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Background: This study aimed to evaluate the effects of different iterative reconstruction (IR) algorithms 
on coronary artery calcium (CAC) score quantification using the reduced radiation dose (RRD) protocol in 
an anthropomorphic phantom and in patients.
Methods: A thorax phantom, containing 9 calcification inserts with varying hydroxyapatite (HA) densities, 
was scanned with the reference protocol [120 kv, 80 mAs, filtered back projection (FBP)] and RRD protocol 
(120 kV, 20–80 mAs, 5 mAs interval) using a 256-slice computed tomography (CT) scanner. Raw data were 
reconstructed with different reconstruction algorithms [iDose4 levels 1–7 and iterative model reconstruction 
(IMR) levels 1–3]. Signal-to-noise ratio (SNR), contrast-to-noise ratio (CNR), and Agatston score (AS) were 
calculated for each image series. The correction factor was derived from linear regression analysis between 
the reference image series and other image series with different parameters. Additionally, 40 patients were 
scanned with the RRD protocol (50 mAs) and reconstructed with FBP, iDose4 level 4, and IMR level 2. AS 
was calculated for the 3-group image series, and was corrected by applying a correction factor for the IMR 
group. The agreement of risk stratification with different reconstruction algorithms was also analyzed.
Results: For the phantom study, the iDose4 and IMR groups had significantly higher SNR and CNR than 
the FBP group (all P<0.05). There were no significant differences in the total AS after comparing image 
series reconstructed with iDose4 (level 1–7) and FBP (all P>0.05), while AS from the IMR (level 1–3) image 
series were lower than the FBP group (all P<0.05). The tube current of 50 mAs was determined for the 
clinical study, and the correction factor was 1.14. For the clinical study, the median AS from the iDose4 and 
IMR groups were both significantly lower compared to the FBP image series [(112.89 (63.01, 314.09), 113.22 
(64.78, 364.95) vs. 118.59 (65.05, 374.48), both P<0.05]. After applying the correction factor, the adjusted 
AS from the IMR group was not significantly different from that of the FBP group [126.48 (69.62, 355.85) 
vs. 118.59 (65.05, 374.48), P=0.145]. Moreover, the agreement in risk stratification between FBP and IMR 
improved from 0.81 to 0.85.
Conclusions: The RRD CAC scoring scan using the IMR reconstruction algorithm is clinically feasible, 
and a correction factor can help reduce the AS underestimation effect. 

Keywords: Multidetector computed tomography (multidetector CT); coronary artery disease (CAD); vascular 

calcification; image reconstruction
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Introduction

Coronary artery calcium (CAC) scoring is a reliable, 
reproducible, non-invasive imaging technique used to assess 
asymptomatic patients with intermediate cardiac risk. It is also 
a good predictor of future cardiovascular risk independent 
of conventional risk scores, such as the Framingham risk 
score (1-5). The Agatston score (AS) method, which was first 
introduced in 1990, is the main system for the quantification 
of CAC (6). Although the AS has been widely used to identify 
and stratify patients at risk for coronary artery disease (CAD), 
it has certain limitations (7). Its major drawback is that the 
weighting factor is strongly dependent on image noise since it 
is based on maximum computed tomography (CT) numbers. 
Also, AS increases nonlinearly with an increase in coronary 
calcium. The second limitation is that AS is calculated and 
analyzed from the images reconstructed with the filtered back 
projection (FBP) algorithm, which requires a high radiation 
dose. 

The low tube voltage method is widely used to reduce 
radiation doses for CAC scans (8). Nevertheless, low tube 
voltage produces a higher reduction value for calcium 
lesions, which requires an adaptation of the threshold 
of 130 HU configured by the AS method (9). Another 
limitation when using the low tube voltage approach is 
that it increases image noise and beam-hardening artifacts, 
which may impact the calcium lesion volume evaluation (9). 

