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Abstract High reproducibility isa
key requirement for coronary calci-
um scoring in follow-up examina-
tions. We investigated the inter-
examination reproducibility of calci-
um scoring with retrospectively
ECG-gated multisection spiral CT
(MSCT). Fifty patients were exam-
ined twice with MSCT. Slices were
reconstructed with retrospective
ECG gating in the diastolic phase
with 3-mm slice width and up to
125-ms temporal resolution. We cal-
culated the Agatston score, calcium
volume with and without isotropic

Introduction

interpolation, and calcium mass, and
derived the mean and median vari-
ability. We investigated the change
of variability with use of 3-mm non-
overlapping and overlapping incre-
ments (2, 1.5, 1 mm). Use of over-
lapping increment resultsin consid-
erably reduced interscan variability.
We observed a minimum mean vari-
ability of 12% and a minimum medi-
an variability of 9% for the Agatston
score. For volume and mass quantifi-
cation we obtained a minimum mean
variability of 7.5% and a minimum
median variability of 5%. Multisec-
tion spiral CT enables coronary cal-
cium quantification with high repro-
ducibility in follow-up examinations
mainly founded on image data with
reduced partial-volume errors due to
overlapping increment.

Keywords Cardiac CT -
Multisection spiral CT - Coronary
calcium - Agatston score - Calcium
volume - Calcium mass

The amount of coronary calcification may be used as

Electron-beam CT scanning (EBCT) has been established
as a non-invasive imaging modality for the detection and
quantification of coronary calcium by using the Agatston
scoring agorithm [1]. With EBCT scanning, typically
3-mm thick dlices are acquired contiguously with prospec-
tive ECG triggering in mid-diastole and an exposure time
of 100 ms per dice. An effective radiation exposure of ap-
proximately 0.9 mSv was reported for this protocol [2].

a marker for the total atherosclerotic plaque burden [3].
Variable amounts of calcification may indicate regres-
sion or progression of atherosclerosis and coronary ar-
tery disease (CAD) [4]. The normal progression of coro-
nary calcification is approximately represented by
14-27% (average 24%, [5]) increase of the calcium
score per year that may be enhanced up to 33-48% for
patients with significant coronary disease [6, 7]. Various
studies have shown that progression of coronary calcifi-
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cation is decelerated (<10% per year) in patients under
statin therapy [8]. For reliable monitoring of the progres-
sion of coronary disease via measurement of coronary
calcification, the error between successive examinations
must be considerably smaller than the expected change
of calcified plague burden; thus, high accuracy and re-
producibility of the calcium score measurement with in-
terscan variability below 10% are crucial for reliable de-
tection of small changes within a reasonable follow-up
interval.

The interscan reproducibility of EBCT scanning has
been shown to have poor to fair values ranging from 14
to 51% mean variability depending on scan technique
and scoring method [4, 9, 10]. High variability is partic-
ularly present for small amounts of calcification. Recent-
ly, aternative quantitative volumetric scoring methods
have been developed that have improved interscan repro-
ducibility [11]. Partial-volume errors introduced by con-
tiguous acquisition with 3-mm dlice width, long breath-
hold times of 2540 s, and image artifacts due to incon-
sistent ECG triggering for arrhythmic heart rates have
been identified as the main variability factors[2].

Recently, mechanical multi-slice CT systems (MSCT)
with simultaneous acquisition of four slices, 0.5-s scanner
rotation, and 125-ms maximum temporal resolution pro-
vided by special reconstruction algorithms have become
available for cardiac CT scanning [12, 13]. The first stud-
ies have shown a high correlation of MSCT with prospec-
tively ECG-triggered acquisition and 250-ms effective
exposure time compared with EBCT for the detection of
coronary calcification using the Agatston- and volumetric
scoring methods [14]; however, it has also been shown
that a higher degree of coronary motion artifacts may be
present with MSCT due to reduced temporal resolution
with 250-ms effective exposure time.

