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Abstract To assess the possibility of reducing the ra-

diation dose for coronary artery calcium (CAC) scoring by

using adaptive iterative dose reduction 3D (AIDR 3D) on a

320-detector CT scanner. Fifty-four patients underwent

routine- and low-dose CT for CAC scoring. Low-dose CT

was performed at one-third of the tube current used for

routine-dose CT. Routine-dose CT was reconstructed with

filtered back projection (FBP) and low-dose CT was re-

constructed with AIDR 3D. We compared the calculated

Agatston-, volume-, and mass scores of these images. The

overall percentage difference in the Agatston-, volume-,

and mass scores between routine- and low-dose CT studies

was 15.9, 11.6, and 12.6 %, respectively. There were no

significant differences in the routine- and low-dose CT

studies irrespective of the scoring algorithms applied. The

CAC measurements of both imaging modalities were

highly correlated with respect to the Agatston- (r = 0.996),

volume- (r = 0.996), and mass score (r = 0.997;

p\ 0.001, all); the Bland–Altman limits of agreement

scores were -37.4 to 51.4, -31.2 to 36.4 and -30.3 to

40.9 %, respectively, suggesting that AIDR 3D was a good

alternative for FBP. The mean effective radiation dose for

routine- and low-dose CT was 2.2 and 0.7 mSv, respec-

tively. The use of AIDR 3D made it possible to reduce the

radiation dose by 67 % for CAC scoring without impairing

the quantification of coronary calcification.
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Introduction

The coronary artery calcium (CAC) score measured on fast

computed tomography (CT) scanners is an unequivocal

marker of coronary atherosclerosis [1, 2]. However, the

high quality of images obtained by multi-detector row CT

comes at the expense of high radiation exposure; the re-

ported dose for CAC scoring is between 1.4 and 2.0 mSv

[3–5]. As its long-term effects are not well defined, the

radiation dose must be kept at the minimum that allows

adequate quantification of the CAC score.

Iterative reconstruction (IR) algorithms reduce the noise

and improve the image quality [6–8]. The adaptive iterative

dose reduction 3D (AIDR 3D) algorithm developed by

Toshiba Medical Systems Corp. is commercially available;

it reduces image noise and streak artifacts in the recon-

struction domain. It is expected to lower the required ra-

diation dose for a noise level similar to conventional

filtered back projection (FBP) reconstruction while main-

taining diagnostic image quality.

To our knowledge there are no studies that evaluated the

possibility of a radiation dose reduction for CAC scoring

using IR techniques determined by patient data. Therefore,

to assess whether IR allows for a radiation dose reduction

in patients undergoing CAC scoring we performed phan-

tom- and clinical studies using a 320-detector CT scanner.

The phantom study was performed as a precursor to de-

termine the best dose reduction level for CAC scoring with
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AIDR 3D. Based on the phantom study, a 67 % dose re-

duction was prescribed to the patient study. In the clinical

study we compared the accuracy of the CAC score ob-

tained with routine-dose CT reconstructed with FBP and

low-dose CT reconstructed with AIDR 3D.

Materials and methods

Phantom study

We used a cardiac CT calibration phantom (QRM,

Moehrendorf, Germany) with a 200 9 300 mm body di-

ameter and a 100 mm depth that designed as a calibration

standard for the quantification of coronary calcium

(Fig. 1). Its body includes artificial lungs and a spine insert

surrounded by a material mimicking soft tissue. At the

position of the heart there is a 100-mm diameter cylindrical

hole for the placement of a calibration insert containing

three sets of calcified cylinders measuring 1-, 3-, and 5 mm

in both diameter and height whose calcium hydroxyapatite

(CaHA) density equals 200-, 400-, and 800 mg/cm3, re-

spectively (Fig. 1).

We used a 320-detector CT scanner (Aquilion ONE,

Toshiba Corp. Medical Systems, Tokyo, Japan) with

prospective ECG-triggering. The scanning parameters were

tube potential, 120 kVp; rotation time, 0.35 s. Images were

reconstructed using a medium-smooth kernel (FC14); the

slice thickness was 3 mm without overlap. Images were

obtained at tube currents of 150-, 100-, 70-, 50-, and

40 mA; the standard deviation (SD) of the CT values at the

images reconstructed with FBP corresponds to 20-, 25-,

30-, 35-, and 40 Hounsfield units (HU). Axial images were

reconstructed for each CT study with AIDR 3D using

vendor-recommended settings (preset ‘‘standard’’ of 3 op-

tions, i.e. mild, standard, and strong) and FBP. Five scans

were obtained in each series. In this phantom study, the

image noise and CAC scores obtained at 150 mA with FBP

were defined as the reference data.

