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Figure4. A 63-year-old man with a significant stenosis located in the just proximal portion of the obtuse marginal
branch’on the invasive angiogram (a: arrow). This lesion was diagnosed as >50% steniosis bh the angiographic view
image (b: arrow), but was judged to be <50% stenoses (false negative) with the conyentional methods (¢: arfow) and on

the axial images (d: arrow).

Table 3. Results of Quantitative Coronary Angiography for False-Positive Lesions of Each Viewing Method

Lesions with no severe calcification

Lesions With severe calcification

Mild Trivial No Mild Trivial No Total
Angiographic view image 7 1 Ir 5 3 0 17
Conventional methods 3 1 4 3 0 11
Axial images alone 25 | 4 4 3 0 37
Mild stenosis; 26-50%; trivial stenosis: 1-25% stenoses,
"Muscular bridge.
Results lesion detection by ¢oronary artery segmient. In the com-

Of 208 segments >1.5mm in diameter, 196 segments
were included. Amonyg the 12 segments excluded, 10 Had
stents and 2 were segments with a discontinuous area
because of premature beat, QCA showed significant coro-
nary artery stenoses (i¢, 1 or more stenoses >50%) in 22%
(44/196) of the segments. All coronary segments >1.5mm
in diameter and seen on the axial images were also identi-
fied by the conventional methods and on the AGV image.

Diagnostic Accuracy of Each Viewing Method
Table 1 shows the results of the 3 viewing methods for

Cireulation Joumal Vol 73, April 2009

parison of the AGV image and conventional methods, seri-
sitivity was the same (98%) and there was no significant
difference in accuracy (P>0.05: 91% with AGV image and
04% with conventional methods) (Figure 2). The accuracy
of the AGV image was significantly higher compared with
axial images alone (P<0.05).

False-Negative (FN) Lesions of Each Viewing Method
The location of the FN lesion differed among the viewing
methods (Table 2).
With the AGV image, a FN lesion was located just prox-
imal portion to the left circumflex artery where the vessel
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Figure5. A 73-year-old man with a myocardial bridge in the poster descending branch. The lgsion was judged as >50%
stenosis on the angiographic view (a: arrow). With the conventiopal methods (b) and on the axial images (c), this lesion
(white arrow) seemied to be >50% stenosis, but was judged fo bé a myocardial bridge not a stenotic lesion becanse of
plague, becauss myocardium (black drrows) was seen sumrounding the lesion.

branched out from the mid-portion of the stent (Figure 3).
This may haye been a stent artifact, which appears to
“bloom™ the outer margin of thé stent, hiding lesions in the
just proximal portion from view.

With the conventional methods, a FN lesion was located
in the just proximal portion of the obtuse marginal artery
(Figure 4), This type of lesipn can appear stenotic using
projection methods such as the AG view and QCA, but as
seeri with the conventional methods, it rhay in fact be non-
stenotic. However, if QCA is used as the gold standard, the
result will be an AGV image true-positive and conventional
false-negative.

With the axial images alone, 5 of 6 FN lesions wete
located in the segment running horizontal to the axial
section, and the remaining 1 was the same as the FN lesjon
in the AGV image.

False-Positive (FP) Lesions of Each Viewing Method
The FP lesions for each viewing method varied with the
results of QCA (Table 3). The FP lesions were divided into
2 categories: with and without severe calcification,
Lesions With Severe Calcification The total number
of lesions with severe calcification was 24. On the AGV
image, 5 of the 8 FP lesions with severe calcification were
mild stenoses (26-50%), and 3 were trivial (1-25%). With

the conventional methods and on the axial images alone, 4
of 7 FP lesions were mild steposes and 3 were trivial steno-
ses. The “blooming” artifact of calcificatiom was considered
to cause the overestimation of fnild or trivial stenoses. One
severe caleification of 4 mild stenosis was FP only on the
AGV image, and true-positive with the conventional
methods and the axial images alone.

Lesioris With No Severe Calcification The total number
of lesions with no severe calcification was 172. On the AGV
image, 7 of the 9 FP lesions with no severe calcification
were mild stenoses, 1 was a trivial stenosis, and the other
was a nori-sténosis on QCA, Thus, the main cause of FP
lesions ‘on the AGV image was overestimation of mild
stenoses as >50% stenoses. One trivial-stenotic lesion was
dccompanied by protruding moderate calcification (dccu-
pying less than 50% diameter), thus the blooming artifact
of calcification was considered to cause the overestimation
of trivial stenoses as >50% sienoses on the AGV image.
One non-stenotic lesion on QCA was a myocardial bridge
(Figure 5). This lesion was also viewed as stenotic by the
convéntional methods and on the axial images alone;
However, those methods demonstrated the myocardium
surrounding the vessel, and thus enabled the correct diag-
nosis of myocardial bridge not stenotic lesion because of
plaque.

Cirulation Joumal Vol 73, April 2009
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With the conventional méthods, 3 of the 4 FP lesions
were mild stenoses on QCA, and the other was a trivial
stenosis (same as with the FP lésion on the AGY image ;
the lesion was accompanied by protruding moderate calci-
fication).

On the axial images alone, 25 of the 30 FP lesions were
mild stenoses, | was a trivial stenosis, and 4 were non-ste-
noses on QCA. The numbet (n=30) of FP was much moré
than on the AGV images (n=9) or with the conventional
methods (n=4). This was retrospectively considered to be
related to evaluation of lesions located in the segment
running horizontal to the axial section, and that diffuse
concentric plaque with positive remodeling in all length of
segment is more difficult to determine on axial images
compared with other methods, Among the 30 FP lesions on
the axial images along, 14 were located in the segment
running horizontal to the axial section (horizontal lesion),
and 4 were diffuse concentric plaque with positive remod-
eling in all length of ségment (concentric lesion). Among
the 9 FP lesions on the AGV images, only 1 was a horizon-
tal lesion and 0 with the conventional methods, and no
concentric lesions with either method.

Discussion

- The axial image is the basic clinical reference for detailed
image analysis. However, because of the complex course of
the coronary aftery, interpretation of axial images may be
difficalt and the use of post-processing techniques enablés
investigators (o better undetstand the coniplex coronary
artery anatomy and abpormalities, There have been several
studies of the use of various post-processing methods for CT
CAG and according to their resilts, a combination of varions
viewing methods gives the highest sensitivity, and was used
in most of the studies!®-12 Thus, we compared the diagnostic
accuracy of the AGV image with a combination of various
viewing methods, and also with axial images alone.

