(2) Coronary artery segments with substantial calcification may not be evaluable with
respect to the presence of a hemodynamically relevant stenosis. (3) The coponary lumen
is generally not well observed in the region of a coronary stent. In addition to these, the
adverse effect of iodinated contrast media and risk for radiation exposure are common
problems related to contrast-enhanced CT. The latter is highlighted in low-pitch helical
mode cardiac CTA. Prospective ECG-triggered CTA, with low radiation exposure, is
promising and any efforts to further optimize or reduce the dose should be made.

Conclusion

Prospective ECG-triggered CTA can markedly reduce the radiation dose, while
maintaining diagnostic performance, in patients with low and stable heart rate, The
suitable indication is exclusjon of obstructive coronary disease and is most beneficial
for young patients, who are at low risk of significant coronary artery disease.

Abbreviations

ECG: electrocardiograph

CT: computed tomography

CTA: computed tomography angiography
bpm: beats per minute

BMI: body mass index
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Table

Effective Dose of Cardiac Examination

Diagnostic modality Effective dose (mSv) Reference No.

Radioisotope - B
Diagnostic coronary angiogram 3-10* 17
99mTc sestamibi rest:stress 11.3* 18
99m'Tc sestamibi stress only 7.9% 18
201TI stress-redistribution 22% 18
201TI stress-reinjection 31.4*% 18
Dual isolopc 201T1-99mTc sestamibi 29.2

Calcium Scoring with ElectronsBeam CT 1-1.3 19

Retrospective ECG-gated CTA
4-slice CTA 3.0:5.8 20
64-slice CTA 15.2-21.4 21
Dual-source CT 13.8 22
ECG-modulated 64-slice CTA 9 10
ECG-modulated dual-source CT 7-9 23

Prospective ECG-triggered CTA
Electron beam CTA 1.5-2 19
64-slice CTA 4.1-4.3 24-26
64-slice CTA (100 kV and 120 kV) 2.1-2.8 11, 27-29
Dual-source CTA 2.6-2.9 30,31
Dual-source CTA, 100 kV 1.2-1.3 - 30,31

320-slice CTA ‘ 6.8%* 32

* The effective dose estimated from tissue dose coéfficients,
using ICRP Publication 60 tissue weighting factors.
** The phase window was set to 60-100% of RR iriterval.



Figure legends
Figure 1  Prospective ECGrtriggered versus Retrospective ECG-gated Techniques

A: Conventional retrospective ECG-gated scan is performed in the spiral mode using a
fixed tube current throughout cardiac cycle.

B: ECG-modulated retrospective ECG-gated scan reduces the tube cutrent during a
particular part of the cardiac cycle (usually systole), allowing for a reduction of the
radiation dose by 30% to 50%.

C: Prospective ECG-triggered scan applies radiation during short aiid predetermined
acquisition window of the cardiac cycle, thereby reducing the radiation dose by around
80%, compated to the retrospective ECG-gated scan.

D; X-ray exposure in prospective ECG-triggered scan can be elongated to increase
additional reconstruction availability. It enables the accommodation of some heart fate
variation, however, at the expense of increased radiation exposure.

Figure 2 Wall Motion Evaluation on Retrospective ECG-gated Technique

59 ya female with previous history of myocardial infarction

Upper panels show two-chambers view and lower three-chambers view. Léft panels
indicate diastolic phase and right systolic. The apicoséptal wall shows thinning and
endocardial fat deposition, associated with segmentally decreased wall motion. The wall
of the proximal right coronary artery is calcified and the lumen is not enhanced.

Figure 3 ECG Editing Technique
The heart rate with a patient presenting arrhythmia ranged 34 to 145 bpm. The

reconstruction at 75% of RR shows marked stair-step (i.€. banding) artifacts (left panel).
The image misregistration is reduced after applying ECG-editing technique (right).

Figure 4 Comparison of Prospective ECG-triggered versus Retrospective ECG-gated
Images



A: 78 yo male complaining of recent myocardial infarction (Agatston score: 350
units). Prospective ECG-triggered (left panel, 60 bpm) and retrospective ECG-gated
(right, 61 bpm) images show comparable image quality.

B: 65 yo male, with 3.5mm DRIVER stent implanted in the left main coronary artery,
complairing of indeterminate chest pain.

