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Abstract The noninvasive assessment of coronary stents
by coronary CT angiography (CCTA) is an attractive
method. However, the radiation dose associated with
CCTA remains a concern for patients. The purpose of this
study is to compare the radiation doses and image qualities
of CCTA performed using tube voltages of 100 or 120 kVp
for the evaluation of coronary stents. After receiving in-
stitutional review board approval, 53 consecutive patients
with previously implanted stents (101 stents) underwent
64-slice CCTA. Patients were divided into three different
protocol groups, namely, prospective ECG triggering at
100 kVp, prospective ECG triggering at 120 kVp, or ret-
rospective gating at 100 kVp. Two reviewers qualitatively
scored the quality of the resulting images for coronary
stents and determined levels of artificial lumen narrowing
(ALN), stent lumen attenuation increase ratio (SAIR),
image noise, and radiation dose parameters. No significant
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differences were found between the three protocol groups
concerning qualitative image quality or SAIR. Coronary
lumen attenuation and in-stent attenuation of 100 kVp
prospective CCTA (P-CCTA) were higher than in the 120
kVp P-CCTA protocol (all Ps < 0.001). Mean ALN was
significantly lower for 100 kVp P-CCTA than for 100 kVp
retrospective CCTA (R-CCTA, P = 0.007). The mean ef-
fective radiation dose was significantly lower (P < 0.001)
for 100 kVp P-CCTA (3.3 & 0.4 mSv) than for the other
two protocols (100 kVp R-CCTA 6.7 £ 1.0 mSv, 120 kVp
P-CCTA 4.6 &= 1.2 mSv). We conclude that the use of 100
kVp P-CCTA can reduce radiation doses for patients while
maintaining the imaging quality of 100 kVp R-CCTA and
120 kVp P-CCTA for the evaluation of coronary stents.

Keywords Multidetector computed tomography - Stents -
Radiation dosage - Cardiac-gated imaging techniques

Introduction

Coronary angiography is the clinical gold standard for
detecting in-stent restenosis, but it is an invasive procedure
that is costly, with associated morbidity and mortality [1].
Therefore, the noninvasive assessment of coronary stents
by computed tomography (CT) is an attractive method,
because better direct stent lumen visualization is possible
by 64-slice CT, which has better spatial and temporal
resolutions [2]. Recently, high definition CT (HDCT)
scanners with gemstone detectors offering substantially
improved in-plane resolution (0.23 mm x 0.23 mm) were
introduced. HDCT can reduce partial volume artifacts due
to its higher spatial resolution and better image quality for
coronary stent evaluations [3]. However, the radiation dose
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associated with coronary CT angiography (CCTA) remains
a concern for patients [4, 5].

Previous attempts to reduce CCTA radiation doses
have focused on the use of low tube currents, electro-
cardiogram (ECG)-gated tube current modulation, or
prospectively triggered axial acquisition [6]. For ECG-
gated tube current modulation, tube currents are reduced
according to a specified ECG-gated acquisition window,
which is adjusted according to patient heart rate and
heart rate stability. In a single-center retrospective study
of 64-slice CT [7], the radiation dosage among patients
was consequently reduced from 14.8 to 9.4 mSv (36 %).
Prospectively gated CCTA has allowed marked reduc-
tions in effective radiation doses by about 85 % for
patients, while maintaining diagnostic performance at a
level comparable to retrospective gated CCTA at low
heart rates (up to 70 beats per minute) [8, 9]. Prospec-
tively gated CCTA also has a possible advantage during
stent imaging due to reduced cone beam artifacts [10].
The use of low tube voltage is another important ap-
proach for dose reduction, because a dose of radiation is
proportional to the square of tube voltage in non-obese
patients [7, 8]. For the evaluation of stent lumen, how-
ever, blooming artifacts are an issue because the lower-
energy protons of X-ray beams are more rapidly ab-
sorbed, thereby causing beam hardening [2]. At this
point, few studies have examined the feasibility of 100
kVp HDCT for the evaluation of coronary stents.

Accordingly, the present study aims to compare image
qualities and radiation doses of HDCT performed using
tube voltages of 100 or 120 kVp for the evaluation of
coronary stents in patients with coronary heart disease.

