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Abstract

Objective To assess the dose reduction potential of a calcium-aware reconstruction technique, which aims at tube voltage-
independent computed tomography (CT) numbers for calcium.

Methods and materials A cardiothoracic phantom, mimicking three different patient sizes, was scanned with two calcium inserts
(named D100 and CCI), containing calcifications varying in size and density. Tube voltage was varied both manually (range 70—
150 and Sn100 kVp) and automatically. Tube current was automatically adapted to maintain reference image quality defined at
120 kVp. Data was reconstructed with the standard reconstruction technique (kernel Qr36) and the calcium-aware reconstruction
technique (kernel Sa36). We assessed the radiation dose reduction potential (volumetric CT dose index values (CTDIvol)), noise
(standard deviation (SD)), mean CT number (HU) of each calcification, and Agatston scores for varying kVp. Results were
compared with the reference acquired at 120 kVp and reconstructed with Qr36.

Results Automatic selection of the optimal tube voltage resulted in a CTDIvol reduction of 22%, 15%, and 12% compared with
the reference for the small, medium, and large phantom, respectively. CT numbers differed up to 64% for the standard recon-
struction and 11% for the calcium-aware reconstruction. Similarly, Agatston scores deviated up to 40% and 8% for the standard
and calcium-aware reconstruction technique, respectively.

Conclusion CT numbers remained consistent with comparable calcium scores when the calcium-aware image reconstruction
technique was applied with varying tube voltage. Less consistency was observed in small calcifications with low density.
Automatic reduction of tube voltage resulted in a dose reduction of up to 22%.

Key Points

* The calcium-aware image reconstruction technique allows for consistent CT numbers when varying the tube voltage.

* Automatic reduction of tube voltage results in a reduced radiation exposure of up to 22%.

o This study stresses the known limitations of the current Agatston score technique.
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Introduction

Ischemic heart diseases remain one of the leading causes of
death worldwide [1, 2]. Within the framework of individual
risk prediction for these diseases, the assessment of coronary
artery calcium has become increasingly important. Currently,
the most common strategy for quantification of the coronary
artery calcium score (CACS) is on computed tomography
(CT) examinations using the Agatston method [3]. Despite
the excellent prognostic value of this CT-based strategy, the
Agatston scoring method has some limitations [4, 5]. Recent
guidelines demand a fixed tube voltage of 120 peak kilo volt-
age (kVp) in combination with filtered back projection (FBP)
or iterative reconstruction with 100 kVp acquisition after site-
and literature-based validation [5, 6]. However, there is a main
argument for the use of lower, or even patient-specific, tube
voltages: the need to reduce radiation dose given the increase
in the number of CT examinations [7].

Lowering tube voltage potentially reduces radiation dose in
CACS at the cost of inconsistent scores because CT numbers,
expressed in Hounsfield units (HU), are energy dependent. In
this case, the standard calcium scoring threshold should be
made tube voltage or patient-specific.

Recently, a calcium-aware reconstruction technique was
introduced via the application of a new reconstruction kernel
(Sa36f). The technique is also known by the name “Agatston
score equivalent calcium scoring,” “artificial 120 kV equiva-
lent CT images,” or “artificial 120.” Please refer to the ven-
dor’s whitepaper for a detailed explanation [8]. With this tech-
nique, CT numbers of calcium are scaled to match the CT
numbers that would have been measured at 120 kVp, enabling
the use of the standard 130 HU threshold [9]. The technique
might enable acquiring images at reduced radiation dose,
while preserving the Agatston score and its risk assessment
potential. In contrast to tube voltage—dependent threshold ad-
justments, the calcium-aware reconstruction technique seems
an easy tool to implement clinically.

The purpose of our phantom study was to evaluate the
calcium-aware reconstruction technique with regard to coro-
nary calcium quantification for a wide range of tube voltages
and calcifications varying in size and density and for different
chest sizes. Moreover, the radiation dose reduction by auto-
matic tube voltage selection was assessed for these cases.

