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Abstract—An increasing number of intermediate risk asymp-
tomatic subjects benefit from measures of atherosclerosis
burden like coronary artery calcification studies with non-
contrast heart computed tomography (CT). However, addi-
tional information can be derived from these studies, looking
beyond the coronary arteries and without exposing the
patients to further radiation. We report a semi-automatic
method that objectively assesses ascending, arch and descend-
ing aorta dimension and shape from non-contrast CT datasets
to investigate the effect of aging on thoracic aorta geometry.
First, the segmentation process identifies the vessel centerline
coordinates following a toroidal path for the curvilinear
portion and axial planes for descending aorta. Then, recon-
structing oblique planes orthogonal to the centerline direction,
it iteratively fits circles inside the vessel cross-section. Finally,
regional thoracic aorta dimensions (diameter, volume and
length) and shape (vessel curvature and tortuosity) are
calculated. A population of 200 normotensive men was
recruited. Length, mean diameter and volume differed by
1.2 cm, 0.13 cm and 21 cm?® per decade of life, respectively.
Aortic shape uncoiled with aging, reducing its tortuosity and
increasing its radius of curvature. The arch was the most
affected segment. In conclusion, non-contrast cardiac CT
imaging can be successfully employed to assess thoracic aorta
3D morphometry.

Keywords—Aging, Aortic arch uncoiling, Aorta 3D recon-
struction, Aorta volume, Aorta tortuosity.

INTRODUCTION

Cardiovascular disease is the most costly disease in
developed countries and is even more costly than all
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cancer-related morbidity and mortality combined.?
Since unexpected death is the most common manifesta-
tion of the disease, primary prevention should be poten-
tiated to early and efficiently detect its genesis. Once the
disease is diagnosed, a complete set of pharmacological
therapies are available for its treatment.® In clinical
practice, asymptomatic individuals are usually classified
in low, medium or high risk groups, with respect to tra-
ditional risk factor scoring, predicting future coronary
events at 10 years.'> However, most of the asymptomatic
patients are not aware of their subclinical disease and
might skip detection by the risk profile algorithms.'® In
fact, most heart attacks and strokes occur in people at
average risk scores who are misclassified.”® On the basis
of these observations, new screening tools are needed to
early detect the silent development of the disease.?’
Some measures of disease burden in clinical practice,
as coronary artery calcification (CAC) with non-contrast
heart computed tomography (CT), intima-media thick-
ness and plaques assessment with ultrasound or the
ankle-brachial index, have been included in recent
guidelines.'* The aim of these subclinical measures is to
take into account the individual actual burden of ath-
erosclerotic disease. Specifically, CAC scores quantify the
calcified plaque in the epicardial coronary arteries that
has confirmed its incremental value above conventional
measures of predicting cardiovascular events in patients
at medium risk.>*> Current state of the art employ mul-
tislice computed tomography techniques to assess CAC
from a non-contrast triggered heartscan using a relatively
low radiation dose. However, further information could
be derived from these heartscans, looking beyond the
coronary arteries. The idea is that the patient might
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benefit from additional anatomic information that can be
provided by the same non-contrast CT scan without any
further radiation exposure.

In this context, we propose to estimate the size and
the shape of the thoracic aorta exploiting non-contrast
CT images from CAC studies. An advanced 3D
description of the aortic geometry can be potentially
used to better understand the impact of cardiovascular
risk factors (i.e., hypertension, smoking status or dia-
betes) on aortic regional size and shape and to evaluate
early aortic aneurysms and endovascular grafts.”*
Aortic size is typically assessed with manual measure-
ments of ascending and descending aortic diameter.*
Nevertheless, the human aorta has a complex geometry
that cannot be properly evaluated with these limited
planar estimations focused on two sites.” In addition,
there is no reason to limit aortic geometry assessment to
2D measurements when volumetric information is
available. Several aortic segmentation methods were
developed in 3D, including deformable and adapting
shape models,”'*** dynamic programing,'® the Hough
transform 2 and active surface approaches.”® A detailed
list of reports, including aortic segmentation for aneu-
rysms detection, can be found elsewhere.>® Recently,
also a 4D aortic tracking algorithm was reported using
magnetic resonance images.’* Nevertheless, as far as we
know, 3D segmentation algorithms that extract the
thoracic aorta geometry from non-contrast cardiac CT
scans used in CAC studies have not been reported at the
moment in a large cohort of patients.