The Agatston score was defined by the presence of more

than two adjacent pixels with HU values greater than 130

[9]. Lesions were automatically identified and marked in

color on the workstation (Virtual Place ver. 3.3; Aze,

Tokyo, Japan). We also calculated the calcium volume and

mass score as they were reported to reduce inter- and in-

traobserver variability [10–12]. The volume score was

compiled by automatic multiplication of the coronary

artery calcium area on axial slices by the slice thickness.

The mass score was calculated with the equation [10–12]:

mass score =
P

(area 9 slice increment 9 mean CT

density) 9 calibration factor. To obtain the calcium mass

we calculated the calibration factor by measuring the at-

tenuation of the large calcium hydroxyapatite calibration

insert at 200 mg/cm3 and the water insert; the calibration

factor on our CT scanner was 0.701311. All CAC scores

were obtained for all CT studies.

Patient study

This study was performed in compliance with the princi-

ples of the Declaration of Helsinki and approved by our

institutional review board. Informed prior consent was

obtained from all patients.

We recruited 71 consecutive patients who were referred

for coronary CT angiography between September and

December 2013. In 56 patients coronary artery disease

(CAD) was suspected to be due to dyspnea (n = 11),

typical angina pectoris (n = 13), atypical chest pain

(n = 25), or high cardiovascular risk (n = 7). The other 15

had known CAD; they were referred for stent patency

(n = 8) or follow-up after myocardial infarction (n = 7).

Our inclusion criteria required a diagnostic study with an

Agatston score greater than zero. Patients were excluded if

they had a history of cardiac surgery (n = 6), coronary

stents (n = 8), or a pectoral transvenous pacemaker

(n = 3). Consequently, 54 patients (39 men, 15 women;

Fig. 1 a Photograph of the anthropomorphic phantom body with the

calibration insert. b Diagram of the frontal view of the calibration

insert with 9 different calcifications and 2 large calibration inserts (0-

HU water and 200 mg/cm3 calcium hydroxyapatite)
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median age 70 years; range 44-86 years) were enrolled in

this study.

CT scanning

All CT studies were performed using a 320-detector CT

scanner with prospective ECG-triggering during a single

heart beat. Patients whose resting heart rate exceeded 65

beats per minute (bpm) perorally received 20–40 mg of

metoprolol (Selokeen; AstraZeneca, Zoetermeer, Nether-

lands) 60 min before undergoing CT.

Each patient underwent two consecutive CT examina-

tions for CAC scoring. For the first CT study (routine-dose

CT) tube current was determined as follows; after a lo-

calizer radiograph acquisition, we simulated the tube cur-

rent at which the standard deviation (noise level) of the

heart was that obtained at 20 HU at the images recon-

structed with FBP, using the z-axis modulation technique

(Volume E.C., Toshiba Medical, Tokyo, Japan). For the

second study (low-dose CT) we used one-third of the tube

current applied for routine-dose CT; this reduction rate of

the tube current was based on the results of our phantom

study. The patients remained on the table during the two

examinations without changing their position. In all ex-

aminations the phase window during which the patient was

exposed was limited to 75 % of the R–R interval. The other

scanning parameters, identical in both examinations, were:

tube potential, 120 kVp; rotation time, 0.35 s; z-coverage,

120–160 mm.

Images were reconstructed using a medium-smooth

kernel (FC14), a matrix size of 512 9 512, and a slice

thickness of 3 mm without overlap. The images obtained

with routine-dose CT were reconstructed with FBP; low-

dose CT images with FBP or AIDR 3D using the standard

level. Reconstructed image data were transferred to a

computer workstation (Virtual Place ver. 3.3; Aze, Tokyo,

Japan) for post-processing.

Quantitative analysis

The Agatston-, volume-, and mass scores were recorded by

one reader with 8 years of experience in cardiovascular

radiology. All CAC scoring was performed in each routine-

and low-dose CT study.

For risk stratification the patients were categorized

based on their Agatston score of the routine-dose CT study.

For group 1 (low risk) the cutoff value was 1–30, for group

2 (moderate risk) it was 31–100, for group 3 (moderately

high risk) it was 101–400; group 4 (high risk) had a score

greater than 400 [13].

Image noise was determined as the SD of the attenuation

value in a region of interest placed in the left ventricle. The

effective radiation dose for each CT study was calculated

as the product of the dose-length product (DLP) times a

conversion coefficient for the chest (k = 0.014 mSv/

mGy cm) [14].

