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OBJECTIVES The purpose of this study was to evaluate image quality and radiation dose using a
prospectively electrocardiogram (ECG)-triggered axial scan protocol compared with standard retrospec-
tive ECG-gated helical scanning for coronary computed tomography angiography.

BACKGROUND Concerns have been raised regarding radiation exposure during coronary com-
puted tomography angiography. Although the use of prospectively ECG-triggered axial scan protocols
may effectively lower radiation dose compared with helical scanning, it is unknown whether image
quality is maintained in a clinical setting.

METHODS In a prospective, multicenter, multivendor trial, 400 patients with low and stable heart rates
were randomized to either an axial or a helical coronary computed tomography angiography scan protocol.
The primary endpoint was to demonstrate noninferiority in image quality with the axial scan protocol, which
was assessed on a 4-point scale (1 = nondiagnostic, 4 = excellent image quality). Secondary endpoints
included radiation dose and the rate of downstream testing during 30-day follow-up.

RESULTS Image quality in patients scanned with the axial scan protocol (score 3.36 = 0.59) was not inferior
compared with helical scan protocols (3.37 = 0.59) (p for noninferiority <<0.004). Axial scanning was associated with
a 69% reduction in radiation exposure (dose-length product [estimated effective dose] 252 + 147 mGy - cm [3.5 =
2.1 mSv] vs. 802 = 419 mGy - cm [11.2 = 5.9 mSv] for axial vs. helical scan protocols, p < 0.001). The rate of
downstream testing did not differ (13.8% vs. 15.9% for axial vs. helical scan protocols, p = 0.555).

CONCLUSIONS In patients with stable and low heart rates, the prospectively ECG-triggered axial scan
protocol maintained image quality but reduced radiation exposure by 69% compared with helical scanning. Axial
computed tomography data acquisition should be strongly recommended in suitable patients to avoid
unnecessarily high radiation exposure. (Prospective Randomized Trial on Radiation Dose Estimates of CT
Angiography in Patients Scanned With a Sequential Scan Protocol [PROTECTION-IJ; NCT00612092) (J Am Coll
Cardiol Img 2012;5:484-93) © 2012 by the American College of Cardiology Foundation
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oronary computed tomography angiogra-

phy (CTA) has emerged as a useful diag-

nostic imaging modality for the noninva-

sive assessment of coronary artery disease
with accepted clinical indications in selected patient
groups (1). Although coronary CTA has high
diagnostic performance to detect and exclude ob-
structive coronary artery disease (2—4), there are
concerns regarding potential stochastic risks related
to its use of ionizing radiation (5). Accordingly,
strategies to obtain diagnostic images on coronary
CTA with the lowest possible radiation exposure
need to be developed and validated before they can
be widely applied. In a recent randomized study, we
demonstrated that coronary CTA imaging with a
reduced tube potential of 100 kVp in nonobese
patients preserves image quality compared with
standard 120-kVp computed tomography (CT)
data acquisition, while the estimated effective radi-
ation dose is significantly reduced with 100-kVp
imaging (6). However, it is critically important to
appropriately balance the desire to achieve low
radiation doses with the likelihood of obtaining a
useful diagnostic image.

Prospective electrocardiogram (ECG)-triggered
axial scanning, also known as “step-and-shoot” or
“sequential scan mode” (7), has been introduced as
an alternative scanning technique to standard heli-
cal (spiral) scanning with retrospective electrocar-
diographic gating with the intent to decrease coro-
nary radiation dose on CTA. With this technique,
radiation is applied only at a pre-defined point in
the cardiac cycle, rather than during the entire cycle,
which may reduce radiation exposure by approxi-
mately 60% to 80% (8-11). Although its use has
been increasingly advocated (12-15), the compara-
tive effect of coronary CTA using axial versus
helical CT data acquisition on image interpretabil-
ity, image quality, and radiation dose in consecutive
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adult patients has not been well established. Con-
sequently, the primary objective of this randomized
study was to demonstrate the noninferiority of an
axial scan protocol for coronary CTA in terms of
image quality compared with conventional helical
scanning. The secondary objectives were to com-
pare radiation doses and the need for additional
downstream testing in the 2 groups.

METHODS

Study protocol. PROTECTION-III (Prospective
Randomized Trial on Radiation Dose Estimates of
Cardiac CT Angiography in Patients Scanned
With an Axial Scan Protocol) is an international,
multicenter, investigator-driven study, which ran-
domized patients undergoing clinically indicated
coronary CTA for suspected coronary artery disease
at 9 study sites to either prospectively ECG-
triggered axial or retrospectively ECG-gated helical
data acquisition. Only patients in stable sinus
rhythm with heart rates <65 beats/min scanned on
single-source CT systems or heart rates
<75 beats/min scanned on dual-source
CT system were eligible for this study.
Exclusion criteria were known coronary
artery disease, extensive coronary artery
calcifications with an Agatston score
equivalent of >800 U (if calcium scoring
had been performed), cardiac CTA for a
noncoronary indication, and non—-ECG-
triggered or non—ECG-gated coronary
CTA studies. The study protocol was approved by
the local ethics committees. Written informed con-
sent was obtained from each patient before enrol-
ment in the study.