In this work we developed a new potential diagnostic
tool to examine the thoracic aorta morphometry using
non-contrast CT images. We proposed a semi-automatic
algorithm that minimized user intervention. The thoracic
aorta centerline was extracted and its cross-sectional area
(CSA) was estimated in the ascending, arch and
descending portions. Several descriptors of the aortic size
and shape were calculated. In this first protocol, the
algorithm was evaluated in 200 normotensive subjects at
intermediate 10-year Framingham risk score '* to inves-
tigate the association of aging on thoracic aorta mor-
phometry. A reproducibility analysis and a phantom
validation were included in this study.

METHODS

The reported method consists of three main stages:
centerline extraction, CSA estimation and morpho-
metric calculations. The algorithm is based on the
observation that the aortic cross-section is approxi-
mately circular and the curvilinear part of the vessel
forms a torus. The coordinates of the thoracic aorta
centerline are first extracted. Then, orthogonal planes
to the centerline curve direction are calculated at each
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centerline coordinate and circles are fitted to estimate
the vessel CSA. In a third and last stage, the thoracic
aorta size and shape descriptors are calculated using
the centerline coordinates and their associated CSA
values. All the algorithms were programed in C+ +.

Centerline Extraction

The user selects the starting axial slice at the center
of the pulmonary artery level and places 2 initial seed
points inside the ascending and descending aorta cross-
sections (Fig. 1a). This starting plane is the one usually
employed to manually measure the ascending and
descending aortic diameter.* Using these 2 seed points,
the automated process extracts the thoracic aorta
centerline and estimates the vessel CSA at each cen-
terline coordinate as explained next.

We propose an adaptive circle-fitting algorithm that
finds the largest circle inscribed into the vessel cross-
section using planes orthogonal to the vessel centerline.
This circle-fitting algorithm starts automatically setting
a 10 x 10 cm ROI, centered in a seed point inside the
vessel cross-section. Then it performs four steps:

Step 1.
Step 2.

A median filter that eliminates spurious pixels
A morphological gray-scale opening trans-
formation (erosion followed by dilation) with
acircle (r = 1 cm) as the structuring element
that isolates the vessel from surrounding tis-
sues. The aim of this filter was to separate the
vessel from surrounding tissues with circular/
elliptical shapes of radius below 1 cm

A k-means algorithm with two clusters
(binarization)

A growing circle iterative algorithm is per-
formed. A circle (r = 5 pixels) is placed on
the seed point and then the algorithm itera-
tively expands the circle pixel by pixel and
corrects its center when it touches a border,
ensuring that all circle points rest inside the
vessel outer borders. A similar algorithm can
be found in Funka-Lea et al.,'" where the
growing algorithm was employed to deter-
mine the ellipsoid of maximum volume
contained within the heart

Step 3.

Step 4.

Once the iterative process in Step 4 ends, the (x, y,
z) coordinate of the circle center is considered as a
valid point of the aortic centerline and its surface the
corresponding CSA value.

The circle-fitting algorithm is initially applied on the
ascending and descending seed points placed by the user
in the starting axial plane, to find the centerline points
Ca and Cp, respectively (white circles in Fig. 1a).
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FIGURE 1. Thoracic aorta morphology extraction. (a) Image
of the axial initial plane corresponding to the center (dashed
line) of the pulmonary artery (PA). The user placed seed
points Cp and Cp (white circles) inside the ascending and
descending aorta, respectively. (b) Axial and oblique planes
are reconstructed to extract the aortic centerline coordinates.
(c) Aortic cross-sectional area is measured in each centerline
coordinate following an orthogonal direction to the centerline
curve. LCA: left coronary artery; BCA: brachiocephalic artery;
LSA: left subclavian artery; CS: coronary sinus.

The aortic centerline is estimated separating the vessel
into 2 portions. First, axial images are analyzed below
the descending aorta seed point Cp (toward dia-
phragm). Accordingly, the circle-fitting algorithm
determines the centerline points C; of the descending

