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Abstract The purpose of this study was to explore the
feasibility of subtraction coronary computed tomography
angiography (CCTA) by second-generation 320-detector
row CT in patients with severe coronary artery calcification
using invasive coronary angiography (ICA) as the gold
standard. This study was approved by the institutional
board, and all subjects provided written consent. Twenty
patients with calcium scores of >400 underwent conven-
tional CCTA and subtraction CCTA followed by ICA. A
total of 82 segments were evaluated for image quality using
a 4-point scale and the presence of significant (>50 %)
luminal stenosis by two independent readers. The average
image quality was 2.3 £ 0.8 with conventional CCTA and
3.2 + 0.6 with subtraction CCTA (P < 0.001). The per-
centage of segments with non-diagnostic image quality was
43.9 % on conventional CCTA versus 8.5 % on subtraction
CCTA (P = 0.004). The segment-based diagnostic accu-
racy for detecting significant stenosis according to ICA
revealed an area under the receiver operating character-
istics curve of 0.824 (95 % confidence interval [CI],
0.750-0.899) for conventional CCTA and 0.936 (95 % CI
0.889-0.936) for subtraction CCTA (P = 0.001). The
sensitivity, specificity, positive predictive value, and
negative predictive value for conventional CCTA were
88.2, 62.5, 62.5, and 88.2 %, respectively, and for
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subtraction CCTA they were 94.1, 85.4, 82.1, and 95.3 %,
respectively. As compared to conventional, subtraction
CCTA using a second-generation 320-detector row CT
showed improvement in diagnostic accuracy at segment
base analysis in patients with severe calcifications.
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Introduction

One of the major problems in coronary computed tomog-
raphy angiography (CCTA) is the presence of severe cal-
cification in the coronary arteries, which may interfere with
assessment of the lumen. Severe calcification frequently
reduces diagnostic accuracy and may even make it im-
possible to evaluate some arteries for the presence of
stenosis [1-4].

On the other hand, we reported subtraction CCTA for such
calcifications using first-generation 320-detector row CT. In
subtraction CCTA, calcifications in the coronary arteries
were eliminated by subtracting precontrast CT image data
from contrast-enhanced CCTA image data [5-7].

Recently, a second-generation 320-detector row CT has
been introduced. The gantry rotation time for a new sec-
ond-generation scanner is faster than that of the first-gen-
eration scanner (275 vs. 350 ms), which may contribute to
the improvement of temporal resolution.

The objective of this study was to assess the feasibility
of subtraction CCTA by the second-generation 320-detec-
tor row scanner in patients with high calcium scores. We
evaluated the ability of subtraction CCTA to improve
calcified segment interpretation compared to conventional
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CCTA, using invasive coronary angiography (ICA) as the
gold standard.

Materials and methods
Patient population

Twenty patients with suspected or known coronary artery
disease and a coronary calcium score >400 (Agatston
score) were prospectively enrolled from August 2012 in
this study. All patients were clinically referred for CCTA
and followed by ICA. Exclusion criteria were known
allergy to iodinated contrast media, estimated glomerular
filtration rate of <45 ml/min/1.73 mz, arrhythmia, previous
cardiac surgery, coronary intervention within the past
6 months, evidence of acute coronary syndrome, heart
failure of New York Heart Association functional class III
or IV, aortic stenosis, intolerance to beta-blockers, body
mass index >40 kg/m?, and inability to perform a 20—40 s
breath-hold.

This study was approved by the institutional review
board, and all patients gave written informed consent.

Invasive coronary angiography (ICA)

Clinically-indicated ICA was performed using the standard
technique within 60 days after CCTA using the standard
technique. The procedure was performed with a 4-F
catheter. Quantitative coronary analysis (QCA) was per-
formed by an observer with more than 15 years of
experience using a software program (XA version 7.1,
Medis Medical Imaging System, Leiden, The Netherlands).
QCA was performed in coronary segments that exceeded
20 % luminal stenosis on visual assessment. Significant
stenosis was defined as >50 % luminal reduction of the
maximum stenosis.

Coronary CT angiography (CCTA)

Patients underwent axial imaging with a second-genera-
tion, 320 x 0.5-mm detector row CT scanner (Aquilion
ONE ViSION Edition; Toshiba Medical Systems, Otawara,
Japan) with a gantry rotation time of 275 ms. Images were
reconstructed with a 512 x 512 matrix, 0.5-mm-thickness
by using kernel FC44, iterative reconstruction (Adaptive
Iterative Dose Reduction 3D, AIDR 3D, Toshiba Medical
Systems) standard.