Materials and methods
Patient population

The study protocol was approved by our Institutional
Review Board, and informed consent was obtained from all
patients. In this prospective study, 57 consecutive patients
that had previously undergone coronary stent implantation
were evaluated for regular follow-up between June 2011
and September 2012. Patients were randomly divided by a
computer-generated list into three groups by scanning
protocol, that is, 100 kVp prospective CCTA (P-CCTA),
100 kVp retrospective CCTA (R-CCTA), or 120 kVp
P-CCTA groups.

Patients with a history of previous allergic reactions to
iodinated contrast media, impaired renal function (serum
creatinine concentration > 1.5 mg/dL), hemodynamic in-
stability, irregular heart rate (atrial fibrillation or frequent
premature beats), or an inability to breath-hold were
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excluded. We also excluded a patient with a gold-coated
stent (n = 1) because artifacts are most pronounced for
tantalum, gold, or gold-coated stents [11], and patients with
significant in-stent restenosis (n = 3).

Finally, a total of 101 stents in 53 patients were included
in this analysis: 28 stents were scanned by 100 kVp
P-CCTA, 39 stents were scanned by 100 kVp R-CCTA,
and 34 stents were scanned by 120 kVp P-CCTA.

CCTA acquisition and reconstruction

All examinations were performed using a Discovery 750
HD scanner (GE Healthcare, Milwaukee, WI, USA) at
high resolution (0.23 mm isotropic resolution). In the
absence of a contraindication, patients with a heart rate
(HR) of >65 beats/minute received 50 mg of oral (-
blocker (Propranolol hydrochloride) 1 h before ex-
amination, and a 0.6 mg sublingual dose of nitroglycerin
was administered just prior to examination. We screened
patients for contraindications prior to B-blockers admin-
istration. CT imaging data were acquired with the
holding of patients’ breath in deep inspiration to elim-
inate respiratory motion artifacts. CCTA was performed
after determining peak enhancement using a “test bolus”
protocol (10 ml of contrast agent [Ultravist 370; Bayer
Schering Healthcare, Berlin, Germany] followed by
20 ml of saline solution, both at flow rates of 4 ml/s).
Time to peak enhancement was measured by tracking an
ellipsoid region of interest in the ascending aorta above
the coronary ostia. Sequential scans with an interval time
of 1 s were acquired 8 s after starting the contrast in-
jection. Image acquisition was started with a delay cor-
responding to the measured contrast transit time plus 5 s.
We used a triple-phase contrast protocol: 70 ml of con-
trast agent, followed by 30 mL of 30 % mixed saline
(70 % saline and 30 % contrast agent), followed by a
20-mL saline flush.

Scanning parameters included a rotation of 350 ms,
64 x 0.625 mm collimation, tube voltage 100 or 120 kVp,
and a craniocaudal direction. The tube current for 100 kVp
P-CCTA was 700 mA, and the tube current for 120 kVp
P-CCTA was 600 mA. All scans in the retrospective group
were conducted using ECG-gated tube current modulation
(peak current 600 mA during 40-80 % of the R-R interval,
and a minimal tube current of 120 mA for the remainder of
the cycle).

Usually, reconstructions to visualize stent lumens were
obtained at 75 % of the RR-cycle using a HD standard
reconstruction algorithm with a slice thickness of
0.625 mm. Whenever necessary, however, images were
reconstructed at 5 % intervals of the cardiac cycle to enable
the assessment of coronary arteries in the cardiac phase
with minimal motion.
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Assessment of image quality

Image analyses were performed at a dedicated workstation
(Advantage Workstation with CardIQ software, version 4.5,
GE Healthcare, Milwaukee, WI, USA). Qualitative image
analysis was performed by two independent, blinded radi-
ologists (JJW.L. and Y.J.J) with 3 and 6 years of CCTA
experience, respectively. Axial slices and curved multi-pla-
nar reformations were analyzed using a window width of
1200 Hounsfield unit (HU) and window level of 240 HU
[12]. Qualitative image qualities of stents were evaluated
using a four-point score (Fig. 1), defined as follows:
1 = excellent quality with no artifacts in stent vicinities,
2 = good quality with discrete stent blurring and small
streak artifacts emitting shadows on at least one level,
3 = moderate image quality with blurred stent margins and
broader streak artifacts extending <4 mm from stent centers,
and 4 = poor image quality with inadequate delineation
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Fig. 1 Image quality assessment using a four-point grading scale.
Curved multiplanar reformatted CT images showing excellent image
quality with a score of 1 (a), good image quality with a score of 2 (b),

between stents and surrounding fatty tissues with streak ar-
tifacts extending >5 mm from stent centers. A score of 4
was considered unacceptable for coronary stent image
quality assessment [13]. Reasons for non-evaluable stents
were evaluated. Stent diameter, type and location were also
recorded.