Multislice CT with retrospective ECG gating enables
continuous volume coverage with acquisition of overlap-
ping slices and substantially faster volume coverage
compared with ECG triggering. Phantom studies and ex-
perimental patient studies have shown that non-overlap-
ping sequential scanning is an important contributor to
the interscan variability of Agatston- and volumetric cal-
cium scores due to partial-volume errors in plague regis-
tration [15, 16]. These studies could demonstrate that
ECG-gated volume coverage with MSCT and overlap-
ping image reconstruction improves the reproducibility
of coronary calcium quantification especialy for small
plaques in comparison with EBCT with ECG-triggered
sequential acquisition [15].

Thus, some of the most important factors to the inter-
scan variability of coronary calcium scoring can poten-
tially be suppressed to a large extent by MSCT using ret-
rospective ECG gating; therefore, the purpose of the pre-
sented study was to investigate a potential improvement
of interscan variability in repeat coronary calcium scans
with this technique.

Materials and methods

The reproducibility of coronary calcium scoring with MSCT was
evaluated in a clinical study based on 50 consecutive patients
(42 men, 8 women; age range 36-85 years, mean age 59.9 years,
+9.8 years standard deviation) who were examined twice with
MSCT using ECG-gated spiral scanning. Written informed consent
was obtained from each patient after the nature of the procedure
had been fully explained. The study protocol was approved by the
internal review board of the clinical institutions that performed the
clinical examinations and the federal board of radiation protection.

The patients that were included in this study were referred to
the department because of a suspicion of coronary artery disease
either by clinical symptoms or because of the presence of cardio-
vascular risk factors. Patients with known arrhythmia and patients
with stents were not excluded from the study. Coronary stents
were identified and excluded during the scoring process. The sec-
ond scan was performed within 3-5 min after the first scan with
repositioning of the patient. The MSCT data was acquired on a
Somatom Volume Zoom with “HeartView CT” application (Sie-
mens, Forchheim, Germany) with 4x2.5-mm collimation, 120 kV,
100 mA (133 mAs effective), 0.5-s rotation time, and pitch 1.5
(feed 7.5 mm/s; pitch is defined as table feed per full rotation nor-
malized to the width of one slice of the multislice detector). With
this protocol the 12-cm scan range of heart is covered in 16-s scan
time. Effective patient dose per scan was determined with 2.6 mSv
for men and 3.4 mSv for women (Software Windose, Scanditro-
nix, Wellhoefer Inc., Erlangen, Germany). Images were recon-
structed with the ACV algorithm [13] in diastole with 3-mm slice
width and up to 125-ms temporal resolution dependent on heart
rate. A medium sharp convolution kernel (“B35f”, 50% value of
the modulation transfer function =4 cm-1, no edge enhancement)
was used that provides a maximum in-plane resolution of approxi-
mately 9 Ip/cm. Optimum image quality by means of minimization
of motion artifacts can be achieved with retrospectively ECG-gat-
ed image reconstruction in different phases of the cardiac cycle for
left coronary artery tree (i.e., left main: LM; left artery descend-
ing: LAD; and circumflex: CX) and right coronary artery tree
(right coronary artery: RCA) [17, 18]. The optimal reconstruction
position within the cardiac cycle was determined from reconstruc-
tion for two representative axial levels containing the proximal
LAD (segments 6, 7) and the middle segment of the RCA (seg-
ment 2) at 35, 40, 45, 50, 55, 60, 65, and 70% of the cardiac cycle.
From these images only those two time points with least motion
artifacts of the RCA, on the one hand, and of LM, LAD, and CX,
on the other hand, were chosen for reconstruction of the complete
volume; thus, two image data sets were reconstructed per scan and
evaluated separately. One image data set was reconstructed for
scoring of the RCA and the second one for scoring of the LM,
LAD, and CX. Individual extra-systolic heart beat was eliminated
prior to ECG-gated reconstruction if gapless reconstruction could
be assured by a maximum distance of 1500 ms between two con-
secutive R-waves that was not exceeded.