Study design and coronary CTA. Patients were ran-
domly assigned to an axial or a helical scan protocol
by means of sealed envelopes. Separate randomiza-
tion blocks were used for the participating institu-
tions to allow for a comparable number of patients
for each CT manufacturer. At 9 participating study
sites, the following CT systems were used: Light-
Speed VCT (2 sites; GE Healthcare, Milwaukee,
Wisconsin), Brilliance 64 (3 sites; Philips Medical
Systems, Best, the Netherlands) and Brilliance iCT
(1 site; Philips Medical Systems), and Somatom
Definition (3 sites; Siemens Medical Solutions,
Forchheim, Germany).

The administration of beta-blockers was recom-
mended to obtain heart rates lower than 60 beats/
min. Coronary vasodilatation with the use of oral
nitrates was also recommended. Before randomiza-
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tion, a localizer was acquired for planning of sub-
sequent scan ranges, and, if indicated, an unen-
hanced scan for coronary artery calcium scoring was
performed. Coronary CTA was carried out with
scanner settings and with the contrast injection
protocols at the discretion of the local study inves-
tigator. Depending on local algorithms, tube cur-
rent and potential were selected, and subsequently,
randomization envelopes, which contained instruc-
tions regarding the scan protocol (axial or helical),
were opened. The use of a reduced tube potential of
100 kVp was recommended in nonobese patients,
defined as either a body weight <90 kg or a body
mass index (BMI) <30 kg/mz. The study protocol
recommended leaving all other scan parameters
unchanged. The use of other strategies for radiation
dose reduction, including selection of tube poten-
tial, ECG-controlled modulation of the tube cur-
rent in ECG-gated helical data acquisition, or a
widening of the data acquisition window with axial
scanning, also known as “padding,” was recom-
mended when appropriate and clinically indicated.
After data acquisition, the local study investiga-
tors reconstructed the axial images according to
local protocols and as needed for clinical decision
making. Image reconstruction parameters including
the selection of the cardiac phase with the lowest
motion, the applied reconstruction kernel, and
technique were at the discretion of the investigator.
The study protocol required that all available axial
datasets, which had been reconstructed for clinical
decision making, be sent to the study core lab for
analysis of image quality.
Study endpoints. The primary endpoint of the study
was image quality, assessed with an image quality
grading score. Secondary endpoints included radi-
ation dose and quantitative image quality parame-
ters. Furthermore, the need for downstream testing
(stress echocardiography, stress nuclear cardiac
perfusion imaging, or stress magnetic resonance
imaging) and invasive coronary angiography
within 30 days after coronary CTA was assessed
as clinical endpoint. The follow-up protocol after
coronary CTA consisted of a telephone interview
at 30 days.
Data analysis. Two experienced operators who were
unaware of the assigned scan protocol evaluated all
datasets in the coronary CTA core laboratory. The
datasets were anonymized and analyzed in random
order to avoid any bias. The datasets were evaluated
using axial slices, multiplanar reformations, and
thin-slab maximum-intensity projections. Image
quality was determined on the basis of a 4-point
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grading system, which has been described in detail
elsewhere (6). In brief, each coronary artery (left
main, left anterior descending, left circumflex, and
right) was assigned a score of 1 (nondiagnostic
image quality), 2 (adequate image quality), 3 (good
image quality), or 4 (excellent image quality) by 2
experienced observers. To avoid intrapatient corre-
lations, image quality scores of the 4 coronary
arteries were averaged. In case of disagreement
between the 2 observers, final assessment was made
by an experienced third reader. In addition, coro-
nary CTA studies with assigned scores of 1 in any
coronary artery were defined as nondiagnostic stud-
ies. Pre-specified subgroup analyses for image qual-
ity scores were performed for: 1) patients in the
fourth heart rate quartile; 2) patients with heart
rates =65 beats/min; and 3) CT systems and
manufacturers.

Coronary artery contours were assessed using a
modified “blurring score” on a per patient basis (16).
Using a 4-point scale, this score reflects the ability
of coronary plaque assessment that could be ham-
pered by graininess (mottle) and/or motion artifacts
(Fig. 1): 1 = extensive blurring (reliable assessment
of vessels contours impossible); 2 = medium blur-
ring (graininess or motion impairing assessment of
vessel contours but still containing sufficient infor-
mative value); 3 = slight blurring (minor blurring
and/or graininess of the vessel contours); and 4 =
minimal or no blurring (images with sharp vessel
contours and little graininess).