We found significant coronary artery stendses were
detected on the AGV image with a sensitivity of 98% and
specificity of 89%, and with 98% and 93%, respectively, by
the conventional methods. Our findings are comparable with
diosgﬁomrﬁecmm.pnﬂsofthemcyoﬁﬂ-xﬁmﬂfur
the detection of coronary artery stenoses (sensitivity: 93—
99%, specificity: 86-97% and NPV 98-99%) analyzed by a
combination of convéntional methods?!3-15 [n the present
study, there was only | FN finding on the AGV image,
which was a very rare lesion located in the just proximal
portion of the left circumflex artery where the vessel
branches out from the mid-portion of the stent, and the sen-
sitivity of the AGV image was the same as that with the
conventional methods. Our results show that the AGV image
is a relinble method of identifying significant stenoses.

The accuracy of the AGV image, as with the conven-
tional methods, was significantly higher compared with the
axial images alone, Cdrrect diagnosis was more difficult
with the axial images than the other viewing methods in the
lesions located in the segment running horizontal to the
axial section. Diffuse concentric plaque with positive
remodeling also has a tendency to be incorrectly viewed as
stenotic on axial images, possibly because the reference
diameter (vessel diameter in non-diseased artery immedi-
ately proxinial to the lesion) of these lesions is not measur-
able on the axial image. For evaluation of these types of
lesions, the post-processing image is better suited, although
this is a pilot study and thus will require further evaluation.

Clirculation Joumal Vol.73, April 2009
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In a previous study, the sensitivity of the axial image
(73.4%) was reported to be superior to virtual angioscopic
(49.1%), VR (43.0%),and MPR images (46.8%) from 4-
section multidetector CT8 It seems that axial images are
less susceptible to motion artifacts, and the poor results
obtained for MPR may have been because strictly orthogo-
nal reformation were obtained only along the centerline of
virtnal endoscope images and, consequently, segments not
captured with VE were also not displayed on the MPRs!¢
The 64-detector row CT decreased the frequency of motion
artifact, and because the post-processing image can be
created in any angle without restrictions, a higher diagnos-
tic accuracy can be expected than with axial images.
Another recent study reported high diagnostic accuracy of
axial images (sensitivity of 89% and specificity of 89% in
assessable arteries and an overall accuracy of 88%) using
16-section multidetector CT!6 This high accuracy may be
related to per-artery analysis, not per-segment analysis as
in our study, and exclusion of side branches from analysis.
The AGV image is a noninvasive overview of all the
coronary arteries and accyrately shows the distribution of
corohary stenoses in 1 set of images that is understandable
by third parties. This would be useful in several situations.
First, it would be useful for explaining the severity of
disease to the patient. Second, the AGV image can be
divided into right and left coronary artery, resembling the
images from invasive CAG, which enables viewing the
lesions from the same angle as with QCA, and detecting
the best angle of the lesion prior to percutaneous coronary
interention would be useful in the discussion of the treat-

.ment strategy in conference.

The major dtawback of the AGV image is that the speci-
ficity for coronary stenosis detection compared with con-
ventional methods was lower, the main cause being overes-
timation of mild stenoses on QCA as >50% stenoses on the
AGV image, Previous studies report that MIP can overesti-
mate the degree of stenosis{’-2! so because the AGV image
is 4 MIP image, the lower specificity is understandable.
However, this drawback is considered not to be a problem,
because the most important factor for the identification of
stenotic lesions is high sensitivity.

It is usually difficult to accurately assess the degree of
stenosis of lesions with severe calcification!~ In our study,
8 of 24 (33%) lesions with severe calcification were FP on
the AGV image, and 7 of 24 (29%) lesions were FP with
the conventional methods and on the axial images alone.
Further study in a larger number is necessary to clarify the
characteristics of each viewing method for the evaluation
of lesions with sevére calcification.

Study Limitations

First, this was a pilot study and thus the number of $ub-
jects was small. Second, QCA was used as the gold stan-
dard, but it has its imperféctions; stenotic lesions may be

Conclusion

The AGV image shows promise as a reliable post-pro-
cessing method of identifying coronary artery stenoses.
Because the AGV image demonstrates coronary lesions in
the 1 image, it would be useful for explaining the severity
of disease to the patient, and for discussing the treathent
strategy in conference.
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Variability of Repeated Coronary Artery Calcium
Scoring and Radiation Dose on 64- and 16-Slice
Computed Tomography by Prospective
Electrocardiographically-triggered Axial

and Retrospective Electrocardiographically-gated
Spiral Computed Tomography:

A Phantom Study

Jun Horlguchi, MD, Masao Kiguchi, RT, Chikako Fujioka, RT, Ryuichi Arie, RT, Yun Shen, RT, Kenichi Sunasaka, RT
Toshiro Kitagawa, MD, Hideya Yamamoto, MD, Ka}suhlde Ito, MD

Rationale and Objectives, We sought to compare coronary artery caiciuﬁ: {CAC) scores, the variability and radiation
doses on 64- and 16-slice computed tomography (CT) scanners by both prospective electrocardiographically (ECG)-trig-
gered and retrospective ECG-gated scans.

Matetials and Methods. Coronary artery models (7 = 3) with different plaque CT densities (—240 Hounsfield units
[HU], ~600 HU, and ~1000 HU) of four sizes (1, 3, 5, and 10 mni in length) on a cardiac phantom were scanned three
times in five heart rate sequences. The tube current-time products were set to almost the same on all four protocols (32.7
mAs for 64-slice prospective and retrospective scars, 33.3 mAs for 16-slice prospective and retrospective scans). Slice
thickness was set to 2.5 mm to keep the radiation dose low. Overlapping reconstruction with a 1.25-mm increment was
applied on the retrospective ECG-gated scan.

Results, The CAC scores weré not different between the four protocels (one-factor analysis of variance: Agatston, P =
32; volume, P= .19; and mass, P = .09). Two-factor factorial analysis of variance test revealed that the interscan vari-
abiljty was different between protocols (P < .01) and scoring algorithms (2 < .01). The average variability of Agatston/
volume/mass scoring and effective doses were as follows: 64-slice prospective scan: 16%/15%/11% and 0.5 mSv; 64-slice
retrospective scan; 11%/11%/8% and 3,7 mSv; 16-slice prospective scan: 20%/18%/13% and 0.6 mSv; and 16:slice retro-
spective scan: 16%/15%/11% and 2.9 to 3.5 mSv (depending on the pitch).