Statistical analyses

The effective radiation dose for routine- and low-dose CT

was assessed with the two-tailed paired-samples t test. The

percent difference in the CAC scores obtained in routine-

dose CT studies with FBP and in low-dose CT studies with

AIDR 3D was calculated using the formula [13]: abs (A -

B)/(0.5 9 A ? 0.5 9 B) 9 100 %. The correlation of the

scoring algorithms applied in the two studies was deter-

mined with the Pearson correlation coefficient. Bland–

Altman plots were constructed for each scoring algorithm

to assess agreement between the scores obtained in the two

studies. Percent differences between the scores of the two

studies were plotted against their average scores.

Data analysis was with MedCalc (version 11.3, Med-

Calc Software). For all statistical analyses, p\ 0.05 was

considered to indicate a significant difference.

Results

Phantom study

Agatston scores at various calcium size and CaHA density

calculated from images reconstructed with FBP and AIDR

3D are shown in Table 1. Agatston scores for small (Cal-

cium diameter of 1 mm) or low density (CaHA density of

200 mg/cm3) inserts tended to decrease with AIDR3D

compared to those reconstructed with FBP; those of me-

dian size (Calcium diameter of 3 mm) or median density

(CaHA density of 400 mg/cm3) inserts remained un-

changed with AIDR 3D; those of large (Calcium diameter

of 5 mm) or high density (CaHA density of 800 mg/cm3)

inserts tended to increase at low dose scan (40–70 mA)

with AIDR 3D.

The image noise and the Agatston-, volume-, and mass

scores calculated from images reconstructed with FBP or

AIDR 3D are shown in Table 2. The mean image noise

acquired at 40 mA and reconstructed with AIDR 3D was

comparable to the values obtained at 150 mA and recon-

structed with FBP; the mean Agatston score obtained at

50 mA with AIDR 3D was comparable to that at 150 mA

with FBP; the mean volume and mass scores obtained at

70 mA with AIDR 3D were comparable to those at

150 mA with FBP. Regarding the mean volume and mass

scores, the difference values obtained at 70- and 50 mA

with AIDR 3D were very small (682.9 vs. 685.7 mm3,

183.8 vs. 186.0 mg, respectively). Therefore we expected

that with the aid of AIDR 3D the radiation dose could be
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reduced by 67 % (from 150 to 50 mA) in clinical studies of

CAC

Patient study

The mean BMI of the study population (n = 54) was

23.9 ± 3.3 (range 17.2–31.6); 3 patients (5.6 %) were

underweight (BMI\ 18.5), 32 (59.3 %) were of normal

weight (BMI 18.5–24.9), 17 (31.5 %) were overweight

(BMI 25–29.9), and 2 (3.7 %) were obese

(BMI[ 30).The mean tube current at routine- and low-

dose CT were 315.0 and 103.6 mA (p\ 0.01). The mean

DLP and effective radiation dose at routine-dose CT were

156.5 mGy 9 cm and 2.2 mSv; at low-dose CT they were

49.9 mGy 9 cm and 0.7 mSv (p\ 0.01). The mean

Agatston-, volume-, and mass scores and mean image

noise obtained at routine- and low-dose CT are shown in

Table 3. The mean image noise was similar at low-dose

CT with AIDR 3D and routine-dose CT with FBP

(p = 0.82). There was no patient whose calcification

disappeared (Agatston score = 0) at low-dose CT scans

with AIDR 3D.

The overall percentage difference in the Agatston-,

volume-, and mass scores between routine-dose CT with

FBP and low-dose CT with AIDR 3D was 15.9, 11.6, and

12.6 % respectively. The absolute percentage difference in

the CAC scores based on the risk level is shown in Table 4.

The lower the amount of calcium present the higher was

the percentage difference.

The Agatston score obtained at low-dose CT scans with

AIDR 3D strongly correlated with the score obtained for

routine-dose CT scans with FBP (r = 0.996, p\ 0.001)

(Fig. 2a) and the volume- and mass scores obtained with

low-dose CT scans with AIDR 3D strongly correlated with

the scores on routine-dose CT scans with FBP (r = 0.996,

p\ 0.001; r = 0.997, p\ 0.001, respectively; Fig. 2b, c).