Materials and methods

Phantom

An anthropomorphic (cardio) thoracic CT phantom (QRM
Thorax, QRM GmbH) in combination with two different in-

serts was used for quantitative assessment of CACS both for
the standard and the calcium-aware reconstruction technique.
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One insert (D100, QRM GmbH) contained 100 calcifications
of different diameters (0.5 to 2.0 mm) and hydroxyapatite
(HA) densities (90 to 540 mg HA/cm®) [10]. The other insert
was a cylindrical cardiac calcification insert (CCI, QRM
GmbH) with nine calcifications varying in size (1.0 to
5.0 mm) and density (200 to 800 mg HA/cm?®). To simulate
different chest sizes, the thorax phantom was scanned with
and without fat-equivalent extension rings (QRM GmbH)
resulting in three different chest sizes: small (300 x
200 mm), medium (350 x 250 mm), and large (400 %
300 mm). To ensure a realistic translation of the results from
different phantom sizes to human chest sizes, the water equiv-
alent diameter (Dw) was used. Dw reflects the x-ray attenua-
tion of the patient and is therefore a preferred patient size
metric [11]. Retrospective analysis of Dw’s in 41 patient scans
for CACS performed in our hospital showed that these diam-
eters mostly matched with the Dw of the medium and large
extension rings.

Acquisition and reconstruction parameters

Scans were performed on a dual source CT (DSCT) system
(SOMATOM Force, Siemens Healthineers, Syngo CT
VBI10). A reference tube voltage of 120 kVp in combina-
tion with automated tube current modulation (ATCM)
CARE Dose4D was used for both inserts (Table 1). The
calcium-aware reconstruction technique was assessed by
acquiring data with varying tube voltages of 70-150 kVp,
in steps of 10 kVp. Additionally, automatic tube voltage
selection (“kVon”) was set to keep the contrast to noise
ratio for calcium constant when selecting the optimal tube
voltage for radiation dose optimization. Finally, a scan was
performed using a dedicated CACS Tin filtration protocol
with an adaptation of the reference tube voltage to Sn100
in combination with ATCM CARE Dose4D (Table 1). All
scans were repeated five times after manual repositioning
(approximately 2 mm translation and 2 degrees rotation) of
the phantom to assess positioning influence and interscan
variation.

Images were reconstructed with the conventional calci-
um scoring reconstruction technique (kernel Qr36) and the
dedicated calcium-aware reconstruction technique (kernel
Sa36), both based on FBP. For the latter technique, calcium
is identified in preliminary reconstructed images and a
lookup table is used to correct the CT numbers of calcium
in the finally reconstructed images [8]. The exact working
of the algorithm is proprietary information of the vendor.
The algorithm is fully integrated within the standard image
reconstruction interface and can be activated by selecting
the corresponding reconstruction kernel (Sa36). It does not
need an additional workstation or increased reconstruction
times.
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Table 1 Acquisition and
reconstruction parameters

Scanner* SOMATOM Force SOMATOM Force-tin filtration
Acquisition mode Sequential Sequential

Scan length (mm) 100.5 100.5

Reference tube voltage 120 Sn100
Reference tube current product 80 534

Manual tube voltage settings 70-150 Sn100

CARE kV dose optimization slider** 5 (bone/calcium) 5 (bone/calcium)
Collimation (mm) 32x1.2 32x1.2
Rotation time (sec) 0.25 0.25

Image reconstruction (FBP) Qr36 and Sa36 Qr36 and Sa36
Slice thickness (mm) 3.0 3.0

Increment (mm)*** 1.5 1.5

FoV (mm) 180 180
Reconstruction matrix 512 x512 512 %512

*Siemens Healthineers, Syngo CT VB10
**The dose optimization slider from the default calcium scoring protocol was retained

***Increment of 1.5 mm is the standard for calcium scoring with Siemens equipment

Image and dose analysis

The volumetric CT dose index values (CTDIvol) in mGy were
noted to assess potential radiation dose reduction. Consistency
of CT numbers (mean and standard deviation (SD)) was de-
termined in the central calcium insert (200HA) of the CCI
insert. Noise SD was determined within a homogeneous re-
gion of the CCl insert. Agatston score, together with different
image quality metrics, was computed using an in-house de-
veloped Python script (Python version 3.7) for the D100 and
CCI insert. Resulting Agatston scores of the Python script
were validated against the standard vendor-specific scoring
software (Syngo.via, Siemens Healthineers) with the aid of
CCI data and proven equal (maximum deviation 0.1%).

This study addresses directly the CT number or CT value in
Hounsfield units (HU) of calcifications. CT numbers are related
to the linear x-ray attenuation coefficients and depend on the
density, the effective atomic number, and x-ray tube voltage
[12]. The attenuation coefficient of the phantom base material
does not resemble the attenuation coefficient of human soft tissue
equally well at all tube voltages. Allmendinger et al previously
described a base material-specific correction, necessary for cor-
rect Agatston scores at varying tube voltages by adjustment of
the standard 130 HU threshold [8]. This correction was applied
automatically in our study as well as for all reconstructions.