The iterative reconstruction (IR) algorithm is another 
approach that has been proposed to reduce image noise and 
lower the radiation dose for CAC scans (10,11). Previous 
studies have shown that the hybrid IR (HIR) algorithm 
could reduce the radiation dose by 60.6% while maintaining 
equivalent image quality as the FBP algorithm (11). 
However, other studies (10,12,13) have reported that AS is 
lower with HIR compared to that with FBP.

The iterative model reconstruction (IMR) algorithm 
was recently introduced among the latest generation of the 
IR algorithms, and is a model-based full IR algorithm (14).  
IMR reduces image noise, blooming artifacts, and 
measurement variability, thus producing stable and 
reproducible CAC scores. Although IMR can reduce the 
radiation dose by 80% without compromising image quality, 
some studies have shown that CAC scores from IMR are 
underestimated compared to those from FBP (15,16). Yet, the 

effects of IMR algorithms combined with different low tube 
currents on CAC scores have not been extensively discussed, 
and currently there is no method that can effectively offset 
the CAC score underestimation effect for risk stratification.

The purpose of this study was thus to evaluate the effects 
of different reconstruction algorithms on CAC scores 
using a reduced radiation dose (RRD) protocol in vitro and  
in vivo. Furthermore, we derived correction factors for CAC 
scores from IMR images, and applied this correction factor 
to clinical data so as to assess the effect on CAC scoring and 
risk stratification in comparison with FBP images.

Methods

Phantom

An anthropomorphic cardio CT phantom comprising thorax 
and cardiac calcification inserts (QRM Cardio-Phantom; 
QRM GmbH) was used in this study (Figure 1) (17). The 
thorax phantom included artificial lung lobes, a spine insert, 
and the shell of soft tissue-equivalent materials. The cardiac 
calcification inserts contained 9 cylindrical calcifications with 
different sizes and hydroxyapatite (HA) densities of 200, 400, 
or 800 mg/cm3. It also contained 2 larger calibration inserts, 
with 1 made of water-equivalent material, while the other 
contained 200 mg/cm³ HA. 

Patient population

The institutional review board of our institution approved this 
study, and all patients signed written informed consent. The 
approval number was No.9 of the Ethical Review (in 2019). 

A total of 50 patients with suspected CAD who underwent 
CAC scans between July and September 2019 were enrolled 
in this study. Patients with severe arrhythmia (n=1), previous 
coronary artery bypass grafting or coronary stenting 
(n=4), prosthetic valve replacement (n=2), pacemakers or 
implantable cardioverter defibrillators (n=1), or patients with 
no coronary calcifications (n=2) were excluded. Finally, 40 
patients were included.

Image acquisition and reconstruction

Both the phantom and patients were scanned with a 
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256-slice CT scanner (Brilliance iCT, Philips Healthcare). 
The phantom was  scanned with  the  prospect ive 
electrocardiographic (ECG)-triggered acquisition mode 
with a simulated heart rate of 65 bpm (Model 430B Patient 
Simulator, Medi Cal Instruments Inc.). The data were 
acquired with a tube voltage of 120 kV, and different tube 
currents from 20 to 80 mAs with an interval of 5 mAs. The 
phantom was scanned 3 times for each data acquisition 
parameter setting. All the acquisition data sets were 
reconstructed with the FBP algorithm, HIR algorithm 
(iDose4 level 1–7), and the full IR algorithm (IMR level 1–3). 

Patients were scanned using a CAC scoring protocol 
with a tube voltage of 120 kV and a tube current of 50 mAs 
using the prospective ECG-triggered acquisition mode. 
All the acquisition data sets were reconstructed with the 
FBP algorithm, HIR algorithm (iDose4 level 4), and the 
full IR algorithm (IMR level 2). The other acquisition 
and reconstruction parameters were the same for both the 
phantom and patient scans and included a gantry rotation 
time of 0.25 s, an adaptive detector collimation varying 
from 96 to 192 in steps of 8 mm × 0.6 mm, a reconstruction 
filter of cardiac standard (CB), an image slice thickness of  
2.5 mm, and an increment of 2.5 mm. 