Conclusion. Retrospective ECG-gated 64-slice CT showed the lowest variability. Prospective ECG-triggered 64-slice CT,
with low radiation dose, shows low variability on CAC scoring comparable to retrospective ECG-gated 16-slice CT.

Key Words. Computed tomography; coronary artery; calcium; radiation dose.
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Coronary artery calcium (CAC) seoring is performed to
evaluate the presence of coronary atherosclerosis or to
assess the progression and regression of coronary athero-
sclerosis (1), Therefore, low variability and low radiation
exposyre are both key requirements on CAC scoring. In-
terscan variability of Agatston score (2) on electron beam
computed tomography (CT), however, ymldmg 20% to
37% (3—6), is high, considering that normal progression
of CAC scores per year is 14% to 27% (average 24%) (7)
and is accelerated up to 33% to 48% with significant cor-
onary disease (8,9). To reduce the variability, the volu-
fnetric approach (3) and thé calcium mass (4) were de-
vised as alternative CAC scoring algorithms. Also, on
multidetector CT (MDCT), CAC scoring using the cori-
ventional Agatston method on nonoverlapping reconstruc-
tion yields high interscan variability: 23% to 43% (10—
12) on 4-slice spiral CT and 22% (13) on 16-slice CT.
Through retrospective electrocardiographically (ECG)-
gated overlapping scan, a considerable reduction in inter-
scan variability of Agatston scores can b¢ achieved: 23%
to 12% (10) and 22% to 13% (13), but at the expense of
increased radiation exposure compared with ECG-trig-
gered scan. Thin-slice images (1.25 or 1.5 mm) are
shown to also reduce variability of CAC in both electron
beam CT (14,15) and 64-slice CT (16). It does, however,
require an increased radiation ‘dose to maintain required
image quality. In these circumstances, CAC scoring is
preferably performed with a standard image thickness (2.5
or 3 mm), offering the best balance of low scoring vari-
ability and low radiation dose. The purpose of this study
is, using a pulsating cardiac phantom, to assess the vari-
ability of CAC scoring on 64- and 16-slice CT scdnners
by both prospective ECG-triggered and retrospective
ECG-gated scans.

MATERIALS AND METHODS

Cardiac Phantom

A prototype cardiac phantom is commercially available
(ALPHA 2; Fuyo Corp., Tokyo, Japan). The phantom
consists of five comporients: driver, control, support, rub-
ber balloon, and electrocardiograph. A controller with an
electrocardiographic synchronizer drives the balloon. Thé
main characteristics of this phantom are programmable
variable heart rate sequences and mimicking of natural
heart movements, Details of the phantom are described
elsewhere (17,18).

VARIABILITY OF CAGC SCORES ON 64- AND 16-SLICE CT
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In this study, five types of heart rate séquences were
programmed (Fig. 1). Two were stable heart rate se-
quences, two were “shift” sequences, and the remaining
on¢ was arrhythmia. The “shift” sequence was defined as
heart rate with smal} variation, that is, the sequence “55
beat/min shift” repeats a cycle of 55 beats/min, 60, 5%
and 50 beats/min. The volumés of the balloon phantom at
the systolic and diastolic phases were approximately 100
and 200 ml, respectively. The main motion of the coro-
nary artery models was in in-plane direction. Deformity
of the balloon, however, resulted in some through-plane
motion.

Coronary Artery Calcium Models ;

Three cotonary artéry models (plastic cylinders with a
diameter of 4 mm) arid different calcified plaque CT den-
sities (silicone: ~240 Hounsfield units [HU], putty: ~600
HU, Teflon: ~1000 HU) were manufactured for this ex-
periment (Fuyo Corp.), Each coronary artery model had
four sizes of plaques: 1, 3, 5, arid 10 mm in length. These
plagues resulted in an 82% area of stenosis. The coronary
artery models were attached to the balloon phantom
(mimicking the heart) with the long axis of the model
corresponding to the z-axis and were surfounded by oil
(—112 HU), simulating epicardial fat (Fig. 2).

Prospective ECG-triggered Axial 64-Slice
CT Protocol

Three repeated scans with a table advancement of 1
mm during the scans were performed using a 64-slice
MDCT scanner (LightSpeed VCT; GE Healthcare,
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Figure 2. Cardliac balloon phantom. A pulsating phantom js shown with three coronary artery models, indicated with arrows (a). The
coranary artery models with different computed tomographic densities were attached to a ballon filled with a mixture of water and
contrast medium (45 Hounsfield units [HU]) to simulate noncontrast blood. The ballgon was submerged in com oil (—112 HU), simu-
lating eplcardial and pericardial fat (b). The drawing shows four coronary artery calcium models (1, 3, 5, and 10 mm In length), result-

ing in 75% area stenosis, inserted into a coronary artefy model with a diameter of 4 mm ().

Waukesha, WT). Prospective ECG-triggered axial scan
was performed using 2.5-mm collimation width X 16
detectors so that the center of the temporal window corre-
sponded to 80% of the RR interval (diastole of the phan-
tom). The scanning parameters were a gantry rotation
speed of 0.35 s/rotation, 120 kV, and 140 mA, The ma-
trix size was 512 X 512 pixels and the display field of
view was 26 cm. The reconstruction kernel for soft tissue,
which is routinely nsed in abdominal imaging, was used,
The temporal resolution was 175 ms.

Retrospéctive ECG-gated Spiral 84-Slice
CT Protocol

Retrospective ECG-gated spiral scan was performed
with 1.25-mm collimation width X 32 detectors. The tube
current was controlled using the elecirocardiographic
modulation technique. The maximal current was set to
140 mA during the cardiac phase 70% to 90% and was
reduced in the other phase to a minimum of 30 mA. CT
pitch factor was set to 0.20 By the heart rate, according to
the manufacturer’s recommendations for the coronary CT

960

angiogrdphy protocol, Images of 2.5-mm thickness were
retrospectively reconstructed with 1.25-mm spacing to
réduce partial volume averaging. Multisector reconstruc-
tion was used on the heart rate sequences of 85 beats/min
and 85 beats/min shift. The temporal resolution was 134
ms on 85 beats/min and varied on 85 beats/min shift, de-
pending on the combination of adjacent heart rates used
for image reconstruction. Other scanning parameters were
the same as prospective ECG-triggered 64-slice CT proto-
col.

