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Abstract The aim of this study is to investigate new
methods for describing the progression of atherosclero-

sis based on novel information of the growth patterns
of individual abdominal aortic calcifications (AACs)
over time. Lateral X-ray images were used due to their

low cost, fast examination time, and wide-spread use,
which facilitates a large statistical model (n > 100)
based on longitudinal data. The examined cohort con-

sisted of 103 post-menopausal women aged 62.4 y (±
7.0 y) with an average number of AACs of 4.7 (± 8.0)
at baseline. The subjects had X-ray images taken in

1992-93 (baseline) and again in 2000-01 (follow-up).
The growth patterns of the individual AACs were de-
rived based on registered baseline and follow-up images.

Area, height, width, centre of mass position, and move-
ment of the centre of mass, and upper and lower bound-
ary of the matched AACs were measured. The AACs

occurred first, mainly, on the posterior aortic wall. The
AACs grew on average 41 % in the longitudinal direc-
tion and 21 % in the radial direction. A correlation of

0.48 (P < 0.001) between growth in width and height
of the AACs was present. The centre of mass of the
AACs moved 0.60 mm (P < 0.001) downstream in the

aorta, on average. The growth patterns of AACs may
give new insights into the progression of atherosclerosis.
The downstream asymmetry in the growth patterns in-

dicates variability in microscopic environments around
the AACs.

Department for Computer Science, University of Copenhagen
Universitetsparken 1, 2100 Copenhagen Ø, Denmark

Tel.: +45-35 32 14 00
Fax: +45-35 32 14 01
E-mail: lene@diku.dk

Nordic Bioscience Imaging
Herlev Hovedgade 207, 2730 Herlev, Denmark

Keywords Atherosclerosis · Abdominal Aortic
Calcification · Growth patterns · X-ray

1 Introduction

Atherosclerosis is usually the underlying pathology of
cardiovascular diseases (CVD) [1], and CVD are the
leading cause of death in Europe and the United States

[2,3]. It has been demonstrated that abdominal aor-
tic calcifications detected by lateral lumbar radiographs
are markers of subclinical atherosclerotic disease and an

independent predictor of subsequent vascular morbid-
ity and mortality [1,4,5]. We are interested in study-
ing vascular calcifications because these provide impor-

tant prospective information when assessing the risk of
CVD [1]. Thus, the vascular calcifications in atheroscle-
rosis play an important role in acute CVD events like

myocardial infarction, strokes, and sudden death [6,7].

Imaging modalities such as intravascular ultrasound
(IVUS), computed tomography (CT), and magnetic res-
onance imaging (MRI) have previously been used for

studies of the progression of atherosclerosis [8–11]. It
can be problematic to use these image modalities for
large scale clinical studies and screening programs. The

problems are the invasiveness and the ring-down arti-
facts produced by acoustic oscillations in the case of
IVUS, the high cost and the slow patient throughput

for MRI images, and the unclarified relationship be-
tween cancer and the radiation in CT imaging [12,8,
13,14].

X-ray imaging is an attractive imaging modality for

quantification of AACs because it has a low cost, fast
examination time, and exposes subjects to a relative
low radiation dose. Another advantage of X-ray images

is that historical data already exist from many clin-
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ical trials and routine screenings for osteoporosis [15],

which can be used in risk assessment based on the iden-
tification of the growth patterns of AACs. This study
is based on X-rays images due to the historical X-ray

data we have access to, but alternatively ultrasound
(US) imaging could be used for identification of the
growth patterns. US produces no ionising radiation and

is therefore suitable for use in evaluation and monitor-
ing of carotid atherosclerosis in large scale longitudi-
nal studies and in clinical management of patients at

risk of stroke [16–18]. US is also used, routinely, for
vascular assessment and screening for abdominal aortic
aneurysms [19–21].