Signal intensity, image noise, signal-to-noise ra-
tio, and contrast-to-noise ratio were quantified as
objective image quality parameters. All measure-
ments were performed on reformatted axial images
with a slice thickness of 1.0 mm to allow compa-
rable measurements between different C'T systems.
Signal intensity was derived from the mean CT
attenuation values (Hounsfield units) averaged from
2 circular regions of interest (size > 7 mm?) in the
proximal segments of the left and right coronary
artery lumen. Image noise was defined as the
averaged standard deviations of the CT attenuation
values within these two regions of interest. The
signal-to-noise ratio was calculated as the mean CT
attenuation values of the left and right coronary
arteries divided by the image noise. The contrast-
to-noise ratio was defined as the difference between
the mean CT attenuation values of the proximal
coronary arteries and the mean density of the left
lateral ventricular wall, which was divided by image
noise.
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Score 1: Score 2:
extensive medium
blurring blurring

Score 3: Score 4:
slight minimal

blurring or no
blurring

Figure 1. Examples of Different Blurring Scores

Representative examples for the different blurring scores. The examples show curved multiplanar reformations of the right coronary
arteries of different patients. (A) Extensive blurring, (B) medium blurring, (C) slight blurring, and (D) minimal or no blurring.

Estimation of radiation dose. The study investigators
obtained the parameters relevant to radiation dose,
including volume CT dose index and dose-length
product (DLP) from the scan protocol generated by
the CT system after each coronary CTA study. The
effective dose of coronary CTA can be estimated by
a method proposed by the European Working
Group for Guidelines on Quality Criteria in CT
(17). The effective dose is derived from the
product of the DLP and an organ-weighting
factor for the chest as the investigated anatomic
region. This organ-weighting factor (¢4 = 0.014
mSv - mGy ™! - em ™) is averaged between male
and female models. This weighting factor is
considered to be derived from the most self-
consistent and reliable dataset (18).

Statistical analysis. The objective of the study was to
assess the noninferiority of an axial compared with
a helical scan protocol. Sample size calculation was
based on a margin of noninferiority for image
quality score set at —0.20, because a larger differ-
ence has been considered clinically relevant (6). The
assumed common standard deviation of image
quality was 0.65. With power of 80% and a 2-sided
alpha level of 0.05, we estimated that 167 patients
in both groups were needed to show the noninfe-
riority of the axial scan protocol. To compensate for
unforeseeable scanning problems, we aimed to en-
roll a total of 400 patients (200 in each treatment
arm). Sample size calculation was performed with
nQuery Advisor (Statistical Solutions, Cork, Ire-
land). The analysis of primary and secondary end-
points was planned to be performed on an

intention-to-diagnose basis. Results are expressed
as counts (or proportions in percents) or as mean =+
SD. Continuous and categorical variables were
analyzed using 2-sided 7 tests and chi-square tests as
appropriate. Differences in radiation dose were
analyzed using the ordinal Wilcoxon rank sum test.
The R language (R Project for Statistical Comput-
ing, Vienna, Austria) was used for statistical anal-
yses. Statistical significance was defined as a p value
<0.05. For subgroup analysis between CT system
manufacturers, a Bonferroni adjustment was made
for multiple comparisons, with a significance level

of 0.0125.

RESULTS

Patient and coronary CTA characteristics. A total of
400 patients were enrolled between May 2008 and
June 2009 at 9 participating institutions: 200 pa-
tients each were randomized to an axial or a helical
scan protocol. Patient and coronary CTA charac-
teristics are shown in Table 1. With an average
body weight of 75.2 = 14.8 kg and an average
height of 1.70 * 0.10 m, the mean BMI was 25.9 + 3.8
kg/m?®. Both groups were well matched regarding
the CT systems and manufacturers used and the
administration of oral or intravenous beta-
blockers before coronary CTA. The resulting
heart rates were low during CT data acquisition,
demonstrating a small but significant difference
in favor of axial scanning (53.9 * 6.1 beats/min
vs. 55.6 = 5.5 beats/min for axial vs. helical
scanning, p = 0.003). There were no significant
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Table 1. Patient and Coronary CTA Characteristics
Axial Helical
(n =200) (n=200) p Value

Height (m) 1.70+0.10 1.69 £0.10 0.369
Weight (kg) 755+143 750%x154 0.727
Body mass index (kg/m?) 259+ 34 26.0 = 4.1 0.761
Beta-blocker administration before coronary CTA 0.488

None 46 (23.0) 41(20.5)

Oral 96 (48.0) 90 (45.0)

Intravenous 58 (29.0) 69 (34.5)
Heart rate (beats/min) 539 + 6.1 556 + 5.5 0.003
Scan length (mm) 135+ 18 127 + 28 0.002
CT system 0.859

GE 63 (31.5) 62(31.0)

Philips 69 (34.5) 74 (37.0)

Siemens 68 (34.0) 64 (32.0)
100-kVp tube potential 67 (33.5) 63 (31.5) 0.669
Values are mean * SD or n (%).

CT = computed tomography; CTA = computed tomography angiography.

differences between the groups in the use of a
reduced tube potential of 100 kVp, which was
used in 33.5% and 31.5% of patients scanned
with axial and helical data acquisition, respec-
tively (p = 0.669). The scan length was 8 mm
shorter with helical scanning (135 = 18 mm vs.
127 £ 28 mm for axial vs. helical scanning, p =
0.002).

