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Abstract

This work presents a system for automatic coronary calcium scoring and cardiovascular risk stratification in
thoracic CT scans.

Data was collected from a Dutch-Belgian lung cancer screening trial. In 121 low-dose, non-ECG synchronized,
non-contrast enhanced thoracic CT scans an expert scored coronary calcifications manually. A key element of
the proposed algorithm is that the approximate position of the coronary arteries was inferred with a probabilistic
coronary calcium atlas. This atlas was created with atlas-based segmentation from 51 scans and their manually
identified calcifications, and was registered to each unseen test scan. In the test scans all objects with density
above 130 HU were considered candidates that could represent coronary calcifications. A statistical pattern
recognition system was designed to classify these candidates using features that encode their spatial position
relative to the inferred position of the coronaries obtained from the atlas registration. In addition, size and
texture features were computed for all candidates. Two consecutive classifiers were used to label each candidate.
The system was trained with 35 and tested with another 35 scans. The detected calcifications were quantified
and cardiovascular risk was determined for each subject.

The system detected 71% of coronary calcifications with an average of 0.9 false positive objects per scan.
Cardiovascular risk category was correctly assigned to 29 out of 35 subjects (83%). Five scans (14%) were one
category off, and only one scan (3%) was two categories off.

We conclude that automatic assessment of the cardiovascular risk from low-dose, non-ECG synchronized
thoracic CT scans appears feasible.
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Purpose

Atherosclerosis is the leading cause of death in the developed countries and it is also rising in the developing
world. Arterial calcifications can be visualized and quantified with computed tomography (CT). The amount of
calcifications is expressed in terms of calcium score. Based on the coronary calcium score a risk of a cardiovascular
disease is determined,13 and the score has been shown to be an independent and strong predictor of cardiovascular
events.3, 4, 10

For the risk stratification calcium scoring is standardly performed in non-contrast and ECG-synchronized
CT scans of the heart to enable good visualization of the calcified plaque. In clinical practice calcifications are
scored manually. Commercial software packages show areas of high intensity, and a human operator needs to
manually identify each area that represents calcification. A threshold of 130 Hounsfield units (HU) is commonly
used. Calcium scores are then automatically computed by the software. Some vendors have started providing
semi-automated identification of calcifications, but still a substantial manual interaction is required.
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Coronary calcium scoring can also be performed in non-cardiac CT scans that visualize the heart, such as
in thoracic scans. A disadvantage of thoracic CT scans is that they are standardly acquired without ECG-
synchronization. Thus, cardiac motion is present in the images and very accurate quantification of calcified
plaque is difficult. Nevertheless, with these images cardiovascular risk category assignment to a subject is
possible.17 Lung cancer screening trials with CT acquire such scans, and focus on lung cancer detection in a
population of heavy and former heavy smokers. In screening programs thoracic CT scans are acquired with low-
dose, and therefore, noise level in these scans is high, which additionally complicates accurate coronary calcium
quantification. However, calcium scores, even when obtained in these images, have shown to be a strong predictor
of cardiovascular events.10 Because subjects included in lung cancer screening trials have a long smoking history,
the amount of calcifications in their scans can be considerable.16, 17 Thus, motion artifacts, low dose, and the
large amount of calcium in these scans make manual calcium scoring time consuming and very costly. Figure 1
shows several examples of coronary calcifications from CT scans acquired in lung cancer screening trial.

We previously presented an automatic method for the detection of coronary calcifications in non-contrast-
enhanced, prospectively ECG-triggered cardiac CT scans.8 We have also developed methods for calcium scoring
in the aorta in CT angiography (CTA) scans of the abdomen,9 and in thoracic scans acquired in a lung can-
cer screening trial.7 The method described in Isgum et al.9 considered all high density areas in the complete
scan as potential calcifications. On contrary, methods described in Isgum et al.7, 8 utilized cardiac and aortic
segmentations, and only high density areas within the segmented volumes were considered as potential calcifi-
cations. Subsequently, object-based classification methods were employed to separate true aortic or coronary
calcifications from other high density areas based on the features derived from the potential calcifications and
their contextual information. Saur et al.14 proposed a method for both coronary and aortic calcium scoring,
where a combination of non-contrast- and contrast-enhanced data was used. Coronary arteries and the aorta
were segmented in contrast-enhanced data, and both scans were used for calcium detection. Saur et al.15 also
evaluated spatial plaque distribution in CTA to predict appearance of calcifications using the frequent itemset
mining algorithm. This was used to aid an observer in finding initially missed plaques during manual scoring.
Brunner et al.2 utilized unsupervised classification for the detection of arterial calcifications in cardiac CT scans.

