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Abstract A negative (zero) Agatston coronary cal-
cium score (CCS) by current methods confers a very
low risk for hard coronary events during the next years.
However, controversy remains on how to use a
negative score since some hard events still occur. We
report on a new method with improved detection
sensitivity for very small calcifications with the
potential to more confidently rule out early atheroscle-
rotic disease. Seventy-eight (78) patients with negative
Agatston scores by conventional methods with 2.5 mm
slices were selected from routine GE 64 MDCT scans.
Each scan was reconstructed a second time from the
same data to create 0.625 mm isotropic voxels. The
2.5 mm images were manually scored by the usual
Agatston method using the GE SmartScore™ soft-
ware. Both the 2.5 and 0.625 mm image sets were
scored with a new automated and calibrated method
(N-vivo™, Image Analysis). The software automati-
cally computes dual scoring thresholds that are statis-
tically defined and specific for each patient, scanner,
and scan. The images were hybrid calibrated by
simultaneous scanned phantoms in combination with
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in vivo blood/muscle references. The output reported
the calibrated mass scores along with the number of
plaques using 18 pt, 3-D connectivity criteria. A CCS
Test phantom with known CaHA microspheres was
used to validate the method. Twenty-three percent (18
of 78) of the patients with negative Agatston scores by
the conventional method scored positive for coronary
calcifications by the N-vivo method. The number of
small plaques scored per patient varied from 1 to 4. One
patient with a single small calcification suffered a hard
coronary event during the CT scan. All of the detected
plaques were located in the proximal heart. The
conventional CCS method misclassified 23% of these
patients as having negative coronary calcium scores.
The N-vivo automated scoring method with small
voxel CT images increased the detection sensitivity of
small calcifications with no increase in radiation dose.
Detection of small coronary calcified plaques occult to
conventional scoring methods may increase the neg-
ative predictive power of calcium scoring and may
improve plaque composition analysis.

Keywords Coronary calcium scoring - Calcified
plaque - Calibrated calcium scoring - MDCT imaging

Introduction

Detection of the atherosclerotic process at an earlier
stage  provides improved opportunities for
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preventative measures or treatment of this leading
cause of death. A zero coronary calcium score (CCS)
or the absence of detected calcifications by CT
conveys a very low risk for future coronary events
and a low probability for non-calcified plaque
detection by CT angiography (CTA). However, some
hard events due occur in the next few years and
plaque is found in some of these patients by CTA.
Whether a negative score can be used to rule out
disease with sufficient confidence to eliminate further
testing remains an important question. It is clinically
apparent that discernable small calcifications are
frequently presence in cardiac scans that fall below
the 130 HU Agatston threshold and fail to score by
current methods. The reporting of coronary calcium
scores has developed from over 18 years of clinical
experience primarily by using the conventional
Agatston method with 2.5 or 3 mm slice thicknesses
resulting in voxel volumes of approximately 1 mm?®
[1]. Numerous CT studies have shown nevertheless
that CCS with these large voxels and current methods
correlates highly with the severity of atherosclerotic
plaque burden and increased cardiovascular risk [2].
Our preliminary work indicated that advanced meth-
ods are required to detect the small calcifications that
are frequently missed with the Agatston method [3,
4]. The clinical value of detecting very small vascular
calcifications that are missed by current CCS methods
is not known.

Using micro-proton beam techniques with sub-
micrometer resolution, Roijers et al. [5] demonstrated
that coronary arteries already contain micrometer size
calcifications at a pre-atheroma stage of the athero-
sclerotic process. Several histological and micro-CT
studies have reported the presence of cellular and sub
cellular calcifications in the necrotic cores and fibrous
caps of atherosclerotic lesions [6—12]. It is recognized
that small calcifications are very difficult to detect
even with intravascular imaging and that IVUS may
detect only a small fraction of these compared to
larger plaques [13-17]. The basic pathology of an
atherosclerotic lesion includes a core contains a
mixture of extracellular lipid particles, macrophages,
and foam cells (the atheroma) and micro calcifica-
tions, connective tissue and blood components. The
finite size of CT voxels results in partial volume
averaging of small calcifications with the other lesion
components resulting in reduced peak voxel intensity,
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especially with the larger 1-mm® voxels of current

methods. It may be possible to extract additional
diagnostic information by detecting smaller calcifi-
cations and more fully characterizing plaque mor-
phology, distribution, and rate of progression. We
have been working for several years to develop
advanced plaque analysis methods with the goals of
achieving higher sensitivity, accuracy, precision and
standardization among different CT scanners, scans,
and patients [18, 19].