Coronary CTA image quality. The mean image qual-
ity score was 3.36 * 0.59 in the cohort scanned
with prospectively ECG-triggered axial acquisition
and 3.37 = 0.59 in patients scanned with retrospec-
tively ECG-gated helical acquisition (p = 0.866)
(Fig. 2A). Diagnostic noninferiority of the axial
scan protocol was demonstrated because the lower
margin or the 2-sided 95% confidence interval of
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—0.11 of the difference between image quality
scores did not cross the pre-defined noninferiority
margin of —0.2 score points (p = 0.004). Repre-
sentative examples of 2 coronary CT angiograms
acquired with axial and helical scanning are shown
in Figures 3A (axial) and 3B (helical).

Nondiagnostic coronary CTA studies (image
quality score of 1 in any coronary artery) were
observed in 13.0% and 11.5% of axial and helical
scans, respectively (p = 0.647). Motion artifacts
were the leading reason for a nondiagnostic image
quality score (Table 2). In these patients, heart rates
were slightly higher than in patients with diag-
nostic coronary CTA image quality (56.4 = 6.6
beats/min vs. 54.5 * 5.7 beats/min for patients
with nondiagnostic vs. diagnostic coronary CTA
image quality, p = 0.028). Misalignment artifacts
(1% and 0.5% for axial and helical, respectively)
and extensive coronary calcifications (2% and 1%
for axial and helical, respectively) were less fre-
quently identified as reasons for nondiagnostic
image quality. Results for quantitative image
quality parameters, including the blurring score,
are summarized in Table 2.

In pre-specified subgroup analyses, no significant
differences in image quality grading scores were
observed between axial and helical scan techniques
in patients in the fourth quartile of heart rates (=58
beats/min; 3.26 = 0.67 vs. 3.12 = 0.66 for axial vs.
helical scans, p = 0.317). Only 21 patients with
heart rates =65 beats/min were scanned; in these
patients, no significant differences in image quality
scores were seen between axial and helical scan
techniques (3.22 = 0.52 vs. 2.92 * 0.70 for axial vs.
helical scans, p = 0.287). Similarly, no significant
differences in image quality grading score were

P =0.866

[ axial

B
207 P <0.0001
15
3
104
E
s
35 1.2
0
[ helical

Figure 2. Image Quality Score and Estimated Radiation Dose

(A) Image quality score and (B) estimated effective radiation dose in the prospectively electrocardiogram-triggered axial and the retro-
spectively electrocardiogram-gated helical coronary computed tomography angiography scan groups.




JACC: CARDIOVASCULAR IMAGING, VOL. 5, NO. 5, 2012
MAY 2012:484-93

observed between the different CT systems and
manufacturers (Fig. 4A). Finally, no significant
differences in image quality grading scores were
observed between axial and helical scan techniques
between nonobese and obese patients (BMI < 30
kg/m? 3.37 + 0.59 vs. 3.40 * 0.57 for axial vs.
helical scans, p = 0.593; BMI = 30 kg/m?* 3.28 =
0.59 vs. 3.20 £ 0.69 for axial vs. helical scans, p =
0.658).

Radiation exposure. Table 2 shows the results for
radiation exposure with both scan protocols. The
mean volume CT dose index was significantly
lower for the axial scan protocol (18.6 = 13.1
mGy) than for the helical scan protocol (53.5 =
28.6 mGy) (p < 0.0001). Similarly, the DLP was
significantly lower for the axial scan protocol (252 *
147 mGy - cm vs. 802 £ 419 mGy - cm for axial
vs. helical scanning, p < 0.0001). This corre-
sponds to a 69% reduction in estimated effective
radiation dose for the axial scan protocol (3.5 =
2.1 mSv vs. 11.2 = 5.9 mSv for axial vs. helical
scan protocols) (Fig. 2B).

In a subgroup analysis of patients scanned with a
100-kVp scan protocol, DLP and estimated effec-
tive dose were reduced by 72% with axial scanning
(DLP 160 = 91 mGy - cm vs. 564 = 280 mGy -
cmy; effective dose 2.2 + 1.3 mSvvs. 7.9 * 3.9 mSv
for axial vs. helical scanning, p < 0.0001 for both).
Radiation dose was reduced by 68% and 70% in
nonobese and obese patients, respectively (DLP:
BMI <30 kg/mz, 250 = 148 mGy - cm vs. 782 =
404 mGy - cm for axial vs. helical scans, p <
0.0001, and BMI = 30 kg/m?, 267 + 138 mGy - cm vs.
900 = 480 mGy - cm for axial vs. helical scans, p <
0.0001). Radiation dose reductions with axial scan-
ning as stratified by different CT systems and
manufacturers are displayed in Figure 4B.

