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Summary
Background:

Determining coronary artery calcifications is one of the methods of coronary heart disease
screening. However, the traditional Agatston Calcium Score (CS) shows low interexamination
reproducibility. The aim of this study was to evaluate the interscan variability coefficients of
calcium measures based on three modifications of the original Agatston equation.

Material/Methods:

Fifty adults (37 men and 13 women; mean age 46.2 ± 9.2 years) were included in the study. Each
patient was examined with two consecutive, prospectively electrocardiographically triggered,
multi-detector-row CT acquisitions to detect and quantify coronary artery calcifications. CS was
calculated according to the method by Agatston et al. Alternative scores were calculated using
a continuous weighting factor (CS-CM), the average lesion attenuation value (CS-SA), or both
(CS-CA). The mean and median interscan percent variabilities of the methods were evaluated using
nonparametric analysis of variance.

Results:

In the 50 patients, 1315 calcified lesions were found. The alternative scores correlated well with CS
(for CS vs. CS-SA, CS-CM, and CS-CA, r = 0.990, 0.840, and 0.946, respectively, P < 0.0001). The mean
and median percent variabilities did not differ significantly among the methods tested (P = 0.370).
For CS, CS-SA, CS-CM, and CS-CA the mean variabilities were 13.24%, 13.36%, 16.00%, and 13.62%,
respectively. Except for CS-CM, the methods showed similar distributions of variability vs. score on
Bland and Altman plots.

Conclusion:

None of the tested modifications of the Agatston method brought improvement in the interscan
reproducibility of coronary calcium scoring. In our opinion, a significant reduction in variability
may be achieved by a standardization of image acquisition and reconstruction.
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Background
Coronary calcium measurement could be an efficient, noninvasive test for coronary heart disease (CHD) screening
and monitoring. Several papers report that calcium score is
a strong and independent risk factor for CHD [1–3]. Grundy
proposed that coronary calcium measurement might

replace age as a risk factor in global CHD risk assessment
[4]. However, the classic Calcium Score (CS) [5] was reported to have limited interexamination reproducibility, with a
measured variability of between 14 and 51% [6–8]. Clinical
purposes require that the method have an error significantly lower than the expected change in calcified plaque burden over time. According to numerous authors, the average
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Table 1. Summary statistics of the four methods tested, based on the results from the first acquisition (50 patients, 1315 lesions).
Tabela 1. Statystyki opisowe badanych metod w oparciu o wyniki pierwszej akwizycji (50 pacjentów, 1315 zmian uwapnionych).
CS

CS-SA

CS-CM

CS-CA

Mean score

704.12

424.91

999.22

456.14

Median score

341.35

194.85

326.65

208.55

Absolute SD*

794.097

477.052

1270.772

512.744

Relative SD*

1.1278

1.1227

1.2718

1.1241

Minimal score

5.3

4.1

5.6

4.5

Maximal score

2952.3

1831.9

5836.7

1818.0

* Standard Deviation

annual increase in CS reaches 14–155% [9–12]. On the other
hand, effective statin therapy may reduce calcifications
by 7% a year on average [13]. Thus the variability of the
calcium measurement should not exceed 10% for the reliable detection of small lesions with a reasonable follow-up
interval [14].

slices: 48, scan time: 0.33 s, gantry rotation time: 0.5 s, collimation: 4 × 2.5 mm, filter B (normal), matrix: 512, 120
kVp, 165 mAs, and axial prospective electrocardiographic
gating at 60%.

Since the publication of Agatston et al. [5] there have been
many modifications of the method of coronary calcium calculation. These include different CT attenuation thresholds
[9, 15], measurement of area [16], volume [11, 14, 17], and
mass [14, 15, 18] of the calcifications, the use of different
scan protocols [14, 15, 18], as well as some modifications
of the classic CS equation. The main aim of these modification was to improve the interexamination variability of
measurements.

The examinations were evaluated by one investigator
using version 5.0 of Heart Beat-CS software on an MxView
workstation (Philips Medical Systems, Cleveland, Ohio).
Structures with CT attenuation above the threshold of 130
HU were automatically distinguished. Coronary calcifications were then manually localized and calcium scores
were calculated according to the chosen parameters. The
traditional Calcium Score (CS) was calculated according to
the method by Agatston et al. [6] as the sum of the area a
multiplied by the weighting factor F of n lesions:

The purpose of this paper was to evaluate the interscan
variability and correlations among alternative methods of
coronary Calcium Score measurement.