aorta portion (black circles in Fig. 1b under Cp). For
each successive plane i, the preceding C;_; circle center
is used as the current seed point. Second, and above the
descending aorta seed point Cp (toward the annulus),
images reformatted from oblique planes following a
torus sector are employed (Fig. 1b). This curvilinear
portion of the vessel corresponds to the rest of the aortic
descending, arch and ascending parts. Instead of using
axial slices, oblique planes are reconstructed pivoting in
2° steps around the mid-point between C, and Cp
(open square in Fig. 1b). A detailed description of the
reconstruction can be found in Appendix. Images of the
oblique planes were calculated using a trilinear inter-
polation to obtain a resolution of ~0.5 mm (similar to
axial resolution). Again, for each successive oblique
plane i, the previous C;_; circle center is used as the
current seed point for the new estimation. The planes
turn from angle 0° (seed point Cp), passes through the
top of the arch at 90°, then by the ascending seed point
C at 180°, until angle 240° at the annulus. It is worth
noting that, even if in some oblique planes the aortic
CSA results in an ellipsoidal shape, the algorithm al-
ways inscribes the largest achievable circle within vessel
outer borders and adds the inscribed circle center as a
new valid centerline coordinate. The circles dimensions
are not employed in this stage because (so far) the planes
are not strictly orthogonal to the centerline. At this
stage, assuming planes perpendicular to the axis of
rotation for the descending portion of the aorta and
oblique planes perpendicular to a 240°-toroid for its
curvilinear path, the 3D coordinates of the thoracic
aorta midline are estimated. The discrete centerline
coordinates are finally interpolated and smoothed to
construct an approximated aortic centerline curve.

CSA Estimation

In this stage, orthogonal planes to the direction of the
centerline curve extracted in the last section are calculated
for each centerline point (Fig. 1c). Within these oblique
plane images, circles are inscribed for a second time inside
the vessel outer borders. Again, for each plane, current
seed points are adopted from the precedent estimation.
The aortic cross-sectional shape results roughly circular
because planes are now closely perpendicular to the
centerline path. Each aortic centerline coordinate is now
associated to its corresponding CSA value.

Thoracic Aorta Dimensions

The aortic external surface was approximated in 3D
as a pile of cylinders perpendicular to the aortic cen-
terline curve (Fig. 2a). Using a custom plane recon-
struction tool, that allowed to wvirtually travel
perpendicularly through the aortic centerline, the user
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was asked to identify 4 particular anatomical planes:
coronary sinus (CS), left subclavian artery (LSA),
brachiocephalic artery (BCA) and left coronary artery
(LCA). These 4 planes divided the aorta into the
ascending (from LCA to BCA), arch (from BCA to
LSA) and descending (from LSA to CS) portions
(Fig. 2a). The measured CSA values were represented
with respect to the centerline coordinates distance to
the coronary sinus (Fig. 2b). The area under the curve
represents the thoracic aorta volume. Ascending, arch
and descending aorta volume, length, mean CSA and
mean diameter values were calculated for each patient.

Thoracic Aorta Shape

Average aortic curvature and tortuosity were cal-
culated for the portion starting at the coronary sinus
up to the descending seed point Cp using the defini-
tions in Wood er al.** Average curvature (AC) was
defined as

AC = Zi |k1|

N

where k is the curvature at a point (x, y, z) of the
centerline curve defined as the derivative with respect
to the arc length s of the tangent direction:

ExX\? (PN [(dz\?
":WF) +(3) (@)

The arch radius of curvature was defined as the
inverse of AC. Aortic tortuosity is defined as the incre-
mental curve length L¢ to the straight line distance d
between its end points (coronary sinus and Cp):

BCA b
- arch - LSA ( )

Lc—d
AT = 7

The aortic arch height was defined as the distance
from the center of the aortic arch (mid-point between
Ca and Cp) to the aortic centerline coordinate corre-
sponding to 90°. The aortic arch width (AAW) was
calculated as the distance between C, and Cp. The
aortic arch radius was defined as AAW/2.

EXPERIMENTAL METHODS

Population

The study population comprised 200 men addressed
for 1-day hospitalization between September 2009 and
October 2010 in the framework of an ongoing car-
diovascular risk screening program based on cardio-
vascular risk stratification including subclinical
atherosclerosis imaging.* Subjects were asymptomatic
and randomly selected from the hospital database.
Hypertensive patients were not included in this study,
hypertension being defined by resting brachial blood
pressure of 140 and/or 90 mmHg or above, and/or by
presence of antihypertensive medication. All subjects
were free of any overt cardiovascular disease and
symptom. They had undergone non-contrast cardiac
CT for coronary calcium scoring in view of cardio-
vascular risk reclassification because they were at
intermediate Framingham score, i.c., they had 6-20%
probability of coronary event in the next 10 years.'
The retrospective analysis of personal health data of
study subjects had the authorization of the CNIL

LCA
T 7Y 4 BCA
W™ 6 R
—E 51 a,\% i cs
g g
‘T 4{ ASCENDING M&_ ; : ‘J
¢ AORTA gt T
% 3{ VOLUME AORTIC ARCH |
g VOLUME i
o 2 DESCENDING AORTA i
£ VOLUME |
-
0 T T T T :
0 5 10 15 20

Distance from the heart (cm)

FIGURE 2. (a) Three-dimensional reconstruction of the thoracic aorta. Ascending aorta goes from left coronary artery (LCA) to
brachiocephalic artery (BCA), aortic arch from BCA to left subclavian artery (LSA) and descending aorta from LSA to coronary
sinus (CS). (b) Aortic cross-sectional area evolution from LCA to CS for a representative subject. Aortic volumes for each portion

were calculated from the area under this curve.
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(Commission nationale de I'informatique et des libertés)
and was in accordance with the declaration of Helsinki.

