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Abstract

Objective This study aimed to evaluate the clinical feasibility of catheter-directed selective computed tomography angiography

(S-CTA) in patients with coronary artery disease (CAD).

Methods We prospectively enrolled 65 patients diagnosed with CAD who underwent conventional computed tomography

angiography (C-CTA). C-CTA was performed with 60-90 mL of contrast medium (370 mg iodine/mL), whereas S-CTA was

performed with 15 mL of contrast medium and 17.19 mg iodine/mL. Luminal enhancement range, homogeneity of luminal

enhancement, image quality, plaque volume (PV), and percent aggregate plaque volume (%APV) were measured. Paired

Student’s ¢ test, Wilcoxon rank-sum test, and Pearson’s correlation coefficient were used to compare two methods.

Results Luminal enhancement was significantly higher on S-CTA than on C-CTA (324.4 + 8.0 Hounsfield unit (HU) vs. 312.0 £

8.0 HU, p < 0.0001 in the per-vessel analysis). Transluminal attenuation gradient showed a significantly slower reduction pattern

on S-CTA than on C-CTA (-0.65 HU/10 mm vs. -0.89 HU/10 mm, p <0.0001 in the per-vessel analysis). Image noise was

significantly lower on S-CTA than on C-CTA (39.6+10.0 HU vs. 43.9+ 9.4 HU, p <0.0001). There was excellent correlation

between S-CTA and C-CTA with respect to PV and %APV (r=10.99, r=0.98, respectively).

Conclusions S-CTA might be useful in facilitating atherosclerotic plaque analysis and providing guidance for complex lesions

such as chronic total occlusion, particularly in cases in which on-site procedure planning is required.

Key Points

* Selective computed tomography angiography (S-CTA) can serve as an intraprocedural computed tomography angiography
protocol.

* S-CTA was performed with low dose of iodine compared with conventional computed tomography angiography.

* S-CTA enables on-site atherosclerotic plaque analysis.
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Abbreviations

APV Aggregated plaque volume

CAD Coronary artery disease

C-CTA Conventional computed tomography angiography
CFD Computational fluid dynamics

CNR Contrast-to-noise ratio

CTA Computed tomography angiography

CTO Chronic total occlusion

FFR Fractional flow reserve

HU Hounsfield unit

ICA Invasive coronary angiography
IVUS  Intravascular ultrasound

PV Plaque volume

ROI Region of interest

S-CTA  Selective computed tomography angiography
SNR Signal-to-noise ratio

TAG Transluminal attenuation gradient
Introduction

Invasive coronary angiography (ICA) has been established as
the gold standard for the diagnosis and treatment of coronary
artery disease (CAD) [1, 2]. However, ICA provides 2D mor-
phological lesion information only. Intravascular ultrasound
(IVUS) [3] and optical coherence tomography [4] have recently
been used to assist in quantitatively measuring coronary artery
lesion or deciding the proper stent size. These adjunctive imag-
ing modalities have been proven to be useful in improving the
success rate of percutaneous coronary intervention and mini-
mizing the risk of complications [5—7]. However, they require
additional coronary wiring using specialized catheters. This in-
vasive nature may potentially lead to the onset of complica-
tions, such as coronary spasm, rupture, dissection, and throm-
bosis, and necessitate the use of additional contrast material [8].

Coronary computed tomography angiography (CTA) has been
established as a reliable noninvasive modality for the diagnosis of
CAD [9-12]. It allows for quantitative measurements of coronary
plaque [13, 14] and could be tremendously useful in treating
complex lesions [15-17]. Despite the advantages of CTA, it is
not part of the coronary catheterization routine owing to the lack
of accessibility to computed tomography (CT) scanner. A recently
introduced combined-modality system that incorporates a 320-
detector row CT scanner (Aquilion ONE ViSION Edition,
Canon Medical Systems Corporation) and a coronary angiogra-
phy system (INFX-8000C, Canon Medical Systems Corporation)
permits CT scanning during coronary catheterization (Fig. 1a, b).
In this system, the patient table is shared by the CT scanner and
the angiography system, and a railroad allows the CT gantry to
advance toward the patient table for CT imaging and to move
back away from the patient upon completion of CT imaging. This
system can mitigate the lack of accessibility in the coronary cath-
eterization routine. In our previous study, we showed the

feasibility of a catheter-directed intracoronary contrast-injected
imaging protocol that can be utilized during coronary catheteriza-
tion [18]. This protocol enables selective CTA (S-CTA) by utiliz-
ing an engaged guiding catheter (Fig. 1c). This study aimed to
evaluate the clinical feasibility of S-CTA compared with that of
conventional CTA (C-CTA) in patients with CAD.