Similarly on both scans (prospective ECG-triggered; left panel, 57 bpm, retrospective
ECG-=gated; right, 58 bpm), the patency of the stent can be confirmed on curved
multiplanar reconstruction views along long and short axes of the stent,

Figure 5 Comparison of Prospective ECG-triggered and Retrospective ECG-gated
Images versus Invasive Angiography

62 yo male complaining of progressive effort angina

Curved multiplanar reformation images of prospective ECG-triggered (left panel) and
retrospective ECG-gated (middle) images show severe stenosis caused by complex
(calcified and non-calcified) plaque. Angiography shows 90% stenosis at the proximal
right coronary artery.
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Title

Attenuation-Based Tube Current Control in Coronary Artery Calcium
Scoring on Prospective ECG-triggered 64-Detector CT

Abstract

Purpose

To optimize image nois¢ (standard déviation of CT value) and to assess variability in
repeated coronary artery calcium (CAC) scoring on prospective electrocardmgraph
(ECG)-triggered 64-multidetetor CT (MDCT).

Materials and Methods

This prospective study was approved by our institutional review committee. Patients
(n=428) suspected of coronary artery disease were scanned twice using each of three
protocols; the tube current modified by Group A: body mass index (BMI), Group B:
BMI and body height and Group C: attenuation at the maximal heart diameter, Image
noise was plotted against BML Interscan varjability of CAC scores was obtained. The
effective dosg was estimated by CT dose index.

Results

The mean effective dose and image noise were Group A: 0.920.2(range, 0.6-1.5) mSv
and 19:4(10-32) HU, Groups B: 0.8+0.2(0.5-1.4) mSv and 18-£4(10-31) HU and
Group C: 0.80,4(0.3-2.2) mSv and 202(16-26) HU. Group C used a wide range of
dose and controlled the noise in a small range. The positive slope of image noise/ BMI,
0.81 HU/(kg/m?) in Group A and 0.62 HU/(kg/m®) in Group B, suggested insufficient
control of the tube current. In contrast, the nearly flat slope; 0.091 HU/(kg/m?) in Group
C, indicated optimal control, The interscan varjability for Agatston, volume and mass in
CAC positive patients (n=300) was 13%(median, 8%), 12%(7%) and 11%(6%),
respectively.

Conclupsion

Atténuation-based tube current control has the potential to optimize image noise.
Low-dose and low interscan variability on CAC scoring are shown on prospective
ECG-triggered 64-MDCT.



Introduction

The validity of serial coronary calcium measurements as a method to monitor
progression of atherosclerosis requires: 1) that progression of CAC has biologic
relevance to atheroselerosis activity; 2) that progression of CAC can Be detected relative
to inter-test variability; 3) that changes in CAC severity have prognostic relevance; and
4) that modification of cardiovascular risk factors modulates the progression of CAC [1].
Therefore, regarding as technical aspects of CAC scoring, low radiation exposure and
low interscan variability are key requirements.

To reduce radiation exposure, a lower tube current time product of 40mAs [2] or 55
mAs [3] has been recommended for low-dose CAC scoring. However, scanning usihg a
fixed tube current does not account for body habitus of patients. In a recent report of the
International Consortium on Standardization in Cardiac CT, a SD level target of 20 HU
for small and medium-size patients and a SD level target of 23 HU for large patients
have been recommended [4]. To adjust tube current individually, body weight-adapted
[5-7] or BMI-adapted [8,9] protocols have been introduced. However, even in these
models, neither the size of heart nor the presence of pericardial effusion is considered
[10]. Miihlenbruch et al. reported automated attenuation-based tube current adaptation
where the tube current was chosen from a proprigtary control curve calculated based on
the attenuation values derived from the scanogram [10]. The effective reference mAs;
i.e. 150 mAseff, 180 mAseff or 201 mAseff on spiral scan, was set constant for all
z-axis positions. Their study showed automated attenuation-based tube ¢urrent
adaptation can better optimize tube current than a fixed ‘standard’ dose protocol,
however, they admitted that the regression analysis revealed statistically significant
influence of patient’s BMI on image noise. We hypothesized that the tube current
should be adjusted by attenuation at the level of maximal heart diameter on the scout, i.e.
the z-axis level used for the calculation of cardiothordcic ratio. Moreover, step-and
shoot scan should be used for the reduction of radiation dose. Thus, the main purpose of
this prospective study was to optimize image noise and tq assess variability in repeated
CAC scoring on prospeetive ECG-triggered 64-MDCT using attenuation-based tube
cufrent adaptation at the maximal heart diameter. We also compared this protocol with
two other protocols; tube current modified by body BMI [9] and tube current modified
by BMI and body height.