Image Data Acquisition

Images were obtained with a 64-slice MSCT scanner
(Light-speed VCT,; GE Health care, Milwaukee, WI,
USA) using 2.5 mm slice thickness, 120 kV, 250-mA
tube current, 250-ms exposure time, a 2350-mm field of
view and ECG triggering at the heart rate-dependent
60% percentage of the R—R interval (middle of dias-
tole). Images were acquired in the craniocaudal direc-
tion from the top of the aortic arch to the level of the
diaphragm in a single breath-hold for all examinations.
They were transferred to a dedicated workstation
(Advantage window, GE Healthcare; NetraMD;
Sclmage, Los Altos, CA, USA) and exported as DI-
COM files. The same reader imported these files and
measured all the patients using the designed software.

Reproducibility Analysis, Phantom Validation
and Manual Comparison

Duplicate readings of the same scan in 30 randomly
selected subjects (aged 58 £ 9 y.o.,p = 0.33 with respect
to whole population) allowed determining coefficients of
variation (CV) of thoracic aorta size measurements. A
second observer read the same 30 scans for an inter-ob-
server comparison. The algorithm was also tested on an
aortic arch phantom consisting in a 70 cm flexible tube
with a constant external diameter of 3.85 cm.

At the starting axial plane, the semi-automatic meth-
od was also compared against manual measurements of
the ascending aorta diameter. Mean differences, CV and
Pearson correlation coefficients were calculated.

Associations of Aging with Thoracic Aorta Geometry

Associations of aortic dimensions with age were tes-
ted by linear regression models after adjusting for body
surface area (BSA). Statistical significance was set at
p < 0.05. All statistical analyses were performed with
JMP (SAS NC USA) software. The association of aging
with thoracic aorta dimension and shape was also ana-
lyzed by separating the patients according to age tertiles
and averaging aortic diameter differences and 3D cen-
terline curves between each group. In the latter, all ves-
sels were centered on the mid-point Ca—Cp and
coordinates of aortic centerlines were averaged.

RESULTS

The clinical characteristics of the study population
are summarized in Table 1. Most of the patients were

hypercholesterolemic (78%), 6% were diabetics and
26% smokers. The algorithm successfully assessed the
dimensions and shape of all the 200 thoracic aortas.
The dimensions of the vessel were described using
length, mean diameter and volume. Results are shown
in Table 2. For a total length of =25 cm, ascending
and descending aorta portions represented 25 and 64%
of total aortic length, whereas these proportions were
33 and 54% of total aortic volume, respectively. Tho-
racic aortic diameter regularly decreased from 3.2 cm
in ascending to 2.5 cm (—22%) in descending aorta
portion. The shape of the curvilinear part of the vessel
from 0° to 180°, including parts of the ascending and
descending aorta and the entire aortic arch, were de-
scribed using the aortic arch width (AAW) and height,
its curvature and tortuosity. The arch height was 21%
larger than its radius (AAW/2). The aortic arch radius
of curvature (calculated as the inverse of an average

TABLE 1. Clinical characteristics of the study population.

Value Range

Number 200
Male gender, n (%) 200 (100)
Age (years) 54 +8 31-73
BSA (m?) 1.98 + 0.16 1.56-2.50
Blood pressure (mmHg)

Systolic 119 £ 10 95-139

Diastolic 72+7 51-89
Hypercholesterolemia, n (%) 155 (78)
Diabetes, n (%) 12 (6)
Current smoking, n (%) 51 (26)

Data are means + SD or number of subjects (%).

TABLE 2. Morphometric measurements of the thoracic aorta
in 200 normotensive men.

Thoracic aorta dimension and shape Mean + SD
Length (cm)
Total 249 £ 22
Ascending 6.1 +£ 0.7
Arch 28+ 0.6
Descending 16.0 £ 1.8
Mean diameter (cm)
Total 29+0.2
Ascending 32+03
Arch 28 £0.2
Descending 25+0.2
Volume (cm?®)
Total 148 + 30
Ascending 49 + 12
Arch 17+ 5
Descending 81 + 17
Arch width (cm) 76+1.0
Arch height (cm) 4.6 £0.6
Arch radius of curvature (cm) 3.1+04
Arch tortuosity 09 +0.2

Data are means + SD.
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curvature) resulted 18% smaller with respect to the
arch radius, suggesting an uncoiled shape with respect
to a perfect 180°-toroid. Tortuosity values were =0.9,
meaning that the curve length was almost twice the
distance from extreme points (Ca and Cp). For com-
parison, the tortuosity of a perfect 180°-toroid is ~0.6.