Quantitative image analysis was also performed by the
two independent, blinded observers using a window width
of 1200 HU and a window level of 240 HU. Patients with
non-evaluable stents were excluded in this analysis. Image
noise was measured by placing a circular region of interest
(ROI) with a diameter of 20 mm in the aortic root, and was
defined as its standard deviation (SD). The observers
measured attenuation values inside native coronary vessels
using the ROI technique (Fig. 2a). Measurements were
repeated three times, and the mean values were calculated.
In-stent diameters (proximal, middle, distal) were mea-
sured using electronic calipers. Attenuation values inside

moderate image quality with a score of 3 (¢), and poor image quality
with a score of 4 (d)
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Fig. 2 A 39-year-old man with a coronary stent in the left anterior
descending artery. Curved multiplanar reformatted CT images and
transverse sections of the coronary artery illustrating the method used
to draw a ROI in the native coronary vessel (a) and in the proximal

visible stent lumens (proximal, middle, distal) were deter-
mined, and mean diameters and values at three different
levels were calculated (Fig. 2b, c¢). These mean diameters
and attenuation values were representative of in-stent di-
ameter and attenuation values inside stent lumens. These
measurements were performed on the plane perpendicular
to the long axis of the vessel using a zoomed field of view.
ROIs were drawn as large as possible, while carefully
avoiding stent struts and calcifications. To assess the at-
tenuation effects of metallic stent struts on luminal dis-
plays, stent lumen attenuation increase ratios (SAIR) were
calculated using the following equation: SAIR = (in-stent
attenuation-coronary lumen attenuation)/coronary lumen
attenuation [14, 15]. A higher value represents the greater
blooming effect of metallic stent struts and poorer image
quality. To quantify the blooming effects of metallic stent
struts, artificial lumen narrowing (ALN) was calculated
using the following equation: ANL = (nominal stent di-
ameter-measured lumen diameter)/nominal stent diameter
[16]. A higher value represents the greater attenuation ef-
fect of metallic stent struts on luminal display and poorer
image quality.

Estimation of radiation dose
Values of volume CT dose index (CTDI,,) and dose-
length product (DLP) were obtained from scan protocols.

Effective radiation doses associated with CT examinations
were calculated by multiplying the DLP by the chest-
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portion of the coronary stent lumen (b), as well as the method used to
measure stent diameters in the proximal portion of coronary stents (c).
ROI region of interest

specific conversion coefficient (k = 0.014 mSv mGy ™'

ecm™ Y [17].
Statistical analysis

Statistical analyses were performed using PASW (IBM SPSS
Statistics 18 for Windows, Chicago, IL, USA). Means and
SDs were calculated for all continuous variables and per-
centages were calculated for all categorical variables. To
determine interobserver levels of agreement for qualitative
image quality assessments, Kappa statistics were used.
Levels of agreement were defined as fair (x = 0.21-0.40),
moderate (x = 0.41-0.60), good (x = 0.61-0.80), or ex-
cellent (x = 0.81-1.00). To determine interobserver levels
of reliability for attenuation measurements, in-stent di-
ameters or image noise levels were evaluated using intra-
class correlation coefficients (ICC), where ICC < 0.4 rep-
resented poor reliability, ICC between 0.4 and 0.75 repre-
sented fair-to-good reliability, and ICC > 0.75 represented
excellent reliability. The Shapiro—Wilk test was used to test
for normality. Continuous variables were compared using
one-way analysis of variance (ANOVA) with Bonferroni’s
correction for normally distributed data. The Kruskal-Wallis
test with a Mann—Whitney U test used for ordinal data such
as qualitative image quality or non-normally distributed data.
Categorical variables were compared using Chi squared
statistics. Differences between qualitative image qualities by
stent diameter or stent location were compared with Mann—
Whitney U tests. Differences between quantitative image
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qualities by stent diameter or stent location were compared
with Student’s ¢ test. Probability values of <0.05 were con-
sidered statistically significant.