Materials and methods
Study population

We prospectively included 65 consecutive patients who
underwent C-CTA and were scheduled to undergo ICA for
clinical indications. Patients with body weight <85 kg, heart
rate < 65 beats per min during CT scan, and diameter stenosis of
25-99% at the left anterior descending, left circumflex, or right
coronary artery were included. In patients with multivessel dis-
ease, only one vessel with severe stenosis was included. In
contrast, pregnant patients and those with prior coronary artery
bypass grafting surgery, contraindications to iodinated contrast
material, hemodynamic instability, renal insufficiency (serum
creatinine level > 1.5 mg/dL or 133 pumol/L), absent sinus
rhythm, and inability to hold their breath were excluded. The
institutional review board of Yonsei University College of
Medicine, Seoul, Korea, approved the study protocol, and all
patients provided written informed consent.

C-CTA protocol

Before CT scanning, all patients received a 0.3-mg sublingual
dose of nitroglycerin. If their heart rate was higher than 65 beats
per min, patients also received a single oral dose of 50 mg met-
oprolol tartrate (Betaloc, Yuhan) unless beta-adrenergic blocking
agents were contraindicated. C-CTA was performed on 320-
detector row CT scanner (Aquilion ONE ViSION Edition,
Canon Medical Systems Corporation). Bolus tracking was used
by placing the region of interest (ROI) in the ascending aorta, and
scanning was started at 2 s after reaching the predefined threshold
of 180 Hounsfield units (HU). Furthermore, 6090 mL of con-
trast medium (370 mg iodine/mL, lopamiro, Bracco) was used at
a flow rate of 5 mL/s using a dual-head power injector (Medrad
Stellant CT injection system, Medrad) via the antecubital vein.
Prospective electrocardiographic (ECG) gating with the follow-
ing scan parameters was used: rotation time, 350 ms; tube volt-
age, 100—120 kVp; tube current, 600—800 mA; slice collimation,
320 % 0.5 mm; and scan field of view, 320 mm. CTA images
were reconstructed using a slice thickness of 0.5 mm at 75% of
R-R interval, and FC04 as the convolution kernel and adaptive
iterative dose-reduction 3D as the reconstruction technique were
used. Radiation dose for CT imaging was recorded as dose—
length product (mGy x cm) and subsequently presented as mSv
(mGy % cm % 0.014).
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Fig. 1 a Schematic illustration and b actual image of a cardiovascular
interventional therapeutic CT system (CVIT-CT). This combined-
modality approach that incorporates a coronary angiography system
(INFX-8000C, Toshiba) and a 320-detector row CT scanner (Aquilion

S-CTA protocol

Following the developed protocol in swine model [19], S-CTA
was performed using 13.13 mg iodine/mL of diluted contrast
material at an injection rate of 2 mL/s with tube voltage of
120 kV and current of 550 mA. To reduce radiation exposure,
we used a relatively small scan field of view (less than 320 mm)
for the targeted coronary artery. In this study, the protocol was
optimized according to clinical application: 17.19 mg iodine/mL
at an injection rate of 5 mL/s with tube voltage of 100 kV in
patients with a body mass index < 30 kg/m* and 120 kV other-
wise. The contrast medium was delivered via a 5-French
Judkins diagnostic catheter (left or right) using a dual-head
power injector (Medrad Stellant CT injection system,
Medrad). S-CTA was started at 1 s after the injection of contrast
material to allow the contrast material to fully fill the target
vessel. Prospective ECG gating was used in the same manner
as in C-CTA; the same scan parameters in C-CTA were applied
in S-CTA. The scan parameters are compared in Table 1.

CTA analysis

C-CTA and S-CTA were analyzed on a standalone worksta-
tion with dedicated software (QAngio CT version 2.0.5,
Medis Medical Imaging Systems) by an expert reader with
Cardiovascular CT Experience Program Level 3 certification
from the Society of Cardiovascular Computed Tomography.
The analysis was performed using a standard 17-segment
model [20] up to a luminal diameter limit > 1.5 mm. To eval-
uate luminal enhancement, mean and standard deviation were
calculated for per-vessel and per-segment analyses.
Transluminal attenuation gradient (TAG) [21], defined as the
linear regression coefficient for luminal enhancement changes
along the artery axis, was calculated to evaluate homogeneity
of luminal enhancement. Image noise, signal-to-noise ratio
(SNR), and contrast-to-noise ratio (CNR) were measured.
The reader placed the ROI in the proximal artery (ROI,) and
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ONE ViSION Edition, Toshiba) enables CT scanning and angiography at
the same site. ¢ The diluted contrast medium can be selectively injected
through the pre-engaged catheter during the CT scan