Our hypothesis is that growth patterns may pro-
vide useful estimators of the progression of atheroscle-
rosis. The gold standard severity score for atheroscle-

rotic calcifications is the AC24 score, introduced by the
Framingham group [22,23]. It is a quantitative scor-
ing system for measuring the extent of calcified tissue

along the arterial wall. To our knowledge, this is the
first study that characterises the growth patterns of in-
dividual AACs based on X-ray images. The aim is to
evaluate the growth patterns of the calcified deposits in

order to gain more information about the progression
of atherosclerosis.

2 Materials and methods

2.1 Study population

The study population was taken from a previously pub-

lished longitudinal study on metabolic risk factors in
relation to CVD and osteoporosis, starting in 1992-93
(baseline), when 686 postmenopausal women partici-

pated [15]. The follow-up visit was performed in 2000-
01. The subjects were recruited via questionnaires, and
the study was approved according to the Helsinki Dec-

laration II and the European Standards to Good Clin-
ical Practice. All subjects gave their written consent.
The study population is illustrated in Figure 1. From

the original study population, 256 subjects had a vis-
ible lumbar aorta in a single radiograph at both base-
line and follow-up. 103 of these subjects had AACs at

both baseline and follow-up visit. Numerous traditional
risk parameters were collected for the study partici-
pants including age, height, smoking, body mass index

(BMI), waist and hip circumference, systolic and dias-
tolic blood pressure, treated hypertension, daily alcohol
and coffee intake, and weekly fitness activity. Biochem-

ical measurements of fasting glucose, a lipid profile in-
cluding total cholesterol, triglycerides, LDL-cholesterol,
HDL-cholesterol, and apolipoproteins were obtained from

blood samples at baseline and follow-up. The average

age of our subjects was 62.4 y (± 7.0 y ) and the aver-

age BMI was 24.1 kg/m2 (± 4.0 kg/m2) at the initial
scanning, as shown in Table 1.

Fig. 1 The subject selection, which resulted in 103 subjects who

had calcified plaque at both baseline and follow-up. bl stands for
baseline, and fu stands for follow-up.

Table 1 Subjects participating in the study of growth patterns.
Mean values and standard deviations for baseline and follow-up.

Baseline Follow-up

Age (years) 62.4 (±7.0) 70.9 (±7.0)

BMI range (kg/m2) 24.1 (±4.0) 24.9 (±4.5)
Diastolic BP (mmHg) 83.4 (±62.8) 83.6 (±11.9)
Systolic BP (mmHg) 131.2 (±21.0) 158.5 (±28.2)
Cholesterol (mmol/l) 6.66 (±1.26) 6.14 (±1.15)

Triglyceride (mmol/l) 1.23 (±0.55) 1.42 (±0.68)
Glucose (mmol/l) 5.50 (±1.41) 5.71 (±1.33)
LDL cholesterol (mmol/l) 3.09 (±0.89) 2.90 (±0.88)

HDL cholesterol (mmol/l) 1.77 (±0.45) 1.66 (±0.44)

2.2 Scanning and digital annotation

The images, used in the study, were lateral X-ray pro-
jections, which were digitalised with a Vidar Dosime-
tryPro Advantage scanner with a pixel size of 44.6 µm

× 44.6 µm. The images were scanned at the Centre for
Clinical and Basic Research (CCBR) in Ballerup, Den-
mark. The images were annotated by three trained radi-

ologists from CCBR that were blinded from time point
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and morbidity. The annotations included the standard

six points morphometric for each vertebra L1-L4 and
a variable number of points on the posterior and an-
terior aorta wall and on the contours of the calcified

deposits. From the data set, 103 subjects had baseline
AACs with an average of 4.7 (± 8.0) AACs.

2.3 Quantification and characterisation

The images were scanned at two different time instances,
resulting in changes in the body sizes, the subject’s po-

sition in the X-ray scanner, calibrations of the scanner,
and ageing in the anatomy of the subjects. This caused
a significant variability in the position and the projec-

tive shape of the vertebrae, the aortas, and the AACs.
The variability was compensated by registration where
the aortas from the follow-up images were aligned with

to the aortas on the baseline images. The registration
was done from follow-up to baseline in order to get pre-
dictive growth patterns.