Prospective ECG-triggered Axial 16-Slice
CT Protocol >

A 16-slice MDCT scariner (LightSpeed Ultrafast 16;
GE Healthcare) was used. Scan was performed using with
2.5-mm collimation width ¥ 8 detectors. Gantry rotation
speed was 0.5 s/rotation. The tube current of 100 mA,
which is a standard level on CAC scoring using 0.5 s/ro-
tation scanners (19), was used. The temporal resolution
was 250 ms. Other scanning parameters were the same as
the prospective ECG-triggered 64-slice CT protocol.
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Retrospective EOG-gatad Spiral 16-Slice
CT Protocol

The scan was performed with 1.25-mm collimation
width X 16 detéctors. The electrocardiographic modula-
tion technique was not available and the current was set
to 100 mA. CT pitch factors varied from 0.275 to 0.325
by the heart rate, according to the manufacturer’s recom-
mendations for coronary CT angiography protocol. Im-
ages of 2.5-mm thickness with 1.25-mm spacing were
reconstructed. Multisector reconstruction was used on the
heart rate sequences of 85 beats/min and 85 beats/min
shift. The temporal resolution was 158 ms on 85 beats/
min and varied on 85 beats/min shift, depending on the
combination of adjacent heart rates used for image récon-
struction. Other scanning parameters were the same as the
prospective ECG-triggered 16-slice CT protocol.

Calcium Scoring

The Agatston (2), calcium volume, and mass (4), sum-
ming over all slices corresponding to each CAC model,
were determined on a commercially available external work-
station (Advantage Windows Version 4.2; GE Healthcare),
CAC-scbring software (Smartscore Version 3.5), and a cali-
brating gnthropomorphic phantom (Anthropomorphic Cardio
Phantom, Institute of Medical Physics, and QRM GmbH,
Mohrendort, Germany) according to the following equations:

Agatston score = slice increment/slice thickness

% 3, (area X cofactor) n

Volume = 3, (area X slice iricrement) (2)

Mass = 3, (area X slice increment
X mean CT density) X calibration factor (19).
(3)

The calcium phantom was scanned on the folir protocols
to enable calibration for determining calcium mass. All
CT seans were scored by one radiologist with eight years
experience of CAC measurement. Interobserver variability
wis not investigated as CAC scoring in this phantom
study was very simple.

Coronary Artery Calcium Score

Each of the Agatston, volume, and mass scores, in loga-
rithmic scale to reduce skewness, were compared between
the protocols using a one-factor analysis of variance

(ANOVA) test. Sixty scans (4 protocols, 5 heart rate se-

querices, 3 repeated scans) were performéd on 12 CAC ma-
terials.

Interscan Variability of Repeated Coronary Artery
Caleium Scoring

The percéntage varidbility was defermined by calculat-
ing the mean numeric difference between ¢ach of the
three score values and dividing this by the mean score as
follows:

173 X [4bs(S1 — 82) + abs(S2 — S3)
+ abs(83 — S1))/[1/3 X (81 + 52 +83)]

where abs is absolute value, S1 is CAC score on the first
scan, and S2 and $3 are the CAC scores on the sécond
arid third scans, respectively. From the 60 scans (four
protocols, five heart rate sequences; and three scars), 720
sets of variability (12 CAC materials and three scoring
algorithms) data were obtained. The interscan variability
was compared between the protocols and scorinig algo+
rithms using two-factor factorial ANOVA.

Interprotpcol Variability of Coronary Artery
Calcium Scoring

The percentage variability was determined by calculat-
ing the mean numeric difference between each of the for
score values and dividing this by thie mean score as fol-
lows:

1/6 X [abs(S1 — S2) + abs(S1 — §3) + abs(S1 — 84)

4 abs(S2 — $3) + abs(S2 — S4)
+ abs(S3 — $4))/[1/4 X (S1 + 82+ 83 + 84)]

where abs is absolute value, and S1, S2, S3, and 54 are
CAC scores on the 64-slice prospective, 64-slice retro-
spective, 16-slice prospective, ind 16-slice retrospective,
respectiyely, From the 60 scans, 540 sets of variability
(12 CAC materials and three scoring algorithims) data
were obtained. The interprotocol variability was compared
between the repeated scans and scoring algorithms using
two-factor factorial ANOVA,

Image Noise
Image noise, defined as standard deviation of CT value

of the cardiac phantom, was measured 15 times (five
heart rate sequences and three repeated scans). These val-
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Table 1
Agatston, Volume, and Mass Scores on 64-Slice Prospective, 84-Slice Retrospective, 16-Slice Prospective, and 16-Slice
Retrospective Scans
64-Slice Prospective 64-Slice Ratfospective 16-Slice Prospective 16-Slice Retrospective
1 mm )
Agatston 27 (37), 1-55 26 (34), 347 29 (37), 3-61 25 (31), 1-55
Volume 32 (37), 4-65 35 (46), 9-54 35 (39), 8-61 36 (45), 4-65
Mass 5(6), 0-8 S@.1-9 &M, 1-10 5(7),0-10
3 mm
Agatston 79 (89), 25-121 80 (97), 22-169 92 (106), 24-187 B4 {101), 184191
Volume 75 (84), 34-106 76 (84), 37-146 87 (93), 35-172 81 (80); 31-170
Mass 15(18),5-23 16 (20), 5-24 19 (23), 5-33 16 (18), 4-26
5 mm
Agatston 109 (123), 52-161 125(140), 56-253 143 (150), 49-275 135 (150), 42-273
Volume 97 (96), 62-129 112 (118), 73-218 125 (129), 70-234 125 (129), 66-212
Mass 22 (24), 3-35 26 (30), 1149 29 (35), 12-53 27 (32), 9-45
10 mm
Agatston 242 (263), 120-413 233 (264), 129-395 269 (304), 107-524 260 (295), 93+441
Valume 204 (212), 139-309 169 (210), 141-288 220 (234), 145-422 223 (231), 139-342
Mass 52 (60), 21-76 53 (61), 24-77 59 (68), 24-80 55 (62), 21-85
Overall
Agatston 114 (108), 1-413 116 (102), 3-395 133 (117), 3-524 126 (108), 1-411
Volume 102 (87), 1-441 105 (87), 9-288 119 (101), 8-422 116 (96), 4-342
Mass 24 (21), 0-76 25 (22), 1-77 28 (24), 1-80 26 (92, 0-85

]

6&-3“0@ Prospective: prospective ECG-Mggerhg scan on 64-siice CT; 1 mm: }1;11|"r|—5rized cmbn&w artery calgium models (silkmné,

putty, and Tefian).
Data are expres{-aod as mean (median),.range.

ues were compared between the four protocols using a
one-factor ANOVA test.