Materials and methods:



Patients

The study was approved by our instifutional review committce. Written informed
consent was received from all patients involved after the nature of the procedure had
been fully explained (including radiation dose information). For 24 months, 428
consecutive subjects (261 males and 167 females, 6512 years old: ranged, 28-89
years) who underwent coronary CT for coronary risk factors or chest pain evaluation
were enrolled in the study and wete classified into three groups. Patients with a history
of cardiac surgery, stents or a pacemaker were excluded. Study participants were
collectéd until each group réached 100 patients with CAC.

Prospective ECG-Triggered Step and Shoot CT Protocol

T‘wo-repeated prospective ECG-triggered step-and-shoot half-scans were performed
using a 64-MDCT scanner (LightSpeed VCT; GE Hedlthcare, Waukesha, WI, USA)

with simultaneous ECG digitizing and recording, Betwecn the two scans, in order to
simulate different body positions, the table was advanced by 1mm. Scans were
performed 4 to 5 secorids aftér holding the breath on mild inspiration in order to
minimize change of heart rate during the scan [11]. Using 2.5 mm collimation width x
16 detectors, images of 2.5 mm thickness weére obtained. Scans were temporally
triggered to be centered at 75% RR, as mid-diastole reconstruction has been
recommended on 0.35 sec gantry-rotation-speed 64-MDCT scanner [12]. The gantry
rotation speed was 0,35 sec/rotation and the tube voltage 120 kV. For image
reconstruction parameters, a matrix size of 512 x 512 pixels, display field of view of
26cm and the kernel fStandard” were used. The temporal resolution was 175 msec.

Group A: tube curvent modified by BMI

This group consisted of subjects in a formerly published paper [9] plus 20 subjects.
Asa slgnlﬁcant association between noise and BMI was shown in an electron beam CT
study [8], the tube currenit was modified according to the following equation:

Tube current = 250 x (body ass index / 25) mA

= 10 x body weight (kg) / [body height (m)]* mA
This is based on the strategy that patients with a standard body mass index of 25
kg/mm? receive the tube current time product of 58 mAs, which is almost the same level
as the recommengdation in CAC scoring on low dose 4-slice CT 3]



The tube current time product in a typical patient with a BMI of 25 kg/m’
= tube current (mA} x gantry rotation speed (sec) x exposure time per rotation time
=250 mA x 0.35 sec x 2/3 =58 mAs

Group B: tube current modified by BMI and body heiglit

In addition to BMI, the protocol considered the influence of body height. The tube
current was modified according to the following equation:
Tube current = 250 x (body mass index / 25) mA x (body height / 1.7) mA
=5.88 x body weight (kg) / [body height (m)] mA

Group C: attenuation-based tube current adaptation at the maximal heart diameter

As this prom{l;ol used attenuation-based tube ¢urrent adaptation, we set the ispcenter of X-ray
beant to adjust the ¢enter of body in the ventral-dorsal direction at the left ventricular level. First, we
took the lateral scout and, if necessary, reset the Pcsition of the table so that the isocenter of X-ray
bedm and the center of body correspond (Fig 1a). Next, we took the frontal scout. We determined the
z-axis level of the maximal heart diaineter on the frontal scout view (Fig 1b) and inputted a fargeted
noise level of 20 HU in software ‘Smart mA”, thereafter a value of tube ¢urrent was recommended.
As this value was offered on the simulation of a full scan and a gantry rotation speed of 0.4 sec, we
determined the tube current on the CAC scanning according to the following equation:

Tube current = recommended tube current x 3/2 x (0.4/0.3) mA

= recommended tube current x 1.71 mA

Image Noise

Image noise expressed as standard deviation (SD) of CT values, irf regions of interest set in the
aorta at the level of the left coronary artery and in the right ventricle at the maximal heart diameter
level determined on axial CT image, was measured by Observerl (9 years’ experience of CAC
scoring) on Scan! (Fig 2). The SD value in the right ventricle of each of the three groups was tested
for being equal to 20HU. The valye (mean + 2 x 8D) of CT values, in the two regions of interest,
which is preferably lower than the threshold of 130 HU [2], was calculated, To investigate the
relationship between SD and BMI, the SD was plotted versus the BMI, as described by Mahnken et
al [13]. ' '

-

Calcium Scoring



The Agatston [14], calcium volume and mass [15] were deterfiined on a commercially available
external workstation (Advantage Windows Version 4.2, GE Healthcare, Waukesha, WI) and
CAC-scoring software (Smartscore Version 3.5).