Patients with a heart rate greater than 75 bpm received
intravenous beta-blockers (Landiolol Hydrochloride) at a
rate of 0.125 mg/kg (maximum, 12.5 mg).

The imaging technique for CCTA has been reported
previously [7]. In brief, the coronary calcium scoring scan
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was performed, and coronary calcium was calculated im-
mediately on the console using the Agatston method [8].
Patients with a coronary calcium score >400 underwent
subtraction CCTA. The subtraction CCTA protocol con-
sisted of two CCTA scans, one precontrast and one con-
trast-enhanced scan, at identical settings. The contrast-
enhanced scan was obtained immediately after the pre-
contrast scan in a single breath-hold of 2040 s.

The contrast-enhance scan was performed with io-
dinated contrast (iohexol 350, Daiichi Sankyo Company,
Tokyo, Japan) injected intravenously at a rate of
0.07 x body weight (BW) ml/s in 10 s, followed by a
30 ml saline chaser bolus. To determine the scan start time,
a test bolus technique of 0.07 x BW x 3 ml, followed by
a saline chaser bolus of BW x 0.25 ml, was used. The
coverage of both the precontrast and postcontrast scan was
up to 16 cm. The tube voltage was 120 kV, and the target
noise for the tube current was set at 28 Hounsfield units.
All patients were imaged with prospective ECG-gating.
The acquisition phase window (padding) was 65-80 %.

The effective radiation dose was estimated based on the
dose-length product (DLP, mGy x cm) using the formula
effective  radiation dose = DLP x k, where k=
0.014 mSv x mGy ' x em™".

Subtraction method

The subtraction technique was also reported previously [7].
Subtraction was performed using a dedicated algorithm
“volumetric CT digital subtraction angiography” [9]. The
subtraction images were obtained by subtracting the pre-
contrast images from the contrast-enhanced images. In the
first step, a global non-rigid registration was performed. In
the next step, a local rigid registration for the targeted
coronary segment was followed. As a result, the obtained
subtraction images were only images of the targeted seg-
ments with calcification.

Image evaluation

The acquired conventional CCTA images and subtraction
CCTA images were transferred to a workstation (Zio
MO900; Ziosoft, Tokyo, Japan) to generate a curved planar
reformation (CPR) image and cross-sectional images. With
regard to subtraction CCTA, these images were obtained
only for the target artery or the segment with severe cal-
cification. Severe calcification was defined as more than
one quadrant calcification on a cross-sectional image of
conventional CCTA.

First, the conventional CCTA images were evaluated for
image quality and the presence of significant stenosis, de-
fined as >50 % luminal narrowing. Two experienced
observers with more than 10 years of experience performed
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the evaluation. They were blinded to the results of ICA but
aware of the clinical history of the patients. Discrepancies
were settled by consensus.

Axial slices, CPR images, and cross-sectional images
were used for evaluation. Cross-sectional images were used
for caliper measurements. The coronary arteries were di-
vided into 17 segments according to the American Heart
Association classification. Only segments with severe cal-
cification were evaluated. Consequently, the same seg-
ments were evaluated on subtraction CCTA.

Image quality was evaluated using a 4-point scale
method [10] on conventional CCTA images. Each segment
was graded as (1) uninterpretable; evaluation not possible,
(2) poor; severe artifacts limiting adequate evaluation of
the segment (low reader confidence), (3) moderate; some
artifact present, but interpretation possible (moderate
reader confidence), or (4) good; good image quality with-
out artifact (high reader confidence). Scores of 1 or 2 were
considered to reflect non-diagnostic quality. The pres-
ence of significant stenosis (>50 % stenosis) was also
determined.

The same observers performed an analysis of the sub-
traction CCTA images. In this process, both subtraction
CCTA images and conventional CCTA images were used
to allow the subtraction CCTA images to be verified with
the original contrast enhanced images. Image quality and
the presence of significant stenosis were assessed as de-
scribed above.

Data and statistical analysis

We evaluated the data on a segment level. Segments with a
coronary stent were excluded. The average image quality
scores between conventional CCTA and subtraction CCTA
were compared using a paired ¢ test. The diagnostic image
quality versus non-diagnostic image quality frequencies
were compared using a McNemar’s test. Interobserver
agreement was assessed based on the proportion of
agreement and the value of the kappa coefficient.

