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Abstract

Background: Coronary artery calcium (CAC) scoring is a widespread tool for cardiac risk assessment in asymptomatic
patients and accompanying possible adverse effects, i.e. radiation exposure, should be as low as reasonably achievable.
Purpose: To evaluate a new iterative reconstruction (IR) algorithm for dose reduction of in vitro coronary artery
calcium scoring at different tube currents.

Material and Methods: An anthropomorphic calcium scoring phantom was scanned in different configurations simu-
lating slim, average-sized, and large patients. A standard calcium scoring protocol was performed on a third-generation
dual-source CTat 120 kVp tube voltage. Reference tube current was 80 mAs as standard and stepwise reduced to 60, 40,
20, and 10 mAs. Images were reconstructed with weighted filtered back projection (WFBP) and a new version of an
established IR kernel at different strength levels. Calcifications were quantified calculating Agatston and volume scores.
Subjective image quality was visualized with scans of an ex vivo human heart.

Results: In general, Agatston and volume scores remained relatively stable between 80 and 40 mAs and increased at
lower tube currents, particularly in the medium and large phantom. IR reduced this effect, as both Agatston and volume
scores decreased with increasing levels of IR compared to wFBP (P < 0.001). Depending on selected parameters, radi-
ation dose could be lowered by up to 86% in the large size phantom when selecting a reference tube current of 10 mAs
with resulting Agatston levels close to the reference settings.

Conclusion: New iterative reconstruction kernels may allow for reduction in tube current for established Agatston
scoring protocols and consequently for substantial reduction in radiation exposure.
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Although nowadays the radiation dose for CAC
scans may be considered relatively low while simultan-
eously maintaining highest image quality, emphasis on
dose reduction and further development strides to that
effect continue to gain scientific and public attention
(4). Particularly in view of increasing screening exam-
inations of healthy individuals, radiation exposure will
become considerable on a population level (5).

Radiation exposure is mainly influenced by tube
potential and tube current. Nowadays there are differ-
ent options for image reconstruction which have been
proven to influence not only image quality, but also
radiation dose (6). Typically, CAC scans are recon-
structed with filtered back projection (FBP), which rep-
resented the standard reconstruction algorithm in CT
for a long period of time. Within the last decade, itera-
tive reconstruction (IR) techniques have been gradually
established in clinical routine. This promising develop-
ment is largely attributed to increased distribution and
widespread availability of powerful computer technol-
ogy. The current concern is to take advantage of these
IR techniques to provide better image quality while
simultaneously evaluating their potential for further
reduction of radiation dose (7-9). Use of IR algorithms
for coronary CT angiography is now standard, whereas
CAC scorings continue to be computed with FBP as it
remains up to debate to what extent coronary calcium
scores might be influenced by use of IR algorithms.
Over time, proportional radiation exposure of CAC
scoring has increased with regards to total exposure
dose in cardiac CT including coronary CT
angiography.

Therefore, the aim of this study was to assess and
quantify the possible dose reduction while maintaining
both image quality and Agatston scores using a third-
generation dual-source CT in combination with a new
IR algorithm.

Material and Methods

The study design consisted of a phantom study using
small, medium, and large phantoms for CAC scoring at
different acquisition parameters. Subsequently, an ex
vivo evaluation of a human heart was performed to
demonstrate not only quantitative, but also visual
image quality when applying different radiation doses
and IR levels, respectively.

Phantom study

The phantom study was performed with a commer-
cially available 30-cm-wide anthropomorphic calcium
scoring phantom (QRM, Moehrendorf, Germany)
with a total of six cylindrical inserts (three inserts of
Smm and three inserts of 3mm) containing

hydroxyapatite at different concentrations (800, 400,
200 mg/cm?). Details and composition of the phantom
have been described before (10). Each acquisition was
conducted three times, i.e. without additional attenu-
ation ring, as well as with small (35cm wide) and large
(40 cm wide) attenuation rings for simulation of a slim,
average-sized, and large patients. More detailed infor-
mation concerning design and composition of the
phantom has been described before (11).