in the adjacent non-enhanced pericardial fat tissue (ROI,) at
matched location on S-CTA and C-CTA (Fig. 2). Image noise
was defined as standard deviation of ROI;; SNR was calcu-
lated by dividing the average HU of ROI; by image noise.
CNR was calculated using the following formula: CNR =
(average HU of ROI, - average HU of ROI,)/image noise.
Plaque was semi-automatically measured, and revisions to
our previously described method were made [22, 23]. An
example of plaque lesion assessment is shown in Fig. 3.
Plaque volume (PV) and percent aggregate plaque volume
(%APV) were measured in 44 lesions. PV was calculated as
vessel volume minus lumen volume in each lesion segment.
%APV was calculated by dividing APV by total vessel vol-
ume, and APV was defined as the total PV in each artery.

Statistical analysis

Continuous variables are expressed as means + standard deviation
if normally distributed or median (interquartile range) if non-
normally distributed. Paired Student’s # test, Wilcoxon rank-sum
test, and Pearson’s correlation coefficient using two-sided p values
were employed to compare S-CTA and C-CTA, with Fisher’s z
transformation statistic used to compare correlations. Luminal
enhancement values are expressed as mean + standard error. A
p value <0.05 was considered statistically significant. Bland—
Altman plots with 95% confidence intervals were also constructed
to display the correlations between S-CTA and C-CTA. Statistical
analysis was performed using SAS version 9.2 (SAS Institute)
and MedCalc version 12.7.5 (MedCalc Software bvba).

Results

Clinical characteristics

Patient characteristics are presented in Table 2. The study
cohort included 39 males (60%), and the mean age was
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Table 1 Protocol comparison for the two methods
Protocol for S-CTA Protocol for C-CTA
CT scanner 320-detector row CT scanner (Aquilion ONE ViSION Edition)  320-detector row CT scanner (Aquilion ONE ViSION Edition)
ECG gating Prospective Prospective
Rotation time 350 ms 350 ms
Slice collimation 320 X 0.5 mm 320 x 0.5 mm
Tube voltage 100-120 kVp 100-120 kVp
Tube current 600-800 mA 600-800 mA
Slice thickness 0.5 mm 0.5 mm

lodine injection

Technique By engaged catheter
Rate 5 mL/s
Volume 15 mL

Concentration 17.19 mg iodine/mL

Radiation dose 2.71+£1.10 mSv

By intravenous infusion
5 mL/s

60-90 mL/s

370 mg iodine/mL
3.52+2.50 mSv

The effective radiation dose was significantly different (p < 0.05; p value by ¢ test)

S-CTA selective computed tomography angiography, C-C7A conventional computed tomography angiography, CT computed tomography, ECG

electrocardiographic

64.3 £10.2 years. Body mass index and risk factors for CAD
at the time of CTA examination are listed in Table 2. The mean
time difference between S-CTA and C-CTA was 5.8 days. No
specific complications occurred after any of S-CTA and cor-
onary artery interventions.

Luminal enhancement analysis

In the per-vessel analysis, luminal enhancement was signifi-
cantly higher on S-CTA than on C-CTA (324.4+8.0 HU vs.
312.0+8.0 HU, p <0.05). In the per-segment analysis, lumi-
nal enhancement was higher in the proximal segment only on
C-CTA than on S-CTA; however, luminal enhancement was
higher in the middle and distal segments on S-CTA than on

QR

mne

Fig. 2 Region of interest (ROI) placement at matched location on
selective computed tomography angiography (S-CTA) and conventional
computed tomography angiography (C-CTA). a ROI placement on C-
CTA shown in magenta and cyan. b ROI placement on S-CTA shown

C-CTA. All luminal enhancement ranges were significantly
different between S-CTA and C-CTA (p <0.05). Figure 4
shows a representative case example of S-CTA and C-CTA
images obtained from the same patient in our study. TAG was
compared in the per-vessel and per-segment analyses. In the
per-vessel analysis, TAG showed a significantly slower reduc-
tion pattern on S-CTA than on C-CTA (-0.65 HU/10 mm vs.
-0.89 HU/10 mm, p <0.05). In the per-segment analysis,
TAG on S-CTA showed a more than twofold slower reduction
pattern than that on C-CTA in the proximal segment
(-0.20 HU/10 mm vs. -0.65 HU/10 mm, p < 0.05) and middle
segment (-0.28 HU/10 mm vs. -0.74 HU/10 mm, p < 0.05).
However, TAG on S-CTA showed a more rapid reduction
pattern than that on C-CTA in the distal segment (-1.03 HU/