2.3.1 Image registration and matching

The follow-up images were registered to the baseline
images with thin plate splines (TPS) registration [24].

TPS were chosen due to their ability for aligning the de-
formable aortas globally from a few landmarks. Land-
marks on the intersections between the anterior and

posterior aorta walls and the inter vertebrae lines were
used for the registration, as illustrated in Figure 2. The
Hausdorff distance between the baseline and the regis-

tered follow-up posterior and anterior aorta walls was
measured to get an estimate of the registration preci-
sion. The growth of each AAC was measured based on

individually matched AACs where area overlap (AO)
was the used matching criterion. AO captures the corre-
sponding AACs without assumptions of a certain shape

or growth descriptor. Only one-to-one correspondent
matches between the AACs were used to derive the
growth patterns. An example of the matched AACs is

shown in Figure 3.

2.3.2 Growth pattern analysis

The growth patterns of the matched AACs can be ob-
served in three locally anatomically meaningful direc-

tions, which are the longitudinal (in the blood flow di-
rection), the circumferential (around the aorta) and the
radial (the direction into the aorta) direction.

The longitudinal growth would give an indication
of whether the AACs occupy a longer part of the aorta
wall, and it was measured as the change in height of the

AACs. The radial growth was measured as the change

in width of the AACs. The area of the AACs could give

information about the overall growth of the AACs. The
area combines contributions from the circumferential
and radial directions due to the two dimensional pro-

jection of the three dimensional data. The projections
may interfere the different directions, but the dense tis-
sue of the AACs on the anterior/posterior sides of the

aorta wall are well captured by the X-ray attenuation.
The AACs in the middle part of the aorta are harder
to distinguish from background tissue resulting in that

the main part of the AACs in our study were aligned
with the anterior or posterior aorta wall. The area of
the AACs was based mainly on the radial and longi-

tudinal direction. The longitudinal growth direction of
the AACs was calculated as the movement of the cen-
ter of masses of the corresponding AACs. To strengthen

the longitudinal growth direction also movement of the
upper and lower boundary of the AACs were measured.
The movement of the center of mass was also used to
give an indication of whether the calcifications grew

into the center of the aorta or into the aorta wall. Figure
3 illustrates the measurements of the growth patterns.

An idealised aorta coordinate system was made to
capture the growth patterns, in the three previous de-
scribed directions, along the curvature of the aorta. The

idealised aorta coordinates system was based on a ver-
tical aorta in a coordinate frame with the same range
as the original aortas, as illustrated in Figure 4. The

idealised coordinate system made us able to base the
growth analysis on known and uniform directions and
coordinates for all images. Both baseline and follow-up

images were registered to the idealised aorta coordi-
nate system by TPS. A local idealised coordinate sys-
tem with origin in the centre of mass for each AAC

and the axes in the direction of the blood flow and per-

Fig. 2 The figure shows an example of the corresponding AACs.
Blue represent the annotations of the baseline vertebrae and the

baseline aorta walls, magenta represent the follow-up aorta reg-
istered to the baseline aorta, yellow represent the inter vertebrae
lines, red represent the baseline AACs, and green the follow-up
AACs. Note how area overlap was a good indicator of the match-

ing AACs.



4

Fig. 3 The figure illustrates the growth patterns. Red repre-
sent the baseline AACs, green represent the follow-up AACs.

The height, width, centre of mass position, and the movement
in centre of mass, lower and upper boundary of the AACs are il-
lustrated in the figure. The black lines correspond to the idealised

coordinate system, from Figure 4(b), which reflects the curvature
of the aorta. The paired AACs at the left are labeled one-to-one
correspondent matches while the AACs at right are labeled as
a one-to-many correspondent match, and they are therefore not

included in the growth pattern analysis.

pendicular to the blood flow were formed based on the
known directions from the idealised coordinate system,

as shown in Figure 3.