All scans were performed with a third-generation
dual-source CT (SOMATOM Force, Siemens
Healthineers, Forchheim, Germany) at 120kVp tube
potential using a standard high-pitch calcium scoring
protocol. Reference tube current was set to 80 mAs for
standard and then stepwise reduced to 60, 40, 20, and
10 mAs, respectively. Images were reconstructed with a
slice thickness of 3.0 mm, an increment of 1.5mm, and
a standard weighted filtered back projection (WFBP)
kernel. Additional reconstructions were performed
with a new version of an established iterative recon-
struction kernel (ADMIRE, Siemens Healthineers) at
different strength levels, ranging from 1 (lowest) to 5
(highest). Further details and operation mode of the
ADMIRE kernel have been discussed before (12). For
each series, calcifications were quantified by calculation
of Agatston scores as described by Agatston et al. and
by calculation of volume scores (3).

A dedicated non-commercial custom software solu-
tion (Siemens Healthineers) was developed to allow the
semi-automatic Agatston scoring of the inserts. The
nature of the anthropomorphic calcium scoring phan-
tom allowed the evaluation in an automatic fashion as
the location of the inserts can be determined by prede-
fined ROI locations. The software was validated by
comparison with a commercial software package
(Syngo.via VA30A, Siemens Healthineers) on a selected
number of images with manual lesion labeling by an
experienced reader. The overall agreement for the auto-
matic method if applied to the reference phantom is
within 5% relative uncertainty. The semi-automatic
extraction of the Agatston score in the phantom was
chosen to allow for exclusion of human bias in lesion
detection in a non-blinded phantom experiment.

Ex vivo study

For the ex vivo part of the study, a heart from a
deceased male patient was examined. Informed consent
to donate his body to medical education and research
had been obtained from the patient ante-mortem. In
addition, a statement of non-objection was issued by
the local ethics committee. The explanted heart was
fixed in alcohol and positioned in a water barrel
(Fig. 1): first, to achieve attenuation similar to sur-
rounding tissue in vivo; and, second, to allow all
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intraluminal air to escape from the heart chambers and
especially the coronary arteries. All acquisitions were
performed as in the phantom study, i.e. with a fixed
tube potential of 120kVp and reference tube currents
of 80, 60, 40, 20, and 10 mAs.

Statistical analysis

Comparison between FBP and the different strength
levels of the new ADMIRE reconstruction algorithm
was performed with the Wilcoxon signed-rank test for

between-group comparisons with the Bonferroni cor-
rection applied for multiple testing. Statistical analyses
were performed with IBM SPSS Statistics 21 (IBM
Corp., Armonk, NY, USA). Statistical significance
was assumed at P < 0.05.

Results

Total Agatston scores for the three different phantom
sizes calculated from FBP and ADMIRE at different
tube currents are shown in Fig. 2. In general, Agatston
scores were found to be slightly decreasing with increas-
ing ADMIRE levels (P <0.001). When lowering tube
current, Agatston scores proved to remain relatively
stable between 80 and 40 mAs and increased at lower
tube currents, particularly in the medium and large
phantoms.

Total volume scores for the three different phantom
models are displayed in Fig. 3. Comparable to
Agatston scores, volume scores were found to be in
the range of 600 mm* between 80 and 40 mAs reference
tube current. Likewise, they decreased with increasing
levels of iterative reconstruction and remained rela-
tively stable down to a tube current of 40 mAs. As

Fig. I. Ex vivo examination of a human heart in a water barrel. ~ for Agatston scores, the increase of volume scores at
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Fig. 2. Total Agatston scores for the three different phantom sizes calculated from FBP and ADMIRE.
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Fig. 3. Total volume scores for the three different phantom sizes calculated from FBP and ADMIRE.
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Table 1. Total and individual Agatston scores of hydroxyapatite inserts.

Small phantom

Medium phantom Large phantom

Tube current (mAs) 80 10 80 10 80 10
Reconstruction FBP ADMIRE T A FBP ADMIRE3 A FBP ADMIRES A
Hydroxyapatite 200 mg/cm® — 3 mm 10.3 8.4 -1.9 10.7 15.1 4.4 47 54 0.8
inserts 200mg/cm® —5mm 560 859 299 597 709 .1 534 752 21.8
400mg/cm’® —3mm 357 319 -38  29. 336 4.5 354 241 —-11.3
400mg/cm® —5mm  190.3  190.0 -03 1877 1855 22 1745 1656 -89
800mg/cm® —3mm 844  94.| 98 906 795 111 829 803 -2.6
800 mg/cm® — 5mm  288.8 289.8 .1 2927 2995 67 2917 2789 -12.8
Total 665.5 700.1 346 6705 684.1 136 6426 6295 —13.1

Table 2. Radiation doses depending on tube current for the different phantom sizes.