Materials and Methods
Patient population
Fifty patients were included with Agatston Calcium Scores
over 0 and with suspected or established CHD. There
were 37 men and 13 women aged 30–63 years (mean
age 46.2 ± 9.2 years). The study was approved by the
Board of Bioethics of our university. Exclusion criteria
were: age less than 30 years, bypass surgery, coronary
stent placement, dyspnoe, and heart rate over 90 beats per
minute (bpm). The mean heart rate during scanning was
71 ± 14 bpm.

Image acquisition
A four-row CT scanner (Mx8000, Philips Medical Systems,
Cleveland, Ohio) was used. Each patient was scanned twice
with a five-minute interval. The patients remained stationary on the scanner table between the acquisitions. The
examination was planned separately for the consecutive
acquisitions with a small movement of the starting point
(1–3 mm). Scans were obtained during one held breath from
a level approximately 0.5 cm below the carina to the diaphragm. The scan parameters were: average number of
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Calcium measurements and statistical analysis

CS = ∑ CS(n) = ∑ a(n)·F(n)
n

n

The factor F depends on the maximum CT number (CT#)
of the lesion: F = 1 if 130 ≤ CT# < 200 HU, F = 2 if 200 ≤
CT# < 300 HU, F = 3 if 300 ≤ CT# < 400 HU, and F = 4 if
CT# ≥ 400 HU.
Additionally, three alternative calcium scores were evaluated. In two of them the traditional stepwise weighting
factor was replaced by a continuous weighting factor Fc,
which was calculated by the formula:

Fc(n) =

max

CT#(n)-50
100

where maxCT# is the peak CT value of the lesion and n the
number of lesions. For CT values below 450, this method
gives similar results to the stepwise method. In the center
of each range, i.e. for CT# 150, 250, 350, and 450 HU, the
results are the same as in the stepwise method. For CT#
above 450, where the weight according to the step method
is 4, the continuous method results continue to increase. In
two methods, both weighting factors, F and Fc, were calculated using the average CT# instead of the maximum CT# of
the above-threshold area. The alternative scores were called:
(a) CS-SA (stepwise F and average CT#); (b) CS-CM (continuous F and maximum CT#); and (c) CS-CA (continuous F and
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Table 2. Statistical validation of the four algorithms based on interexamination variability.
Tabela 2. Statystyczna walidacja badanych algorytmów na podstawie zmiennoÊci pomiarów powtarzanych.
CS

CS-SA

CS-CM

CS-CA

13.24%

13.36%

16.00%

13.62%

7.82%

7.75%

8.50%

7.87%

14.24%

16.06%

15.19%

16.15%

Minimal variability

0.11%

0.00%

0.10%

0.30%

Maximal variability

66.67%

69.36%

56.44%

78.19%

d**

-1.3%

1.1%

1.6%

2.1%

Mean relative variability
Median relative variability
Absolute SD*

* standard deviation
** systematic error, mean difference as a percentage of the average of the two consecutive measurements

average CT#). In this manner the conventional Calcium Score
could be called CS-SM (stepwise F and maximum CT#).
The basic marker used for determining the accuracy of the
methods was the relative difference between two acquisitions (percent variability):
2×|x1-y1|

ν=

(x1+y1)

× 100%

consecutive measurements were determined according
to the method of Bland and Altman [20]. Results from the
two acquisitions within the scoring method were compared using the Wilcoxon matched-pairs test. To test differences among the mean variabilities of the four scores, the
Friedman test was used. In the statistical analysis a P value
less than 0.05 was established as indicating a statistically
significant difference.

Results

where xi and yi were the scores from the two consecutive
scans of the same lesion i. Statistical association among the
calcium scores was evaluated with linear regression equations and Pearson correlation coefficients. The relationship
between variability and calcium distribution was shown by
Bland-Altman plots; for this purpose, the raw data were
log-transformed (log10[mean score]) to reduce skewness
[19]. The systematic error (d) and the limit of agreement
(d ± 1.96 SD, where SD is the standard deviation) of the