All CT scans were independently scored by two radmlog;lsts with 9 and 3 years’
experience of CAC scoring (Observerl and Observer2, respectively). We defined ‘CAC
positive’ as positive CAC scores for the three algorithrhs on both scans. For ‘CAC
positive’ patients, the CAC scores in logarithmic scale, in order to reduce skewness,
were compared between the three groups, as well as between two repedted scans and
two observers. We performed monthly scanning of a calibration phantom
(Anthropomorphic Cardio Phantom, Institute of Medical Physics, and QRM GmbH) to
determine the calibration factor for mass score [16],

Interscan and Interobserver Variability

For ‘CAC positive’ patients, interscan and interobserver variability was calculated using the
percentage difference in calcium scores:
Interscan variability = [absolute (Scanl — Scan2) / (Scam + Scan2) x 0.5] x 100
Interobserver variability
= [absolute (Observerl - Observer2) / (Observerl + Observer2) x 0.5] x 100
where Observerl is the CAC score measured by Observerl.

The interscan variability, in logarithmic scale, was compared between the three
groups and CAC scoring algorithms.

Radiation dose

Dose-length product (DLP, in mGy x cm) displayed on Dose Report on the CT
scanner was recorded. The effective dose was estimated by a method proposed by the
European Working Group for Guidelines on Quality Criteria in CT [17]. In this method,
the effective dose is derived from the dose-length product and a conversion
coeffcient for the chest (k = 0.017 mSv/mGy per cm averaged between male and female
models). The effective doses in the three groups were plotted versus the BML

Statistical Apalyses

All stafistical analyses were performed using a commercially available software



package (MedCalc 9.5.1 for Windows, Medcalc Software, Mariakerke, Belgium).
Categorical variables were presented as frequency and percentage and continuous
variables are as mean + SD. The chi-square and ANOVA (multivariate calculations)
tests were used to determine group differences. P-values < 0.05 were considered to
identify significant differences.

Results

The patient numbers in Groups A, B and C were 145, 145 and 138, respectively. All patients
(n=428) were able to hold their breath on the two scans. Baseline characteristics of patients are
preserited in Table 1. Neither heart rate (p=0.47) nor heart rate variation (p=0.44) was different
between the three groups. Three hundred of the overall 428 patients were ‘CAC positive’. One
hundred and twenty pati'ems showing negative scores on both scans, and 8 patients showing both
positive and negative scores between scans or between dlgorithms, were excluded for the calculation
of variability.

Image Noise

The SD and the values of (mean + 2 x SD) in regions of intérest in the aorta and the right ventricle
are presented in Table 2. The test for one mean reyealed that the SD in the right ventricle was
different from 20HU in Group A (p<0.01, 95% confiderice interval [CI]: 18.3 to 19.7) and Group B
(p<0.01,95% CI: 17.3 to 18.7), whereas the SD was not different from 20HU in Group C (p=1.00,
95% CI: 19.7 to 20.3). In Group C, the mean SD was 2042 HU, being controlled in a range from 16
HU to 26 HU. Images with the highest noise in the three groups are shown in Figure 3. In Group C,
6 of 138 patients (4%) showed CT value of >23HU in the right ventricle (at the maximal heart
diameter level on axial CT image). In 5 patients of them, the image levels were below the dome of
diaphragm, being different frofm the image used for the measurément of attenuation in the scout.

The values of (mean + 2 x SD) did not exceed 130 HU in Groups A and C, whereas the value, in -
the right ventricle, was 133 HU in one case in Group B.

The regression analysis revealed statistically significant influence of patient’s BMI on the image
noise in Groups A and B (Fig 4a-d). In Group C however, the nearly flat slopes of 0.04 HU/(kg/m’)
and 0.091 I-IUr‘(ké!m’) were seen between the BMI on the SD, indicating optimal control of tube
current (Fig 4e, ).

Coronary Artery Calcium Scores, the Interscan and Interobserver Variability



The CAC scores dnd the interscan and interobserver variability are summarized in Table 3. The
CAC score levels were not different betwéen the three groups. For a representative, ane-factor
ANOVA revealed that there was no significant difference of log transformed Agatston scores on
Scan! measured by Observer] between the groups (p=0.61), CAC scores were not different between
seans and observers; for an example, repeated measures ANOVA revealed that there was no
statistical significance of log transformed Agatston scores in Group A between the scans (p=031)
and gbservers (p=0.91).

For Observer |, the mean interscan variability of ‘CAC positive’ patients in all groups
(n=300) was Agatston: 13% (median; 8%), volume: 12% (7%) and mass: 11% (6%),
respectively. Two-factor ANOVA revealed that the intérscan variability in CAC scores,
in logarithmic scale, was not different between the threg groups (p=0.17) and algorithms
(p=0.07).

The interobseryer variability was small. For Scan1, the mean interobserver variability
for Agatston, volume and mass in *CAC positive’ patients was 4% (1%), 2% (0%) and
3% (1%), respectively.