Small phantom

Medium phantom

Large phantom

Reference tube Effective tube CTDI Effective tube CTDI Effective tube CTDI
current (mAs) current (mAs) (mGy) current (mAs) (mGy) current (mAs) (mGy)
80 26 0.88 54 1.78 122 4.01
60 20 0.66 40 1.34 92 3.05
40 12 0.41 26 0.88 62 2.06
20 10 0.33 12 0.43 32 1.05
10 10 0.32 10 0.33 16 0.56

a tube current of 20 and 10 mAs decreased with higher
levels of iterative reconstruction. In particular, with
ADMIRE level 5 only a mild increase could be
observed in the medium and large phantom models.

Based on the results for total Agatston scores, the
individual hydroxyapatite inserts were further evalu-
ated (Table 1). Comparison was performed between
Agatston scores at 80 mAs with FBP as reference set-
ting and 10 mAs with different levels of iterative recon-
struction, depending on the level with total results
closest to the reference setting. Correspondingly,
levels of iterative reconstruction closest to the reference
were level 1 in the small phantom, level 3 in the medium
phantom, and level 5 in the large phantom. In general,
differences in Agatston scores between the reference
setting and IR at a tube current of 10 mAs were largest
in the 5-mm insert with a concentration of 200 mg/cm?,
ranging between 29.9 in the small and 11.1 in the
medium phantom.

Radiation doses depending on tube current for the
different phantom sizes are displayed in Table 2. In the
small phantom, CTDI at the standard reference tube
current of 80 mAs was 0.88 mGy and could be lowered
to 0.32mGy at a reference tube current of 10 mAs. Of
note, the effective tube current was already 10 mAs at a

reference tube current of 20 mAs and could not be fur-
ther reduced as 10 mAs is the lowest possible tube cur-
rent for operation of the scanner. In the medium
phantom, CTDI could be reduced from 1.78 mGy at a
reference tube current of 80 mAs to 0.33 mGy at a ref-
erence tube current of 10 mAs. The highest reduction in
radiation dose could be achieved in the large phantom.
Here, CTDI was lowered from 4.01 mGy at 80 mAs
reference tube current to 0.56 mGy at 10 mAs reference
tube current.

An example of image quality at different tube cur-
rents and the influence of varying strength levels of IR
is provided in Figs. 4 and 5, respectively. Both show a
slice through the calcified origin of the left coronary
artery from the aorta and the left ventricle surrounded
by epicardial fat in the human heart. In Fig. 4, all
images were reconstructed with FBP and reference
tube current was gradually reduced from 80 mAs
(Fig. 4a) to 10 mAs (Fig. 4e), resulting in an apparent
increase in image noise. The effect of the iterative recon-
struction algorithm is displayed in Fig. 5. The left (Fig.
5a) is a slice reconstructed with FBP at 10 mAs tube
current. Then, from left to right the same slice recon-
structed with increasing levels of iterative reconstruc-
tion is shown, ranging from level 1 (Fig. 5b) to level 5
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Fig. 4. Image quality at 80 mAs (a), 60 mAs (b), 40 mAs (c), 20 mAs (d), and 10 mAs (e) reference tube current. All images
reconstructed with FBP. Image shows a slice through the calcified origin of the left coronary artery in the explanted human heart.

Fig. 5. Influence of IR on image quality. Same slice as in Figure 4 at 10 mAs tube current. Reconstruction with FBP (a) and with

increasing levels of IR, ranging from level 1-5 (b—f, respectively).

(Fig. 5f), resulting in a stepwise decrease of image noise.
Of note, Figs. 4 and 5 were generated for demonstra-
tion purposes only. Agatston and volume scores were
calculated only from the phantom study as the phan-
tom setup was considered to provide more reliable
results in repetitive scans.