Results
Patients

Patient demographics and stent characteristics in the three
scanning protocol groups are shown in Tables 1 and 2.
Two of 53 patients (4 %) had undergone coronary stents
implantation for the management of ischemic cardiomy-
opathy. Thirty-one of 53 patients (58 %) already treated
with oral B-blocker (bisoprolol fumarate 5 mg once daily).
And 4 of 53 patients (8 %) with a HR of >65 beats/min
received 50 mg of oral B-blocker 1 h before CT ex-
amination. In the 53 patients, a total of 101 stents were
examined, including stents in the left anterior descending
artery (LAD; n = 52), the left circumflex artery (LCX;
n = 17), and the right coronary artery (RCA; n = 32).
Each stent was considered independently. Twenty-three
patients had one stent, 19 patients had two stents, seven
patients had three stents, two patients had four stents, one
patient had five stents, and one patient had six stents. Three
patients had chest pain, and 50 patients had no symptoms.
The mean period of time between stent implantation and
CT scanning was 24.7 months (range 0—110 months). The
three protocol groups were similar in terms of patient
gender, age, body mass index (BMI), HR and HR vari-
ability, stent location, stent length, stent diameter and stent
thickness.

Image quality

Qualitative image quality results are shown in Fig. 3. The
interobserver level of agreement for qualitative image

Table 1 Baseline patient characteristics

quality was excellent (x = 0.85). Qualitative image quality
results were similar for the three protocol groups (Kruskal—
Wallis test; P = 0.953); mean values were 1.8, 1.9, and
1.8, respectively. No significant difference was found be-
tween the three protocol groups for the number of non-
evaluable stents (Chi squared test; P = 0.345). In the 100
kVp P-CCTA group, 96 % (27/28) of stents had acceptable
image qualities <3. A stent in the RCA, specifically a 3.5-
mm Vision stent (Guidant, Santa Clara, CA, USA), was
given a score of 4 because of the presence of beam hard-
ening artifacts with motion artifacts. For the 100 kVp
R-CCTA protocol group, 90 % (35/39) of stents were ac-
ceptable. Two stents in the LCX and two in the RCA had
unacceptable image quality due to blooming artifacts for
small stents of 2.75 and 2.5 mm (n = 2, LCX) or blooming
artifacts with motion artifacts (n = 2, RCA). For the 120
kVp P-CCTA protocol group, 97 % (33/34) of stents were
acceptable. A 3-mm stent in the LAD (Cypher, Cordis,
Miami, FL, USA) was given a score of 4 because of beam
hardening artifacts.

The quantitative image quality results are shown in
Table 3. An excellent level of interobserver reliability was
observed between the two readers for the measurement of
in-stent attenuation (ICC = 0.98; 95 % confidence interval
0.97-0.99) and coronary lumen attenuation (ICC = 0.91;
95 % confidence interval 0.87-0.94). In-stent attenuation
and coronary lumen attenuation in the 100 kVp group were
significantly higher than in the 120 kVp group (Kruskal-
Wallis test with a Mann—Whitney U test for in-stent at-
tenuation, ANOVA with Bonferroni’s correction for coro-
nary lumen attenuation; all Ps < 0.001, Fig. 4a, b). SAIRs
were similar for the three protocol groups (Kruskal-Wallis
test; P = 0.980). Excellent interobserver reliability was
obtained between the two readers for in-stent diameter
measurements (ICC = 0.99; 95 % confidence interval
0.98-0.99). ALN was significantly lower in the 100 kVp
P-CCTA group than in the 100 kVp R-CCTA group

Clinical data 100 kVp P-CCTA (n = 17)

100 kVp R-CCTA (n = 18) 120 kVp P-CCTA (n = 18)

Gender

No. of females 6

No. of males 11
Age (year)® 63.7 £ 112
BMI (kg/m?)? 24.0 + 2.5
HR during scan (bpm)* 56.2 £ 6.5
HR variability® 5.1+ 8.1

5 4

13 14

59.7 £ 8.7 60.4 £+ 10.0
24.6 £ 2.6 248 £ 2.4
59.8 £9.2 572 £5.6
29+24 3.0+22

bpm beats per minute, BMI body mass index, HR heart rate, No. number, P-CCTA prospective ECG-triggered coronary CT angiography, R-CCTA

retrospective ECG-triggered coronary CT angiography
* Results are means =+ standard deviations
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Table 2 Stent types, lengths, diameters, and strut thicknesses