Statistical Analyses

All statistical analyses were performed using a com-
mercially available software package (Statcel2; oms-pub-
lishing, Saitama, Japan). For statistical analyses, one-fac-

tor and two-factor factorial ANOVA (multivariate calcula-

tions) tests were used to determine differences. When
statistical significance was observed by two-factor facto-
rial ANOVA, the results were made post hoc by Scheffé’s
test for multiple pairwise comparisons. P-values <.05
were considered to identify significant differences.

Radiation Dose ;

Volume compitted tomography dose index (CTDIvol)
displayed on Dose Report on the CT scanner was re-
corded for each protocol. As dose-length product (DLP)
on the phantom is not suited for simulating DLP on pa-
tients' scan, DLP is defined with the assumption that the
heart ranges 12 em in the z-axis:

DLP (mGy X cm) = CTDIvol (Gy) X 12 cm.
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A réasonable approximation of the effective dosé (E) can
be obtained using the equation (20,21):

E= kX DLP

where E is effective dose estimate and k = 0.017 mSv X
mGy % cm. This value is applicable to chest scans and is
the average between the male and female models.

Coronary Artery Calcjum Scores

The Agatston, volume, and mass scores on the pro-
tocols are summarized in Table 1. All calcium scores
were positive. The minimal score was 1, 3, and 0.4 on
Agatston, volume, and mass scores, respectively. One-
factor ANOVA revealed that there was no statistical
significance of log-transformed CAC scores between
protocols (Agatston, P = .52; volume, P = .26; and
mass, P = .25).



Interscan varisbility

Ag
Sooring algorithm and CT scan protocol

Figure 3. Interséan yariabllity of repeated coronary artery cal-
cium score. The graph shows the Interscan variability in Agatston
(Aga), volume (Vol), and rhass (Mass) scoring algorithms on four
protocols (16-slide prospaative, biack; 16-slice retrospective, dark
gray; 64-slice prospective, light gray; 84-slica retrospective, -
white). Bars and vertical lines indicate mean and standard dévia-

tion, respectively. CT, computed tomographie. -

Interscan Variability of Repeated Coronary Artery
Calcium Scoring

The interscan variability in Agatston, volume, and
mass scores on the protocols are shown in Figure 3. Two-
factor factotial ANOVA test revealed that there weré sig-
nificant differences bétween protocols (P < .01) and scor-
ing algorithms (P < .01). The Scheffé, test revealed that
the interscan variability on 64-slice retrospective protocol
was lower than that on 64-slice prospective (P < .01},
16-slice retrospective (P < .01), or 16-slice prospective
(P < .01) protocols. The interscan variability in mass
score was lower than that in Agatston (P < .01) or vol-
ume (P < .01).

Interprotocol Variability of Coronary Artery
Calcium Scoring

The interprotocol variability of CAC score on Agat-
ston, volume, and mass scoring algorithms is shown in
Figure 4. Two-factor factorial ANOVA test revealed that
there were no significant differences between scans (P =
.13); however, there were significant differences between
scoring algorithms (P < ,05). The Scheffé test revealed
that the interprotocol variability in mass score was lower
than that in Agatston (P < .05) or volume (P < .05).

Image Noise

One-factor ANOVA revealed that image noise was
different between the protocols (P < .01). The standard
deviation of CT value on 64-slice prospective, 64-slice
retrospective, 16-slice prospective, and 16-slice retrospec-
tive scans was 17.4 = 0.5, 16.9 *+ 0.7, 20.2 = 0.7, and
22,8 £ 0.8 HU, respectively.

C SCORES ON 64- AND 16-SLICE CT

5%
ao% |

2 3%

g 10%
% ok
i O§ean3
19%

E 10%
2%

Agn Vol Mass
Scoring algorithm and CT scan

Figure 4, Interprotocol varlability of coronary artery calcium
smm.megmbhshmumhwbtouﬂvaﬂebﬂﬂyufmm

on Agatston (Aga); volums (Vol), andt mass (Maés) scoring algo-
rithms. Bars and vertical lines indicate mean standard devia-
tion, respectively.

_Radiation Dose

CTDIvol diéplayed on Dose Report on the CT scanner
and the effective doses estimated for a typical patient
were for 64-slice prospective, 2.3 mGy/0.5 mSv; 64-slice
retrospective, 18.3 mGy/3.7 mSv; 16-slice prospective,
3.1 mGy/0.6 mSv; and 16-slice retrospective, 14.4 to 17.0
mGy/2.9 to 3.5 mSv (depending on the pitch),

The present study is the first to compare variability of
repeated CAC scoring and radiation doses on 64-slicg and
16-slice CT scanners by both prospective ECG-triggered
and retrospective ECG-gated scans. The results show that
retrospective ECG-gated 64-slice CT shows the lowest
variability and that prospective ECG-triggered 64-slice
CT, with low radiation dose, shows low variability on
repeated measurement comparable to retrospective ECG-
gated 16-slice CT.

The partial volume averaging is known to be a major
contributér influencing interscan yariability on CAC. The
use of thin-slice images (14-16) or overlapping image
reconstruction (10,13,22) has been suggested to reduce
partial volume averaging. Some studies, however, show
that thin-slice images lead to significantly increased CAC
scores, due to increased noise and improved detection of
subtle CAC (23,24). This indicates that thin-slice images
need an increased radidtion dose to mainain desirable
image quality. We, therefore, decided on a slice thickness
of 2.5 mm in all CT protocols. Because the purpose of
CAC scoring is screening of coronary atherosclerosis or
tracing its progression and regression, radidtion exposure

963



HORIGUCHI ET AL

needs to be kept “as low as reasonably achievable
(ALARA)." In this respect, the effective doses of pro-
spective ECG-triggered CT in the current study (64-slice
CT, 0.5 mSy; 16-slicé CT, 0.6 mSv), which are compara-
ble to that of el¢ctron beam CT (0.7 mSv) (21), have a
definite advantage over the retrospective ECG-gated scan.