Calcified lesions were identified based on a Hounsfield thresh-
old of 130 HU for all applied scoring methods. The Agatston scor-
ing algorithm [1] has been developed for sequential image data
and needs modification if overlapping slice data is processed. We
used the intuitive approach to calculate normalized scores AgN
where the sum of the scores of the individual plaques n is multi-
plied with the ratio of image reconstruction increment Inc and
slice-width SW (Eq. (1)). The normalized score AgN is identical
with the traditional Agatston score for Inc=SW=3 mm.

I 9
AgN = ;—V;;Area(n) -CoFactor(n). )

Due to the non-linear weighting operation with the variable inte-
ger CoFactor (=1—4 according to Agatston et al. [1], depending on
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Fig. 1 Presentation of the platform used for Agatston-based, volu-
metric and mass quantification of coronary calcification (“syngo
Calcium Scoring”, Volume Wizard, Siemens, Forchheim, Germa-
ny). Lesions exceeding the calcium threshold of 130 HU are iden-
tified with 3D-based picking and viewing tools and are assigned to
the different coronary arteries: left main (LM); left artery descend-
ing (LAD); circumflex (CX); and right coronary artery (RCA).
Measurement and score values are displayed and reported in table
format

peak attenuation in plaque deposit) the Agatston score can be very
proneto variations.

Alternative volumetric quantification algorithms have been de-
veloped that can process sequential as well as overlapping image
data of different slice width and provide volume equivalents (in
cubic millimeters) of calcified plaques. Non-linear operations are
eliminated that may increase interscan variability. Isotropic inter-
polation procedures in between adjacent image slices can be used
to reduce the influence of partia-volume errors for improved re-
producibility [11].

In our study we calculated a conventional volume Vol (Eq. (2))
and a volume \ol, with continuous (isotropic) interpolation
(Eq. (3)) as proposed by Callister et al. [11].

zArea
ZArea

Vol = 2 Vol(n )-Inc (29)
n

Vol[=ZV011(n) -Inc-Wi(n). (2b)

For the conventiona volume quantification a volume \Vol(n) was
calculated for every individual lesion n from the total area of ale-
sion that is multiplied with the image increment Inc. The isotropic
interpolation factor W,(n) takes information from the adjacent slic-
es into account and modifies the contribution of a single image
voxel to the volume of an individual lesion n. W,(n) may be great-
er or smaller than 1 depending on the propagation of alesion in
the scan direction. Also voxels that were not identified as part of a
lesion due to a Hounsfield value <130 may contribute to the vol-
ume of the lesion if corresponding voxels at the same image posi-
tion in the adjacent slice have a high contribution.

It has been proposed to expand volumetric quantification of
coronary calcium to absolute mass quantification that can cope
with different scanner properties and protocol variations via phan-
tom calibration methods [19]. It could be shown in phantom ex-
periments that calcium mass quantification is more robust to mo-
tion artifacts than Agatston scoring and calcium volume quantifi-
cation [20] and may therefore be more reproducible. Calcium
mass can be calculated in milligrams via multiplication of the vol-
ume of alesion with a density factor p of the lesion that is derived
from the mean Hounsfield value in the plague that linearly de-
pends on the mean density (in milligrams per cubic millimeter).

2 Area(n (39)
ZAI ea(n

MaW—ZMass‘ )-Inc-p(MeanHU (n)).

)-Inc-Wi(n) - p(MeanHU (n)).

(3b)
In our study we determined the calibration function p(MeanHU)

using a standardization phantom (Institute of Medical Physics, Er-
langen, Germany; and QRM GmbH, Méhrendorf, Germany).

Mass; =

ZMass; (n)
n
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mg
p(MeanHU (n)) = 0.84m (MeanHU (n) — HUwgrer) (30)

All scores were calculated using commercialy available software
(“syngo Calcium Scoring”, Volume Wizard, Siemens, Forchheim,
Germany; Fig. 1).