CT scanner HU values are known to vary from
scanner drift, tube changes, manufacture software,
table height, slice thickness, FOV, kVp, filtration, and
other scan parameters [20]. In addition, although not
as well recognized, HU values vary dependent on the
patient’s physical composition including size, shape
and bone/muscle/fat ratios in the scan plane. HU
values are known to be inaccurate or inconsistent
except in idealized, circular, water equivalent phan-
toms. Water calibrations produce HU values for soft
tissues including muscle and fat that are relatively
accurate since they contain similar z-values and
attenuations as water. This is not true for bone and
calcium that are more energy dependent and not well
calibrated with water. Current calcium scoring
methods typically use a fixed scoring threshold of
130 HU and multiplier thresholds of 200, 300, and
400 based on uncalibrated HU wvalues. Agatston
calcium scores are strongly dependent on the thresh-
olds and these are subject to the variations of the
uncalibrated HU values. Variability among scanners,
software methods, patients, and scan parameters
therefore limit the standardization, accuracy, and
precision of calcium scores. Because of these and
other limitations, a new coronary calcium scoring
program was developed which uses automated scor-
ing, automated simultaneous phantom and Hybrid
calibrations, dual thresholds, mass scores, and statis-
tical plaque definitions (N-vivo™ Version 1.15,
Image Analysis, Inc).

The purpose of the current study was to evaluate
the detection sensitivity for very small coronary
calcifications of this new, automated calcium scoring
method with advanced features. After validating the
new method with a CCS test phantom containing
small calcium hydroxyapatite (CaHA) microspheres,
it was compared to a conventional Agatston scoring
method in a small cohort of clinical patients.
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Methods and materials
Overview of the N-vivo calcium scoring method
Hybrid calibration

In order to overcome the inaccuracies and variability
of HU values as discussed above, an automated
Hybrid calibration method was developed which is
patient, scanner, and technique specific. The Hybrid
method uses both the simultaneously scanned cali-
bration phantom and an additional in vivo calibration
from the patients’ tissues, blood or muscle/fat as
described in more detail elsewhere [18]. Figure 1
shows a representative patient image including the
Image Analysis INTable™ calibration phantom pad.
The round calibration samples contain calcium
hydroxyapatite (CaHA) concentrations of 0, 75 and
150 mg/cc and are torso length. The calibration pad
was designed with the small samples encased within
the pad to replace standard CT table pads and remain
on the scanner table at all times for calibration of any
scan.

Fig. 1 CT image showing the INTable™" calibration phantom
samples positioned under and scanned simultaneously with the
patient. Coronary calcifications are automatically detected and
highlighted. The small green box shows a plaque located by
clicking it in the plaque map. The images are calibrated with
voxel intensities and the window and level expressed in density
units of mg/cm’

Automated dual thresholds

Two (2) calcium scoring plaque thresholds are
calculated automatically by the N-vivo method,
which are patient, scanner, and technique dependent.
From within a segmented heart volumetric ROI, the
software computes histograms along the z-axis, and
calculates blood pool measures which are used to
compute the two plaque thresholds for groups of
slices along the z-axis of each volumetric CT scan.
The high and low thresholds are calculated with
density calibrated image voxels as described above
and using the equations:

HiThreshold = C; x BP(z) +C, x SD(z) + C3
(1)
LoThreshold = C4 x BP(z) + C5 x SD(z) + Cg
(2)

where the constants (Cs) are stored in a parameter file
of the software; the voxel standard deviations
SD(z) and blood pool average densities BP(z) are
auto computed from the measured FWHM(z) of the
histogram of an auto placed heart volume ROI where
SD(z) = FWHM(z)/2.35. BP(z) is the computed
mean density of voxel intensities bound by the
FWHM(z) range and thus excludes voxels in the
histogram tails that may contain fat or calcium. Both
the noise SD(z) and BP(z) measures are computed
along the z-axis to account for patient body size/
composition attenuation changes. The N-vivo method
is further described elsewhere including details of the
auto-computation of the two thresholds [4, 19].