CAC scores in the three scoring algorithms were not
significantly different. The finding suggests that, in the
CT scanner we used, CAC score did not depend on either
prospective/retrospective protocol or 64-slice/16-slice CT.
Concerning interscan variability of repeated CAC scores,
the f4-slice retrospective scan showed the least interscan
variabiljty, implicating that this can most reliably assess
the progression dnd regression of coronary atherosclero-
sis. The interscan Variability on the 64-slice prospective
scan also seems to be promising; it is almost the same
level of the 16-slice retrospective scan. We believe that
this finding is related to substantial reduction of motion
artifacts, which is also one of the most important factors
in increasing interscan variability on CAC. This is
achieved by improved temporal résolution of 64-slice CT
(175 ms for prospective ECG-triggered scan) with accel-
eration of gantry rotation speed. Apart from improved
temporal resolution, we must also address reducing scan
time, achieved by wide detector coverage. Two breath-
holds, which increases variability of CAC scoring (6), are
no longer necessary in most patients. Changes in heart
rate and body posture ar¢ also reduced. These two factors,
which incréase variability, aré not simulated in the
present phantom study. Thus, as mentioned earlier, irre-
spective of whether prospective or retrospective, 64-slice
CT is considered to have advantages over 16-slice CT.

Among CAC scoring algotithms, the mass showed the
least variability in all CT protocols and the effect of de-
creasing the variability was prominent on prospective
ECG-triggered scans both on 64- and 16-slice CT. Re-
garding interprotocol variability of CAC score, the mass
showed the least variability, which best optimizes the
monitoring of CAC over different CT scariners and scan
protocols dug 1o its intrinsic calibration function ability
(25). The facts support the very important value of mass
among CAC scoring algorithms,

High image quality on 64-slice CT, as suggested from
the present study, also enhances its value. It reduces the
chances of hyperdense noise being erroneously judged as
calcium (26). The noise level on 16-slice CT in the study
(20 HU, 23 HU) is concordant with that suggested in
standardization of CAC, that is, a noise level target of 20
HU for small and medium-size patients and a noise level

Academic Radiology, Vol 15, No 8, August 2008

target of 23 HU for large patients (25). The noise level
on 64-slice CT in the study (17 HU) is below the recom-
miendation (20—23 HU). These findings indicate that fur-
ther reduction of radiation dose in CAC imaging is possi-
ble, while still maintaining image quality.

The study has some limitations. We used smooth cal-
cium models with homogeneous CT values, different
from the actual calcium plaques (i.e., irregular and inho-
mogeneous). The heart rate sequences set were also dif-
ferent from those in patients. The cardiac phantom only
had some through-plane motion, thus limiting the simula-
tion of true motion of the coronary arteries. We do not,
however, consider these issugs important, because our
purpose is not to predict variability values of the four
protocols but to compare them and thereby suggest an
optimal pratocol, The level of variability in real patients
should be further studied. The other limitation is that we
did not reproduce the optimal cardiac cycle for 0.35-sec-
ond rotation speed 64-slice CT. This should be verified in
clinical studies by comparing multiple cardiac phase re-
construction iniages,

Retrospective ECG-gated 64-slice CT has the least
interscan variability in repeated CAC scoring, showing
the best advantage of tracking CAC amount over time.
Prospective ECG-triggered 64-slice CT, with radiation
doses equivalent to that of electron beam CT, shows low
variability in repeated CAC scoring, comparable to retro-
spective ECG-gated 16-slice CT. CAC scoring with pro-
spective ECG-triggered 64-slice CT, especially when
combined with a mass algorithm, provides a balance be-
tween radiation and variability and seems optimal for

clinical purposes.
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Abstract

Advancement of multidetector computed tomography (CT) makes it possible to
visualize coronary artery as well as assessing ventricular and valvular motion, however,
the necessary radiation dose is higher than that associated with X-ray coronary
angiography: Recently introduced prospective electrocardiograph (ECG)-triggered CT
angiography (CTA), using conventional axial scan, can markedly reduce the radiation
dose, while maintaining diagnostic performance, as far as appropriately applied to
selected patients. The prospective ECG-triggered CTA is technically feasible to patients
with low and stable heaft rate. The suitable indication is exclusion of obstructive
coronary disease, rather than the analyzing of ventrictlar and valvular function. The
scan is most beneéficial for young patients, especially young women, who are at low risk
of significant coronary artery disease and for whom radiation dose is of great concern.

Introduction

The diagnostic accuracy of retrospective ECG-gated 64-slice CTA, compared to
coronary angiography as golden standard, is demonstrated to be high by both meta
analysis [1] and prospective multicenter studies [2,3]. The major mierits of this
technique are low invasiveness and high negative predictive value to tule out
obstrugtive coronary artery stenosis. This can reduce invasive coronary angiography for
purely diagnostic putpose. The high radiation exposure however, being related to
in¢reasing cancerogenic risk, is a serious concetp {4].

Recently introduced prospective ECG-triggered CTA, reduging radiation dose by
around 80%, is gaining interest, In this article, we describe technique, radiation and
associated risk, diagnostic performance and indication of prospective ECG-triggered
CTA, compared to retrospective ECG-gated €TA.

1. Technical Issues
1-1. Navigator for Respiratory and Cardiac Motion
Two sources of motion, i.e. respiratory and cardiac contraction/relaxation, are associated

with cardiac imaging. If the image acquisition time is longer than the patient’s ability of
breath-hold time, respiratory movement should be suppressed by respiratory-gating. For



typical magnetic resonance coronary angiography, navigator echoes are used to track
patient’s diaphragmatic motion during free-breathing. In contrast, if the datd acquisition
is performed within duration of one breath-hold, typically in contrast-enhanced
first-pass imaging, both magnetie resonance coronary angiography and CTA (always)
are obtained during a breath-hold. In this situation, ECG is mainly used in order to
reduce motion artifacts from the heart (kymogram as an alternative).

1-2. Prospective ECG-triggered versus Retrospective ECG-gated Techniques

For images free of cardiac motion artifacts, acquisition times shorter than 19.1 msec are
necessary [5]. Neither multidetector or electron beam CT has such a high temporal
resolution, thus imaging of the heart on CT needs to appropriately fit the scan window
to relatively stable timing of the heartbeat. According to Lu [6], by optimization of the
cardiac phase using ECG-triggering/gating, cardiac images with the least-motion can be
obtained with an acquisition time of 50-70 msec for a patient baséline heart rate of
50-100 beats per minute (bpm).