Stent characteristics 100 kVp P-CCTA (n = 28) 100 kVp R-CCTA (n = 39) 120 kVp P-CCTA (n = 34) P value
Type [n (%)]

Biomatrix 1(3) 0 (0) 0 (0)

Cypher 310D 0 (0) 2 (6)

Driver 2 (7) 0 (0) 1(3)

Endeavor 7 (25) 15 (38) 309

Promus 3(11) 9 (23) 9 (26)

Taxus Liberté 9 (32) 9 (23) 15 (44)

MULTI-LINK vision 14) 1) 2 (6)

XIENCE V 2 (7) 5(13) 2 (6)
Stent location [n (%)] 0.075

LAD 15 (54) 14 (36) 23 (67)

LCX 5 (18) 7 (18) 5 (15)

RCA 8 (29) 18 (46) 6 (18)
Length (mm)* 25.70 £ 7.38 25.86 £+ 6.33 25.80 + 7.76 0.941
Diameter (mm)?* 3.04 + 0.51 3.00 + 0.40 3.07 &£ 0.50 0.722
Strut thickness (mm)? 0.11 + 0.02 0.10 4 0.02 0.11 + 0.03 0.102

LAD left anterior descending artery, LCX left circumflex artery, N number, P-CCTA prospective ECG-triggered coronary CT angiography, RCA
right coronary artery, R-CCTA retrospective ECG-triggered coronary CT angiography

% Results are means = standard deviations

Fig. 3 Qualitative image
qualities evaluated using a four-

100%

point scoring system for the
three scan protocols. Numbers
on columns represent patient
percentages. Qualitative image
quality results were similar for
the three protocol groups
(Kruskal-Wallis test;

P = 0.953). P-CCTA
prospective ECG-triggered
coronary CT angiography, R-
CCTA retrospective ECG-
triggered coronary CT
angiography
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Table 3 Quantitative image qualities in the three study groups

100 kVp R-CCTA (n = 35) 120 kVp P-CCTA (n = 33) P value

Parameters 100 kVp P-CCTA (n = 27)
Coronary lumen attenuation (HU)  474.1 £ 44.9
In-stent attenuation (HU) 543.3 + 66.5
SAIR 0.16 + 0.11
ALN 0.29 + 0.11

470.9 &+ 89.5
549.6 £ 79.3
0.19 £ 0.17
0.36 £ 0.10

356.2 + 57.2 <0.001
409.6 = 57.3 <0.001
0.16 £ 0.12 0.980
0.29 £ 0.07 0.004

Results are means + standard deviations

ALN artificial luminal narrowing, HU Hounsfield unit, P-CCTA prospective ECG-triggered coronary CT angiography, R-CCTA retrospective

ECG-triggered coronary CT angiography, SAIR stent lumen attenuation increase ratio

700 f P<0.001
P<0.001 ' P<0.001

[

o

o
1

a

o

o
1

S

o

o
1

300 1 -

Coronary lummen attenuation (HU) &

200

T

T T
100 kVp P-CCTA 100 kVp R-CCTA 120 kVp P-CCTA
Protocols

T

700 -

600 A

500 -

400

In-stent attenuation (HU)

300 4

200 -

P<0.001 _— p<0001

0.60 | ' P=0.007 ' P=0.022
0.50
0.40

0.30

0.20 +

ALN

0.10 +

T T T
100 kVp P-CCTA 100 kVp R-CCTA 120 kVp P-CCTA

Protocols

Fig. 4 Quantitative image quality parameters for each scan protocol.
a Coronary lumen attenuations for 100 kVp protocols were
significantly greater than coronary lumen attenuations for the 120
kVp P-CCTA protocol. b In-stent attenuations for the 100 kVp
protocols were higher than in-stent attenuations for the 120 kVp
P-CCTA protocol. ¢ ALN for 100 kVp R-CCTA was significantly

higher than ALN for the other two protocols. However, ALN values
for 100 kVp P-CCTA and 120 kVp P-CCTA were similar. ANL
artificial luminal narrowing, P-CCTA prospective ECG-triggered
coronary CT angiography, R-CCTA retrospective ECG-triggered