The growth patterns were calculated based on the
local idealised coordinate systems; the height of the
AACs was measured along the ”up”-direction and the

width along the perpendicular axis. The area was mea-
sured as the total number of pixels inside the anno-
tations of the AACs. The centre of mass (CM) of the

AACs was measured as the position of the AAC in the
aorta in the original image frame. We assumed the mass
density as uniform. The changes in the CM position and

the upper and lower boundary of the AACs were mea-
sured in the idealised local coordinate system for the
baseline AACs. The total height of the vertebrae L1-L4

was also measured.

2.4 Statistical analysis

The growth patterns are expressed as signed means ±
the standard deviation (SD) in the results. Differences
were tested by a two sided heteroscedastic student’s T-
test, and the growth values were tested with a paired

T-test both for which a P-value < 0.05 were considered
to indicate statistical significance. Correlations between
the growth factors were measured using the Pearson

linear correlation coefficient with a 95 % confidence in-
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Fig. 4 4(a) shows an original image overlaid with a regular lat-
tice. 4(b) shows an original aorta with the local idealised coor-

dinate systems corresponding to the curvature of the aorta. 4(c)
shows the idealised aorta with the overlaid corresponding lattice.
The local idealised coordinate in 4(c) is derived based on this
lattice.

terval. All measurements were calculated per AAC in-
dependent of how many AACs each subject had.

3 Results

In Figure 5, the percentile number of subjects with less

than or equal to the given number of AACs are shown.
Also, the percentile number of AACs with less than or
equal the given the area at both baseline and follow-up

is shown in Figure 5. Figure 6 shows the distribution of
the baseline and follow-up AACs, respectively.

The registration was validated based on the Haus-

dorff distance between the baseline aorta and the reg-
istered follow-up aorta. The average distances for the
anterior and posterior aorta walls were 2.21 mm (±
1.82 mm) and 2.18 mm (± 1.94 mm), respectively.
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Fig. 5 5(a) shows the percentile number of subjects with less

than or equal to the given number of AACs. 5(b) shows the per-
centile number of AACs with less than or equal to the given area
of the AACs. The logarithm is used to get a visually clear sep-
aration between baseline and follow-up. The number of AACs

increased during the study period, and the area of the existing
AACs increased.

Match rate was 38%. The total number of AACs
at baseline was 633, and the number increased to 1222

at follow-up. The total match between baseline and
follow-up one-to-one correspondent AACs was 38%. The
growth patterns were calculated based on these matches.

In 21% of the matches more than one baseline AAC
matched to one follow-up AAC (the AACs may have
grown together), and 9% of the baseline AACs were

matched to more than one follow-up AAC. In 40% no
correspondence between baseline and follow-up AACs
were found, as shown in Table 2.

Table 2 The numbers for matches rounded to nearest decimal.
The total match between baseline and follow-up AACs were 38

%. In 9 % of the cases one baseline AAC matched more than one
follow-up AACs, and in 21 % of the cases the opposite occurred.

Matches Matches in pct.

Baseline 633 -

Follow-up 1222 -
Total match 240 38 %
Total one-to-many 57 9 %

Total many-to-one 134 21 %
Total no-match, baseline 255 40 %
Total no-match, follow-up 951 72 %

(a)

(b)

Fig. 6 6(a) shows a distribution map of the formation of all base-
line AACs in the idealised image space. 6(b) shows a distribution
map of the formation of all follow-up AACs. Note how the AACs
mainly were placed on the posterior side of the aorta, and how

new AACs appeared on the anterior aorta wall at follow-up.

The mean size of the matched AACs was a little

larger than the average baseline AAC - e.g. the mean
height of all and the matched baseline AACs were 5.07
mm and 6.11 mm, respectively (P < 0.001) as shown
in Table 3.

The characteristics of the growth of the AACs are

shown in Table 3 and in Table 5. Table 3 shows the
mean and standard deviations for height, width, and
area of all and the matched AACs and the mean growth

from baseline to follow-up. Table 5 shows the measured
movement factors. The values are based on signed val-
ues. The results indicated that the overall growth in

area was 57 % (P < 0.001), and that the matched AACs
grew longitudinally with a average growth of 2.50 mm
(± 4.88 mm, P < 0.001), representing an increase of 41

%. The average growth in the radial direction was 0.50
mm (± 1.55 mm, P < 0.001), corresponding to 21 %.