Heart rate between the precontrast scan and contrast-
enhanced scan was compared using a paired ¢ test

The conventional CCTA and subtraction CCTA diag-
nostic accuracies (sensitivity, specificity, positive pre-
dictive value, negative predictive value) for detecting
significant stenosis (>50 %) were assessed. ICA graded
with QCA was used as the gold standard. To assess diag-
nostic accuracy, the area under the curve (AUC) of the
receiver operating characteristic (ROC) was calculated for
both conventional CCTA and subtraction CCTA. The ROC
analysis was performed using R version 3.0.1 (The R
Foundation for Statistical Computing) and pROC version
1.7.3 [11]. The Venkatraman method was used for com-
parison of the two ROC curves. The statistical analysis,

except ROC analyses, was performed using PASW Sta-
tistics 21 (SPSS, Inc) for Microsoft Windows.
All statistical analyses were done with a 95 % CIL.

Results

All 20 patients underwent both subtraction CCTA and ICA
successfully. Patient characteristics of these 20 patients are
specified in Table 1. The average coronary calcium score
was 938 £ 640. Six patients (30 %) received intravenous
beta blockers for heart rate control. Heart rate during the
precontrast scan was 58.1 £ 5.8 beats/min (range, 50-69
beats/min). Heart rate during the contrast-enhanced scan
was 57.7 £ 6.2 beats/min (range, 46—69 beats/min). There

Table 1 Patient characteristics (n = 20)

Characteristics Values
Age (years)
Mean + SD 71 £ 7.1
Range 61-85
Sex (n)
Male 17 (85 %)
Female 3 (15 %)
Body mass index (kg/mz)
Mean + SD 23.8 £33
Range 18.1-31.1
Coronary risk factors (r)
Hypertension 15 (75 %)
Diabetes 8 (40 %)
Hypercholesterolemia 13 (65 %)
Smoking 7 (35 %)
Previous myocardial infarction 3 (15 %)
Previous PCI 2 (10 %)
Coronary calcium score
Mean + SD 938 + 640
Range 401-3196
Median 687.5
Interquartile range 601.0-1132.5
HR at precontrast scan (bpm)
Mean + SD 58.1 £58
Range 50-69
HR at contrast-enhanced scan (bpm)
Mean + SD 577+ 6.2
Range 46-69
Estimated effective radiation dose (mSv) (sum of
precontrast and contrast-enhanced scans)
Mean £ SD 3.20 £+ 1.80
Range 1.16-8.80

HR heart rate, PCI percutaneous coronary intervention, SD standard
deviation
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was no significant difference in heart rate between the
precontrast scan and contrast-enhanced scan (P = 0.856).
The number of selected detector rows was 280 rows in 3
cases, 256 rows in 4 cases, 240 rows in 10 cases, 200 rows
in 1 case, and 120 rows in two cases. The average tube
current was 260.5 = 13.3 mA (range, 120-350 mA). The
estimated effective radiation dose of subtraction CCTA
(summation of precontrast and contrast-enhanced scan)
was 3.20 £ 1.80 mSv (range, 1.16-8.80 mSv). A total of
82 calcified segments were evaluated. ICA revealed sig-
nificant stenosis in 13 patients (65 %). Significant stenosis
was observed in 34 of 82 (41 %) evaluated calcified seg-
ments. The median interval between CCTA and ICA was
31.3 £ 12.6 days (range, 3—49 days).

Conventional CCTA

The average image quality of conventional CCTA in all
segments was 2.3 + 0.8 (Table 2). The inter-observer
kappa score for image quality score was 0.917. The AUC
for conventional CCTA was 0.824 (95 % CI 0.750-0.899)
for diagnosis of a segment with stenosis of >50 % as
assessed by QCA (Fig. 1). Segmental sensitivity, specifi-
city, positive predictive value, negative predictive value,
and accuracy were 88.2, 62.5, 62.5, 88.2, and 73.2 %,
respectively (Table 3).

Subtraction CCTA

The average image quality of subtraction CCTA in all
segments was 3.2 £+ 0.6 (Table 2), which is significantly
higher than conventional CCTA (P < 0.001). Image qual-
ity was reduced by mis-registration artifact in all affected
segments. The inter-observer kappa score for image quality
score was 0.870. The AUC for the diagnosis of a segment
with stenosis of >50 % as assessed by QCA (Fig. 1) was
0.936 (95 % CI 0.889-0.983), which was significantly
higher than for conventional CCTA (P = 0.001). Sensi-
tivity, specificity, positive predictive value, negative pre-
dictive value, and accuracy were 94.1, 85.4, 82.1, 95.3 and
89.0 %, respectively (Table 3). Moreover, the percentage
of segments with non-diagnostic image quality sig-
nificantly decreased from 43.9 % (36 segments) to 8.5 %

(7 segments) with subtraction CCTA (P = 0.004)
(Table 2). Case examples are provided in Figs. 2 and 3.