Table 3 presents the relationship of aging (per dec-
ade of life) with morphometric measurements, adjusted
to BSA. To visualize the effects, patients were also
separated in groups of young (3049 y.o., n = 60),
middle-age (50-58 y.o., n = 78) and older (59-73 y.o.,
n = 62) according to age tertiles and averaged aortic
dimension and shape were sketched in Figs. 3 and 4,
respectively. Globally, thoracic aorta size significantly
increased with each decade of life: length increased at a
rate of 1.2 cm (p < 0.001), mean diameter 0.13 cm
(p < 0.001) and aortic volume 21 cm? (p < 0.001). The
aortic arch was the segment with the most important
change in length and volume. Mean aortic diameter
increase was homogeneous between segments as can be
corroborated from Fig. 3. The effect of this global
enlargement with aging on the thoracic aorta shape is
shown in Fig. 4, where young and older patients were
compared. Aging was associated with an uncoiling
effect on the curvilinear portion of thoracic aorta,
evidenced by the shape descriptors listed at the end of
Table 3. The aortic arch width and height increased
9% (p <0.0001) and 6% (p <0.001) per decade,
respectively. Accordingly, the aortic arch radius of
curvature increased 7% (p < 0.001) and the aortic arch
tortuosity decreased 4% (p < 0.0001). From the front

view of Fig. 4, it is clear that the aortic portion that
goes from the top of the arch (90°) toward the
descending aorta (0°) evidenced more deformation
than the ascending aorta segment. In the lateral view,
a vertical unfolding was also observed in older with
respect to young subjects.

361 -~ Older
-+ Mid-aged
- Young
[ 3.31
S
-
[
-
B
g 7
T
©
£
®
g 7]
(]
o
o
£
F 24
21 T T T T T |
LCA 180 deg. BCA LSA 0deg. cs

distance from the heart

FIGURE 3. Aging impact on thoracic aorta diameter from left
coronary artery (LCA) to coronary sinus (CS). Patients were
separated by age tertiles in groups of young (30-49 y.o.,
n = 60), mid-aged (50-58 y.o., n = 78) and older subjects
(59-73 y.o., n = 62). BCA: brachiocephalic artery. LSA: left
subclavian artery.

TABLE 3. Associations of aging with morphometric measurements after adjustment by body surface area.

Thoracic aorta dimension

and shape p % change Model R
Length (cm)/10 years
Total 1.2[0.8, 1.6]* 5 0.43
Ascending 0.2[0.1, 0.3]" 3 0.26
Arch 0.2 0.1, 0.3]" 7 0.26
Descending 0.8[0.5, 1.1]F 5 0.37
Mean diameter (cm)/10 years
Total 0.13[0.10, 0.16] 4 0.58
Ascending 0.15 [0.10, 0.20]* 5 0.51
Arch 0.12 [0.09, 0.15]* 4 0.53
Descending 0.12[0.10, 0.15]* 5 0.60
Volume (cm®)/10 years
Total 21 [17, 25} 14 0.62
Ascending 6 [5, 8]* 12 0.51
Arch 32, 3] 18 0.49
Descending 12 [10, 15]* 15 0.60
Arch width (cm)/10 years 0.70 [0.57, 0.82]F 9 0.65
Arch height (cm)/10 years 0.26 [0.15, 0.36]" 6 0.33
Arch radius of curvature (cm)/10 years 0.21[0.15, 0.28]" 7 0.30
Arch tortuosity, 1/10 years —0.04 [-0.07, —0.01}* —4 0.49

Data are mean per 10 year change [95% confidence intervals]. N = 200 men.

p < 0.001; *p < 0.0001.
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FRONT LATERAL

(cm)

(cm)

FIGURE 4. Aging impact on thoracic aorta shape. Front,
lateral and top view of the averaged 3D thoracic aorta cen-
terline reconstruction for young (gray line, 30-49 y.o., n = 60)
and older (black line, 59-73 y.o., n = 62) subjects. In the front
view, standard deviations were also painted. Note the
uncoiling effect of aging on thoracic aorta shape.