As a measure for interscan reproducibility we derived the
mean variability Oy, (EQ. (48)) and the median variability Opegian
(Eq. (4b)) for the total scores of the two examinations. The scan
data was reconstructed by two independent examiners (T.F. and
B.0O.) and image data was evaluated by two independent observers
(A.FK.and R.F).

1 "QF 2[Score (i) — Scores(i) |

‘T Np : 4a)

Omecn Np 5 (Score| (i) + Scorey (i) (49)

GOinedian = Median 2 |tgcorel (Z) — SCOFez(.lN . (4b)
i=L.Np \ (Scorey(i) + Scorex(i))

Np=50 represents the total number of patients. Each patient is
characterized with the index i.

We compared the variability of scores with 3-mm non-overlap-
ping increment with scores based on overlapping increments of 2,
1.5, and 1 mm. The Agatston scores derived from the first scan of
each patient reconstructed with 3-mm dlice width and 3-mm incre-
ment without normalization for slice increment were used to cate-
gorize the score of the patients. A separate evaluation of the vari-
ability was performed for a patient subgroup with low to mild
scores (AgN with 3-mm increment <100) who are more prone to in-
consistency and variability than high scores. In addition, we investi-
gated whether reconstruction increment has an influence on the to-
tal score values. We therefore compared the mean values including
standard deviations and the median values of all total scores from
both acquisitions that were determined with the same scoring algo-
rithm but with different increments 3, 2, 1.5, and 1 mm; thus, 100
scores from 50 patients (two acquisitions for each patient) were
used to evaluate each scoring algorithm for each image increment.

For statistical analysis, t-tests were used to examine differ-
ences in variability and score values for different scoring protocols
within the patient group. p-values <0.05 were considered to identi-
fy significant differences.

Results

We observed mean heart rates between 51 and 96 bpm
(67.2 bpm mean heart rate, +12.9 bpm standard devia-
tion) during the scans for the 50 patients and 100 acqui-
sitions. Eighteen patients showed mean heart rates
>70 bpm during one or both scans and 4 patients showed
substantial heart rate changes with standard deviation
>+5 bpm during one or both scans.

Based on the categorization with the Agatston scores
derived from the first scan that was reconstructed with 3-
mm slice width and 3-mm increment, low, mild, moder-
ate, and severe calcifications were found in the examined
patient cohort. Three patients did show no calcification,
3 patients had an Agatston score from 1 to 10 (low),
15 patients from 11 to 100 (mild), 14 patients from 101
to 400 (moderate), and 15 patients more than 400
(severe). Figure 2 shows very good correlation of the
Agatston scores (r=0.987) derived from the two scans
based on image data with 3-mm increment.

1400
1200 .y
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500 1000
Agatston AgN Scan |

Fig. 2 Correlation diagram showing the agreement of the calcium
measurements derived from two consecutive examinations. The
diagram for the Agatston scores is based on non-overlapping im-
age data (3-mm dlice width and 3-mm increment) and shows good
agreement and correlation of the two scans. Different extent of
calcification from low (Agatston score AgN<10) to severe (Agats-
ton score AgN>400) is present within the examined patient group
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Fig. 3a,b Mean and median interscan variability dependent on
image reconstruction increment for Agatston scoring and volume
quantification (conventional volume, isotropic interpolated vol-
ume). a Mean interscan variability and b median interscan vari-
ability are presented for the entire patient group. Image recon-
struction with slice overlap provides substantial improvement of
interscan reproducibility with mean variability down to 8% and
median variability down to 5%. Median variability is consistently
lower than mean variability