Discussion

Subtraction CCTA using a second-generation 320-detector
row CT provided improved diagnostic accuracy over con-
ventional CCTA in patients with severe coronary artery
calcification. This study represents the initial subtraction
CCTA experience using a new second-generation
320-detector row CT system.

One of the major challenges in CCTA is the presence of
severe calcification, which reduces diagnostic accuracy and
may make it impossible to assess luminal stenosis. A
multicenter study evaluating the diagnostic performance of
coronary artery stenosis using a 64-detector CT revealed
that calcium scores > 400 reduced specificity significantly
[1]. A guideline shows that patients with a calcium score
under 400 or equal to 400 are adequate for the decision to
perform CCTA [12]. This is the reason why we enrolled
patients with a calcium score >400 in this study.

Theoretically, calcifications may be eliminated by sub-
tracting precontrast CT image data from contrast-enhanced
CT angiography data. The subtraction requires images to
be acquired at the same location and temporal phase before
and after contrast administration. In 320-detector row CT,
image data up to 16 cm in the z-axis direction can be
acquired in a single rotation, permitting the entire heart to
be scanned during a single heartbeat without moving the
table. We considered that these unique features of the
320-detector row CT might be suitable to perform coronary
artery subtraction. We reported the preliminary results of
subtraction CCTA in patients with severe calcification
using a first-generation 320-detector row CT [7]. In this
study, subtraction CCTA was shown to be feasible,
although not yet ready for clinical use.

Recently, a new second-generation 320-detector row CT
scanner has been introduced. The gantry rotation time is
reduced from 350 to 275 ms, resulting in improved tem-
poral resolution. Accordingly, motion related artifact may
be reduced. Chen et al. [13] showed that significantly better
image quality was achieved by the second-generation

Table 2 Image quality scores
and percentages of diagnostic

versus non-diagnostic image
quality

CCTA coronary computed

Measure Conventional CCTA Subtraction CCTA P value
Image quality
Score (mean + SD) 23 +£0.8 324+ 0.6 <0.001
Inter-observer kappa coefficient 0.917 0.850
Segment percentages
Diagnostic image quality 56.1 % 91.5 % 0.004
Non-diagnostic image quality 439 % 8.5 %

tomography angiography, SD
standard deviation
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Fig. 1 Area under the receiver 2 S —
operating curve characteristics
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invasive coronary angiography
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2
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© Subtraction CTCA Subtraction CTCA | 0.936 |0.889-0.983
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Table 3 Diagnostic accuracy Measure Conventional CCTA Subtraction CCTA
of conventional CCTA and
subtraction CCTA (per segment True positive 30 32
analysis, n = 82) False positive 18 7
True negative 30 41
False negative 4 2
Sensitivity 88.2 % 9.1 %
Specificity 62.5 % 85.4 %
Positive predictive value 62.5 % 82.1 %
Negative predictive value 88.2 % 95.3 %
AUC area under the curve, Accuracy 732 % 89.0 %
CCTA coronary computed AUC (95 % CI) 0.824 (0.750-0.899) 0.936 (0.889-0.936)
tomography angiography, CI Inter-observer kappa coefficient 0.932 0.878

confidence interval

a

Fig. 2 An 81-year-old man with severe coronary artery calcification
(calcium score = 675). a Conventional CCTA. Curved planar
reformation image of the right coronary artery. A nodular calcifica-
tion makes it difficult to assess the lumen (arrowhead). b Subtraction

system compared with the first-generation unit. For cor-
onary artery subtraction, accurate registration between the
two datasets is essential. Motion artifact should be avoided
as much as possible as it may result in potential mis-
registration and image degradation. Therefore, we hypo-
thesized that the higher temporal resolution can contribute
to improved diagnostic performance of subtraction CCTA.

b

CCTA. Curved planar reformation image at the same position as in
a. The calcification is eliminated, and severe stenosis is depicted
(arrowhead). ¢ Invasive coronary angiography. The severe stenosis is
demonstrated in the right coronary artery (arrowhead)

In the present study, the AUC of subtraction CCTA
(0.936) was higher than that of conventional CCTA (0.824)
(P = 0.001). These findings demonstrate that subtraction
CCTA is effective in the diagnosis of significant stenosis in
segments with severe calcifications.