Calcium score analysis

All the image series were reviewed and analyzed on a 
commercially available workstation (IntelliSpace Portal, 
version 7.0, Philips Healthcare). For the phantom study, a 
region of interest (ROI) with an area of 200 mm2 was drawn 
on the 2 calibration inserts (material of water equivalent and 

200 mg/cm3 HA) to measure mean CT value and standard 
deviation (SD). Furthermore, signal-to-noise (SNR) and 
contrast-to-noise ratios (CNR) were calculated using the 
following formulas:

200  HA

Water equivalent

CT ValueSNR
SD

−

−

= 	 [1]

200  HA Water equivalent

Water equivalent

CT Value CT Value
CNR

SD
− −

−

−
= 	 [2]

One radiologist  with 3  years  of  experience in 
cardiovascular diagnosis independently performed the CAC 
scoring for all image series using a commercially available 
software application (Heartbeat-CS, Philips Healthcare) 
according to the AS method (5). This application 
automatically marked the CAC plaques with an area greater 
than 1 mm2 and a CT value greater than 130 HU. Then, 
a calcium area was confirmed or modified manually, and 
an AS was automatically calculated. A senior radiologist 
with 12 years of experience in cardiovascular diagnosis 
independently confirmed all the CAC score results.

Patients were classified into the following 4 risk 
categories based on the AS values (18): 0, 1–100, 101–400, 
and >400.

Correction factor

In the phantom study, AS from the FBP image series 
with a tube current of 50 mAs was set as the standard 
reference. Linear regression analysis for AS was performed 
between the reference image series and other image series 

Figure 1 Characteristic of phantom. (A) Diagram of the frontal view of the anthropomorphic phantom body with the calibration insert. 
(B) Diagrams of the frontal (left) and side (right) views of the calibration insert, with 9 different calcifications and 2 large calibration inserts  
(0 HU water and 200 mg/cm3 calcium HA) (17).

A B
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with different parameters. The slope from the regression 
equations was used as the correction factor. 

When analyzing patients, the obtained correction 
factor was applied to generate the corrected AS, and risk 
reclassification was performed.

Radiation dose

The volume CT dose index (CTDIvol, mGy), and the 
dose length product (DLP, mGy·cm) were recorded for 
each scan. The effective dose (ED, mSv) was estimated 
by multiplying DLP and a conversion factor for chest 
examination ( 1 10.014k mSv mGy cm− −= × × ) (19). 

Statistical analysis

For the phantom study, the AS of the image series using 
different reconstruction algorithms and radiation doses 
was compared to that of the reference image series using a 
paired t-test. Regression analysis was performed to assess 
the relationship of AS between the reference image series 
and others. The SNR and CNR were compared using an 
independent t-test. 

For the clinical study, the AS of the 3 different 
reconstruction algorithms is presented as median and 
interquartile because the scores were not normally distributed. 
AS from iDose4 and the IMR image series were compared 
to the FBP image series using the Wilcoxon signed-ranks 
test. Agreement in risk stratification between FBP and IMR 
was evaluated by using Cohen’s kappa (κ) statistic. Excellent 

agreement was defined as κ >0.80, good agreement was 0.61–
0.80, moderate agreement was 0.41–0.60, and poor agreement 
was 0.01–0.40. All the above listed analyses were performed 
using IBM SPSS Statistics 22 (IBM Corp.). A P value of <0.05 
was considered statistically significant. Scatter plots were 
generated using Origin 2019 (OriginLab Corp.).

Results

Phantom study

A total of 429 image series were successfully reconstructed 
for the phantom study. The average SNR and CNR 
increased with the tube current (from 20 to 80 mAs). 
Higher SNR and CNR were observed in the iDose4 and 
IMR groups compared to the FBP group (all P<0.05). 
Among them, IMR level 3 had the highest value (Figure 2). 
For the iDose4 group and IMR groups, the average SNR 
and CNR increased as the iterative level increased.