\
47:4 HU + 33.41\\

b (]
"

at matched location. In these example images, image noise was
44.08 HU, signal-to-noise ratio (SNR) was 14.27 HU, and contrast-to-
noise ratio (CNR) was 9.96 HU on C-CTA, whereas image noise was
32.17 HU, SNR was 14.66 HU, and CNR was 13.18 HU on S-CTA

@ Springer
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Fig. 3 Representative plaque volume measurement. The expert manually edited the inner lumen and outer vessel wall contours

10 mm vs. -0.82 HU/10 mm, p < 0.05). The luminal enhance-
ment range and TAG are summarized in Table 3.

Image quality analysis
Image noise was significantly lower on S-CTA than on

C-CTA (39.6+10.0 HU vs. 43.9+9.4 HU, p<0.05). SNR
and CNR were significantly higher on S-CTA than on

Table 2  Patient characteristics
Patient characteristics n=65
Age, years (mean + SD) 64.3+£10.2
Male, n (%) 39 (60)
Weight, kg (mean + SD) 66.2+9.9
Body mass index, kg/m? (mean + SD) 247428
Risk factors
Hypertension, n (%) 27 (42)
Hyperlipidemia, n (%) 42 (65)
Diabetes mellitus, n (%) 46 (71)
Current smoker, n (%) 23 (35)
Distribution of examined vessel
Left anterior descending artery, n (%) 55 (46)
Left circumflex artery, n (%) 55 (46)
Right coronary artery, n (%) 10 (8)

SD standard deviation

@ Springer

C-CTA (9.3+2.8 HU vs. 8.1+3.0 HU, p<0.05 for SNR;
9.44+3.2 HU vs. 8.5+2.9 HU, p<0.05 for CNR).

Plaque volume analysis

With respect to plaque subtypes, 50% were calcified; 45%,
mixed; and 5%, noncalcified. The correlation coefficients
and Bland—Altman values with 95% confidence intervals for
the comparison of quantitative plaque measurements between
S-CTA and C-CTA are shown in Table 4. The p values were
significant for PV and %APYV, indicating strong correlation
and agreement (Table 4).

Discussion

We evaluated the clinical feasibility of S-CTA as a utilizable
CTA modality during coronary catheterization. S-CTA suc-
cessfully showed higher and more homogeneous luminal en-
hancement than C-CTA and excellent correlation with respect
to PVand %APV in the quantitative plaque measurements. In
this study, C-CTA was performed with a general dose of io-
dine (60-90 mL x 370 mg iodine/mL =22,200-33,300 mg io-
dine); however, S-CTA was performed with a low dose of
iodine (15 mL x 17.19 mg iodine/mL =258 mg iodine).
Although S-CTA was performed with an extremely low dose
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Fig. 4 Representative case
example of selective computed
tomography angiography (S-
CTA) and conventional computed
tomography angiography (C-
CTA) images obtained from the
same patient. a Axial view of C-
CTA. b Axial view of S-CTA. ¢
Curved multiplanar reconstruc-
tion on C-CTA. d Curved
multiplanar reconstruction on S-
CTA. Yellow circles indicate
contrast-enhanced left anterior
descending and left circumflex
arteries

of iodine, an optimal luminal enhancement of 250-350 HU
[24, 25] was achieved. S-CTA showed more homogeneous
luminal enhancement than C-CTA with respect to TAG, pos-
sibly because the contrast material was directly injected into
the intracoronary artery with consistent flow. This homoge-
neous luminal enhancement led to a significant reduction in
image noise and concurrently produced improved SNR and
CNR. Furthermore, radiation doses were significantly lower
on S-CTA (2.71 £1.10 mSv vs. 3.52+£2.50 mSv) because
S-CTA was performed with a relatively small scan field of
view. In the quantitative plaque measurements, PV and
% APV on S-CTA showed excellent correlation compared
with those on C-CTA despite underestimation of PV and
% APV when compared with those on C-CTA. Further studies
comparing S-CTA and C-CTA with IVUS are needed to eval-
uate the clinical feasibility of S-CTA.