Duplicate readings of the same scan of 30 subjects
of the ascending, arch and descending aorta portions
resulted in coefficients of variations (CV) below 4%:
CV was 0.2%, 0.3%, and 0.1%, respectively for
diameters, 2.1%, 3.5%, and 1.3%, respectively for
lengths, and 2.2%, 4.0%, and 1.3%, respectively
for volumes. In the inter-observer analysis, coefficients
of variations were below 6%: CV was 0.2%, 0.4%,
and 0.2%, respectively for diameters, 2.6%, 4.1%, and
2.0%, respectively for lengths, and 2.7%, 4.4%, and
2.0%, respectively for volumes.

In the aortic phantom of 70 cm length, 3.85 cm
constant diameter and corresponding volume of
814.88 cm?® we found (using the semi-automatic algo-
rithm) a measured mean diameter of 3.848 cm (vari-
ability of 0.05%) and a total volume of 814.04 cm®
without significant measurement bias through the tube
length.

Manual measurements of the ascending aorta
diameter at the starting axial plane resulted
3.3 £+ 0.4 cm. Mean differences (+SD) with respect to

the semi-automatic measurements were 0.04 £ 0.01
cm. Measurements were highly correlated (R = 0.93)
with CV = 2.0%.

DISCUSSION

In this cross-sectional study, we proposed a semi-
automatic method for a regional 3D description of the
thoracic aorta using non-contrast cardiac CT images.
We tested our method in a cohort of 200 normotensive
men and we report detailed thoracic aorta volumetric
information and the associations of aging with the
vessel morphometry. The most important findings
were that aortic size (diameter, length and volume) and
shape (curvature and tortuosity) were significantly and
positively associated with age and, whereas the vessel
dimensions increased, its shape evidenced a significant
uncoiling. As the methodology exploits images from
non-contrast cardiac CT studies that are increasingly
employed in coronary calcium assessment, new
potential clinical applications can be proposed. The
discussion is organized in 3 parts and aims to: i) ana-
lyze the relationships of aging with aortic morphome-
try found in our cohort of patients, ii) evaluate the
aortic segmentation algorithm and to propose
potential applications for it and iii) analyze the limi-
tations of the current study.

Relationships of Aging with Aortic Morphometry

The values found for ascending and descending
aortic diameters in our population rested within nor-
mal limits. Mean ascending and descending aortic
diameters were 3.2 and 2.5 cm, respectively. Wolak
et al. reported similar values, adjusted to age and BSA
in more than 4000 patients, of 3.3 + 0.3 and
2.5 + 0.2 cm, respectively.’' We report a positive age-
associated enlargement of thoracic aorta volume that
was similar in the ascending, arch and descending
aorta portions. We found increments of 14% in vol-
ume, 5% in length and 4% in mean diameter per
decade of life. The aortic arch being the portion with
most important deformation: volume increment was
18% and lengthening 7% per decade. For a first esti-
mation, if the thoracic aorta is considered a deform-
able cylinder, a 5% increase in length and 4% in
diameter, would result in (1.04)> x 1.05 ~ 14% in-
crease in volume, which is coherent with our findings.
The positive association between aging and aortic
diameter was widely documented.*'*! Typical aortic
diameter enlargement of 0.08-0.12 cm/10 years are in
agreement with ~0.13 cm/10 years found in our
study.'” We also found that thoracic aorta lengthened
with age at a rate of 1.2 cm/10 years (5%/10 years),
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mostly associated to absolute changes in the descend-
ing portion. It should be noted that this association
persisted after BSA adjustment. Our values agree with
thoracic aorta lengthening predicted from Dotter
et al.® model, that used 2D angiocardiographic images.
Accordingly, and for an age range of 30-70 y.o., these
authors predict values of ~1.4 cm/10 years (4%/10
years). Recently, Sugawara e al.*® reported lengthen-
ing values in healthy adults of 0.9 cm/10 years (12%/
10 years) related to ascending aorta elongation, with
no associations with the descending aorta path. We
report an elongation of 3%/10 years for the ascending
and 5%/10 years for descending aorta. Some meth-
odological differences could explain these discrepan-
cies. First, our patients were not healthy, accounting
80% of hypercholesterolemic, 30% of smoking and
6% of diabetic patients. Second, Sugawara et al.*®
measured with MRI the whole descending portion,
from the top of the aortic arch to the level of the
common iliac bifurcation (~40 cm), whereas we stop-
ped at the coronary sinus level (=16 cm). We decided
to analyze the thoracic aorta until that level because
that axial plane was easily identified by the user. In
fact, beyond the coronary sinus level, the quality of the
images suffers a progressive degradation due to CT
scan technical limitations. In that sense, Sugawara
et al®® analyzed a longer portion of the aorta and the
tethering conditions to surrounding structures could
have conditioned the lengthening values. Moreover,
the thoracic and the abdominal aorta undergo unequal
deformations.'?> While the abdominal aorta shortens
with an increase of intravascular pressure, these lon-
gitudinal contractions were related to elongations of
the thoracic segment.”> Thus, our estimations of
descending aorta lengthening with age cannot be
directly compared with other studies performed on
thoracic and abdominal aorta segments. Further studies
should be performed to clarify this particular issue.
We also report additional 3D information about the
shape of the thoracic aorta. The average arch radius of
curvature, calculated as the inverse of the aortic cen-
terline curvature, was 3.1 cm. Arch radius (arch width/
2) was 3.8 cm and arch height was 4.6 cm. The aging
process significantly increased the aortic arch width
and, in a lesser proportion, its height and radius of
curvature. Aging also produced a significant tortuosity
decrease. Based on these observations, while aging
induced an important volume increase in all the vessel
segments (Fig. 3), the curvilinear portion of the tho-
racic aorta showed a consequent uncoiling effect. After
adjustment for BSA, aortic arch width was the stron-
gest descriptor independently associated with age,
accounting for 65% of the model variability (Table 3).
This aortic unfolding process is familiar for practicing
physicians in chest radiographs reports and can be
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visualized in Fig. 4, where young and older patients
were compared. In the front view, it is clear that the
segment that goes from the top of the arch toward the
descending aorta is the one that suffers most defor-
mation with aging. It should be noted that this segment
includes the aortic isthmus, where around 70% of the
post-traumatic lesions are observed.'? Also, aortic
deformations with aging might be associated to
“material fatigue” due to the progressive changes in
elastic fibers.”! For that reason, not only aortic vol-
ume, length and diameters, but also aortic shape
should be evaluated to better understand the influence
of cardiovascular risk factors on the vessel geometry.