In this work we present an atlas-based system for automatic coronary calcium scoring in low-dose, non-
contrast enhanced, non-ECG synchronized thoracic CT scans. First, a coronary calcium map was built to
provide a priori probability for spatial appearance of calcifications. Subsequently, this map was used to detect
coronary calcifications and compute a cardiovascular risk category of a subject.

Materials

In this study 121 baseline low-dose, non-ECG synchronized, non-contrast enhanced CT scans of the chest that
were acquired during a population-based randomized lung cancer screening trial (NELSON) were used. The
NELSON study was approved by the Ministry of Health and by the Ethics Committee of each participating
hospital. The scans were acquired on a 16 detector-row scanner (Mx8000 IDT or Brilliance 16P, Philips Medical
Systems, Cleveland, OH, USA). All scans were realized in about 12 seconds in spiral mode with 16 x 0.75 mm
collimation. Axial images of 1.0 mm section thickness at 0.7 mm increment were reconstructed with a moderately
soft kernel (Philips B), using the smallest field of view to include the outer rib margins at the widest dimension
of the thorax. In-plane resolution varied between 0.6 mm and 0.7 mm. The peak voltage was 120 kVp - 140 kVp
depending on patient weight, with tube current 30 mAs. Scans were performed in inspiration after appropriate
instruction of the subjects, without spirometric control or respiratory belt. No intravenous contrast-injection
was induced. A detailed description of the inclusion criteria and scanning protocol is provided elsewhere.18

To perform calcium scoring on the usual slice thickness all scans were reconstructed to 3.1 mm thick sections
with 1.4 mm increment. A medical investigator with extensive experience in calcium scoring set the reference
standard manually using an in-house developed software. Initially, all voxels above the threshold value of 130 HU
were marked by a color overlay. Each coronary calcification was manually identified by clicking on one of its
voxels. This was followed by a 3-dimensional region growing using a 26-connectivity, and indicated by a change
in the overlay color of the identified calcification.
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Figure 1. Examples of coronary calcifications. Top, left: Large calcification in left anterior descending (LAD) artery
severely affected by motion. A part of calcification is visible twice. Top, right: Calcifications in LAD. Due to motion
indicated calcification seems perpendicular to the artery. Bottom, left: Calcification in the right coronary artery (RCA)
affected by motion. Because of the low-dose acquisition protocol noise level in this scan is high. Bottom, right: Calcifi-
cations in the LAD, left circumflex (LCX) and RCA. Calcifications in the LAD are affected by cardiac motion. Artifacts
caused by a metal implant are visible around the sternum.

Method

The most obvious approach to detect coronary calcifications automatically would be to first segment the coronary
arteries and then extract calcified volumes within these arteries using thresholding. But, in a non-contract
enhanced CT scan coronary arteries are not visible unless embedded in fat or calcified. Therefore, segmentation
of the arteries is not feasible. Instead, the location of the coronaries was estimated indirectly in this work. For this
purpose, a probabilistic coronary calcification map was created. Subsequently, a statistical pattern recognition
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system was designed to detect coronary calcifications using position features derived using the coronary calcium
probabilistic map, and other features computed from the images.

Probabilistic coronary calcium map

To design a coronary calcium map 51 scans containing calcifications were selected. One was randomly taken
as an atlas and the remaining 50 were elastically registered to it. The registration was performed using elastix
(http://elastix.isi.uu.nl).12 First, affine transformation was performed to achieve coarse alignment between the
images. Afterwards, elastic registration was applied to achieve accurate alignment. This was modeled by B-
splines. For the optimization of the cost function (negative mutual information) an iterative stochastic gradient
descent optimizer was used. A multi-resolution strategy was taken to avoid local minima in the cost function.
A Gaussian pyramid was employed, using a sub-sampling factor of two in each dimension. Also, a multi-grid
approach was used for the nonrigid registration. For the affine registration five resolutions were used, in each of
which 512 iterations of the stochastic gradient descent optimizer were performed. The derivative of the mutual
information was calculated based on 4096 image samples, randomly chosen at every iteration. For the nonrigid
B-spline registration four resolutions were used. The B-spline grid spacing used in these resolutions was 64,
32, 16, and 8 voxels, respectively. The optimizer performed 512 iterations in each resolution. To estimate the
derivative of the mutual information 4096 image samples were used, again randomly chosen every iteration. For
both affine and nonrigid registration 32 histogram bins were used.