For some tube current settings, the SNR and CNR 
averages for iDose4 level 7 were significantly higher than 
those for IMR level 1, while no significant differences were 
found for other tube current settings (Table 1). 

The total AS from the reference image series (120 kVp,  
80 mAs, FBP) was 680.95±3.29. Compared with the 
reference image series, no significant differences (all P>0.05) 
in AS were observed from the image series reconstructed 
with FBP and iDose4 (level 1–7), while the AS from the 
IMR (level 1–3) image series was significantly lower (all 
P<0.05). For the insert with a HA density of 800 mg/cm3, 
all of the ASs from the IMR group were significantly lower 

Figure 2 SNR (A) and CNR (B) of different reconstruction algorithms with different protocols. SNR, signal-to-noise ratio; CNR, contrast-
to-noise ratio; FBP, filtered back projection; IMR, iterative model reconstruction; IMR1, IMR level 1; IMR2, IMR level 2; IMR3, IMR level 3; 
iDose41, iDose4 level 1; iDose42, iDose4 level 2; iDose43, iDose4 level 3; iDose44, iDose4 level 4; iDose45, iDose4 level 5; iDose46, iDose4 level 
6; iDose47, iDose4 level 7.
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than those from the FBP group. For the insert with a HA 
density of 400 mg/cm3, there was no significant difference 
in AS between the IMR and FBP groups at the tube current 
settings of 35 and 50 mAs, while the AS from the IMR group 
was significantly lower than that from the FBP group for the 
other tube current settings. For the insert with a HA density 
of 200 mg/cm3, the AS from the IMR group was significantly 
lower than that from the FBP group at the tube current 
settings of 20 and 25 mAs, but significantly higher at the tube 
current settings from 55 mAs to 80 mAs, with no significant 
differences being observed at the other tube current settings. 
The detailed results are listed in Tables 2,3,4,5. For the IMR 
group, in comparison with the standard radiation dose image 
series (80 mAs), the total AS from the ultra-low radiation 
dose image series (20–40 mAs) was significantly lower (all 
P<0.05), while the other low radiation dose image series 
showed no significant difference (Table 6). Therefore, the 
tube current of 50 mAs was selected for the clinical study.

Correction factor

The correction factor was derived from regression analysis 
between the FBP and IMR level 2 image series using the 

RRD protocol (120 kV, 50 mAs). The correction factor for 
the RRD protocol was 1.14 (R2=0.99, P<0.05, Figure 3). 

Clinical study

A total of 40 patients underwent CAC scanning. Three 
image series (FBP, iDose4 level 4, and IMR level 2) were 
reconstructed for each acquisition, and no motion artifacts 
were detected. The patient characteristics are summarized 
in Table 7. 

The median AS from the iDose4 and IMR groups were 
both significantly lower than those from the FBP image series 
[112.89 (63.01, 314.09), 113.22 (64.78, 364.95) vs. 118.59 
(65.05, 374.48), both P<0.05]. After applying the correction 
factor, the adjusted AS from the IMR image series group 
showed no significant difference with the FBP group [126.48 
(69.62, 355.85) vs. 118.59 (65.05, 374.48), P=0.145] (Figure 4). 

The AS-based risk stratification for different groups are 
shown in Table 8. Using the corrected AS, 1 patient was 
reclassified from 1–100 to 101–400, and 2 patients were 
reclassified from 101–400 to >400. The agreement in risk 
stratification between FBP and IMR improved from 0.81 to 0.85.