Comparison of the results of Bland–Altman analysis of

the Agatston- volume-, and mass scores obtained with low-

dose CT with AIDR 3D and routine-dose CT with FBP

revealed no systemic bias (Fig. 3). The Bland–Altman

Table 1 Phantom study: mean

Agatston scores at various

(a) calcium size, (b) calcium

hydroxyapatite density

calculated from images

reconstructed with FBP and

AIDR 3D

FBP AIDR 3D (Standard)

150 mA 150 mA 100 mA 70 mA 50 mA 40 mA

(a) Calcium diameter

1 (mm) 4.1 2.5 2.8 2.3 2.0 2.4

3 (mm) 176.9 173.3 175.4 176.7 173.7 175.5

5 (mm) 644.8 632.3 646.12 663.3 654.12 685.1

(b) CaHA density

200 (mg/cm3) 144.7 132.6 140.4 142.4 132.1 148.7

400 (mg/cm3) 286.6 282.8 288.0 291.7 290.9 298.9

800 (mg/cm3) 394.4 392.8 395.9 404.5 406.8 414.1

FBP filtered back projection, AIDR 3D adaptive iterative dose reduction 3D, CaHA calcium hydroxyapatite

Table 2 Phantom study: mean

image noise and calcium scores

calculated from images

reconstructed with FBP and

AIDR 3D

FBP AIDR 3D (standard)

150 mA 150 mA 100 mA 70 mA 50 mA 40 mA

Image noise (HU) 21.1 13.5 14.6 16.7 19.6 20.4

Agatston score (mm2) 825.2 803.5 821.3 837.9 827.6 856.5

Volume score (mm3) 679.7 661.6 667.6 682.9 685.7 707.3

Mass score (mg) 184.5 180.5 178.8 183.8 186.0 190.5

FBP filtered back projection, AIDR 3D adaptive iterative dose reduction 3D

Table 3 Clinical study: mean

image noise and coronary artery

calcium scores obtained with

routine- and low-dose CT

RDCT with FBP LDCT with FBP LDCT with AIDR 3D

Image noise (HU) 20.8 36.6 20.7

Agatston score (mm2) 361.6 393.7 356.8

Volume score (mm3) 294.7 328.2 293.8

Mass score (mg) 65.6 72.0 64.0

FBP filtered back projection, AIDR 3D adaptive iterative dose reduction 3D, RDCT Routine-dose CT,

LDCT Low-dose CT
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limits of agreement for the Agatston-, volume-, and mass

scores were -37.4 to 51.4 %, -31.2 to 36.4 %, and -30.3

to 40.9 %, respectively, suggesting that AIDR 3D was a

good alternative for FBP. A representative case is shown in

Fig. 4.

Discussion

In the first study to assess the possibility of reducing the

radiation exposure for CAC scoring by using AIDR 3D on

a 320-detector CT scanner we document that AIDR 3D

facilitates a decrease in the radiation exposure by 67 %

compared to studies that use the dose currently applied and

FBP.

There has been considerable interest in reducing the tube

current (mA) for CAC scoring [15–18] because the patient

radiation dose is directly and linearly related to the applied

tube current [19]. There was no significant difference in the

CAC score when low/high tube currents of 55mAs/165mAs

[18] and 40 mAs/150 mAs [20] were applied. However,

when the tube current is too low, the increased image noise

manifests as small focal areas of high attenuation that can

simulate or accentuate focal calcified arterial plaques [21].

AIDR 3D is a hybrid IR technique that can be used

clinically. AIDR 3D algorithm applies noise reduction

techniques to the raw data and image domains. AIDR 3D

efficiently eliminates noise and streak artifact due to pho-

ton starvation with a statistical noise and scanner model

considering both photon and electronic noise in the raw

data domain. The raw data are reconstructed with FBP then

a sophisticated iterative technique that optimizes recon-

structions for the particular region is applied in the image

domain, resulting noise reduction while preserving spatial

resolution and image texture [22]. It drastically reduces the

image noise compared with FBP reconstruction and the

additional time required for calculations is clinically ac-

ceptable. In CT coronary angiography, AIDR 3D can help

to reduce the radiation dose by 22–50 % [23, 24]. There-

fore we posited that AIDR 3D held promise for reducing

the radiation exposure for clinical CAC scoring.

The effect of IR techniques on CAC scoring has been

reported [25, 26]. van Osch et al. [26] found that the

Agatston-, volume-, and mass scores were lower on

adaptive statistical iterative reconstruction (ASIR)- than

FBP images and that the number of patients with a calcium

score of zero increased by 13 % with 100 % ASIR. Kurata

et al. [25] reported that the Agatston-, volume-, and mass

scores decreased in proportion with the amount of sino-

gram-affirmed iterative reconstruction (SAFIRE) and that

high-grade SAFIRE resulted in the disappearance of de-

tectable calcium in 3 of 70 patients with a low calcium

burden. Based on these previous reports, we selected the

‘‘standard setting’’ of the AIDR 3D algorithm, not the

‘‘strong setting’’ of the AIDR 3D; no calcifications disap-

peared (Agatston score = 0) with that AIDR 3D setting.