In the examined group of 50 patients, 1315 calcified lesions
were found. Based on the first scan, mean and median
CS were 704.12 and 341.35, respectively, with a standard
deviation of 794.1. Two patients were described as having
low-grade calcifications (CS 1–10), 12 mild calcifications (CS
11–100), 12 moderate (CS 101–400), and 24 severe calcifications (CS more than 400). The lowest measured CS was 5.3
and the highest 2952.3. The traditional score from the two
acquisitions had very good correlation (r = 0.995, P < 0.0001).
Results of calcium scoring using each method are presented
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Figure 1. Scatterplot shows relationship between CS results and
CS-SA results, based on the first scan. Regression equation:
CS-SA = 5.88 + 0.60 · CS; r = 0.990, P < 0.0001. Black
line: regression line, dashed line: 95% confidence interval.
Rycina 1. Wykres zale˝noÊci mi´dzy wynikami CS i CS-SA
uzyskanymi w pierwszej akwizycji. Wykres regresji: CS-SA
= 5,88 + 0,60 · CS; r = 0.990, P < 0.0001. Linia czarna
– linia regresji, linia przerywana – 95% przedzia∏ ufnoÊci.
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Figure 2. Scatterplot shows relationship between CS results and
CS-CM results, based on the first scan. Regression equation:
CS-CM = 52.45 + 1.34 · CS; r = 0.840, P < 0.0001. Black
line: regression line, dashed line: 95% confidence interval.
Rycina 2. Wykres zale˝noÊci mi´dzy wynikami CS i CS-CM
uzyskanymi w pierwszej akwizycji. Wykres regresji: CS-CM
= 52,45 + 1,34 · CS; r = 0.840, P < 0.0001. Linia czarna
– linia regresji, linia przerywana – 95% przedzia∏ ufnoÊci.
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Discussion

2000

Sufficient reproducibility of coronary calcium measurements is a key condition to establish it as a standard clinical test for coronary heart disease risk determination. In
view of studies of Callister et al. [13] and Budoff et al. [21],
who showed a significant reduction in the rate of coronary
calcium progression or even a decrease in calcium amount
in patients on statin therapy, calcium quantification can be
used as a test for therapy monitoring as well.
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Figure 3. Scatterplot shows relationship between CS results and
CS-CA results, based on the first scan. Regression equation:
CS-CA = 26.01 + 0.61 · CS; r = 0.946, P < 0.0001. Black
line: regression line, dashed line: 95% confidence interval.
Rycina 3. Wykres zale˝noÊci mi´dzy wynikami CS i CS-CA
uzyskanymi w pierwszej akwizycji. Wykres regresji: CS-CA
= 26,01 + 0,61 · CS; r = 0.946, P<0.0001. Linia czarna
– linia regresji, linia przerywana – 95% przedzia∏ ufnoÊci.

in Table 1. The alternative scoring methods correlated very
well with CS. Correlation coefficients for CS vs. CS-SA,
CS-CM, and CS-CA were 0.990, 0.840, and 0.946, respectively
(P < 0.0001) (Figures 1–3).
Results from the two acquisitions did not differ statistically
for all the methods (P = 0.2775–0.6629, Wilcoxon matchedpair test). The mean percent variabilities of the methods
were 13.24% for CS, 13.36% for CS-SA, 16.00% for CS-CM,
and 13.62% for CS-CA (Table 2). The median percent variabilities were 7.82%, 7.75%, 8.50%, and 7.87%, respectively (Figure 4). The differences between the values of mean
percent variability of the four scores were not statistically
significant (χ2 ANOVA = 3.144, P = 0.370, Friedman test).
Systematic error of the algorithms reached similar values, from -1.3% to 2.1%. Bland and Altman plots (Figure 5)
present the distribution of variability vs. the score.
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Figure 4. Comparison of mean and median relative interscan
variability of the calcium scoring methods. The differences
were not statistically significant according to the Friedman
test.
Rycina 4. Porównanie Êredniej i mediany wzgl´dnej zmiennoÊci
pomiarów powtarzanych badanych metod obliczania
wskaênika zwapnieƒ. Ró˝nice nie by∏y statystycznie istotne
w teÊcie Friedmana.