For the clinical study using the RRD CAC protocol, the 

Table 1 Comparison of SNR and CNR between the iDose4 level 7 group and the IMR level 1 group (x±s)

Tube current
SNR CNR

iDose47 IMR1 P value iDose47 IMR1 P value

20 mAs 26.54±0.77 24.65±0.88 0.049* 26.41±0.90 24.84±0.90 0.099

25 mAs 29.76±1.07 26.62±1.23 0.029* 29.62±1.14 26.80±1.24 0.044**

30 mAs 32.95±2.33 30.15±1.68 0.166 32.76±2.22 30.30±1.61 0.196

35 mAs 32.34±4.26 30.36±2.35 0.520 32.24±4.30 30.59±2.47 0.595

40 mAs 37.03±2.58 33.14±1.14 0.075 36.90±2.68 33.38±1.28 0.109

45 mAs 41.03±1.52 37.82±0.99 0.038* 40.88±1.47 38.12±0.96 0.052

50 mAs 43.67±1.21 37.31±2.68 0.020* 43.56±1.17 37.60±2.65 0.024**

55 mAs 47.51±2.41 41.40±1.73 0.023* 47.48±2.34 41.79±1.71 0.027**

60 mAs 47.80±3.30 42.08±2.62 0.078 47.71±3.33 42.40±2.67 0.098

65 mAs 47.79±2.73 42.04±1.40 0.031* 47.79±2.66 42.39±1.34 0.035**

70 mAs 49.09±3.78 43.57±0.80 0.069 48.89±3.89 43.85±0.79 0.092

75 mAs 52.14±2.96 45.81±1.98 0.037* 52.11±3.01 46. 20±2.06 0.048**

80 mAs 56.64±3.66 47.75±2.79 0.029* 56.38±3.62 48.00±2.74 0.033**

*, SNR from iDose47 groups were significantly higher than that from IMR1 groups; **, CNR from iDose47 groups were significantly higher 
than that from IMR1 groups. SNR, signal-to-noise ratio; CNR, contrast-to-noise ratio; IMR, iterative model reconstruction; iDose47, iDose4 
level 7; IMR1, IMR level 1. 
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Table 7 Patients characteristics [median (quartile)] (n=40)

Characteristics Variable

Male 19

Female 21

Age (year) 62 (53, 68)

Heart rate (bpm) 70 (66, 79)

Table 8 Agatston score-based risk stratification for the different 
groups using different scan protocols (n=40) 

AS FBP iDose44 IMR2 IMR2 after correction

0 0 0 0 0

1–100 13 14 14 13

101–400 14 13 17 16

>400 13 13 9 11

AS, Agatston score; FBP filtered back projection; IMR, iterative 
model reconstruction; iDose44, iDose4 level 4; IMR2, IMR level 2.
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Figure 3 Linear regression equation of Agatston scores between 
FBP and IMR2 with the RRD protocol. FBP, filtered back 
projection; IMR, iterative model reconstruction; IMR2, IMR level 
2; RRD, reduced radiation dose.
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mean CTDIvol was 4.9 mGy, DLP was 41.9 mGy × cm, 
and ED was 0.69 mSv. 

Discussion

Our data suggested that the IMR (level 2) algorithm could 
be applied to the CAC RRD scanning protocol with lower 
image noise. After applying the correction factor, we found 
no difference in AS between the IMR group and the FBP 
group. Nevertheless, the risk stratification of the patients 
was underestimated even when using the corrected AS. 
Moreover, the phantom study results implied that the AS 
was significantly lower when using an ultra-low radiation 
dose (20–40 mAs) scan compared to a normal radiation dose 
(80 mAs) scan using the IMR algorithm.

Willemink et al.  (20) and den Harder et al.  (21) 
performed a similar study by examining the maximal 
radiation dose reduction for the CAC scan using different 
IR algorithms and evaluating the AS results. They reported 
that 20 mAs could be applied for a CAC scan with a 
radiation dose reduction of 60–80% if the highest IR level 
was applied, and the reclassification rates were maintained 
below 15%. Some studies have also reported that the IR 
algorithm could reduce image noise and blooming artifacts 
using an ultra-low radiation dose scan protocol. They 
provided equivalent CNRs with an FBP reconstruction 
algorithm using a normal radiation dose scan protocol 
(16,22). However, other studies have reported a negative 

correlation between AS and IR levels (15,16,22,23), which 
can affect patient risk stratification. Our phantom study 
suggested that the IMR algorithm could significantly 
decrease the image noise, resulting in higher CNR, and 
underestimate AS and risk stratification compared with the 
FBP algorithm, which was consistent with previous studies. 
Additionally, for the IMR image series, no difference in 
AS was observed when applying tube current settings from  
75 to 50 mAs compared with the 80 mAs setting. However, 
AS was significantly lower when using a setting from  
40 mAs to 20 mAs compared with the 80 mAs setting. Based 
on the phantom study data, 50 mAs was selected for the 
RRD protocol tube current setting in our clinical study.