Image noise was compared with recommended noise tar-
gets (in HU) for calcium scoring CT scans defined for different
chest sizes (small, medium, large chest width): 20 HU for the
small and medium chest width, and 23 HU for the large chest
width [13].

Additionally, an Agatston score was determined in a non-
calcium region (55 x 55 mm), therefore depending purely on

noise. This score was called the background Agatston score
(BAS). For acquisitions with a non-zero BAS, the Agatston
scores of calcifications could be less reliable, as it was uncer-
tain if a calcification was seen at a specific location, or just
noise. These scores were noted.

Reference values for both inserts were the Agatston scores
acquired with a tube voltage of 120 kVp and reconstructed
with the standard technique (Qr36). Each deviation in acqui-
sition or reconstruction was compared against this reference

Statistical analyses

SPSS (version 25, IBM Corp) was used for statistical analysis.
Normality of data was tested with the Shapiro-Wilk test.
Wilcoxon signed-rank test was performed to evaluate statisti-
cally significant difference of the median Agatston scores.
Intraclass correlation coefficients (ICC) with a 95% confi-
dence interval (CI) and Bland-Altman plots of the Agatston
scores between two different techniques were assessed. A
p value of <0.05 was considered statistically significant.
Agatston scores are given as median values of the five
measurements.

Results

Radiation dose and noise values

Reference dose levels at 120 kVp for the small, medium, and
large phantom size were 1.57, 2.59, and 3.84 mGy respective-

ly. For the scans with automatic tube voltage selection, tube
voltage was reduced to 90 kVp for the small and medium
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phantom size, while 100 kVp was selected for the large phan-
tom. In comparison with the corresponding reference, radia-
tion dose levels decreased by 22%, 15%, and 12% for the
small, medium, and large phantom size, respectively.

Within the dedicated Tin CACS protocol, dose values were
55% lower for both small and medium phantom size and 60%
for the large phantom size compared with the reference dose
levels at 120 kVp.

Median noise values for the 120 kVp and the images ob-
tained with automatic tube voltage selection increased with
increasing phantom diameter for both reconstruction tech-
niques (Fig. 1). The noise level in all three phantom sizes
was highest when using Tin filtration. Moreover, the recom-
mended noise target for calcium scoring CT scans was
exceeded for some tube voltages in the medium phantom
and for all tube voltages in the large phantom size (Fig. 1).
Despite the high number of noise limit exceeding scans, BAS
values were zero for most reconstructions. A BAS >0 was
found only for the large phantom in combination with a tube
voltage of 70 kVp or Sn100.

CT number constancy

Considering the large calcification with 200 mg HA/cm® in
the CCI insert for all phantom sizes, CT numbers increased
with decreasing tube voltage for the standard reconstruction
technique, while these numbers remained virtually constant
for the calcium-aware reconstruction technique (Table 2).
Median HU (min HU-max HU) of the reference (120

kVp +Qr36) was 266 HU (265 HU—268HU), 257 HU
(257THU—258HU), and 247 HU (246HU—248HU) for the
small, medium, and large phantom size, respectively.
Compared with the reference, the deviation was up to 64%
with the standard reconstruction technique and up to 11% with
the calcium-aware reconstruction technique when varying the
tube voltage (Table 2).

Agatston score

When varying the tube voltage, Agatston scores deviated up
to 40% and 8% from the reference for the standard and
calcium-aware reconstruction technique, respectively
(Table 3). The overall spread in median Agatston scores for
varying tube voltages decreased for the calcium-aware recon-
struction technique for both the CCI and D100 insert (Fig. 2
and Fig. 3). Considering all phantom sizes, the Agatston
scores in the CCI insert increased with 14% for the automated
tube voltage selection and decreased with 14% within the tin-
filtrated scans for the standard reconstruction technique (Fig.
2a). For the calcium-aware reconstruction technique, Agatston
score deviations from the reference were much less: 3.6% at
automated tube voltage selection and 2.4% with the tin-
filtrated scans (Fig. 2b). For the D100 insert, we observed
similar results; however, the deviations from the reference
were larger than in the CCI insert, especially for the varying
tube voltage in combination with the standard reconstruction
technique (Fig. 3). Representative images of the D100 insert
for the standard reconstruction technique with 120 kVp and
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figure shows calcifications with an Agatston score of zero for  tion technique compared with the reference when considering
the reference, while the calcium-aware reconstruction tech-  all calcifications (Fig. 5a). When considering only the low

nique Agatston scores are non-zero.