Similar to presented phantom studies [15] we found a
strong influence of the image reconstruction increment
on the interscan variability. For the entire patient group
the mean variability 0., equals 23% for Agatston score
AgN, 21% for conventional volume Vol, and 18% for in-
terpolated volume Vol, when using non-overlapping in-
crement 3 mm (Fig. 3a). A considerable reduction can be
achieved with overlapping increment (AgN 12%, Vol 8%,
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Fig. 4a,b Mean and median interscan variability dependent on
image reconstruction increment for mass quantification (conven-
tional mass, isotropic interpolated mass). a Mean interscan vari-
ability and b median interscan variability are presented for the en-
tire patient group. Image reconstruction with slice overlap pro-
vides substantial improvement of interscan reproducibility with
mean variability down to 7.5% and median variability down to
5%. Median variability is consistently lower than mean variability

\ol, 9%) with p<0.01 (Fig. 3a). No substantial difference
of the variability can be observed for increment 1 mm,
1.5 mm, and 2 mm (AgN 12-13%, Vol 8-10%, \ol,
9-10%; p>0.05). Conventional volume and interpolated
volume show very comparable behavior. Considerably
higher mean variability is present for the patient sub-
group with low to mild calcification if image data with
non-overlapping increment is used (AgN 42%, Vol 34%,
\ol, 33%). Also for this group overlapping increment has
high impact on the reduction of variability (AgN 16—
21%, Vol 12-14%, \ol, 12—16%) with p<0.01. Especially
for low scores both conventional and isotropic interpo-
lated volume provides improved reproducibility com-
pared with Agatston scoring (p<0.05).

Median variability of Agatston scoring and volume
is consistently lower than mean variability (Fig. 3b), as
very high variability that may be present for very low
scores has less influence. Also the median variability is
reduced with overlapping image increment. A minimum
median variability of 5% is observed for the total patient
group (AgN 9-10%, Vol 5-8%, \Vol, 6-8%) and 7% for
the subgroup with low to mild calcification (AgN 9—
12%, Vol 7-10%, \ol, 7-10%; p<0.01). Conventional
volume and interpolated volume show also comparable
median variability. The Agatston score consistently
shows highest median variability (p<0.05). Also for the
median variability the degree of overlap that is present
for the increments 2, 1.5, and 1 mm has no strong influ-
ence (p>0.05).

B Agatston Normalized Ag

# Median AgN

Mean = SD

dmm 2mm |S5mm [mm
a Increment
W Volume Vol., @ Volume Interpolated Vol,
600
2 500
:—E:l 400 & Median Vol
i ,;H[[; < Median Vo,
= 100
0
Imm 2mm  1.5mm Imm
b Increment
B Mass , B Mass Interpolated Mass,
A 120 —
2 00—
4;:' 80 & Median Mass
z 60 & Median Mass,
= 4 -

20
0

1.5mm lmm

Imm 2mm
[+ Increment

Fig. 5a—c Mean values including standard deviations and median
values derived from 100 patient examinations for the different calci-
um quantification algorithms (Agatston score, conventional volume,
isotropic interpolated volume, conventional mass, isotropic interpo-
lated mass), dependent on reconstruction increment. Mean and me-
dian values of a Agatston score AgN, b conventional volume \ol,
and ¢ conventional mass Mass do not show substantial changes for
different reconstruction increment. Mean and median values of
b isotropic interpolated volume Vol, and c isotropic interpolated
mass Mass;, however, increase with reduced image increment

The analysis of mean and median variability was aso
carried out for mass without and with isotropic interpola-
tion. For the entire patient group the mean variability
Ormean W8S 19% for conventional mass Mass and 20% for
interpolated mass Mass, when using non-overlapping in-
crement 3 mm (Fig. 4a). We also observed a consider-
able reduction with overlapping increment (Mass 7.5—
9%, Mass, 8-9.5%) with p<0.01 (Fig. 48). Mean vari-
ability in the patient subgroup with low to mild calcifica-
tion was 29% for Mass and 30% for Mass,. The mean
variability could be reduced with overlapping increment
to 11-14% for Mass and to 11-15% for Mass, (p<0.01).
With overlapping image increment a minimum median
variability of 5% is observed with mass for the total pa-
tient group (Mass 5-6%, Mass, 5.5-7%) and 7% for the
subgroup with low to mild calcification (Mass 7—8.5%,
Mass, 7-9%; p<0.01; Fig. 4b). Also for the median vari-
ability of mass the degree of overlap that is present for