All deformed manual segmentations were summed and normalized to yield a probabilistic map (segmentation)
of the coronary calcifications in the atlas image. Figure 2 shows two slices from this atlas. High values in this
image represented areas with high probability for appearance of calcifications. Similarly, it was not likely that
a calcification would be located in the area where the values in the map were low. To exclude the areas with a
very low probability for appearance of a calcification, the probabilistic calcium map was thresholded.

Figure 2. Coronary calcium map. The brighter red colors indicate higher probability for appearance of coronary cal-
cification at the given location. Darker colors indicate lower probabilities. Left: Atlas showing probabilities in the area
of the left anterior descending artery. Right: Atlas in the area of the right coronary artery. Note that the area of high
probabilities is much larger than the artery. This is due to motion artifacts (no ECG synchronization at acquisition) and
registration errors (low gradient in the region of interest).
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Candidate extraction and classification

To develop and test a statistical pattern recognition system which detects coronary calcifications the remaining
70 scans were used. Potential calcifications (candidates) were extracted by thresholding (130 HU) and three-
dimensional component labeling. Thus, clusters of high density voxels in the complete scan were considered as
potential calcifications. They included coronary calcifications, aortic calcifications, other types of calcifications
witin the heart (e.g. valve calcium), bony structures (e.g. ribs, sternum, spine), metal implants (those were
usually visible around the sternum) and noise. Each potential calcification was described with position, texture
and size features. A classification strategy was designed to identify coronary calcifications based on the computed
features.

To compute position features each scan was first matched with the atlas image. The registrations were
performed using the same strategy described in the previous section. After the alignment, candidate’s distances
from the coronary calcium map were computed: average, minimum and maximum distance of a candidate to
the calcifications in the coronary map. Also, coordinates of the object’s center of gravity were computed as
position features in the atlas coordinate system. To obtain texture features Gaussian box derivatives in x, y and
z direction at scales of 1, 2, 4 and 8 voxels at the object’s center of mass were computed.6, 8 As a size feature,
the candidate’s volume was calculated. In total 47 features were obtained for each candidate.

Before classification, the set of 70 scans was divided in two sets: 35 scans were used for training the classifier
and another 35 for testing the system. Also, prior to feature selection and classification all features were scaled
to zero mean and unit variance.

First, potential calcifications smaller than 3.5 mm3 and larger than 100,000 mm3 were discarded from both
training and test set. Small volumes were discarded because they usually represent noise and large volumes
because they can not represent coronary calcifications, but probably bony structures extracted by thresholding.

Next, 30-nearest neighbor classifier5 and maximum of ten features selected with forward feature selection11

was used. All potential calcifications which had more than 91% posterior probability of being negative were
discarded. This means that all potential calcifications with high probability of being negative were removed from
further analysis.

Finally, to identify coronary calcifications a three-nearest neighbor classifier with maximum of nine selected
features in floating forward feature selection was used.11 All candidates with a posterior probability larger than
or equal to 0.5 for being a positive class (coronary calcifications) were classified as such.

Both feature selections were performed on the training set only and classification performance was evaluated
by accuracy over all candidates.

Cardiovascular risk

Cardiovascular risk categories are standardly defined based on the total Agatston score in the coronary arteries13

as listed in Table 1.

Table 1. Cardiovascular risk categories based on the Agatston score in the coronary arteries.

Risk category Agatston score
Very low 0
Low 1-10
Intermediate 11-100
High 101-400
Very high >400

Therefore, candidates detected as coronary calcifications were quantified in terms of the Agatston score,1

and each subject was assigned to an appropriate risk category.
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Results and discussion

Average Agatston score in the test scans was 274±521, with range from zero to 1748. The presented system
correctly assigned a cardiovascular risk category to 29 out of 35 subjects (83%). Five scans (14%) were one
category off, and one scan (3%) was two categories off. Table 2 lists category assignments. In all cases when the
reference and the system disagreed, the automatic method overestimated the risk.