In our phantom study, we evaluated the Agatston scores

at various calcium size and CaHA density calculated from

images reconstructed with FBP and AIDR 3D. Agatston

scores for small or low density inserts tended to decrease

with AIDR3D compared to those reconstructed with FBP,

while Agatston scores for large or high density inserts

tended to increase at low dose scan (40–70 mA) with AIDR

3D. Thus, large or high density inserts might have more

dose reduction potential than small or low density inserts.

Based on our phantom study we expected that with

AIDR 3D it would be possible to reduce the radiation dose

by 67 % in patients undergoing CAC measurements. The

mean image noise for low-dose CT with AIDR 3D (20.7

HU) and routine-dose CT with FBP (20.8 HU) was com-

parable; with both techniques the image noise level was

acceptable for the evaluation of CAC (\20 HU) [27]. Also,

low-dose CT with AIDR 3D and routine-dose CT with FBP

yielded equivalent CAC measurements. Our results indi-

cate that accurate quantification of calcium in the coronary

artery is possible with AIDR 3D at an effective dose of

0.7 mSv, a radiation dose lower than in earlier reports

(1.4–2.0 mSv) [3–5].

In our study the overall percentage difference (repro-

ducibility) between routine- and low-dose CT (Agatston

score, 15.9 %; volume score, 11.6 %; mass score, 12.6 %)

was almost the same as in earlier reports (11–28, 9–12,

Table 4 Absolute percentage differences in the coronary artery calcium scores of patients in different risk categories

Group 1 (scores 1–30) Group 2 (scores 31–100) Group 3 (scores 101–400) Group 4 (scores[ 400)

No. of patients 6 10 20 17

Agatston score (mm2) 42.0 27.5 11.3 5.4

Volume score (mm3) 29.5 16.1 10.0 4.7

Mass score (mg) 33.5 20.3 8.3 6.1

Comparison was between routine-dose CT with FBP and low-dose CT with AIDR 3D

FBP filtered back projection, AIDR 3D adaptive iterative dose reduction 3D
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7–12 %) [13, 28, 29]. On the other hand, as the extent of

calcification significantly affects reproducibility; the lower

the amount of calcium present, the larger is the absolute

Fig. 2 Scatter plots showing the correlation between CAC scores

obtained at routine-dose CT with FBP and low-dose CT with AIDR

3D. a Strong correlation between the Agatston scores obtained at low-
dose CT with AIDR 3D and routine-dose CT with FBP (Pearson

correlation, r = 0.996, p\ 0.001). b Strong correlation between

volume scores obtained at low-dose CT with AIDR 3D and routine-

dose CT with FBP (r = 0.996, p\ 0.001). c Strong correlation

between mass scores obtained at low-dose CT with AIDR 3D and

routine-dose CT with FBP (r = 0.997, p\ 0.001)

Fig. 3 Bland–Altman analysis of the a Agatston-, b volume-, and

c mass scores obtained in the two CT studies showed that there were

no systemic biases. The Bland–Altman limits of agreement for the

Agatston-, volume-, and mass scores were -37.4 to 51.4 %, -31.2 to

36.4 % and -30.3 to 40.9 %, respectively
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percentage difference. For lower CAC scores the reported

absolute percentage difference was 43–72 % [13, 30, 31].

Ours was slightly better (42 % in the low-risk group with

an Agatston score of 1–30). We hypothesize that if the

percentage difference in patients with lower CAC scores is

large, the score itself is so low that it would not affect the

patient’s risk assessment.

Our study has some limitations. The small number of

patients limits the informational value of our findings and

additional investigations on larger patient populations are

underway to confirm our preliminary results. Second, the

mean body weight of our patients is lower than in average

American and European subjects and studies are needed to

determine whether our results apply to heavier patients.

Third, we performed CAC scoring on the same workstation

to minimize the potential bias of different workstations. On

different workstations the scores may differ slightly.

Lastly, we investigated the effect of a specific IR algorithm

on specific CT studies. The effect of other IR algorithms on

different CT investigations may be different.

In conclusion, AIDR 3D can reduce the radiation ex-

posure of patients undergoing CAC scoring by 67 %

compared with the dose currently applied with FBP.
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