Calcium scoring plaque definitions

The program automatically detects and quantifies
individual plaques using the programmed plaque
definitions for mass, volume, and Agatston scores.
The plaque definition for the calibrated Mass score
included 18 point, 3-D voxel connectivity, one
voxel > the HiThreshold plus 2 additional vox-
els > the LoThreshold, and each voxel calibrated to
CaHA concentration densities in mg/cm®. In addition
to the calibrated thresholds, voxel mass and therefore
the plaque mass scores were calculated with Hybrid
calibrated voxels. The Agatston and volume scores
are also automatically calculated by the software
using a common Agatston plaque definition (>130
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HU single threshold, 8 pt., 2-D connectivity and 2
pixels for 2.5 mm slices) and allow both calibrated
and uncalibrated thresholds.

Automated scoring

The N-vivo software automatically scores plaques
satisfying the plaque definitions and patient specific
dual thresholds without the operator identifying
plaques [19]. The results include the calibrated mass,
Agatston (calibrated or uncalibrated) and volume
scores for individual plaques, arteries, patient totals,
along with the number and mass distribution of
plaques. The operator is not required to view each
image or manually mark plaques. From the marked
origin of the left main coronary artery and its
bifurcation at the left anterior descending (LAD)
and circumflex (Circ) coronary arteries, the software
computes a cylindrical coordinate system and iden-
tifies each plaque to its 3-D (X, y, z) location and to
one of the major coronary arteries. The detected and
measured plaques are then displayed in two plaque
maps for the Agatston and mass scores.

CT scans
Patient scans

The patients CT scans were selected from routine
calcium scoring studies with no consideration for age
or sex. The scans were made with the GE LightSpeed
64 MDCT scanner with 120 kVp, 36 cm FOV, and
350 ms exposures using mA dose modulation and
prospective ECG gating at 60%, R-R. A calcium
hydroxyapatite calibration phantom was scanned
simultaneously with the patients as demonstrated in
Fig. 1. All CT scans were scored with both the
N-vivo™ (calibrated mass) and GE SmartScore ™
(Agatston) software programs. Scans suspecting to
have a zero score were further reconstructed from the
same data sets into 0.625 mm slice thicknesses result-
ing in isotropic voxels (0.62 x 0.62 x 0.62 mm?) and
the images were sent to the N-vivo workstation
connected to the network. Final selection of scans
was based on them having a zero calcium score by the
conventional Agatston method with 2.5 mm slices.
Seventy-eight (78) patient scans were so selected
which had a zero Agatston score.
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CaHA microsphere phantom scans

A microsphere CCS test phantom was constructed
with simulated lung, spine and heart regions as
described elsewhere [21]. The phantom contains
simulated calcifications manufactured from pure
CaHA with microsphere volumes ranging from
0.054 to 3.05 mm> and was used to establish ground
truth (Fig. 2). The CCS test phantom contains two
additional rings to simulate patient sizes. Ten repeat
scans were made with a GE LightSpeed 64 MDCT
scanner in step and shoot mode with 36 cm FOV,
400 mA and 350 ms exposures. The CCs phantom
was also scanned on the C-300 EBCT scanner at
130 kVp and 3 mm slice thickness. The test phantom
scans were scored with the automated method using
both the mass and Agatston plaque definitions. The
measured and calculated masses of microspheres
were fit with linear least squares regression equations
and Pearson correlation coefficients.

Results

Figure 2 compares images of the CCS Test phantom
taken with the C-300 EBCT scanner and with the
GE64 MDCT at 2.5 and 0.625 mm slice thicknesses.
Only two of the larger targets were scored on the
EBCT scan and 4 with the GE64 at 2.5 mm. All 5 of
the larger and 5 of the smaller microspheres were
scored with 0.62 mm voxels and the N-vivo method.
Figure 3 shows the measured mass score of each
detected microsphere compared to their known mass.
The regression equation for the GE64 2.5 mm slices
was omitted to avoid distraction from the measure-
ment points. The smallest microsphere scored with
0.62 mm voxels and the N-vivo method had a volume
of 0.075 mm”.