Aortic Segmentation Algorithm. Potential Applications

Contrast multislice cardiac CT offers excellent time—
space resolution for in vivo anatomical quantifications
but the non-contrast alternative is progressively lead-
ing to atherosclerosis burden diagnosis through the
coronary artery calcium test (CAC). This test has
proved to be reproducible, safe and convenient to
quantify atherosclerosis and was recently included in
the clinical recommendations to be applied in inter-
mediate risk asymptomatic patients in order to
reclassify them at higher risk.'* Accordingly, the
increasing number of patients who undergo CAC tests
could directly benefit from the proposed morphometric
thoracic aorta estimation with no additional radiation
exposure. Contrast CT and MRI techniques provide
higher contrast and greater resolution (particularly in
the axial direction) with respect to non-contrast CT. In
this context, previous works, using robust and objec-
tive techniques, were developed to successfully char-
acterize the 3D geometry of arteries.>* However,
these methods are not compatible with non-contrast
CT image quality where simplified calculations should
be proposed. Using non-contrast CT images, tradi-
tional methods restrict the aortic size measurement to
the ascending and descending diameters. Our main
innovation is the estimation of the aortic diameter in
~150 points all along its length. A vessel is a tridi-
mensional body and volume rather than diameter (or
CSA) should be employed to accurately describe its
size. The ascending and descending parts of the aorta
may roughly follow vertical directions that could be
reconstructed with axial planes, but the aortic arch is
curvilinear and its 3D description requires custom
algorithms. A key advantage of our algorithm is that
aorta is segmented from within its lumen. Accordingly,
while centerline is extracted and CSA estimated, the
vessel is at the same time isolated from different sur-
rounding structures, avoiding unwanted elements to
interfere with the segmentation process. The algo-
rithm assumes a circular cross-section and an initial
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axial-toroidal path that proved to be efficient for
extracting the vessel midline."” The application de-
signed to assess thoracic aorta morphometry was fast
and straightforward. The user was required in one
opportunity to click on the ascending and descending
cross-section and then the algorithm took less than
I min to extract the centerline and reconstruct the
aortic shape in 3D with a standard 2.4 GHz computer.
The selection of the starting plane was easy for the user
because it is the one usually employed to manually
measure the ascending and descending aortic diame-
ters.* An additional minute was required for the user to
identify the 4 anatomical landmarks and to read the
morphometric parameters of each aortic portion.
The coefficient of variation in duplicate readings of
thoracic aorta volume and length were below 4%, in
agreement with diameter estimations.'” Also, the vali-
dation of the diameter estimation in the aortic curvi-
linear phantom showed a small variability of 0.05%
along its ~40 cm length.