1537

Fig. 6a—d Case example for
repeat scan examinationsin a
patient with moderate coronary
calcification and low and regu-
lar heart rate of 63 bpm. Scan
parameters: 0.5-srotation;

120 kV; 100 mA; 133 mAs ef-
fective; 4x2.5-mm collimation;
7.5-mm/s table feed; 3-mm
slice width; 1.5-mm slice incre-
ment; 250 ms temporal resolu-
tion; reconstruction for left cor-
onary tree at 55% and for right
coronary tree at 55%. Score,
location, and morphology of
small calcified lesionsin a
LAD (arrow) and b RCA (dou-
ble arrow) which were detected
in a, b scan 1 can be accurately
reproduced in ¢, d scan 2.

Scan 1 (a, b): AgN=105;
\Vol=83 mm3; Vol,=78 mm3,
Mass=23 mg; Mass;=21 mg.
Scan 2 (c, d): AgN=118;
\Vol=87 mm3; Vol,=81 mm3,
Mass=25 mg; Mass;=24 mg

the increments 2, 1.5, and 1 mm has no strong or statisti-
cal influence (p>0.05).

Mass quantification without and with isotropic inter-
polation showed dlightly improved reproducibility com-
pared with volumetric quantification and also significant-
ly better reproducibility than Agatston scoring (p<0.05).

Overlapping images improves scoring reproducibility
but systematic dependencies in relation to non-overlap-
ping images have to be analyzed. For Agatston scoring,
conventional volume, and conventional mass the mean
value of al scores from all patients and both acquisi-
tions, including the standard deviation, did not show re-
markable variations for different reconstruction incre-
ments (Mean: AgN 310-316, Vol 308-312 mms3, Mass
60-62 mg; Fig. 5). The median values were lower in
absolute value but also very consistent for different
reconstruction increments (Median: AgN 110-115, \ol
112-115 mms3, Mass 36-38 mg). For the interpolated vol-
ume and interpolated mass, however, mean and median
value are higher for low image increment. They increase
from Mean(Vol|)=261 mm3, Median(\Vol;)=100 mm3,
Mean(Mass)=49 mg, and Median(Mass)=21 mg for
3-mm image increment to Mean(Vol,)=302 mm3, Medi-
an(\ol)=171 mm3, Mean(Mass)=62 mg, and Medi-
an(Mass)=40 mg for 1-mm increment (p<0.001). Agats-
ton-, conventional volume, and conventional mass do not

show systematic differences depending on the image in-
crement, interpolated volume, and interpolated mass,
however, they systematically provide lower values for
small image overlap.

Some representative case examples for repeat scan
examinations are presented in (Figs. 6, 7, 8). Score, loca-
tion, and morphology of small calcified lesions can be
accurately reproduced for both moderate heart rates
(Fig. 6: 63 bpm mean heart rate, £2 bpm standard devia-
tion) and higher heart rates (Fig. 7: 96 bpm mean heart
rate, £3 bpm standard deviation). For both examples the
interscan variability is lower than 5%. Higher variability
may be present for patients with low total score, high
heart rates, and arrhythmic changes during the scan
where motion may be present especialy in the RCA
(Fig. 8: 89 bpm mean heart rate, £6 bpm standard devia-
tion); however, the calcifications can still be identified
and reproduced in both scans.