100 kVp P-CCTA 100 kVp R-CCTA 120 kVp P-CCTA
Protocols

coronary CT angiography
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(ANOVA with Bonferroni’s correction; P = 0.007,
Fig. 4c). Excellent interobserver reliability was obtained
for the measurement of aortic image noise (ICC = 0.99;
95 % confidence interval 0.99-0.99). Mean values of aortic
image noise were 52.8 £ 11.1 HU for the 100 kVp
P-CCTA group, 68.8 + 15.2 HU for the 100 kVp R-CCTA
group, and 46.7 £ 9.3 HU for the 120 kVp P-CCTA group.
Image noise in the 100 kVp R-CCTA group was sig-
nificantly greater than in the 100 kVp P-CCTA and 120
kVp P-CCTA groups (Kruskal-Wallis test with a Mann—
Whitney U test; all Ps < 0.001).

In this study, we included stents with diameters of
<3 mm (100 kVp P-CCTA, n = 11; 100 kVp R-CCTA,
n = 19; 120 kVp P-CCTA, n = 14). The qualitative im-
age quality results show the mean image quality scores of
the stents with diameters of <3 mm were significantly
higher than those of the stents with diameters of >3 mm
in the 100 kVp-CCTA groups (Mann—Whitney U tests;
100 kVp P-CCTA: 2.2 +£ 0.8, 1.5 £ 0.8, P = 0.021; 100
kVp R-CCTA: 23 £ 1.1, 1.6 £ 0.9, P = 0.030). How-
ever, quantitative image quality results of the stents with
diameters of <3 mm were not significantly different than
those of the stents with diameters of >3 mm in the 3
groups (Table 4). ALN of 100 kVp R-CCTA was higher
than that of 100 kVp P-CCTA in the subgroup of the
stents diameter >3 mm (one-way ANOVA with Bonfer-
roni’s correction; P = 0.020). Other qualitative and
quantitative image quality results were not significantly

different between the 3 groups in the subgroup of the
stents diameter <3 mm and the subgroup of the stents
diameter >3 mm. In this study, we included 48 stents
located in the proximal segments (100 kVp P-CCTA,
n = 15; 100 kVp R-CCTA, n = 17; 120 kVp P-CCTA,
n = 16). Proximal segments include left main coronary
artery, proximal LAD, proximal RCA and proximal LCX.
Quantitative and qualitative image quality of proximal
segments was not significantly different from that of distal
segments in each 3 groups (Table 5). Also, Quantitative
and qualitative image quality was not significantly dif-
ferent between the 3 groups in the subgroup of proximal
or distal segments.

Radiation dose

Values of CTDI,,, DLP, and effective doses for each
protocol group are presented in Table 6. The effective dose
of the 100 kVp P-CCTA group was significantly lower than
the effective doses for the other protocol groups (Kruskal—
Wallis test with a Mann—Whitney U test; all Ps < 0.001).
The reduction in voltage from 120 to 100 kVp reduced the
effective radiation dose by ~28 %. In addition, CTDI,,
and DLP values in the 100 kVp P-CCTA group were sig-
nificantly lower than these values in the other groups
(Kruskal-Wallis test with a Mann—Whitney U test;
CTDI,; of 100 kVp R-CCTA vs. 120 kVp P-CCTA: 0.005,
others all Ps < 0.001).

Table 4 Comparison of image
quality according to stent

100 kVp P-CCTA 100 kVp R-CCTA 120 kVp P-CCTA

diameter in the three groups Qualitative image quality

Stents diameter < 3 mm
Stents diameters > 3 mm
P value®
Quantitative image quality
SAIR
Stents diameter < 3 mm
Stents diameters > 3 mm
P value®
ALN
Stents diameter < 3 mm
Stents diameters > 3 mm

P value®

22408 23+ 1.1 1.9 £+ 0.6
1.5+ 0.8 1.6 £ 0.9 1.7+ 09
0.021" 0.030" 0.214

0.16 + 0.12 0.18 + 0.14 0.19 £ 0.17
0.17 £ 0.11 0.20 + 0.19 0.16 + 0.11
0.939 0.747 0.581