Some potential applications of our method can be
proposed. The early detection of aortic aneurysms can
be envisaged. Even if our algorithm was not specifically
designed for that (see limitations), it may further be
tested to early detect aneurysms or at least quantify the
regional deformation of the thoracic aorta in a large
cohort of patients. An increasing number of aortic arch
pathologies and endovascular graft designs are now
evaluated with imaging techniques that are becoming
essential to minimize morbidity and mortality.*
Finally, a long term objective would be to prospectively
study aortic morphometry together with cardiovascu-
lar risk factors, where many questions regarding the
effects of hypertension or diabetes on thoracic aortic
geometry remain to be answered.*

Study Limitations

This study has some limitations that must be
addressed. First, the study cohort only included men
due to a bias in subjects recruitment referred by general
practitioners to hospital that reflects lesser attention to
cardiovascular preventive intervention in women.'*
Second, we did not include subjects with thoracic aorta
aneurysm, because our objective was to assess the
feasibility and reproducibility of our algorithm to
measure thoracic aorta dimensions, rather than to
diagnose aneurysm. Third, as we already mentioned,
the subjects examined in this study were not repre-
sentative of the general population. Patients referred to
our cardiovascular prevention unit and undergo CAC
detection are generally above-average risk of coronary
disease and carry at least one traditional risk factor.
However, we decided to only recruit normotensive
patients for this study to better isolate other effects as

hypertension on thoracic aorta geometry. Even if 80%
of the patients were hypercholesterolemic, this condi-
tion did not show a particular influence on thoracic
aorta dimensions in previous reports.**' In addition,
our study was cross-sectional without longitudinal
follow-up, and did not allow assessing the actual
effects of aging on aortic dimensions and geometry.
Regarding the detection algorithm, 3 limitations
should be mentioned. First, the proposed semi-auto-
matic method requires user intervention to set the 2
initial seed points and then to identify 4 landmarks to
separate the thoracic aorta into 3 portions. Additional
techniques as the Hough transform can be imple-
mented to automatically set the initial seed points and
to reduce interobserver variability.'” Second, the aortic
volume was estimated in one instant of the cardiac
cycle, assuming a circular cross-section and including
the vessel wall. It is clear that the circular cross-section
assumption might not be valid in cases of advanced
aortic aneurysm. A revised algorithm should be pro-
posed to detect important asymmetrical expansions.
The assumption that aortic diameter could be esti-
mated including the vessel wall is generally accepted in
non-contrast CT.° Third, only the tubular portion of
the thoracic aorta was measured, excluding the aortic
annulus, due to space resolution limitations inherent to
the non-contrast CT technique that did not allow a
proper segmentation. Further efforts should be made
to improve the aortic segmentation, reducing user
intervention and revising the circular vessel cross-sec-
tion constraint, as well as including the aortic annulus.

APPENDIX

The curvilinear portion of the thoracic aorta was
analyzed reconstructing oblique planes that turned
around the mid-point between centerline coordinates
Cx and Cp as shown in Fig. 1b. Starting from an axial
plane Py, that contain Cx and Cp, the algorithm makes
a fixed translation-rotation and a subsequent dynamic
rotation pivoting around the center of the aortic arch.

The plane P, was defined as:

P():)»‘)%+8~)A/+ZCA7CD~ZA

where X,7 and Z are the unit vectors of the 3D
euclidean space along the coronal, sagital and axial
directions of the CT volume, z¢, ¢, is the z-coordinate
of the slice containing Cx and Cp and parameters /, ¢
are such that:

Jye € NY/{A<512 Ae<512}

Po was first translated and rotated with the follow-

ing transformation
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rtPy = R, :(Py — (Po))

where (Py) is the center-point of the plane Py and R, :
is the rotation matrix

cosoe —sino 0
Ry:= |[sina cosa 0
0 0 1

that aligns P, with the vector connecting C5 and Cp.
Accordingly, angle o was calculated as:

[Ca — Cpl|

Finally, the resulting plane was sequentially rotated
in 2° steps, using the transformation

P, = R(),,u -rtPy

where Ry,, is the rotation matrix:

cos 0 + u2(1 — cos 0)
Ry, = | uyte(1 —cos ) + u.sin 0

which performs a rotation of 6 degrees around the axis
u, orthogonal to the segment Cp — Cp and the unit
vector z, calculated from the following a vector prod-
uct:

(CA — CD) Rz
[Ca — Col|

The curvilinear path of the thoracic aorta was
covered assigning values of 6; angle from 0° to 240°.
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