Discussion

CAC scoring has been shown to be a valuable tool for
cardiac risk assessment in asymptomatic patients (2,13—
16). As for all examinations in healthy individuals with
potential follow-ups, on the one hand possible adverse
effects to the patient are to be avoided as far as possible,
i.e. radiation exposure should be as low as reasonable
achievable (ALARA-principle). On the other hand,
high accuracy and reproducibility are desired.
Previous studies have shown that the variability for
Agatston scores in repeated measurements with identi-
cal acquisition parameters and scanners settles in the
range of 8-20.1% (17,18). Moreover, even just slightly
shifting the starting point of the reconstruction of the
3.0-mm slices used for assessment of a single examin-
ation can have a substantial effect on resulting
Agatston and volume scores (19). Therefore, when

comparing different acquisition parameters, variations
may not necessarily reflect a substantial difference
solely based on differences in the acquisition settings.

Due to the categorization/stratification of patients
into different risk groups, variability in Agatston
scores is not necessarily associated with a change in
clinical management. Yet, in cases where the score is
close to the border of another risk group, even small
changes could influence medical therapy and possibly
prognosis. A recent study by the MESA (Multi-Ethnic
Study of Atherosclerosis) group revealed that approxi-
mately one-half of patients eligible for statin therapy
according to current ACC/AHA guidelines can be
reclassified to not eligible due to the absence of coron-
ary calcifications, i.e. an Agatston score of 0 (20). These
findings could not only lead to considerable savings in
the public health sector but also stress the importance
of correctly identifying even the presence of small
calcifications.

For translation of our results into clinical routine,
some factors have to be considered. First, lower tube
current resulted in higher Agatston and volume scores,
especially at tube currents of 20 or 10 mAs. Second, this
increase was higher, the larger the diameter of the
phantom was presumably caused by higher image
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background noise resulting in overestimation of the cal-
cifications. Third, IR was shown to reduce scores, espe-
cially at higher strength levels, most likely caused by
“sharpening” the calcifications and thus reducing the
number of pixels with densities over the scoring thresh-
old. Therefore, to avoid false low or high scores, a bal-
ance has to be found between tube current, strength of
IR, and object diameter. In our study setup, iterative
reconstruction strength level 1 in the small phantom,
level 3 in the medium phantom, and level S in the large
phantom in combination with a reference tube current
of 10 mAs resulted in scores comparable to the stand-
ard calcium scoring setting of 80 mAs reference tube
current with FBP. Notably, by choosing these settings,
i.e. reducing reference tube current from 80 mAs to 10
mAs, radiation dose could be reduced by as much as
86% in our phantom study in the large phantom.

Several previous studies have evaluated different
methods of various vendors for dose reduction in cor-
onary calcium scoring. One possibility for dose reduc-
tion is lowering the tube potential (21). Although
reduction of tube potential in CT leads to decreased
patient dose, it is considered to be a doubtful method
in context with the evaluation of CAC, mainly due to
altered CT density levels at lower tube potentials.
Deprez et al. assessed the influence of reduced tube
potential protocols on Agatston score results and con-
cluded that due to the multi-threshold measurement,
modified Agatston scores acquired at tube potentials
lower than 120kVp cannot be reliably converted to
standard Agatston scores by using a single, adjusted
calcium attenuation threshold (10).

Another possibility for reduction of radiation dose is
lowering tube current, resulting in increased image
noise, false positive identification of CAC, and consecu-
tively higher Agatston scores when using standard FBP
for image reconstruction. Several previous publica-
tions, all using multi-row single source CT, have dis-
cussed the benefits and pitfalls of different IR
algorithms for noise and dose reduction in CAC evalu-
ation. In particular, the publications on hybrid IR algo-
rithms and model-based IR (iDose4 and IMR, Phillips
Healthcare, Best, The Netherlands), as well as adaptive
iterative dose reduction algorithms (AIDR 3D, Toshiba
Corp. Medical Systems, Tokyo, Japan) attract atten-
tion (6,10,22-24). IR algorithms allow for a significant
reduction in image noise and could allow for substan-
tial reduction in radiation dose while maintaining diag-
nostic accuracy as has been previously shown for other
vendors than the one in the present study (22,25,26).
Yet, in the current literature, use of IR in CAC scoring
remains up to debate. Matsuura et al. argued that tube
current can be lowered and hybrid IR applied without
influencing CAC scores (23). Caruso et al. concluded
that IR renders comparable results to filtered back

projection in CAC scoring when a correction factor is
applied (27). In contrast, Li et al. arrived at the conclu-
sion that CAC scores significantly decreased with use of
IR and tended to be underestimated at least for female
anatomy in their phantom study (28).