The specificity and positive predictive value of conven-
tional CCTA was low due to the high number of false
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Fig. 3 A 77-year-old man with severe coronary artery calcification
(calcium score = 1612). a Conventional CCTA. Curved planar
reformation image of the left circumflex artery. Severe calcifications
make it difficult to assess the lumen (arrowhead). b Subtraction
CCTA. Curved planar reformation image at the same position as in
a. The severe calcifications are eliminated, and no significant stenosis
is depicted (arrowhead). ¢ Conventional CCTA. A cross-sectional
image of the left circumflex artery at the site of severe calcification.

positive segments. Severe calcifications obscure the patency
of the lumen in conventional CCTA resulting in over-
estimation of the degree of stenosis. On the other hand,
subtraction CCTA allowed the assessment of the lumen in
such lesions by removing severe calcifications. The number
of false positive segments in subtraction CCTA was reduced
from 18 segments to 7 segments. As a result, the specificity
and positive predictive value by subtraction CCTA was
improved over 20 %. In subtraction CCTA using first-gen-
eration 320-detector row CT, an improvement in specificity
and positive predictive value of approximately 10 and 5 %,
respectively, was seen [7]. This is the major difference
between subtraction CCTA using second-generation and
first-generation 320-detector row CT. The image quality
score of subtraction CCTA by second-generation
320-detector row CT (3.2 £ 0.6) showed no remarkable
change compared with that of the first-generation scanner

@ Springer

The semicircular calcification makes it difficult to assess the lumen
(arrowhead). d Subtraction CCTA. A cross-sectional image at the
same position as in c¢. The calcification is eliminated, making it
possible to assess the lumen (arrowhead). e Invasive coronary
angiography (superselective injection to the left circumflex artery due
to the short left main trunk). No significant stenosis is demonstrated in
the left circumflex artery (arrowhead)

(3.1 £ 0.6). The percentage of segments with diagnostic
image quality of subtraction CCTA by second-generation
320-detector row CT (87.3 %) also showed no remarkable
difference as compared with the first-generation 320-detec-
tor scanner (91.5 %).

These results suggest that the second-generation
320-detector row CT allows for the correct diagnosis of sig-
nificant stenosis even more often than first-generation scan-
ners in successfully subtracted segments. Accurate caliber
measurements in subtraction CCTA require images without
misregistration artifacts. Most likely, misregistration artifacts
that may not render a segment uninterpretable but do reduce
image quality to less than excellent (such as image quality
score 3) occur less frequently with second-generation
320-detector row CT than with first-generation scanners.

It is important to minimize the radiation dose in sub-
traction CCTA, because it requires two radiation
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exposures. We used the iterative reconstruction method as
previously reported using the first-generation scanner [7].
We also employed the technique of optimizing the image
range in the z-axis direction. In 320-detector row CT, the
scan range in the z-axis direction can be reduced according
to the size of the patient’s heart in order to minimize the
radiation dose. It is possible to select 280 rows (14 cm),
256 rows (12.8 cm), 240 rows (12 cm), 200 rows (10 cm),
160 rows (8 cm,) or 120 rows (6 cm). Compared with
scanning using the full 320 rows, the radiation dose is
reduced to 12.5, 20, 25, 37.5, 50, and 62.5 %, respectively.
We employed this technique in all cases, and 240 rows
were most frequently (50 %) selected in this study. As a
result, the mean estimated effective radiation dose of
subtraction CCTA, the sum of the precontrast and contrast-
enhancement scan, was 3.20 mSv (range, 1.16-8.80 mSv).
These values are lower than the previously described
experience with first-generation 320-detector row CT
(5.21 mSyv; range, 3.05-10.13 mSv). Setting a tube voltage
of 100 kV is also considered to be an effective method for
reducing radiation dose in 320-detector row CT [13, 14].
However, this method may also be effective in subtraction
CCTA, but we had no experience with this at the time of
data acquisition.

This study has some limitations. The first major limita-
tion of this study is that only a small number of patients
were studied. While the current study shows the feasibility
of subtraction CCTA in segment-based analysis, no patient-
based or vessel-based analysis can be made. Second, image
quality and diagnostic accuracy in this study were not di-
rectly compared with results from the first-generation
320-detector row CT in the same patients. However, it is
very difficult to do two sequential examinations using first-
generation and second-generation scanners in a clinical
setting. Third, the mean coronary calcium score in this study
was only 938. Therefore, further study is needed to explore
the feasibility of subtraction CCTA in patients with very
high calcium scores. Finally, the subtraction algorithm still
needs optimization to reduce misregistration artifact. There
were fewer false positive lesions in subtraction CCTA than
in conventional CCTA, but overestimation still occurred.
Misregistration artifacts frequently caused “pseudo” lumi-
nal narrowing in these cases.

In conclusion, as compared to conventional CCTA,
subtraction CCTA using a second-generation 320-detector
row CT showed improvement in diagnostic accuracy at

segment-based analysis in patients with severe
calcifications.
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