0.33 + 0.14 0.38 + 0.89 0.31 + 0.09
0.26 £+ 0.08° " 034 +£0.11¢" 0.29 + 0.06
0.259 0.253 0.680

Results are means + standard deviations

ALN artificial luminal narrowing, P-CCTA prospective ECG-triggered coronary CT angiography, R-CCTA
retrospective ECG-triggered coronary CT angiography, SAIR stent lumen attenuation increase ratio

? Mann-Whitney U test
® Student’s 7 test

¢ One-way ANOVA with Bonferroni’s correction

* P < 0.05
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Table 5 Comparison of image

. . Protocol
quality according to stent

100 kVp P-CCTA

100 kVp R-CCTA 120 kVp P-CCTA

location in the three groups Qualitative image quality

Proximal segment 1.9 £0.7 22+£12 1.6 £0.7

Distal segment 1.7£1.0 1.6 £09 20+£0.8

P value* 0.440 0.292 0.109

Quantitative image quality

SAIR
Proximal segment 0.12 £ 0.10 0.19 £ 0.18 0.15 £ 0.11
Distal segment 0.20 £ 0.11 0.18 £ 0.17 0.19 £ 0.15
P value® 0.056 0.837 0.467

ALN
Proximal segment 0.26 £ 0.11 0.33 £ 0.11 0.28 £ 0.08
Distal segment 0.31 £0.10 0.38 £ 0.09 0.32 £ 0.06
P value® 0.235 0.163 0.093

Proximal segments include left main coronary artery, proximal left anterior descending artery, left cir-
cumflex coronary artery, and right coronary artery. Results are means + standard deviations

ALN artificial luminal narrowing, P-CCTA prospective ECG-triggered coronary CT angiography, R-CCTA
retrospective ECG-triggered coronary CT angiography, SAIR stent lumen attenuation increase ratio

# Mann-Whitney U test
b Student’s 7 test

Table 6 Radiation doses in the three study groups

Parameters 100 kVp P-CCTA (n = 17) 100 kVp R-CCTA (n = 18) 120 kVp P-CCTA (n = 18) P value
CTDI,,; (mGy) 173 + 1.8 293 £ 3.0 245+ 59 <0.001
DLP (mGycm) 237.6 £ 29.2 476.3 £ 69.3 327.8 + 87.2 <0.001
Effective dose (mSv) 33+04 6.7 £ 1.0 46 £ 1.2 <0.001

Results are means & standard deviations

P-CCTA prospective ECG-triggered coronary CT angiography, R-CCTA retrospective ECG-triggered coronary CT angiography

Discussion

The main finding of this study is that HDCT of coronary
stents using prospective triggering and 100 kVp sig-
nificantly reduces the effective radiation dosage with
similar image quality measures as 120 kVp P-CCTA
imaging. In addition, our results show that 100 kVp
R-CCTA did not improve quantitative image quality de-
spite greater radiation exposure over the image qualities of
100 kVp P-CCTA and 120 kVp P-CCTA. No consensus
has been reached regarding the optimal tube voltage for
coronary stent imaging, although 120 kVp is typically
used. However, the present study does show that 100 kVp
P-CCTA may be advantageous in terms of lowering the
requisite radiation dose for evaluating coronary stents
while maintaining qualitative and quantitative image qua-
lities. At this point, no studies have compared the image
quality between 100 kVp HDCT and 120 kVp HDCT in the
patients with coronary stents.

CCTA imaging of coronary artery stents has evolved as
a noninvasive and reliable tool for the diagnostic workup of
patients after coronary revascularization therapy. However,
the presence of blooming artifacts from stent struts, which
are mainly caused by partial volume averaging and beam
hardening, limit effective evaluation of stent lumens. In
fact, previous studies have reported that stent lumens
cannot be assessed in 7.3-42 % of images because of
blooming artifacts [12, 18-23]. High tube voltage imaging
can be used to mitigate this problem, because higher tube
voltages reduce the presence of blooming artifacts by im-
proving beam penetration [2]. However, high radiation
exposure among patients increases the risks of severe ad-
verse effects such as carcinogenesis. In the present study,
no significant differences were observed between the 100
kVp P-CCTA and 120 kVp P-CCTA groups in terms of
SAIR or ALN, the latter of which represents blooming
artifacts. The results of the present study are similar to the
results of an earlier phantom study conducted with
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coronary stents of diameters <3 mm [24]. In this earlier
study, no significant difference was observed between
HDCT 100 kVp and 120 kVp datasets in terms of ALN and
artificial attenuation [24]. However, Horiguchi et al. [25]
reported that 140 kVp P-CCTA provides better coronary
in-stent visibility than 120 kVp P-CCTA, 120 kVp
R-CCTA, and 140 kVp R-CCTA, even though no sig-
nificant differences in quantitative image quality (e.g., in
ALN and SAIR) were observed between 140 and 120 kVp
groups therein [25].