Clinical implications

This combined-modality system enables intraprocedural CTA,
which stemmed from the need for neurosurgical field and a new

trauma workflow concept with CT scan in the emergency room
[26, 27]. The clinical feasibility of intraprocedural CTA during
coronary artery intervention was validated in our previous study
[28]. In this previous study, S-CTA was performed during inter-
vention for chronic total occlusion (CTO) as an intraprocedural
CTA protocol, and we showed that intraprocedural CTA could
contribute to successful intervention for CTO. To our knowl-
edge, this study is the first clinical trial on catheter-directed
intracoronary contrast-injected imaging protocol during on-site
catheterization. Several previous animal studies in which cath-
eters were placed at the superior vena cava and aortic root in a
swine model reported the feasibility of catheter-directed con-
trast-injected CTA. However, a contrast volume reduction of
only 50 and 80% was achieved with specialized multihole pig-
tail catheter to spray out the contrast medium. Moreover, clini-
cal validation was not performed in these studies [29, 30].
Conversely, S-CTA showed an iodine dose reduction rate of
99%, and any additional specialized catheter was not necessary
as a conventional diagnostic catheter was used in S-CTA. S-
CTA might serve as a useful imaging modality for CAD eval-
uation in patients who present with chronic kidney disease by

@ Springer
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Table 3 Luminal enhancement

and TAG on S-CTA and C-CTA Vessel (n=110)

Proximal (n=110) Middle (n=110) Distal (n=110)

Luminal enhancement (mean + SE)

S-CTA 3244+8.0 HU
C-CTA 312.0+8.0 HU
p value <0.05

TAG
S-CTA -0.65
C-CTA -0.89
p value <0.05

344.6+8.1 HU 334.0+8.8 HU 298.1+8.9 HU
357.9+8.1 HU 3129+88 U 270.5+8.9 HU
<0.05 <0.05 <0.05

-0.20 -0.28 -1.03

-0.65 -0.74 -0.82

<0.05 <0.05 <0.05

The p value was derived using Paired Student’s ¢ test, with p < 0.05 considered statistically significant

SE standard error, S-CTA selective computed tomography angiography, /U Hounsfield unit, C-CTA conventional
computed tomography angiography, 7AG transluminal attenuation gradient

using a low dose of iodine. In this study, we performed S-CTA
in patients with diameter stenosis of 25-99%, and no specific
complications occurred after S-CTA. Although S-CTA was per-
formed with an acceptable radiation dose, if S-CTA was applied
in multivessel disease, additional radiation exposure would be
inevitable. Further optimization of the scan protocol will reduce
radiation exposure on S-CTA. Fractional flow reserve (FFR),
which represents the pressure differences across a coronary ar-
tery stenosis in invasive coronary catheterization, can be calcu-
lated from CT scan images by utilizing computational fluid
dynamics (CFD) techniques [31, 32]. As S-CTA can produce
CTA images that can be utilized for CFD-based FFR calcula-
tion, we might obtain information on plaque characteristics and
blood pressure through a single S-CTA scan without additional
coronary catheterization. Thus, comprehensive evaluation of
plaques and lesion-specific ischemia including their characteri-
zation might be feasible during on-site coronary catheterization
in the near future. However, further investigation is clearly
needed to support this contention.

Table 4 Comparison of quantitative plaque measurements between S-
CTA and C-CTA

PV % APV
S-CTA 113.2+137.0 mm® 24.1+13.3%
C-CTA 145.1+1352 mm® 26.0+13.8%
p value <0.05 <0.05
Correlation 0.99 0.98
Bland—Altman values (95% -5.6,94 -3.2,19.5

confidence intervals)

Mean and standard deviation are reported for each measure. The p value
was derived using Wilcoxon rank-sum test, with p <0.05 considered
statistically significant

PV plaque volume, %APV percent aggregate plaque volume, S-C7A se-
lective computed tomography angiography, C-C7A conventional comput-
ed tomography angiography

@ Springer

Study limitations

Our study has some limitations that should be men-
tioned. First, S-CTA was compared with C-CTA in a
relatively small number of plaque lesions. Second, the
reference standard for plaque quantification was C-CTA,
albeit PV and %APV were only compared between S-
CTA and C-CTA. Further study is needed to compare
plaque quantification with S-CTA, C-CTA, and IVUS.
In conclusion, S-CTA might be useful in facilitating
atherosclerotic plaque analysis and providing guidance
for complex lesions such as CTO, particularly in cases
in which on-site procedure planning is required.
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