28

Many authors have criticized the original Agatston method for its low interexamination reproducibility [7, 11, 15].
The substantial variability of the results was suspected to
be produced mainly because of the stepwise calculation of
the weighting factor F based on the peak attenuation values of a plaque. In this view the Agatston Score was called
a semiquantitative method [15]. Although several modifications of both the acquisition method and the measurement
algorithms were proposed [9, 11, 14, 15, 17, 18], large crosssectional studies, including MESA [22] and MUNICH [23],
are rather conservative in this matter, using the Agatston
score as a measure. The reason may be the uncertain
advantages of those modifications [50]. Moreover, most of
the studies reporting the clinical value of coronary calcium
measurement were performed using the traditional calcium
score [1–3, 9, 24, 25].
In our material the conventional calcium score measurement resulted in interscan reproducibility comparable to
those of Hong et al., who determined calcium volume and
absolute calcium mass [18] (13.2% vs. 13.9% and 9.3%,
respectively). The variability of the Agatston score in their
study was 20.4%. However, since the reproducibility is
strongly dependent on lesion size due to partial volume
averaging, it is difficult to compare these results directly. In
future studies, the relation between different calcium measures should be performed with respect to calcium dispersion. Thus, such a low variability of the traditional calcium
score in our material may be a result of the relatively large
lesions seen in our subjects.
It was proposed that the reproducibility of calcium scoring may be improved by adopting a more continuous rather than a step-wise measurement method [26, 27]. In this
study we assessed the value of three modifications of the
Agatston calcium scoring method approaching this idea. In
CS-SA method, the weighting factor was calculated using
the average instead of the peak lesion density, CS-CM
included a continuous weighting factor, and CS-CA was
a compilation of those. The results calculated with these
methods correlated very well with the traditional calcium
score. Since all the scores presented a significant dispersion
of the variability results (0%–78%), differences between
the relative interscan variabilities of the calcium score
and its modifications were not statistically significant in
the Friedman test (when compared method-by-method
by the Wilcoxon matched-pair test, only the difference in
variability of CS-CM vs. CS-CA was at the limit of significance, P = 0.05). Our results indicate that in a larger sample
of patients taken from the same population, the differences
between CS-CM and the other scores could reach statistical significance. Our results should be validated in large
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Figure 5. Bland and Altman plots show changes in the percent interexamination variability with increasing mean score. CS-CM demonstrates
absolutely systematic error. The variability of CS, CS-SA, and CS-CA depends on the magnitude of the measurement (proportional error).
To reduce the skewness of the data, the scores were log10 transformed.
Rycina 5. Wykresy Blanda-Altmana pokazujà zmiany procentowej zmiennoÊci pomiarów powtarzanych wraz ze wzrostem Êredniego wskaênika
zwapnieƒ. CS-CM charakteryzuje si´ b∏´dem ca∏kowicie systematycznym. ZmiennoÊç CS, CS-SA i CS-CA zale˝y od wielkoÊci pomiaru
(b∏àd proporcjonalny). W celu zmniejszenia skoÊnoÊci danych wskaêniki poddano logarytmowaniu dziesi´tnemu.

cohorts in a future study. Bland and Altman plots also
show a similar type of variability for CS, CS-SA, and CS-CA
(proportional error), while the plot for CS-CM indicates an
absolutely systematic error.

ducibility of CS-CA was not significantly improved compared with the Agatston score. Thus we could assume that
the stepwise calculation of the traditional calcium score is
not the source of its limited reproducibility.

Overall, the Agatston score showed the best reproducibility of the methods tested, and in view of these results the
proposed modifications of the traditional calcium scoring
seem to be ineffective in improving score reproducibility.
Shemesh et al. reached a 31% decrease (from 32% to 23%) in
interscan variability using the average algorithm on double
helical CT [26]. In our study, CS-SA had significantly lower
variability (13.36%) and did not differ from the conventional score. Some factors in our study might contribute to
this lower variability, such as a more advanced CT scanner,
a different scanning protocol, and a potentially different
pattern of calcifications in our group of patients.

Most of the recent papers concerning validation of coronary calcium measurements with multi-detector-row
CT were published based on studies using scanners from
one manufacturer, Siemens Medical Systems. The unique
technical and software solutions introduced by the scanners’ producers present an important problem of potential incompatibility of calcium scoring results. While the
variability is still not satisfactory according to Ohnesorge
at al. [14], there is the question whether one should concentrate on improving reproducibility on a single scanner
rather than on turning to a method independent of the
device. In our opinion the second way is the more promising, and especially calcium absolute mass quantification is
very accurate, since it eliminates the influence of different
scanner protocols and properties by using phantom calibration [15].

Except for CS-CA, the tested algorithms remain semiquantitative in their nature and have some of the disadvantages of
the Agatston method. In our material, the interscan repro-
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