The AS is the most widely used method to quantify 
calcification of the coronary artery (6). However, the 
AS method cannot be used to evaluate information on 
the number or size of calcified coronary lesions or the 
regional distribution of calcification within the coronary 
tree. Furthermore, the weighting factor of AS is strongly 
affected by acquisition and reconstruction parameters, such 
as tube voltage and current, reconstruction algorithms, or 
image slice thickness (7). Although several new methods 
(like calcium volume score, calcium mass score) have been 
proposed to quantify calcification of the coronary artery, 
only AS has been validated by a large scale clinical trial (24),  
after which the guidelines with an evidence level of IIb 
for the assessment of asymptomatic adults at intermediate 
risk were written (4). Thus, another strategy is to optimize 
the acquisition parameters so as to improve image quality, 
decrease radiation dose, and reduce the variability of AS 
accordingly. Many studies have reported that IR algorithms 
can reduce radiation dose and improve image quality. 
However, they can also cause restratification (21-23,25-28).  
den Harder et al. (21) found that risk category of 21–25% 
and 18% patients were reclassified with IMR and HIR 
respectively at RRD levels. Moreover, Obmann et al. (23) 
reported that the risk stratification of 5.4% in patients was 
different for the HIR group with the highest iteration level 
compared to the FBP group. Caruso et al. (28) compared 
risk stratifications in the advanced modeled IR (ADMIRE) 
groups and the FBP group. In their study, 6 patients (15%) 
were reclassified into a lower risk category at ADMIRE  
level 3, while 15 patients (37.5%) were reclassified into 
a lower risk category at ADMIRE level 5. In our study, 
1 patient was reclassified into the lower risk category 
with iDose4 level 4, and 5 patients were reclassified into 
the lower risk category with IMR level 2. After applying 
the correction factor for the IMR group, 2 patients were 
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Figure 4 Agatston scores for the patients using different 
reconstruction algorithms and corrected Agatston scores for the 
IMR group. IMR, iterative model reconstruction; FBP, filtered 
back projection; cIMR, IMR after correction.
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reclassified into the lower risk category, and the agreement 
in risk stratification between FBP and IMR increased 
from 0.81 to 0.85. Fan et al. (18) suggested modifying risk 
stratification thresholds based on the best diagnostic cutoff 
value obtained from the receiver operating characteristic 
(ROC) curves for reducing radiation doses in scan protocols 
using the IMR algorithm. The new CAC scoring risk 
stratification defined values of: 1–87 as low risk, 88–255 
as moderate risk, and >255 as high risk. However, these 
modified thresholds have not been widely validated, and are 
scanner-dependent. 

This study has a few limitations. Firstly, the phantom 
was scanned 3 times with each scan protocol, which might 
have introduced data bias. However, the data were stable 
considering the standardized physical characteristics 
of the phantom. Secondly, our phantom study did not 
simulate different somatotypes. Thirdly, all patients were 
scanned with the RRD protocol as suggested, but were 
not all scanned with the reference protocol due to ethical 
considerations, as there was higher radiation dose used 
with the reference protocol. Fourthly, to test the effect of 
different IR algorithms on the assessment of CAC, more 
severely calcified plaques or high CAC cases are needed to 
determine its effect on the quantification of CAC. Finally, 
large-scale patient studies should be performed to further 
validate the proposed method.

Conclusions

In conclusion, this study demonstrates that the RRD CAC 
scoring scan using the IMR reconstruction algorithm is 
clinically feasible, and a correction factor can help reduce 
AS underestimation effects. 
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