In the future, strength of IR in patient studies could
be selected depending on patient diameter, i.e. lateral
chest width measured on the topogram, as has been
suggested for selection of effective tube current in
recent guidelines (29). An alternative would be selecting
an optimized protocol for all patients irrespective of
size. Based on the results of our phantom study, a ref-
erence tube current of 40 mAs with IR level 1 could
result in Agatston scores and volume scores in the
range of the standard setting with reference tube cur-
rent of 80 mAs and wFBP reconstruction (Figs. 2
and 3). However, these settings need to be further eval-
uated in a clinical study to assess reliability of reprodu-
cibility of the low dose protocol.

Our study has some limitations. First, as this is an
in vitro study, possible influence of in vivo motion has
to be taken into account. However, usually coronary
calcium scoring is performed with ECG-gating in dia-
stole during breath-hold and therefore motion is limited
as far as possible. Second, possible effects of reduced
tube current and use of IR on reclassifications between
risk groups are to be considered and should be further
evaluated in patient studies. Third, due to the different
IR algorithms from different vendors the results from
our study may not necessarily be transferrable to other
CT systems.

In conclusion, as coronary calcium scoring is a main,
widespread tool for cardiac risk assessment in asymp-
tomatic patients, accompanying possible adverse
effects, i.e. radiation exposure, should be held as low
as reasonably achievable. Tube current reduction and
use of new IR algorithms and possibly individualized
strength levels of IR instead of wFBP hold the potential
for substantial dose reduction in CAC scoring.

Declaration of conflicting interests

The author(s) declared the following potential conflicts of
interest with respect to the research, authorship, and/or pub-
lication of this article: Author Thomas Allmendinger is an
employee of Siemens Healthineers.

Funding

The author(s) received no financial support for the research,
authorship, and/or publication of this article.

References

1. Arad Y, Spadaro LA, Goodman K, et al. Prediction of
coronary events with electron beam computed tomog-
raphy. J Am Coll Cardiol 2000;36:1253—-1260.



Gassenmaier et al.

10.

11.

13.

14.

15.

16.

Raggi P, Callister TQ, Cooil B, et al. Identification of
patients at increased risk of first unheralded acute myo-
cardial infarction by electron-beam computed tomog-
raphy. Circulation 2000;101:850-855.

Agatston AS, Janowitz WR, Hildner FJ, et al
Quantification of coronary artery calcium using ultrafast
computed tomography. J Am Coll Cardiol 1990;15:
827-832.

Einstein AJ, Moser KW, Thompson RC, et al. Radiation
dose to patients from cardiac diagnostic imaging.
Circulation 2007;116:1290-1305.

Kim KP, Einstein AJ, Berrington de Gonzalez A.
Coronary artery calcification screening: estimated radi-
ation dose and cancer risk. Arch Intern Med 2009;169:
1188-1194.

Willemink MJ, Harder den AM, Foppen W, et al.
Finding the optimal dose reduction and iterative recon-
struction level for coronary calcium scoring. J Cardiovasc
Comput Tomogr 2016;10:69-75.

Kurata A, Dharampal A, Dedic A, et al. Impact of itera-
tive reconstruction on CT coronary calcium quantifica-
tion. Eur Radiol 2013;23:3246-3252.

. Schindler A, Vliegenthart R, Schoepf UlJ, et al. Iterative

image reconstruction techniques for CT coronary artery
calcium quantification: comparison with traditional fil-
tered back projection in vitro and in vivo. Radiology
2014;270:387-393.

Willemink MJ, Takx RAP, de Jong PA, et al. The impact
of CT radiation dose reduction and iterative reconstruc-
tion algorithms from four different vendors on coronary
calcium scoring. Eur Radiol 2014;24:2201-2212.

Deprez FC, Vlassenbroek A, Ghaye B, et al
Controversies about effects of low-kilovoltage MDCT
acquisition on Agatston calcium scoring. J Cardiovasc
Comput Tomogr 2013;7:58-61.

McCollough CH, Ulzheimer S, Halliburton SS, et al.
Coronary artery calcium: a multi-institutional, multima-
nufacturer international standard for quantification at
cardiac CT. Radiology 2007;243:527-538.