The AACs grew longitudinally. The linear cor-
relation coefficients for all and matched AACs for the
height, width, and area are shown in Table 4. Intu-

itively, there was correlation between growth in area
and growth in height and width. There was also corre-
lation between growth in width and height indicating

that AACs grew both longitudinally and radially.

The AACs grew downstream. The average move-

ment in the centre of masses was 0.60 mm (± 2.69 mm,
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Table 3 The growth patterns of the AACs. Note that the matched AACs were a little larger than the average baseline AACs, and
that the AACs grew in all directions. The width, height, and area of the matched AACs were compared to the growth patterns of all

AACs on a paired T-test. The baseline height-width ratio was compared to the follow-up height-width ratio on a paired T-test. The
growth were tested with an un-paired T-test. *: P-value < 0.05, **: P-value < 0.01 and ***: P-value < 0.001.

All All Matched Matched Growth in pct
Baseline Follow-up Baseline Follow-up

Width (mm) 2.25 (±1.29) 2.30 (±1.67) 2.37 (±1.33) 2.87 (±1.61)*** 21 % (±22 %)***
Height (mm) 5.07 (±3.84) 6.13 (±6.76) 6.11 (±3.95)*** 8.61 (±5.34)*** 41 % (±35 %)***
Area (mm2) 171 (±200) 203 (±300) 211 (±224)* 329 (±329)*** 57 % (±47 %)***

Height-Width ratio (mm) 2.33 (±1.38) 2.74 (±1.79)*** 2.69 (±1.38) 3.38 (±1.02)*** 20 % (±34 %)***

P < 0.001) in the longitudinal direction, as shown in
Table 5. There was no evidence of the radial growth di-

rection. The upper boundary of the AACs was moved
0.59 mm (± 3.55 mm, P = 0.0116) upwards the aorta,
and the lower boundary was moved 1.85 mm (± 3.69

mm, P < 0.001) downward the aorta indicating the
AACs mainly grew in the direction of the blood flow.
The lumbar curvature and the inter-disk space did not

change significantly over the study period.

4 Discussion

Important clinical insight of how atherosclerosis is pro-

gression could be found based on non-invasive longi-
tudinal in vivo assessment of changes in the growth
patterns of abdominal atherosclerotic calcified deposits

from X-ray images. Examining the growth patterns of
AACs from a large population (n > 100) is a new ap-
proach towards measurements of changes in the indi-

vidual calcified deposits and could be a new marker of

Table 4 The linear correlation coefficient for all and matched
AACs. All P-values < 0.001.

Correlation Width vs. Width vs. Height vs.
coefficient Height Area Area

Baseline (all) 0.5397 0.7812 0.8598

Follow-up (all) 0.6355 0.7405 0.7576
Baseline (matched) 0.4622 0.7881 0.8189
Follow-up (matched) 0.4265 0.7571 0.7759
Growth 0.4757 0.7636 0.7677

Table 5 The table shows the movement in the centre of mass

and the upper and lower boundary of the AACs. Observe the
AACs grew downstream the aorta.*: P-value < 0.05, **: P-value
< 0.01 and ***: P-value < 0.001.

Movement

∆CY (mm) 0.60 (±2.69)***
∆CX - posterior side, n=161 (mm) 0.03 (±0.98)

∆CX - anterior side, n=73 (mm) 0.10 (±0.96)
∆Lower boundary (mm) 1.85 (±3.69)***
∆Upper boundary (mm) -0.59 (±3.55)**

disease progression. Asymmetries in the growth of in-
dividual AACs suggests differences in the microscopic

environments close to existing AACs.