Radiation dose

The tube current, tube current time product, DLPs displayed on Dose Report on the CT scanner
and the estimated effective doses, in the three groups, are shown in Table 4. One-factor ANOVA
revealed that there was significant difference in all values between the three groups (p<0.01). Group
C used the least dose, more importantly, a wide range of dose (effective dose: 0.3-2.2 mSv). The
effective dose plots against the BMI are shown (Fig 5a-c). In Group C, the tube currents used and
radiation doses were different between individuals, and widely distributed compared to Groups A
and B,

Discussion

The major points of présent study are (1) attenuation-based tube current control, at the
level of maximal heart diameter on the scout view, has the potential to optimize image
"noise in CAC scoring. (2) Low-dose scan is possible in the combination of prospective
ECG-triggeted scan. (3) The protocol on 64-MDCT provides low interscan and
interobserver variability.

Image Noise
In Group C, the mean noise was controlled to planned value of 20 HU. Iri addition,



the range was small compared to Groups A and B. These facts indicate that the scan in
Group C keeps to ‘as low as reasonably achievable (ALARA)’ strategy. Of 138 patients
in Group C, the maximal value of (mean + 2 x SD) was 107 HU in the right ventricle.
As the CT value threshold of CAC detection was set to 130HU, this result indicates the
noise is not likely to be falsely judged as CAC. This is also important as image noise is
known to be one factor affecting interscan variability of CAC [18,19]. In Groups A and
B, image noise was a function of BMI, suggesting insufficient conttol of the tube
current to individual patient. In Group C however, image noise was in optimal control.

Interscan and Interobserver Variability in Coronary Artery Calcium Scoring _

The interscan variability of Agatston score in 300 ‘CAC positive’ patients (mean; 13% and
median; 8% for Observer 1) was lower than the variability on electron beam CT (20% to 37%)
[15,18,20,21] and was comparable to overlapping images from retrospective reconstruction on
prior-generation (4- or 16-) MDCT [22,23]. The variability was also comparable to that on
64-MDCT [24]. However, the data on 64-MDCT are from a single institution. It is our hope that
larger data from miulti-institutions will be collected. Apart from overlapping images, the use of
volume or mass algorithm can further reduce the variability. Although not significant (p=0.07), the
trend wa$ obsérved in the current study, in line with previous studies [23,24]. The interobserver
variability in the study was small. Artificial lesions, known to affect interobserver variability, were
reduced in the study with favorably controlled-nojse. We consider that the inters¢an and
interobserver variability in the current study is ericouraging. However, we might be prudent in real
clinical practice, as patient is likely to have different heart rates when studies are performed a few
Yyears apart and body habitus and position may also change, thus possibly may increase variability.

Radiation dose

In Group C, the tube currents and the associated radiation doses distributed over a
wide range and that the doses were different among patients éven with the same BMI
level. The attenuation-based tube current control is an appropriate method in patients
who do not require much dose, ¢.g. a slender patient who does not receive more dose
than necessary. For an example, the minimal dose was only 0.3 mSv for a small and
slender patient (151cm, 42kg and BMI: 18 kg/m?), We also found that the mean
radiation dose in Group C was the same level as electron beam CT (0.7 mSv) [25]. We
may therefore conclude that this level of radiation dose may be suited for repeated
examination of monitoring progression of atherosclerosis. Another approach for the
reduction of dose is lowering of the tube voltage [26,27]. It dose however, need -
calibration for the calculation of a scanner with a specifically adapted threshold for the



identification of calcium, and is available only for calcium mass scoring.

A technical issue should be addressed. As the current is determined at the maximal
heart diameter on the scout, image noise below the dome of diaphragm tended to
become higher, Indeed, 5 patients showed CT value of >23HU in the right ventricle
below the dome of diaphragm. However, considering that the largest part of the
coronary arteties was suggested to exist in the first 6 cm of the transverse scan [28],
CAC below the diaphiragmatic level is probably of less importance. Although we could
have optimized the image noise adjusting at such a lower level, we did not ¢hoose to do
so as it might excessively increase radiation dose.

As a limitation, the study was held at a single institution in Japan and the participants
consisted of smaller patients than typical U.S. citizens, resulting in lower estimated dos¢
than expected for U.S. citizens. Nevertheless, the method is applicable to any patients
and seems promising for the optimization of the tube current in CAC scoring.

In ¢onclusion, attenuation-based tube current control, at the level of maximal heart
diameter on the scout view, has the potential fo optimize image noise across patients.
Low-dose and low interscan variability o CAC scoring are shown on prospective
ECG-triggered 64-MDCT.
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