In total 448,154 candidates were extracted: 127 coronary calcifications and 448,027 other candidate objects.
Based on the volume two coronary calcifications and 211,705 other candidates were discarded. In the first
classification stage the following features were selected: y and z coordinates of the candidate’s center of mass,
average, minimum and maximum distance of the candidate to the coronary calcifications in the map, candidate’s
volume, Gaussian blurring at scale of four pixels, first order Gaussian derivative in y-direction at scale of four
pixels. In this stage 25 coronary calcifications and 236,205 other candidates were discarded.

In the second stage six features were selected: x-coordinate of the candidate’s center of mass, average,
minimum and maximum distance of the candidate to the coronary calcifications in the map, Gaussian derivative
in y-direction at scale of four pixels, second order Gaussian derivative in y-direction at scale of two pixels.

Overall, the system correctly detected 71% of coronary calcifications with an average of 0.9 false positive
candidates per scan.

Table 2. Cardiovascular risk categories based on the Agatston score assigned to a subject by the computer system (rows)
and by the reference standard (columns)

Agatston score 0 1-10 11-100 101-400 >400

0 4 0 0 0 0
1-10 3 5 0 0 0

11-100 1 2 7 0 0
101-400 0 0 0 7 0
>400 0 0 0 0 6

Knowing the position of the coronary arteries is crucial for accurate detection of coronary calcification.
Because automatic segmentation of those arteries in non-contrast enhanced CT scans is practically an impossible
task, an indirect approach can be used. In our previous work8 automatic coronary calcium scoring in high-dose,
ECG-triggered cardiac CT scans was proposed where the heart and the aorta were segmented and used to
generate position features. In this work a different approach was employed. Instead of determining a position of
the coronary arteries, a location of the coronary calcifications was estimated using atlas-based segmentation. This
way, for every location in the coronary calcium map, a prior probability for appearance of coronary calcification
at that location was estimated. All features generated using a coronary calcium map were selected in both
classification stages. In addition, in the feature selection the coordinates of the candidate’s center of mass were
selected. The position features comprised the majority of the selected features (five out of eight in the first,
and four out of six in the second classification stage). Also, it is interesting that in the feature selection process
features of all types were chosen: size, position and texture features.

The disadvantage of the approach proposed here is that many scans with calcified coronaries are needed to
build a comprehensive probabilistic calcium map. There were two major difficulties in obtaining such a map
with our relatively small set of scans.

Firstly, in the scans used in this work, the amount of calcium was not always (very) high. Generally, the
calcifications are located at various positions in the arteries. They frequently occur at locations proximal to the
aorta, and less frequently at distal portions of the arteries.

Secondly, it was difficult to align the area of the coronary arteries from the two registered images. One reason
might be a low contrast difference between the area of the coronary arteries and the surrounding tissue. Heart
border with lungs was better matched than the areas of the coronary arteries. In addition, registration was
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hampered by the fact that the scans were not ECG-synchronized. As a consequence calcifications were often
either blurred over the area where a coronary artery was pulsating or visible twice (see Figure 1).

Thus, the obtained coronary calcium map did not provide high a priori probability for the appearance of
such calcifications only at locations of the coronary arteries in the atlas image. This is also visible in our results:
Instead of the high values appearing in the area and within the expected size of the coronary arteries, the voxels
in their immediate vicinity have similar values. Also, one can note that this region of the coronary arteries is
not continuous. That is the result of calcifications missing at the corresponding locations in our data set (see
Figure 2).

In clinical practice cardiovascular risk of a subject is determined from the total Agatston calcium score. In
the presented work the same approach was followed and no distinction was made between different coronary
arteries. In future work the method could be extended to calculate calcium score per coronary artery. Future
work will also focus on generating the coronary calcium map with more scans and validating the method on a
larger data set.

Conclusion

A new fully automatic system for coronary calcium scoring in low-dose, non-ECG-synchronized thoracic CT scans
has been presented. The system does not use a segmentation of the coronary arteries, but instead estimates their
location indirectly with a coronary calcium map. The correct cardiovascular risk category was assigned to 29
out of 35 (83%) subjects. Thus, automatic assessment of the cardiovascular risk from low-dose, non-ECG-
synchronized thoracic CT scans appears feasible.
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