The number of AACs increased. As shown in
Figure 5, the subjects generally gained more calcified
plaque mass over time. Both the number of AACs and

the size of the existing baseline AACs increased, which
indicate the possibility to derive new information about
disease progression based on the growth of the existing

AACs.

Subject-specific models of the disease pro-
gression. At present, the standard clinical practice is
based on quantifying the severity of atherosclerosis, cal-

culating the amount of calcified plaques, determining
the narrowing of the aortic luminal, or calculating the
intima-media thickness using X-ray, US, CT, or IVUS

[25,6,26,22,23,27,17,16]. We believe that assessment of
the growth potential of individual plaques could provide
us with more understanding of the disease development,

and this could lead to better tools for future risk as-
sessment in patients suffering from atherosclerosis. Our
evaluation of individual AACs may provide a new way

of making subject-specific models of the progression of
atherosclerosis. Future work will be on verifying our
method in large scale longitudinal studies with differ-

ent populations and refining of the growth patterns,
but our results indicate the ability to measure changes
in the individual AACs from X-ray images.

Longitudinal study. The detailed study of growth

patterns of calcified deposits assessed over time is as-
sociated with certain challenges. It requires the abil-
ity to access the data at several time instances for the

same subjects. This requirement was fulfilled with X-
ray images. There exists several osteoporosis screening
programs where X-ray images are collected at different

time instances in a large patient cohort [15,28]. These
programs could potentially be used for advancing the
growth analysis. Likewise, there exists numerous longi-

tudinal studies of how carotid atherosclerosis can pre-
dict myocardial infarction based on US imaging [16,17,
29]. These US images could, possibly, also be used to

derive growth patterns of the individual AACs, but in
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the current study we have focused on the X-ray images.

Previously conducted studies from CT and X-rays have
focused on growth models based on arterial geometry,
blood rate, and kinematics of finite growth combined

with open system thermodynamics [30,31,11,4,10,32,
33]. These studies have been based on cross-sectional
data or a simulation model with a relative small popu-

lation size (n<10). Our study is based on longitudinal
data in order to increase the knowledge of the growth
patterns. To our knowledge, this is the first study on a

large population (n > 100) that investigates the longi-
tudinal growth of the individual calcified deposits based
on X-rays projections. We have analysed the predictive

power of our model in respect to the known pathophys-
iology of atherosclerosis. The X-ray image modality has
the advantages of a fast examination time, a low radia-

tion exposure, a low cost, and non-invasiveness. These
advantages of the X-ray image modality makes it pos-
sible to incorporate the growth patterns in large scale
clinical studies and in population screening programs.

X-rays have extensively been used to measure the quan-
tity of the calcified plaques, but X-ray images could also
play a qualitative role in risk assessment.

A limitation of X-ray images is the two-dimensional
projection of the original three dimensional data. AACs
are shown in the X-ray images due to a high atten-

uation. The high attenuation implies that the denser
AACs on the anterior and posterior aorta wall are more
easily detectable by the human eye compared to the

AACs in the middle of the aorta. This means that the
main part of the AACs in our study was aligned with
the anterior or posterior aorta walls due to the man-

ual annotations. Validation studies in which the two-
dimensional shape and growth patterns are verified by
using a three-dimensional image modality as well as an

assessment of the observer variability are necessary to
establish the final role of the validity of a growth pat-
tern analysis.

Mainly AACs on posterior aorta wall. Figure
6 shows a probability map of the AACs at baseline and

follow-up, respectively. The AACs were mainly formed
in the lower part of the posterior aorta wall at base-
line. At follow-up the number of AACs on the poste-

rior aorta wall increased, but also new AACs on the
anterior wall appeared. It has been shown that AACs
are formed first in the lower lumbar regions and then

progress to the upper lumbar regions [22,34]. This cor-
responds to our findings. Low flow velocity and recircu-
lation zones at the posterior aorta wall could account

for the increased number of posterior AACs [35]. The
relative large number of AACs at the posterior aorta
wall could also be caused by the use of manual annota-

tions. In the areas close to the vertebrae, corresponding

to the posterior aorta wall, it could be easier to confirm

AACs while other anatomical structures can influence
the judgement of AACs at the anterior aorta wall.