Fig. 3 a Box-and-whisker plots
of the Agatston score within the
D100 insert with the standard re-
construction technique. b Box-
and whisker-plots of the Agatston
score within the D100 insert with
the calcium-aware reconstruction
technique. Scores are given per
phantom size-tube voltage com-
bination. The automatic tube
voltage selection is illustrated by
“kVon”
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Fig. 4 Visualization of
calcifications in the D100 insert
with all voxels with a CT number
above the threshold colored red.
From left to right, the phantom
size increases. The upper row
images were reconstructed with
the standard reconstruction
technique with a tube voltage of
120 kVp. Lower row images were
reconstructed with the calcium-
aware reconstruction technique
and automated tube voltage se-
lection (90 kVp for the small and
medium size phantom and 100
kVp for the large size phantom)

120 kVp - Standard

Tube voltage - Reconstruction

kVon - Calcium aware

5b). There was a very high ICC (0.998) and 95% CI for the
automated tube voltage selection and the calcium-aware re-
construction technique compared with the reference (Fig. 5¢).
When considering only the low Agatston scores, both the ICC
and 95% CI decreased (Fig. 5d). However, this decrease was
less than observed within the standard reconstruction tech-
nique. A Bland-Altman analysis of the data is shown in
Fig. 6. The Bland-Altman plots demonstrate the agreement

Fig. 5 The ICC of the Agatston
score for the small, medium, and

Phantomsize

Medium

between the two reconstruction kernels. The negative mean
difference within Fig. 6 a, b, and d demonstrates that, regard-
less of reconstruction technique, Agatston scores are higher
for automatic tube voltage selection in comparison with 120
kVp. The opposite applies for the calcium-aware reconstruc-
tion technique and automatic tube voltage selection (Fig. 6¢).

For the CCI insert, increasing the phantom diameter from
small to large demonstrated no statistically significant
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Fig. 6 Bland-Altman Plots with
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decrease (p = 0.5) of the median (range) Agatston scores from
671 (656.2—686.5) to 669.9 (651.1—689.4) for the reference
(120 kVp and Qr36). A statistically significant increase
(p<0.05) in Agatston score from 639 (626.9—642.4) to
657.4 (652-664.5) was observed for the calcium-aware tech-
nique with automated tube voltage selection. For the D100
insert and increasing phantom size from small to large, there
was a statistically significant decrease (p < 0.05) in Agatston
score from 29.3 (26.5—31.2) to 25.6 (21.4—27.8) for the
reference (p <0.05), and a statistically significant decrease
(p <0.05) in Agatston score from 49.0 (47.4—56.7) to 37.1
(34.0—39.4) for the calcium-aware reconstruction technique
with automatic tube voltage selection.

Discussion

Our results demonstrate that CACS with a calcium-aware im-
age reconstruction technique allows for consistent CT num-
bers when varying the tube voltage and allows for reduced
radiation exposure with automatic reduction of tube voltage.
The Agatston scores with the calcium-aware reconstruction
technique deviated up to 8% for the calcifications of the CCI
insert across 70 to 150 kVp and Sn100, whereas the Agatston
score with the standard reconstruction deviated much more
with up to 40%. The latter might be explained by the increase
of the photo-electric effect for calcium when scanning with
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low tube voltage settings. In contrast to the CCI insert,
Agatston scores were not stable for the calcifications of the
D100 insert when varying the tube voltage. For the calcium-
aware reconstruction technique, this might be explained by a
sub-optimal identification of the voxels containing calcifica-
tions of small diameter and low density and subsequently a
sub-optimal correction of the CT numbers.

As seen in Fig. 4, there were additional calcifications de-
tected when lowering tube voltage. Thus, it might be possible
that a patient with a zero Agatston score at 120 kVp might
have a non-zero Agatston score at a lower tube voltage, de-
spite the application of the calcium-aware reconstruction tech-
nique. This might influence the work-up of patients suspected
for coronary artery disease. However, the increase of Agatston
score in the D100 insert, as demonstrated in Fig. 4, is due to
true calcified lesions. Instead of improving the calcium-aware
reconstruction technique presented in this study to better re-
semble the Agatston scores at 120 kV, we prefer to reinvent
calcium imaging and think it is time to let go the conventional
scoring method [14, 15]. For example, Groen et al described a
correction applied to the 130 HU calcium scoring threshold
for the increased CT numbers of calcium when varying tube
voltage and applying the standard reconstruction technique
[16].