Figure 4 shows representative clinical images
scored by the Agatston and N-vivo methods. All
images were constructed from the same scan.
Figure 5 shows magnified images of the plaques
demonstrated in Fig. 4 to allow better identification
of the scored voxels. The small plaque detected only
by the use of small voxels and the calibrated mass
method contained 15 total connected voxels on three
slices and cannot be explained by noise or artifacts.
Table 1 summarizes the results for the 78 patient
scans. Eighteen (18) of the zero Agatston scores were
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Fig. 2 CT images of the
CaHA microspheres in the
CCS Test phantom scanned
with: a C-300 EBCT, b GE
64 MDCT at 2.5 mm, and
¢ GE64 0.625 mm slice
thickness. Images (a) and
(b) show highlighted
microspheres scored by
Agatston and (c) shows
those scored by the
calibrated N-vivo " mass
method
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Fig. 3 Measured mass compared to specified mass of the CaHA microspheres of the CCS test phantom. The error bars are 1 SD
measured from 10 repeat scans. The regression equation is for the 0.62 mm reconstructions
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Fig. 4 Example GE 64 MDCT scan reconstructed at 2.5 mm and scored by the N-vivo method b. No calcium was scored
slice thickness and scored by the Agatston method a and with the 2.5 mm voxels while components of the plaque were
reconstructed with 0.625 mm slices from the same scan data scored on three adjacent slices at 0.625 mm
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(a) (b)

Fig. 5 Magnifications of the plaque regions from Fig. 4. a The 0.625 mm images show a total of 15 voxels scored by N-vivo
2.5 mm image suggests that plaque was present but the signal on three slices
fell below the Agatston threshold and was not scored. b The
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Table 1 The number of patients with negative and positive
coronary calcium scores by the Agatston and N-vivo methods

Agatston method N-vivo method No of plaque

Negative 78 60 0
Positive 0 18* 1-4

* 18/78 (23%) with negative (zero) Agatston had positive
N-vivo mass scores

determined to have small plaque. Most patients
showed one detected plaque but some had 2 to 4
small plaques. One patient with a single small plaque
experienced an AMI on the table and was sent for
stents.

Figure 6 shows CT images also scored by both
methods but was not included in the results because
the patient had a non-zero Agatston score. Although
the one larger plaque was detected and scored by
Agatston, six additional very small plaques were
detected and scored by the N-vivo method.

Discussion

This study shows that very small coronary calcifica-
tions that are missed by current methods can be
detected and scored with the advanced method. The
phantom validation data shown in Figs. 2 and 3
indicate that very small calcifications, down to about
0.08 mm®> volumes, can be scored with the new
automated method and with high accuracy for mass.
This appears to be the first report of scoring such
small calcifications by MDCT. The phantom valida-
tion also included comparisons of the peak voxel
intensities of the microspheres and patient calcifica-
tions. The measured maximum noise intensities in the
surrounding myocardium were significantly less than
the calcium signals as predicted by theory [4]. The
use of individual and statistically computed dual
thresholds, calibration, and the use of small voxels
increased the signal-to-noise allowing the detection
of the reduced signals of small calcifications while
excluding noise.

Earlier detection of the atherosclerotic process may
have important clinical value. It is our hypothesis that
very small calcifications are markers for active disease
and potentially represent more sensitivity and specific
signals for detection and monitoring of atherosclerosis.
It may be possible to extract additional diagnostic
information by detecting these smaller calcifications
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and by more fully characterizing plaque morphology,
distribution, and rate of progression. Several studies
have established that atherosclerotic lesions are pres-
ent in coronary sites without significant or even
detectable stenosis by angiography. Coronary angiog-
raphy provides excellent information on vessel
obstruction but does not directly provide information
on the arterial wall and therefore cannot assess certain
important elements of atherosclerosis. In studies of
patients suffering acute coronary events verses other
high-risk patients who do not, the artery cross-sectional
areas by angiography were not significantly different
[22-28]. It is also known that most patients suffering
AMIs do not have significant vessel stenosis. There is
therefore a need to develop additional or more
sensitivity tests to identify patients much earlier in
the disease process before events occur.