. Gordic S, Morsbach F, Schmidt B, et al. Ultralow-dose

chest computed tomography for pulmonary nodule detec-
tion. Invest Radiol 2014;49:465-473.

Schmermund A, Mohlenkamp S, Berenbein S, et al.
Population-based assessment of subclinical coronary ath-
erosclerosis using electron-beam computed tomography.
Atherosclerosis 2006;185:177-182.

Rumberger JA, Brundage BH, Rader DJ, et al. Electron
beam computed tomographic coronary calcium scanning:
a review and guidelines for use in asymptomatic persons.
Mayo Clin Proc 1999;74:243-252.

Hoff JA, Chomka EV, Krainik AJ, et al. Age and gender
distributions of coronary artery calcium detected by elec-
tron beam tomography in 35,246 adults. Am J Cardiol
2001;87:1335-1339.

McClelland RL, Chung H, Detrano R, et al. Distribution
of coronary artery calcium by race, gender, and age:
results from the Multi-Ethnic Study of Atherosclerosis
(MESA). Circulation 2006;113:30-37.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

Detrano RC, Anderson M, Nelson J, et al. Coronary
calcium measurements: effect of CT scanner type and cal-
cium measure on rescan reproducibility—MESA Study.
Radiology 2005;236:477—484.

Groen JM, Greuter MJ, Schmidt B, et al. The influence
of heart rate, slice thickness, and calcification density on
calcium scores using 64-slice multidetector computed
tomography. Invest Radiol 2007;42:848-855.

Rutten A, Isgum I, Prokop M. Coronary calcification:
effect of small variation of scan starting position on
Agatston, volume, and mass scores. Radiology 2008;
246:90-98.

Nasir K, Bittencourt MS, Blaha MJ, et al. Implications of
coronary artery calcium testing among statin candidates
according to American College of Cardiology/American
Heart Association Cholesterol Management Guidelines:
MESA (Multi-Ethnic Study of Atherosclerosis). J Am
Coll Cardiol 2015;66:1657-1668.

Nakazato R, Dey D, Gutstein A, et al. Coronary artery
calcium scoring using a reduced tube voltage and radi-
ation dose protocol with dual-source computed tomog-
raphy. J Cardiovasc Comput Tomogr 2009;3:394-400.
Obmann VC, Klink T, Heverhagen JT, et al. Impact of
hybrid iterative reconstruction on agatston coronary
artery calcium scores in comparison to filtered back pro-
jection in native cardiac CT. Rofo 2015;187:372-379.
Matsuura N, Urashima M, Fukumoto W, et al.
Radiation dose reduction at coronary artery calcium
scoring by using a low tube current technique and
hybrid iterative reconstruction. J Comput Assist
Tomogr 2015;39:119-124.

Harder den AM, Willemink MJ, Bleys RLAW, et al.
Dose reduction for coronary calcium scoring with
hybrid and model-based iterative reconstruction: an ex
vivo study. Int J Cardiovasc Imaging 2014;30:1125-1133.
Willemink MJ, de Jong PA, Leiner T, et al. Iterative
reconstruction techniques for computed tomography
Part 1: technical principles. Eur Radiol 2013;23:
1623-1631.

Willemink MJ, Leiner T, de Jong PA, et al. Iterative
reconstruction techniques for computed tomography
part 2: initial results in dose reduction and image quality.
Eur Radiol 2013;23:1632-1642.

Caruso D, De Cecco CN, Schoepf UlJ, et al. Correction
factors for CT coronary artery calcium scoring using
advanced modeled iterative reconstruction instead of fil-
tered back projection. Acad Radiol 2016;23:1480-1489.
Li Q, Liu S, Myers KIJ, et al. Impact of reconstruction
algorithms and gender-associated anatomy on coronary
calcium scoring with CT. Acad Radiol 2016;23:
1470-1479.

Voros S, Rivera JJ, Berman DS, et al. Guideline for mini-
mizing radiation exposure during acquisition of coronary
artery calcium scans with the use of multidetector com-
puted tomography. J Cardiovasc Comput Tomogr 2011;
5:75-83.



	XPath error Undefined namespace prefix
	XPath error Undefined namespace prefix