In coronary CTA, prospective ECG-triggered technique, which exposes X-ray only at
a predetermined cardiac phase (usually diastolic) has been used from earlier-generation
electron beam CT scanner (C-100XL, C-150XL), while the major application of this
scanner is coronary artery calcium scoring. From the introduction of multidetector CT
(typically 4-slice), retrospective ECG-gating, which continuously exposes X-ray with
simultaneous ECG-information acquisition, thereafter, data for specific cardiac phase
are used for image reconstruction, has been the mainstream in coronary CTA.
Sixty-four-slice CT, and 256 or 320-slice CT, by virtue of increased coverage in the
z-axis and impreved temporal resolution, are drawing attention to reconsider
prospective ECG-triggering.

Conventional retrospective ECG-gated scan is performed in the spiral mode using a
fixed tube current throughout the cardiac ¢ycle (Fig. 1A) and later the images are
reconstructed at a specific cardiac phase(s). Depending on CT scanners, the phase(s) are
quoted as a percentage of the RR interval (e.g. 75%) or as a value of absolute delay (e.g.
700msec). The cardiac phase with the least motion artifacts is known to vdry for each
coronary artery and between patients. In general, mid- or late-diastolic phase provides
(almost) motion-free coronary artery images in low heart rate (i.e. <65 bpm). However,
reconstruction at late-systolic phase becomes necessary in a higher heart rate. Searching
the best phase for each coronary artety from among several phases (images are often
reconstructed at 5% of RR interval) is time-consuming and effortful. For an automatic



technigue, the ‘Motion maps’, which derives a motion strength function between
multiple low-resolution réconstructions through the cardiac cycle, with periods of
lowest difference between neighboring phases indicating minimal cardiac motion, has
an advantage [7]. Apart from coronary artery imaging, retrospective ECG-gated scan
can evaluate global and regional cardiac function (i.e. ejection fraction) and valvular
morphology and function (Figure 2). Retrospective ECG-gated scan can accommodate
mildly irregular heart thythm. Using ECG-editing techniique, one can arbitrarily modify
the positiofi of the temporal windows within the cardiac cycle, and correct and
compensate for part or all of the artifacts produced by heart thythm irregularities (8]
(Figure 3). Thus, through data covering the entire cardiac phase, retrospective
ECG-gated scan has availability in multicardiac phase reconstruction and also has the
robustness for mild heart rate variation. '

As a modification to conventional retrospective ECG-gated scan, current
multidetector CT scanners have the option so called "ECG-modulation’, which
mobdulates the tube current during a particular part of the cardiac cycle (Fig. 1B),
allowing reduction of the radiation dose by 30% to 50% [9,10]. The extent of reduction
depends on the setting of two parametérs; (1) percentage of minimum tube current
/maximum tube currént and (2) the length of time with the minimal tube current relative
to the RR inteival, Systolic phase, which is not usually used in coronary artery imaging,
is chosen for window at reduced current, However, cardiac function can be reasonably
assessed as such high image quality in the systole is not demanded.

Prospective ECG-triggered technique, which applies radiation during short and
predefined acquisition window of the cardiac cycle, has recently been devised. The R
wave on the ECG is monitored; the s¢an starts following a time delay and stops after a
certain perjod to resume at a similar time during the next cycle (Fig. 1C). Therefore, the
image quality inherently degrades in cases of entopic beat or otlier arthythmia. On
64-slice CT, step-and-shoot technique (afound 4 shoots) is used to cover the entire heart.
Between the adjacent X-ray exposures, one heartbeat is usual for table movement,
except for low heart rate (e.g. < ** bpm), in which the table can move during X-ray-off
time (systole). Regarding a disadvantage of 64-slice prospective ECG-triggered CTA,
stair-step artifact, by incorrect fusion of two adjacent datasets, potential occurs and can
be a reason for ‘non-diagnostic’ evaluability of coronary artery [11]. This can occur due
to both heart rate instability and body movement. In this respect, 256 or 320-slice CT,
allowing for a one-heartbeat-scan, has a definite advantage.

At least 180° of parallel-ray projections are needed to reconstruct an image. A
single-source CT scanner needs half a rotation plus the fan angle (about 50° to 60°) to



deliver this amount of data, and the temporal resolution in the center of rotation is half
the rotation time [12]. To reduce the radiation dose to the minimum, the least gantry
rotation (230° to 240°) is used, while imaging is limited to only one cardiac phase. To
accommodate some heart rate variation or to acquire broad phase data (e.g. end-systole
to laté-diastole) or even acquire two cardiac-cycle data (for multisegment
reconstruction), one can ¢longate exposure time at the expense of increased radiation
exposure (Fig. 1D), Some issues related to this technique remain unresolved. Most
practitiorers are unfamiliar with the optimal setting for X-ray exposure duration
(minimal exposure time + safety margin) due to paucity of data or consensus. The
optimal duration depends on several factors; (1) patient’s heart rate and variation, (2)
purpose of cardiac exam (coronary artery imaging or including funetional analysis), (3) |
different gantry rotation speeds (0.27 to 0.35 sec/rotation) affecting the temporal
resolution, Although complicated, to simplify and generalize this matter for practical
guidance, we support adding 50 msec to the minimal exposure for coronary artery
imaging, recommended by Kimura [13}. The capability in the elongation of exposure
duration is different from CT scanners. Functional imaging or multi-segment
reconstruction using two adjacent cardiac cycles becomes possible if the exposure
duration can be sét long enough. Apart from single-source CT scanner, dual-source CT,
embedded with two acquisition systems mounted at an angular offset of 90° on the
rotating gantry, 180 of parallel-ray geometry data can be split into two data segments
of 90°, Both 90° data segmerits are acquired simultaneously at the same anatomical
level within a quarter of the gantry rotation time (330 msec), thereby the temporal
resolution is 83msec. When applying multi-segment reconstruction, the temporal
resolution of 41 to 83 msec (average, 60msec) can be achieved [12].

2. Radiation Exposure
2-1. Risk Estimate

The additional lifetime risk of fatal cancer has been estimated as approximately 1 in
20,000 per mSy for the whole population by The International Commission on
Radiological Protection [14]. This is also supported by The Food and Drtig
Administrafion [15]. The recent Biological Effects of Jonizing Radiation (BEIR) VII
Phase 2 report [16] provided a framework for estimating lifetime attributable risk
(LAR) of cancer incidence associated with radiation exposure from cardiac
multidetector CT and indicated that a single population dose of 10 mSy is associated



with a LAR for developing a solid cancer or leukaemia of 1 in 1000. Therefore, CT scan
needs to keep the radiation exposure “as low as reasonably achievable (ALARA)".