Significant controversy remains on the negative
predictive power of a zero calcium score. While some
investigators strongly report the diagnostic power of a
negative CAC score, others have pointed out the
presence of CAD without the presence of detectable
coronary calcium [29-31]. Several studies have
reported no detectable calcium in some but not most
vulnerable plaques as determined by IVUS and/or
histological analysis. Other studies report that calcifi-
cations are frequently found in ruptured coronary
plaques but the presence or absence of calcium is not
reliable to discriminate unstable from stable plaques.
Budoff et al. [27] has reported a negative predictive
power of 98% using CCS to rule out obstructive disease
by angiography in a large study. Rosen et al. [29]
reported that 4% of MESA participants with a baseline
Agatston score of zero were sent for invasive angiog-
raphy during a median follow-up of 18 months. Others
have concluded that a zero calcium score cannot rule
out obstructive CAD in symptomatic or young patients
[30, 31]. These studies however, all used the current
Agatston and large voxel scoring method. It is inter-
esting to note that more recent studies report higher
negative predictive powers. We postulate this may be
due in part to the use of improved CT scanners and the
scoring of smaller calcifications as suggested by the
data of Figs. 2 and 3. The summary point of Table 1 is
that 23% of our negative Agatston scores had detect-
able calcifications with small voxel reconstructions
and the N-vivo ™ method. A recent publication reports
manual Agatston scores with 0.5 mm slice thicknesses
with similar conclusions to ours [32]. Future work will
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(a) 2.5 mm (b) 0.62mm

Fig. 6 GE 64 MDCT images reconstructed from the same The six additional small plaques detected and scored by N-vivo
scan with 2.5 mm voxels a and 0.625 mm voxels b. The one with 0.625 mm voxels had a total mass of 2.1 mg
plaque detected by Agatston at 2.5 mm had a mass of 7 mg.
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explore the hypothesis that the current method will
improve the negative predictive power to more confi-
dently rule out disease and additional tests. Even in
patients with high scores (large calcifications), it is our
hypothesis that detection of very small calcifications
and quantifying and tracking individual plaques, as
opposed to patient ‘global scores’, will add specificity
to the long-term positive predictive power of calcium
scoring. Density measurements and analysis of indi-
vidual plaques have been proposed [33]. We have
proposed calibrated mass as the preferred measure for
analysis and follow-up of individual plaques [3].
Although individual calcified plaque analysis is sug-
gestive that additional diagnostic information can be
extracted, currently no accepted or validated software
method is available for such analysis. The current
method computes the mass size distribution and
displays the plaques in maps to facilitate such a study.
Ehara et al. [10] has shown that culprit plaques in
coronary arteries are characterized by a spotty pattern
of calcifications. The calcification pattern, plaque
morphology and remodeling patterns were found to
be different between patients with ACS and those with
stable conditions. The plaques in the Ehara study were
larger as limited by the measurement methods. An
important question is whether the detection of smaller
calcifications at an earlier time in the disease course
may have shown similar or improved discrimination
between stable and unstable disease. Our recent work
has shown that individual plaque analysis depends
heavily on the selected scan parameters, the chosen
plaque definitions and the measurement unit. For
example, the use of a2.5 mm slice thickness can lead to
neighboring smaller plaques running together to create
the perceived measurement of fewer but larger volume
plaques of lower densities. The measured densities as
well as the Agatston and volume scores show varia-
tions between small and large voxels. Figure 6 dem-
onstrates an example where additional small plaques
are detected in a patient with larger calcifications
successfully scored by the conventional 2.5 mm
method. For this patient the number of detected
plaques increased from one to seven while the global
mass score only increased from 7 to 9.1 mg, i.e. the 6
additional very small plaques total 2.1 mg. It was not
the objective of this study to investigate the occurrence
of additional small-calcified plaques in patients with
confirmed coronary calcium by the Agatston method.
However, Fig. 6 suggests such a study is warranted. It
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is our hypothesis that the presence of these small
plaques increases the risk for future coronary events
over and above the global calcium score and their
detection may improve the specificity of CCS.

This study has several limitations including the
small number of cases and the method of their
selection. No other clinical or demographic data were
collected on the selected patients to provide any
potential insights on the positive cases. The data has
not been compared to any other verification methods,
such as IVUS or CTA. The data does not provide
quantitative results on negative predictive power
although improvements are suggested. The data
contains no significant information on the incidence
rate of patients with very small calcifications or their
variations with age and sex.

Conclusions

Calibrated calcium scoring with small voxel CT
images and the new automated method increased the
detection sensitivity of very small coronary calcifi-
cations. The radiation dose was not increased for the
small voxels as the images were reconstructed from
the exact same scans. Scoring the large number of
images produced with thin slices (small voxels) is not
practical with conventional manual software. Auto-
mated scoring methods such as reported here are
therefore required. More definitive clinical and
prospective studies are warranted to evaluate the
prognostic benefits of higher plaque detection sensi-
tivity and individual plaque analysis.
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