Discussion

Our study shows that MSCT with half-second scanner
rotation using ECG-gated spiral scanning can provide
continuous volume image data with appropriate temporal
resolution within short breath-hold times for coronary
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Fig. 7a, b Case example for repeat scan examinations in a patient
with mild coronary calcification and high but regular heart rate of
96 bpm. Scan parameters. 0.5-s rotation; 120 kV; 100 mA;
133 mAs effective; 4x2.5-mm collimation; 7.5-mm/s table feed; 3-
mm slice width; 1.5-mm slice increment; 125-145 ms temporal
resolution depending on heart rate; reconstruction for left coronary

Fig. 8a—d Case examplefor
repeat scan examinationsin a
patient with mild coronary cal-
cification and high and irregu-
lar heart rate with 89 bpm
mean heart rate (+6 bpm stan-
dard deviation). Examination
parameters: 0.5-s rotation;

120 kV; 100 mA; 133 mAs ef-
fective; 4x2.5-mm collimation;
7.5-mm/s table feed; 3-mm
slice width; 1.5-mm slice incre-
ment; 130-200 ms temporal
resolution depending on heart
rate; reconstruction for left cor-
onary tree at 50% and for right
coronary tree at 40%. Higher
variability and motion is pres-
ent but calcificationsina LAD
(arrow), b RCA (double ar-
row), and b CX (arrowhead)
which were detected in

a, b scan 1 can also be identi-
fied and evaluated in c, d scan
2. Scoring of CX calcification
was not performed based on
displayed images (b, d) which
are optimized for display of the
right coronary tree. Scan 1

(a, b): AgN=40; \ol=56 mm3;
Vol,=42 mm3; Mass=9.6 mg;
Mass=8.1 mg. Scan 2 (c, d):
AgN=14; Vol=33 mms3,
Vol,=24 mm3; Mass=5.4 mg;
Mass=4.6 mg

tree at 55% and for right coronary tree at 45%. Score, location,
and morphology of small calcified lesions in a LAD (arrow)
which were detected in a scan 1 can be accurately reproduced in
b scan 2. Scan 1 (a): AgN=26; \Wol=34 mm3; \ol ;=28 mms3,
Mass=5.0 mg; Mass=4.5 mg. Scan 2 (b): AgN=29; \ol=32 mms3;
\ol,=25 mm3; Mass=4.7 mg; Mass=4.1 mg
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calcium scoring with high reproducibility. A mean vari-
ability down to 8% and a median variability down to 5%
could be obtained with overlapping image data for our
cohort of 50 patients who showed a wide range of heart
rates and degree of calcification. The patient group in-
cluded 18 patients with heart rate more than 70 bpm and
18 patients with low and mild calcification. Also for the
patient subgroup with low and mild calcification we
could demonstrate a mean variability down to 12% and a
median variability down to 7%.

The low variability was found to be due mainly to a
reduction of partial-volume errors with overlapping slice
increment. Additional factors may be the absence of pa-
tient breathing and reduced sensitivity to heart rate
changes with retrospective ECG gating. Our results indi-
cate that the Agatston scoring algorithm can also be ap-
plied to overlapping sice data when using appropriate
normalization factors for the slice reconstruction incre-
ment. With appropriate normalization the score values are
consistent for different image reconstruction increment.

However, volume and mass quantification with mod-
erate dlice overlap from 33 to 50% (increment 2 or
1.5 mm for slice width 3 mm) have been shown to pro-
vide the best reproducibility. The reproducibility of vol-
ume and mass with isotropic interpolation is comparable
to conventional volume and mass without isotropic inter-
polation for slice data with appropriate slice overlap.

The best consistency of volume and mass could be
achieved with conventional algorithms without use of
isotropic interpolation. With isotropic interpolation the
values seem to depend on the image reconstruction in-
crement and are statistically significantly lower for re-
construction increments with low degree of slice overlap.
This effect may make routine use of volume and mass
with isotropic interpolation difficult but could be elimi-
nated by strict standardization of reconstruction parame-
ters;, however, the influence of this systematic effect on
clinical validity needs to be further investigated and
evaluated in targeted clinical trials.