2-2. Radiation Exposure of Cardiac Examination

The effective doses of various CT scanners and protocols, as well as other diagnostic
modalities [10,11,17-32] for comparison, are listed in Table 1. In the tradeoff of
improved diagnostic capability by virfue of advances in the spatial and temporal
resolution of spiral CT s¢anners, the radiation dose of cardiac CT examinations has
increased from 4-slice to 64-slice CT. The effective dose of non-ECG-modulated
64-slice CT is high (15,2-21.4), as a commonly used pitch of 0.2 results in 80% overlap.

2-3. How to Reduce Radiation Exposure in Cardiac CT

As described earlier, ECG-modulation on retrospective ECG-gated CTA (30-50%
reduction) and the use of prospective ECG-triggered CTA (77-83% reduction compared
to ECG-modulated retrospective ECG-gated CTA) [24-27] are two major solutions.
Low tube voltage is also effective as the radiation dose varies with the square of the
kilovoltage, Decreased tube voltage increases image noise, however leads to increased
opacification of vascular structures during contrast-enhanced CTA owing to ati increase
in the photoelectric effect and a decrease in Compton scattering [33]. Abada et al. used
a tube voltage of 80 kV for 64-slice CTA and reported a dose saving of up to 88% [34].
The combination of prospective ECG-triggered CTA and 100 kV in selected patients
(typically body mass index [BMI] < 25 kg x m™) succeeds in a marked reduction of
radiation exposure in 64-slice CTA [11, 27-29] or dual-source CTA [30,31].

The automatic exposure control can dptimize and reduce tube current. The cross
section of the human body differs significantly from a circular shape, thus the
attenuation of X-ray beams vary. The new online tube current modulation system takes
this fact into account and automatically adjusts tube current in the x, y plane (angular
modulation) or along z-axis direction, or both (combined modulation) iri order to obtain
constant image quality. Deetjen reported that this technique reduced the dose by 42.8%
[35].

-Other techniques include minimizing scan range and reducing field of view.

3. Diagnostic Performance of Prospective ECG-triggered Scan



Clinical importance of coronary CTA, which is based on evidence on retrospective
ECG-gated CTA, is reported in detail elsewhere [36]. Here, we focus on the
performance of prospective ECG-triggered scan.

3-1. Prospective ECG-triggered versus Retrospective ECG-gated Techniques

On 64-slice CT, a phantom study shows that prospective ECG-triggered and
retrospective ECG-gated CTA have comparable performance in ternis of image quality,
stenosis measurement, and CT densitometry on stable heart rates up to 75 bpm [37].
The similarity on image quality and stefiosis measurement has been shown in a study
with the same patients’ group with a heart rate < 75 bpm [24]. In different patients’
groups also, image quality was reported to be similar in < 75 bpm [25]. Earls reported
that prospective ECG-triggered revealed improved image quality and similar coronary
artery assessability, with g heart rate <70 pm and fluctuation < 10bpm prior to the scan
[27].

Representative images on the two scan techniques obtained from the same patient are
shown (Figure 4A). Prospective ECG-triggered technology is still its infancy thus there
are few reports on stent imaging. In our early experience, the image quality on the two
scan techniques seems to be comparable (Figure 4B). Prospective ECG-triggered scan
may sometimes be advantageous as this is not inherently related to helical artifacts.

On dual-source CTA, Alkadhi reported that diagnostic image quality was obtained in
around 98% of coronary artery segments (< 70bpm) on prospective ECG-triggered scan,
which was not different from the prevalence on retrospective ECG-gated scan (> 70
bpm).

3-2. Prospective ECG-triggered versus Invasive Angiography -

Similar to reported results on retrospective ECG-gated CTA, initial prospective
ECG-triggered CTA studies, in selected patients with low dnd regular heart rdte, have
shown accurate diagnosis of significant (>50%) coronary stenosis with almost 100%
negative predictive value on both 64-slice CT [26,28] and dual-source CT [29] (Figure
5). It is, however, too early to conclude the va;llue_ of prospective ECG-triggered CTA
therefore collection of data in larger cohorts is needed.

4, Indication of Prospective ECG-triggered CTA



4-1. Technical Indication

Due to the nature of prospective ECG-triggering, scanning requires patients having a
stable sinus rhythm and low heart rate [28]. The indication is considered to become
stricter when we shorteri X-ray exposure duration. Husmann showed that, using receiver
operator characteristic curve, only 1% of coronary segments were non-diagnostic below
a heart rate of 63 bpm, whereas 14.8% with heart rate of > 63 bpm (p<0.001).
~ Although using higher temporal resolution (83 msec) on dual-source CT scanner,
strict heart rate indication has been suggested. Scheffel stated that prospective
ECG-triggering was feasible in selected patients Wwith regular heart rates below 70 bpm
and allows for the depiction of 98% of the coronary segments with diagnostic image
quality [29]. Stolzmann showed that réceiver operator characteristic analyses revealed a
mean heart rate threshold for the prediction of motion artifacts of 59.9 bpm and a heart
rate variability threshold for the prediction of stair-step artifécts of 2.2 bpm [30].
Gutstein recommend the indication for patients with heart rate < 65 or 70 bpm
(dependirig on a coronary artery calciuni score < or > 400 HU) and a maximal heart rate
variation before CTA of < 10 bpm [38], '
Thus, successful prospective ECG-triggering CTA largely depends on a patient’s
heart rate and variability. Control of heart rate should be strict and the usé of heart rate
lowering drugs, such as beta blockers should be encouraged, unless contraindicated.

4-2. Clinical Indjcation

To reduce the radiation exposure in prospective ECG-triggered CTA, the available
cardidc phase(s) would be minimized (e.g. single phase). Single-phase prospective
ECG-triggered CTA appears to be the most suitable for young patients, especially
young women, who are at low risk of significant coronary artery disease and in whom
radiation dose is of great concern. Such a protocol might be considered appropriate as
an alternative to cororary calcium scanning in circumstances in which the earliest
detection of coronary atherosclerosis is desired [38].

5, Limitatiors of coronary CTA and Advantage of Prospective ECG-triggered CTA
According to a recent statement [36], limitations of coronary CTA include; (1)

Calcifications within the coronary arteries can cause false negatives and, more
frequently, false-positive findings concerning the presence of coronary artery stenosis.



