250.1) 0.566 2.1 —53.51t057.8 0.941 <0.001
- 55 114.1 (82.4-166.2) 122.0 (74.0-155.3) 0.307 3.0 —44.8 to 50.9 0.901 <0.001
CTA, coronary CT angiography; IOR, interquartile range; /VUS, intravascular ultrasound
all LDNCP thresholds (p < 0.001 for all). Figure 4 shows an 5001
example of LDNCP on CTA with the corresponding IVUS r=0.915
cross section with the lipid-rich component. & p<0.001 ®
Figure 5 demonstrates the diagnostic performance of volu- £
. . . . £ 400 10)
metric LDNCP measurement at varying thresholds for identi- - ) °
fication of lipid-rich component. On the receiver operating % o)
characteristic analysis, the best diagnostic performance was < 300-
obtained by a 45-HU cutoff, with an area under the curve of o
0.878 (95% confidence interval 0.816-0.941). Of the HU g
thresholds studied, the generally accepted 30-HU threshold e 2001
resulted in the smallest areca under the curve of 0.840 (95% i
confidence interval 0.784-0.922, p =0.023 vs. 45 HU). ‘é
Figure 6 displays scatter plots of the lipid-rich component a: 1004
size, expressed as the mean attenuation score, and %LDNCP (8]
at various HU cutoffs. %LDNCP correlated with the lipid-rich
component size at all HU thresholds, and the strongest corre- 0
lation was observed at a 45-HU cutoff (r=0.644, 0.691, 0 100 200 300 400 500
0.659, 0.649, and 0.646 for 30, 45, 60, 75, and 90 HU, respec- IVUS (mm3)
tively, p <0.001 for all). b
150
Discussion P
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. . . . @ (@)
The major findings in the present study are summarized as 3
follows: (1) Automated scan-specific threshold level-based -
TPV from CTA highly correlated with IVUS TPV irrespective 2 o o
of lesion subsets and (2) A <45-HU threshold for volumetric § 00 Q?)
LDNCP measurement provided the optimum assessment of £ (@) \9909 oe °
lipid-rich component. S %o e o ©
£ 8
Measurement of TPV 3 1001 © o )
S (©)
Intravascular imaging has been widely used as a reference 150 o 1)
standard for plaque quantification as well as plaque character- . ; , .
0 100 200 300 400 500

ization [15, 17, 21, 32]. However, it is invasive and its use is
limited to specific lesions only. CTA is a more attractive alter-
native to intravascular imaging, allowing noninvasive plaque
assessment in the whole coronary tree in a broad range of
population. A recent serial CTA study has demonstrated that
quantitative plaque assessment provides additional values in
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Fig. 3 Comparison of total plaque volume between CTA with fixed
thresholds and IVUS. a Scatterplot. b Bland-Altman plot. The solid line
is the mean bias (—22.0 mm?>), and the dashed lines represent the 95%
limits of agreement (—92.7 to 48.7 mm®). CTA, coronary CT angiogra-
phy; IVUS, intravascular ultrasound
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Table 3 Comparison of plaque

composition between plaques Plaque composition Lipid + (n=63) Lipid — (n=55) p value

with and without lipid-rich

component Calcified plaque (%) 3.17 (0.00-10.48) 4.86 (0.40-14.54) 0.149
Non-calcified plaque (%) 96.83 (89.52-100.00) 95.14 (85.46-99.60) 0.149
LDNCP <30 HU (%) 0.55 (0.12—1.54) 0.00 (0.00-0.04) <0.001
LDNCP <45 HU (%) 1.44 (0.52-3.38) 0.00 (0.00-0.19) <0.001
LDNCP <60 HU (%) 3.10 (1.37-8.18) 0.18 (0.00-0.79) <0.001
LDNCP <75 HU (%) 5.86 (2.49-10.50) 0.49 (0.00-1.73) <0.001
LDNCP <90 HU (%) 9.34 (4.13-14.52) 1.05 (0.06-3.58) <0.001

Values are expressed as median (interquartile range)
LDNCP, low-density non-calcified plaque

predicting future cardiac events over conventional assessment
based on stenosis and/or qualitative plaque analysis [33].
Although the manual method is still standard for plaque
quantification on CTA [34], it is time-consuming and depen-
dent on visual inspection by observers. Several semi-
automated techniques have been proposed to overcome the
limitations. HU thresholds are commonly used to define
plaque components and lumen [8, 11, 25, 26, 29, 30]. It has

Fig. 4 An example of IVUS-
verified lipid-rich component
with corresponding cross-
sectional CTA images. a [IVUS
cross section with superficial echo
attenuation (arrows). b
Corresponding CTA cross sec-
tions with (left) and without
(right) color-coded overlay from
low-density non-calcified plaque
quantification. Light brown over-
lay indicates pixels with <45
Hounsfield units. CTA, coronary
CT angiography; IVUS, intravas-
cular ultrasound

been demonstrated that plaque attenuation is dependent on
luminal contrast opacification [10, 35, 36]. Luminal contrast
enhancement varies widely among individuals and/or scans as
a number of patient-related and CT scanning-related factors
affect contrast enhancement [37]. Therefore, optimal HU
thresholds for plaque should be scan-specific. CTA TPV quan-
tified with scan-specific attenuation thresholds has been
shown to have a high correlation with IVUS TPV in non-
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Fig. 5 Diagnostic performance of volumetric LDNCP measurement at
various HU cutoffs for identification of IVUS-verified lipid-rich compo-
nent. *vs. <30 HU. AUC, area under the curve; CI, confidence interval;
HU, Hounsfield units; LDNCP, low-density non-calcified plaque; IVUS,
intravascular ultrasound; NA, not applicable

calcified plaques [26]. In a prior study, the fixed HU threshold
of 150 HU for the lower level of lumen (i.e., the upper level of
non-calcified plaque) yielded a small difference in TPV
(3.8 mm?®) from IVUS TPV [30], whereas the fixed threshold
significantly underestimated TPV in our patient group. The
scan-specific threshold for the lower level of lumen used in
the present study was higher (median 193 HU, IQR 165—
213 HU) than the fixed threshold of 150 HU. These might
explain, in part, our findings.