Clinical follow-up. Thirty-day clinical follow-up was
completed in 97.8% of patients. During follow-up,
27 patients of the axial scan group underwent
additional testing for suspected obstructive coronary
artery disease (26 patients with invasive coronary
angiography, 1 patient with stress nuclear cardiac
perfusion imaging, and 1 patient with stress echo-
cardiography). In the helical scan group, 31 patients
subsequently underwent additional tests; all patients
were studied using invasive coronary angiography.
Consequently, the rate of downstream testing did
not differ significantly between both groups (13.8%
vs. 15.9% for axial vs. helical scanning, p = 0.555).
No significant differences in image quality score
were observed between patients with and without
need for additional diagnostic testing (with addi-
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Figure 3. Curved Multiplanar Reformations

(A) Coronary computed tomography angiography (CTA) acquired with pro-
spectively electrocardiogram-triggered axial data acquisition in a patient
(height 164 cm, weight 70 kg, heart rate 47 beats/min) on a Siemens Defini-
tion scanner. Applying a tube voltage of 120 kV and tube current of 371
ref.mAs, the resulting dose-length product was 257 mGy - cm (estimated
effective dose 3.6 mSv). (B) Coronary CTA acquired with retrospectively elec-
trocardiogram-gated helical data acquisition in a patient (height 177 cm,
weight 83 kg, heart rate 53 beats/min) on a Siemens Definition scanner. Applying
a tube voltage of 100 kV and tube current of 360 ref.mAs, the resulting dose-
length product was 288 mGy - cm (estimated effective dose 4.0 mSv).

tional diagnostic testing, 3.40 = 0.46 vs. 3.27 *
0.54, p = 0.354; without additional diagnostic
testing, 3.36 = 0.61 vs. 3.39 = 0.60, p = 0.608) for

axial versus helical scans, respectively.

489

Table 2. Results on Image Quality and Radiation Exposure

Axial Helical
(n = 200) (n = 200) p Value
Image quality score 3.36 = 0.59 3.37 £0.59 0.866
Nondiagnostic image quality due to 0.203
Motion 16 (8.0) 20(10.0)
Excessive calcification 4(2.0) 2(1.0)
Stair step artifacts 5(2.5) 1(0.5)
Others 1(0.5) 0(0.0)
Blurring score 277 £0.78 271 £0.83 0.452
Signal intensity (HU) 412 £122 412+ 113 0.969
Image noise (HU) 27.7 = 15.2 247 =176 0.073
Signal-to-noise ratio 173*x77 19074 0.021
Contrast-to-noise ratio 13.0 6.5 144 *+6.2 0.025
CTDI,,, (MGy) 186 + 13.1 535+ 28.6 <0.0001
DLP (mGy - cm) 252 * 147 802 = 419 <0.0001
Effective dose estimate (mSv) 35+21 11.2+59 <0.0001

Values are mean * SD or n (%).

units.

CTDly, = volume computed tomographic dose index; DLP = dose-length product; HU = Hounsfield
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Figure 4. Image Quality Score and Radiation Dose for Different CT Vendors and Systems

(A) Image quality score (all p = n.s.) and (B) estimated effective radiation dose (all p < 0.001) in the prospectively electrocardiogram-
triggered axial and the retrospectively electrocardiogram-gated helical coronary computed tomography angiography scan groups dis-
played according to the computed tomography (CT) system manufacturer. The study included predominantly 64-slice CT systems; GE
and Philips CT scanners used a single-source configuration, while a dual-source configuration was used with Siemens CT systems.

DISCUSSION

Within the past few years, a variety of strategies
have been proposed to reduce exposure to ionizing
radiation during coronary CTA, including auto-
mated exposure control (19), ECG-controlled tube
current modulation (20), and the use of a reduced
tube potential of 100 kVp (21). It is important that
the use of reduced dose acquisition protocols not
increase the rate of nondiagnostic studies. This has
been demonstrated for some dose reduction strate-
gies, such as the use of a reduced tube potential. For
example, we were able to demonstrate in a prior
study that 100-kVp imaging in nonobese patients
was associated with comparable graded image qual-
ity, and similar rates of downstream testing, while
radiation exposure was reduced by 31% compared
with conventional 120-kVp imaging (6). The study
presented here provides further support that coro-
nary CTA with lower radiation dose is feasible
without compromising diagnostic image quality,
when the prospectively ECG-triggered axial scan
mode is used. In retrospectively ECG-gated helical
scanning, x-ray data are acquired throughout the
entire cardiac cycle with a continuous rotation of
the gantry and simultaneous movement of the
patient table. With axial scanning, radiation expo-
sure and therefore CT data acquisition are initiated
after the detection of an R peak and are limited to
only a pre-defined phase of the cardiac cycle, usually
the diastolic phase with greatest likelihood of min-
imal cardiac motion. Radiation exposure is then
suspended while the patient table is moved to the
next z-axis position, and the process is repeated

until the entire scan length is covered. In this
prospective randomized study, we compared both
scan protocols, axial and helical, concerning image
quality in patients with suspected coronary artery
disease. We demonstrated that the use of an axial
scan technique for coronary CTA resulted in com-
parable and noninferior image quality compared
with conventional helical scanning, while at the
same time the estimated radiation dose was reduced
by 69%. Furthermore, the ability of coronary plaque
assessment as determined by the contour blurring
score was comparable between both groups. These
findings were consistently observed across multiple
manufacturers and platforms, implying that these
results may be generalizable to a variety of commer-
cially available CT scanners. Furthermore, the study
identified similarly low rates of downstream testing,
suggesting that the use of the axial scan protocol
was not associated with an increased near-term
repeat testing or resource utilization.