Due to the high reproducibility which was demon-
strated in this study, MSCT with ECG-gated spiral ac-
quisition in combination with quantitative volumetric
calcium evaluation may be areliable tool to monitor cor-
onary calcification in follow-up examinations, e.g. to
evaluate progression of CAD in patients undergoing ag-
gressive lipid-lowering medication therapy [8]. With a
mean interscan variability of less than 10% also small
changes of calcified plaque burden may be detectable
within reasonable follow-up intervals of 1 year.

An obvious trade-off of the discussed MSCT exami-
nation technique using retrospective ECG gating is the
considerably increased radiation exposure compared
with ECG-triggered scan protocols with MSCT or
EBCT. The relatively high radiation of >2.6 mSv is
caused by continuous X-ray exposure and data acquisi-
tion at low and highly overlapping spira pitch [21];

however, with the recently introduced technique of
ECG-controlled tube output modulation the effective pa-
tient exposure can be reduced by =40-50% for ECG-gat-
ed spiral scanning with MSCT without remarkable com-
promises on image quality [21, 22]. The effective radia-
tion exposure can then be reduced to <1.5 mSv for men
and to <2 mSv for women for the protocol in this study.
This new technique was not available at the time of this
study but will be routinely used for future evaluation.

With the advent of multiple MSCT scanners from dif-
ferent manufacturers and with the ongoing development
of MSCT systems and protocols with increased number of
slices, increased spatial resolution and increased temporal
resolution cross-technology quality control standards and
calibration methods gain importance. At present, only cal-
cium mass quantification allows for consideration of cali-
bration functions for different scanners and scan protocols
[19, 23]; thus, with the ongoing development of CT tech-
nology calcium mass quantification based on standardized
scan and evaluation protocols should be considered as the
calcium quantification method of choice.

In the near future mechanical 16-slice CT scanners
with increased rotation speeds will become available
[24] and will alow for coronary calcium scanning with
increased temporal resolution and =8-s breath-hold time.
Scans of the heart with submillimeter slices will be pos-
sible in breath-hold times of =16 s. With increased tem-
pora resolution, image quality may be less sensitive to
the selection of reconstruction phase in the cardiac cycle
and thus the work flow to obtain optimal image quality
with minimal motion artifacts may be simplified. With
this development further improvements of sensitivity and
reproducibility of quantification of coronary calcification
with mechanical multislice CT is expected.

Conclusion

Retrospectively ECG-gated MSCT with four-slice acqui-
sition and half-second scanner rotation enables coronary
calcium quantification with high reproducibility based
on image data reconstructed with overlapping image in-
crement to reduce partial-volume errors. Patient-individ-
ual and vessel-individual selection of the reconstruction
phase in the cardiac cycle provide minimization of mo-
tion artifacts and thus optimization of reproducibility in
a patient group where heart rate is not controlled and
higher heart rate can be present.

By using appropriate normalization Agatston scoring
can also be applied to image data sets with overlapping
image increment. Best reproducibility with interscan
variability down to 5% can be achieved by using volume
and mass quantification with 3-mm glice width and 1.5-
to 2-mm image increment. Volume and mass quantifica-
tion with isotropic interpolation do not show improved
reproducibility. Calcium mass quantification shows
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dlightly improved reproducibility compared with calcium
volume quantification and should become the preferred
coronary calcium measurements as it allows, in addition,
cross-calibration for different scanner technology and

scan protocols.

Retrospectively ECG-gated spiral MSCT demon-
strates substantially improved reproducibility compared
with prospectively ECG-triggered MSCT at the expense
of higher radiation exposure; however, developments are
underway that provide significant reduction of radiation

exposure with retrospective ECG gating, via ECG-con-
trolled modulation of the tube output.

With interscan variability below 10%, the presented
MSCT imaging procedure to quantify coronary calcium

may be used to monitor progression of coronary calcifi-

cation, which should be investigated in future studies.
Future developments of MSCT scanner technology
with increased number of dlices and increased rotation
speed promise further improvements of sensitivity and re-
producibility of quantification of coronary calcification.
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