Even though no significant differences were observed
between SAIR values or qualitative imaging qualities in the
present study, ALN in the 100 kVp P-CCTA group was
significantly lower than ALN in the 100 kVp R-CCTA
group. The results of the present study correspond to the
results of an earlier phantom study that reports that ALN in
a prospective axial group was lower than ALN in a retro-
spective helical group. Furthermore, no significant differ-
ence in the increase of artificial attenuation was observed
between the two groups [24]. A potential explanation for
the reduction of artifacts observed in the prospective group
is that additional artifacts occurred in the retrospective
helical group due to the helical interpolation and recon-
struction process [26].

In addition to lower radiation doses, the use of a lower
voltage setting for coronary stent imaging enhances iodine-
induced contrast. In the present study, coronary lumen at-
tenuation and in-stent attenuation at 100 kVp P-CCTA
were significantly greater (33.7, 32.6 %, respectively) than
at 120 kVp P-CCTA. Improvements in attenuation levels
are possible using energy levels approximating the K edge
of iodine, which occurs at 33.2 keV [27]. The use of a
lower kVp protocol means using an energy level that is
closer to the optimal energy level for iodine attenuation,
and increasing the signal response from vessel-distributed
iodine (i.e., from a mean photon energy level of 66 keV at
120 kVp-60 keV at 100 kVp) [27, 28].

In this study, mean image noise for 100 kVp P-CCTA
tends to be higher than image noise for 120 kVp P-CCTA
without significant difference (P = 1.0). Indeed, the
imaging noise of CCTA at 100 kVp could be lowered by
using adaptive statistical iterative reconstruction (ASIR). A
study by Gebhard et al. [12] reports that HDCT using 40
and 60 % ASIR improves intra-stent diameter and area
visualization and image quality relative to filtered back
projection. However, ASIR was not used in the present
study. Thus, further studies on 100 kVp CCTA with ASIR
are needed.

Several limitations of the present study require consid-
eration. First, the study was conducted at a single center
with a relatively small number of patients, and does not
assess the diagnostic accuracy of in-stent restenosis.
Although image quality in the 100 kV P-CCTA group is
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superior to the image quality in the other groups, the
contrast between the coronary artery lumen and the wall
may influence the degree of stenotic judgment in patients
with in-stent restenosis. Thus, larger-scale, multicenter,
prospective studies to evaluate image quality and diag-
nostic accuracy of 100 kVp P-CCTA for coronary stents
are needed. Second, our study has some selection bias. In
this study, patients with a gold-coated stent as well as with
significant in-stent restenosis were excluded because the
visibility of the stent lumen is strongly influenced by stent
material and diameter and strut thickness. Third, iterative
reconstruction was not used for 100 kVp CCTA, even
though this technique is known to improve imaging quality
by reducing imaging noise [17]. Because 100 kVp P-CCTA
without iterative reconstruction had image qualities similar
to 120 kVp CCTA in the present study, 100 kVp P-CCTA
with iterative reconstruction may provide superior image
quality and reduce noise. Finally, almost all the patients
(52/53) included in this study were non-obese Asian pa-
tients (BMI range 20.5-31.0 kg/m?). Because image noise
increases with body weight, low tube voltage scanning is
recommended for non-obese patients (BMI < 30) [29].
Therefore, further research on the image quality of 100
kVp P-CCTA in obese patients would facilitate a more
comprehensive understanding.

In conclusion, 100 kVp P-CCTA reduces radiation doses
for patients while maintaining image quality in comparison
to 100 kVp R-CCTA and 120 kVp P-CCTA for effectively
evaluating coronary stents. Therefore, it is conceivable that
100 kVp P-CCTA may be a useful approach for coronary
stents evaluation in non-obese patients with nonspecific
chest pain.
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