The reduction in radiation dose with prospec-
tively ECG-triggered axial scanning was incremen-
tal to other dose reduction techniques. The mean
DLP in nonobese patients scanned with a tube
potential of 100 kVp was only 160 = 91 mGy - cm,
which corresponds to an estimated effective dose of
only 2.2 = 1.3 mSv. This finding suggests that the
use of the prospective ECG-triggered axial scan
technique may be effective in comprehensive dose
reduction strategies.

The present study did not compare the diagnostic
accuracy of prospectively ECG-triggered axial with
retrospectively ECG-gated helical scanning. As
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shown previously (6), such a study would require
the enrollment of an unrealistically large number of
patients. However, numerous smaller single-center
studies have studied the diagnostic accuracy of
prospectively ECG-triggered axial scanning (13-
15). A recent meta-analysis included 16 of those
studies, with a total of 960 patients (22). The
average BMI was 26.5 kg/ m?, and the average heart
rate was 57.5 beats/min, which are both slightly
higher than in the present study. This meta-analysis
revealed high sensitivity and specificity values of
100% (95% confidence interval: 98% to 100%) and
89% (95% confidence interval: 85% to 92%) in the
per patient analysis, with an average estimated
effective radiation dose of 2.7 mSv (95% confidence
interval: 2.2 to 3.2 mSv) for the prospectively
ECG-triggered axial scan technique.

With the prospectively ECG-triggered axial scan
technique, the minimum duration of radiation ex-
posure is approximately one-half the gantry rotation
time plus the fan angle for single-source CT scan-
ners. This limits visualization of the coronary arter-
ies to a single, pre-specified time point of the
cardiac cycle, usually in mid-diastole. If multiple
phases of the cardiac cycle are needed for the
assessment of the coronary arteries, the duration of
radiation exposure can be prolonged beyond the
required minimum, which is also known as “pad-
ding.” This technique may permit minor retrospec-
tive adjustments of the reconstruction window,
potentially reducing cardiac motion artifacts. How-
ever, a recent multicenter study could not demon-
strate improved image interpretability with “pad-
ding” in patients with low and stable sinus rhythm,
while the radiation exposure was significantly in-
creased (23). As a consequence, current guidelines
recommend keeping the data acquisition window as
short as possible (24). In the present study, the
length of the data acquisition window, which was at
the discretion of the CT imager, was not recorded,
prohibiting us from performing further analyses of
its impact on image quality grading scores.

As pointed out before, it is critically important to
appropriately balance the desire to achieve low
radiation exposures with the likelihood of obtaining
useful diagnostic images. Too little radiation expo-
sure for a given patient during coronary CTA may
result in excessive image noise and unevaluable
coronary arteries, while exuberant radiation expo-
sure may improve aesthetic image quality with
reduced image noise but without gain of additional
diagnostic information. The present study demon-
strates that the use of the prospectively ECG-

Hausleiter et al.
PROTECTION-III

triggered axial scan mode is associated with a
favorable balance in obtaining highly diagnostic
coronary CTA images with sharp arterial contours
and acceptable noise levels, while radiation exposure
is significantly reduced.

Patient inclusion was limited to patients in stable
sinus rhythm with heart rates lower than 65 beats/
min for single-source and lower than 75 beats/min
for dual-source CT systems because of the higher
temporal resolution of dual-source CT systems.
Pre-specified subgroup analyses did not identify a
deterioration of image quality with the prospec-
tively ECG-triggered axial scan technique in the
small group of patients scanned at higher heart
rates. Although some newer scanner generations
provide scan techniques allowing systolic and dia-
stolic image reconstructions with axial scanning in
patients with higher heart rates, further dedicated
studies are needed to determine the image quality
and diagnostic performance of the prospective
ECG-triggered axial scan technique in patients
with higher heart rates.

This study included patients with low to inter-
mediate risk for having obstructive coronary artery
disease. Although the image quality was also com-
parable between prospectively ECG-triggered axial
and retrospectively ECG-gated helical scans in the
subgroup of patients with suspected coronary artery
disease undergoing additional diagnostic testing
during follow-up, it remains unproven if the present
study’s results can be applied to patients at high risk
for having coronary artery disease or patients with
advanced stages of coronary atherosclerosis. The
majority of CT systems used in this study were
64-slice scanners, and newer scanners with more
detector rows as well as other radiation sparing
techniques have become available. However, the
investigated prospectively ECG-triggered axial scan
protocol is also applicable on these newer scanners.
In fact, current guidelines on radiation dose for
coronary CTA recommend its use for all patients in
stable sinus rhythm with low heart rates, irrespec-
tive of the CT scanner configuration (24).