Interestingly, the lesion length by CTA was somewhat lon-
ger compared with that with IVUS despite registration of stud-
ied lesions between the two modalities using anatomical land-
marks. This difference might be attributed to the inherent dif-
ferences between invasive IVUS imaging within the vessel
and x-ray transmission through the heart by noninvasive
CTA. Since differences in lesion length directly affect volu-
metric measurements, the finding should be taken into account
when comparing volumetric parameters between invasive and
noninvasive modalities.
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Three-dimensional histogram-based lipid-rich plaque
characterization

CTA can non-invasively characterize coronary plaque based
on differences in plaque attenuation [2, 4-7]. Even though
mean HU-based criteria on a cross section are widely used
[2, 4, 5, 7-9], there are several drawbacks. Various compo-
nents often coexist in coronary atherosclerotic plaques [6, 21,
38], which can cause substantial overlaps in the distribution of
mean HU value between lipid-rich and fibrous plaques [5, 7].
In addition, differences in methodology resulted in a wide
variation in reported attenuation values for lipid-rich plaque
[4-7].

To overcome the limitations of the HU-based criteria on
a cross section, several reports have proposed histogram-
based LDNCP analyses, which are independent of regions
of interest. Ex vivo studies using two-dimensional quanti-
tative histogram analysis reported AUCs of 0.65 and 0.74
for detection of lipid-rich plaque [6, 39]. The current study
using three-dimensional histogram analysis yielded better
diagnostic performance compared with the prior reports
using two-dimensional analysis. Marwan et al. demonstrat-
ed that in non-calcified plaques, quantitative histogram
analysis using a threshold of 30 HU identified lipid-rich
plaques defined by IVUS with high sensitivity and speci-
ficity [5]. To our knowledge, this is the first to reveal the
feasibility of three-dimensional quantitative LDNCP anal-
ysis in various plaque subtypes in vivo. Of the HU thresh-
olds studied between 30 and 90 HU, the generally accepted
30-HU threshold had the lowest diagnostic performance in
a real-world patient population, and a 45-HU threshold was
found to be optimal for identification of lipid-rich compo-
nent using volumetric LDNCP analysis in this study
population.

Beyond binary detection of the lipid-rich component,
estimation of its size is of clinical importance. On gray-
scale IVUS, superficial echo attenuation is considered to
be the most reliable signature for identifying a high-risk
plaque corresponding to histologically verified lipid-rich
necrotic core [21]. Its extent is associated with poor clin-
ical outcomes [20, 24, 40, 41]. Since the standard HU-
based characterization on a cross section precludes assess-
ment of the lipid-rich component size, three-dimensional
histogram-based LDNCP analysis could provide incre-
mental prognostic information as well as more accurate
and objective risk stratification of coronary plaque. In
the present study, we demonstrated correlations between
%LDNCP and the lipid-rich component size on IVUS,
expressed as the mean attenuation score, for kV settings
of 100 kV and 120 kV, which are used most often for
CTA. In line with the best threshold for the identification
of lipid-rich plaque component, a 45-HU threshold
yielded the best correlation with the lipid-rich component
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Fig. 6 Correlations of %LDNCP 15+
at various HU cutoffs with IVUS-
verified lipid-rich component.
HU, Hounsfield units; LDNCP,
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size for our data, which may be of importance in future
clinical research studies.

Clinical implications

The clinical importance of plaque quantification from
CTA has been shown in several clinical studies. Our re-
sults confirm the accuracy of automated scan-specific
threshold-based TPV measurement for various plaque
subtypes from noninvasive CTA. Accurate assessment of
LDNCP provided by the three-dimensional volumetric
measurement with the <45-HU threshold could enhance
further risk stratification and enable evaluation of therapy
in longitudinal studies.

Limitations

We acknowledge several limitations. First, this was a single-
center retrospective study. Second, IVUS evaluations were
limited to coronary arteries with significant stenosis, in which
percutaneous coronary intervention was clinically indicated.
We also included mild to moderate lesions in the same vessel,
which were not targeted for revascularization, to compensate
for this limitation. Third, CTA data were reconstructed with a
filtered backprojection reconstruction method. Since newer
technologies include varying levels/types of iterative recon-
struction, CTA data reconstructed with filtered backprojection
was chosen to ensure a consistent reconstruction and image
noise level. Fourth, we excluded heavily calcified lesion
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which precludes accurate plaque assessment with IVUS and
thus cannot be reasonably included in a head-to-head compar-
ison with CT. Last, in a clinical setting where histological
analysis is not feasible, cardiovascular events could be the
gold standard for the true high-risk plaque. Further investiga-
tion is necessary whether volumetric LDNCP analysis im-
proves prediction of cardiovascular events.

Conclusions

Standardized plaque quantification from noninvasive coro-
nary CT angiography provides accurate total plaque volume
measurement compared with IVUS. Attenuation histogram-
based LDNCP quantification can improve lipid-rich plaque
assessment from coronary CT angiography.
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