Our study demonstrated a decrease in Agatston score with
increasing phantom size, as previously described for the stan-
dard reconstruction technique and the D100 insert [17].
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However, our study used both the CCI and the D100 insert
and in addition the calcium-aware reconstruction technique.
We observed an increase of the Agatston score for the CCI
insert when using the calcium-aware reconstruction tech-
nique. The increase in Agatston score might be explained by
the sub-optimal identification of the voxels containing small
and low-density calcifications, while noise increased.

Calcium CT numbers were constant for the calcium-aware
reconstruction technique with automated tube voltage selec-
tion, irrespective of phantom size. However, Agatston scores
varied more than the reference for different patient sizes. The
reason for this is twofold. First, the constancy of CT numbers
is calculated as the mean of a large ROI enclosing the calibra-
tion rod of the CCI phantom, while Agatston scores are cal-
culated for the smaller nine calcifications. Second, despite the
use of clinical scan protocols, higher noise levels were shown
especially for the lower tube voltages and the automated tube
voltage selection (Fig. 1). Our computation of the Agatston
score was validated to the standard vendor-specific software,
calculating every single voxel above a threshold of 130 HU
for CACS. With higher noise levels, Agatston scores also
increase.

Technological developments like tin filtration and automat-
ed tube voltage selection allow for a substantial dose reduction.
For example, a 100 kVp with tin filtration CACS protocol
demonstrated similar Agatston scores as the reference protocol
with 120 kVp despite using the standard reconstruction tech-
nique [18]. Larger deviations are expected for tube voltages
like 70 and 80 kVp (Table 2). A great advantage of the cur-
rently considered calcium-aware reconstruction technique is
that CACS can be obtained more accurately from any acquisi-
tion, regardless of applied tube voltage and filtration. This
allows for CACS to be considered within cancer screening
protocols. The use of a CACS with the aid of tin filtration
combined with an early prototype of a calcium-aware recon-
struction technique was described in a patient study and con-
sidered to be potentially feasible for calcium scoring [19].
However, in this study and our study, an increased image noise
for the tin-filtrated scans was observed. The noise levels were
above the recommended noise levels by the SCCT in all three
phantom sizes, especially for the large phantom size. Possible
solutions for sub-optimal identification of calcification when
applying tin filtration with increased noise levels are proposed,
e.g., a HU threshold correction for CACS [20] or investigation
to apply iterative reconstructions. Within our study, we ob-
served BAS of >0 for the tin-filtrated vendor-recommended
scans in the large phantom size. Therefore, caution must be
taken when applying the tin-filtrated scans in clinical routine,
especially when CACS is obtained for calcification of small
diameter and low density, as the calcium-aware reconstruction
technique is also not able to correct these.

The recommended noise levels were not only exceeded for
the tin-filtrated scanning protocols, but also for all tube

voltage settings within the large phantom diameter, despite
the use of the vendor-recommended scanning protocols.
This warrants further investigation for adjusting the reference
tube current value or the adaptation strength of the CARE
Dose4D dose curve to achieve the recommended noise target
level [13]. However, it seems that the recommended noise
target limit comes with a very safe margin. After all, the
BAS was zero for all reconstructions in the small- and
medium-sized phantoms and for the calcium-aware recon-
struction technique with automated tube voltage selection in
all phantoms.

There are limitations in this study that need to be considered.
This study was phantom-based and despite the effort to repre-
sent clinical routine, patient studies are necessary to validate our
findings. CTDIvol is an indicator of the CT scanner radiation
output. The dose received by a patient depends on this CTDIvol
and the individual patient size. It is recommended to use the
size-specific dose estimates (SSDE) to reflect estimated doses
for the individual patient [21]. Furthermore, it might be of in-
terest to use a non-stationary phantom model instead of a sta-
tionary one. This makes it feasible to assess whether or not heart
rate variability will influence Agatston scores when using the
calcium-aware reconstruction technique.

Conclusion

In general, CT numbers remained consistent with comparable
calcium scores when the calcium-aware image reconstruction
technique was applied with varying tube voltage. Less consis-
tency was observed in small calcifications with low density.
Automatic reduction of tube voltage resulted in a dose reduc-
tion of up to 22%.
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