CONCLUSIONS

The PROTECTION-III study demonstrates that
image quality is maintained when using prospec-
tively ECG-triggered axial scanning in patients
with low and stable heart rates, while at the same
time a 69% reduction in estimated radiation dose is
achieved compared with retrospectively ECG-gated
helical scanning. Consequently, the prospectively
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ECG-triggered axial scan technique should be used
for coronary CTA in all patients with low and
stable heart rates, in pursuit of the ultimate goal of
obtaining diagnostic coronary CTA images with
the lowest possible radiation dose.

Acknowledgments

The authors greatly appreciate the invaluable con-
tributions of the co-investigators of the participat-
ing institutions: Alejandro Deviggiano, MD, and
Carlos Capuiiay, MD (Vicente Lépez, Argentina);
Roy Hoffmann, MD (Bayreuth, Germany); Tobias
Pflederer, MD (Erlangen, Germany); Eva Hen-
drich, MD, and Albrecht Will, MD (Munich,

JACC: CARDIOVASCULAR IMAGING, VOL. 5, NO. 5, 2012
MAY 2012:484-93

Germany); Matthias Gutberlet, MD, and Christian
Liicke, MD (Leipzig, Germany); Emanuele Cas-
ciani, MD, and Gianfranco Gualdi, MD (Rome,
Italy); and Tsunesuke Kono, MD, and Kazuyuki
Takeuchi, RT (Nagano, Japan). The authors are
indebted to the medical and technical staff members
operating in the CT units and catheterization
laboratories of the participating institutions for
their important contributions.

Reprint requests and correspondence: Priv.-Doz. Dr. Med.
Jorg Hausleiter, Deutsches Herzzentrum Miinchen,
Lazarettstrasse 36, 80636 Miinchen, Germany. E-mail:
hausleiter@dhm.mbn.de.

REFERENCES coronary angiography. JAMA 2007; 13. Hein F, Meyer T, Hadamitzky M, et
1. Hendel RC, Patel MR, Kramer CM, 298:317—23. . . al. PFoIspectlvc ECGl—t?ggered se-
et al. ACCF/ACR/SCCT/SCMR/ 6. Hausleiter J, Martinoff S, Hadamitzky quential scan protocol for coronary
ASNC/NASCI/SCAI/SIR 2006 ap- M, et al. Image quality and radiation dual‘?‘)urCe CT angIngaPhyi ml_tlal
propriateness criteria for cardiac com- exposure with a low tube voltage proto- experience. Int J Cardiovasc Imaging
- . : 2009;25Suppl 2:231-9.
puted tomography and cardiac magnetic col for coronary CT angiography results o
resonance imaging: a report of the of the PROTECTION 1II trial. ] Am ~ 14. Carrascosa P, Capunay C, Deviggiano
American College of Cardiology Coll Cardiol Img 2010;3:1113-23. A, et al. Accuracy of low-dose pro-
Foundation Quality Strategic Direc- 7 Weigold WG, Abbara S, Achenbach spectively gated axial coronary CcT
tions Committee Appropriateness S, et al. Standardized medical termi- angiography for the.as.sessmént ofc9r—
Criteria Working Group, American nology for cardiac computed tomog- onary artery stenosis in patients with
College of Radiology, Society of Car- raphy: a report of the Society of Car- stable heart rate. ] Cardiovasc Comput
diovascular Computed Tomography, diovascular Computed Tomography. Tomogr 2010;4:197-205.
Society for Cardi.ovascula.r Magnetic J Cardiovase Comput Tomogr 2011;  15. Alkadhi H, Stolzmann P, Desbiolles
Rlesorgn?, {Qme?\;anhS;)\aetX of léu— 5:136—44. L, et al. Low-dose, 128-slice, dual-
clear Lardiology, North American 50~ source CT coronary angiography: ac-
ciety for Cardiac Imaging, Society for 8. Earls JP, Berman EL, Urban BA, et L L
Ca?éiovascular Angioggrag;)hy an;}’ In- al. Prospectively gated transverse cor- c?::}:yailndd iﬁglasttleon_ifjiﬁigsex;l;%};
terventions, and Society of Interven- onary CT angiography versus retro- % 2010'96'932? g ’
tional Radiology. ] Am Coll Cardiol spectively gated helical technique: im- cart it
2006;48:1475-97. proved image quality and reduced 16. gu'rf G, Hong SW’I.I:ylm }Sle ilt }a)l'
. g : D4h- niform image quality achieved by
2. Budoff MJ, Dowe D, Jollis JG, et radiation dose. Radiology 2008;246: b dulat o SD o
D s of 55, S
multidetector row coronary computed 9. Hirai N, Horiguchi J, Fujioka C, et al. hy. AJR Am ] Ro en:y enol 20§7. lgggA
tomographic angiography for evalua- Prospective versus retrospective ECG- 5)823].—96 8 T
tion of coronary artery stenosis in gated 64-detector coronary CT angiog- ’ . .
individuals without known corona raphy: assessment of image quality, ste- 17. Bongartz G, Gol.dmg 8], Jurik A.G,.et
s P 8¢ QU al E delines for multisli
artery disease: results from the pro- nosis, and radiation dose. Radiology - turopean guidelines for mutislice
spective multicenter ACCURACY 2008;248:424-30. ?mputed ngg{aphy- Funded by the
(Assessment by Coronary Computed L X uropean Commussion, contract num-
Tomographic Angiography of Indi- 10. Rybicki FJ’ Otero HJ » Steigner ML, ber FIGM-CT2000-20078-CT-TIP
viduals Undergoing Invasive Coronary et al. Initial evaluation of coronary 2004. Available at: http://www.msct.
Angiography) trial. ] Am Coll Cardiol images from 320-detector row com- eu/PDF_FILES/Part_two_final_
2008;52:1724-32. puted. tomography. Int J Cardiovasc document_quality_criteria_ CT-TIP.
3. Miller JM, Rochitte CE, Dewey M, et Imaging 2008;24:535-46. pdf. Accessed March 19, 2012.
al. Diagnostic performance of coro- 11. Hauslgiter], MCYCY.T’ Hermann .F’ et 18. American Association of Medical
nary angiography by 64-row CT. al. Estimated radiation dose associated Physicists (AAPM) Task Group 23:
N Engl ] Med 2008;359:2324-36. with cardiac CT angiography. JAMA CT Dosimetry. The measurement, re-
4. Meijboom WB, Meijs MF, Schuijf 2009;301:500-7. porting and management of radiation
JD, et al. Diagnostic accuracy of 64-  12. Bischoff B, Hein F, Meyer T, et al. dose in CT. Available at: http:/www.
slice computed tomography coronary Comparison of sequential and heli- aapm.org/pubs/reports. Accessed April
angiography: a prospective, multi- cal scanning for radiation dose and 16, 2009.
center, multivendor study. ] Am Coll image quality: results of the Pro-  19. Hermann F, Martinoff S, Meyer T, et
Cardiol 2008;52:2135—44. spective Multicenter Study on Radi- al. Reduction of radiation dose esti-
5. Einstein AJ, Henzlova MJ, Rajago- ation Dose Estimates of Cardiac CT mates in cardiac 64-slice CT angiog-