Suitable matching method. We have used a sim-
ple area overlap criterion for matching of AACs. Ongo-
ing research has not yet clarified how the AACs emerge,

coalesce, rupture, or get reabsorbed [4,36]. Due to the
lack of knowledge about the behaviour of the growth
of the AACs complicated matching routines with prior

information about splitting, merging, creation, or dis-
appearance of AACs are likely not able to increase the
quality of the matching without biasing towards spe-

cific growth patterns at follow-up.
The matched baseline AACs were a little larger than
the average baseline AACs. This was likely due to dif-

ficulties in matching the smaller registered AACs and
the possibly increased activity in the growth of the new
small AACs [37]. The size of all the AACs compared to

the matched follow-up AACs also differed. New AACs
were formed from baseline to follow-up resulting in a
lower average size of all the AACs.

In an inter-observer study of the manual annotations,
the radiologists had an area overlap of 50 %, and in
an intra-observer study the area overlap was 60 %. The

relatively low reproducibility in the manual annotations
could account for a large number of the non-matched
AACs. This could be refined by using automatic de-

tection of AACs [38]. Misalignment in the registration
could also account for some of the unmatched AACs.
Further studies may improve the matching rate by a

more advanced matching process and by using auto-
mated segmented AACs.

The AACs grew longitudinally. The AACs grew
both longitudinally and radially. The calcified atheroscle-
rotic plaque is at least four to five times more stiff than

the soft plaque [4], and when the AACs occupy more of
the aorta wall as they grow they are possibly making
the aorta wall more stiff. The height-width ratio showed

that the AACs grew more in height than in width. This
could probably cause vascular stiffening and hyperten-
sion. The AACs are only a small part of the atheroscle-

rotic plaques, so the overall growth in the plaque size
is greater than what we have observed based on the
growth patterns. The most valuable prognostic parame-

ter would be the total surface area of the plaques rather
than just the AACs, but X-ray projections are only able
to visualise the calcified part of the plaques.

Downstream growth. The AACs grew downward
the aorta, which could be caused by the turbulence in

the direction of the blood flow where the aorta wall
becomes non-smooth due to the existing AACs, as il-
lustrated in Figure 7. This is in agreement with the

clinical observation that plaques generally grow in the
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Fig. 7 An illustration of turbulence in the blood flow below an
existing AACs. This could be a reason for the downstream growth

of the AACs.

downstream direction [39,40]. The turbulent flow fluid

dynamics directly contribute to vascular damage and
the initial plaque growth [41] and also contributes to
the growth of the existing plaques. The downstream

growth could also be an indication of different micro-
scopic environments above and beneath the AACs.

Risk factors favours new AACs. The growth
patterns were compared to the metabolic risk factors
with Pearson’s linear correlation coefficient and Kendall’s

tau, but no significant correlations showed up (P <
0.05). This could indicate that metabolic risk factors,
like blood cholesterol, play a larger role in the initi-

ation of the formation of AACs [37] but do not con-
tribute much to the growth of the existing AACs. In [37]
it is shown that the increase in severity morphological

atherosclerotic calcification distribution (MACD) index
is highly associated with the biochemical parameters,
such as LDL cholesterol. In addition, the MACD index

favours smaller plaques due to their large potential to
growth and to the fact that risk of rupture decreases af-
ter the calcified phase of the plaques [4]. In our growth

study, we have focused on existing AACs of a certain
size due our to matching criterion. The pathology influ-
encing the growth of these AACs could differ from the

new smaller AACs. The growth of the existing AACs
could be associated with local metabolic environmental
changes, which are hard to capture at the macroscopic

level. The asymmetries in the growth patterns for the
different subjects indicate the need for large scale pop-
ulation to investigate the details of the progression of

atherosclerosis, but it also indicates the possibility of
deriving a per-subject based quantification of disease
progression based on the growth patterns of AACs.
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