palan S. Estimating risk of cancer
associated with radiation exposure
from 64-slice computed tomography

Angiography (PROTECTION) I
study. AJR Am ] Roentgenol 2010;
194:1495-9.

raphy in patients after coronary artery
bypass graft surgery. Invest Radiol
2008;43:253-60.


mailto:hausleiter@dhm.mhn.de
http://www.msct.eu/PDF_FILES/Part_two_final_document_quality_criteria_CT-TIP.pdf
http://www.msct.eu/PDF_FILES/Part_two_final_document_quality_criteria_CT-TIP.pdf
http://www.msct.eu/PDF_FILES/Part_two_final_document_quality_criteria_CT-TIP.pdf
http://www.msct.eu/PDF_FILES/Part_two_final_document_quality_criteria_CT-TIP.pdf
http://www.aapm.org/pubs/reports
http://www.aapm.org/pubs/reports

JACC: CARDIOVASCULAR IMAGING, VOL. 5, NO. 5, 2012

MAY 2012:484-93

20. Hausleiter ], Meyer T, Hadamitzky

21.

M, et al. Radiation dose estimates
from cardiac multislice computed to-
mography in daily practice: impact of
different scanning protocols on effec-
tive dose estimates. Circulation 2006;
113:1305-10.

Bischoff B, Hein F, Meyer T, et al.
Impact of a reduced tube voltage on CT'
angiography and radiation dose: results
of the PROTECTION T study. ] Am
Coll Cardiol Img 2009;2:940—6.

22.

23.

von Ballmoos MW, Haring B, Juille-
rat P, Alkadhi H. Meta-analysis: diag-
nostic performance of low-radiation-dose
coronary computed tomography an-
glography. Ann Intern Med 2011;
154:413-20.

Labounty TM, Leipsic J, Min JK, et
al. Effect of padding duration on ra-
diation dose and image interpretation
in prospectively ECG-triggered coro-
nary CT angiography. AJR Am ]
Roentgenol 2010;194:933-7.

Hausleiter et al. 493

PROTECTION-III

24. Halliburton SS, Abbara S, Chen MY,
et al. SCCT guidelines on radiation
dose and dose-optimization strategies
in cardiovascular CT. ] Cardiovasc

Comput Tomogr 2011;5:198-224.

Key Words: angiography =
computed tomography =
imaging multislice ® radiation
dose.



	Image Quality and Radiation Exposure With Prospectively ECG-Triggered Axial Scanning for Coronar ...
	Methods
	Study protocol
	Study design and coronary CTA
	Study endpoints
	Data analysis
	Estimation of radiation dose
	Statistical analysis

	Results
	Patient and coronary CTA characteristics
	Coronary CTA image quality
	Radiation exposure
	Clinical follow-up

	Discussion
	Conclusions
	Acknowledgments
	References


