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The apex of the aortic arch backshifts with aging
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Abstract

Background Only a few studies, involving small numbers
of patients, have globally assessed the curvature of the
thoracic aorta but without any details concerning the
location of the supra-aortic trunks.

Objectives Using CT to describe normal aortic-arch mor-
phology and its changes with age and sex.

Methods 344 CT scans were studied. We measured the
distances from the apex to the ascending and descending
aorta, the curvilinear length of the entire arch, that of the
segment, including bifurcations of supra-aortic vessels, and
the angle, height, and shift of the arch.

Results In men, the arch was significantly longer (146.2 vs
122.8 mm; p < 0.001), higher (49.3 vs 40.1 mm,
p <0.001), and wider transversely (83.6 vs 73.3 mm;
p < 0.001) than in women. The average men’s arch also
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had a more acute angle at the apex (79.7° vs 83.7°
p < 0.001). Neither morphology nor age influenced the
winding angle around the mediastinum. Aging was
accompanied by deflection and extension of the aortic arch,
which grew more anteroposteriorly (6.1 mm/10 years in
men) than vertically (2.5 mm/10 years in men), while the
apex moved towards the rear of the arch. The ascending
aorta was the only curvilinear length unaffected by age,
whereas the supra-aortic trunks parted from each other.
Conclusion We believe that all these original observations
could lead to a better assessment of normal aging of the
aorta and guide technical choices during surgical or hybrid
procedures.

Keywords Aorta - Thoracic - Anatomy - Supra-aortic
trunks - Curvature - Tomodensitometry

Abbreviations
AC Ascending aortic-arch length
ACD Apex angle of the aortic arch

ACsD Helix angle of the aortic arch
AD Transverse length of the aortic arch

BCT Brachiocephalic arterial trunk
BMI Body mass index

BSA Body-surface area

CCp Aortic-arch height

CDh Descending length of the aortic arch

CDA Descending angle of the aortic arch

CT Scan Computed tomography scan

DAC Ascending angle of the aortic arch

LCCA Left common carotid artery

LSCA Left subclavian artery

PACS Picture archiving and communication system
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Introduction

Aorta’s functions vary from an absorbing structure of the
pulse wave to a conducting vessel. The intrathoracic seg-
ment, while reducing systolic impact, accomplishes a half-
turn within a reduced space and giving rise to the supra-
aortic trunks. Various diseases and age are responsible for
histological modifications to the structure of the aortic wall
[14, 16-18] and several studies have observed increased
thoracic-aorta diameters at various levels [4, 7, 11, 19].
However, there is still scant knowledge of the morphology
of aortic arches and of segment lengths where the supra-
aortic trunks arise. Only a few studies, involving small
numbers of patients, have assessed the curvature of the
thoracic aorta [3, 8, 13]. The most recent published study
[1] is comprehensive with regard to the three-dimensional
aortic-arch morphology but does not specify the location of
the supra-aortic trunks. The authors aimed to characterize a
population without any direct influence of aortic root dis-
ease. To fully assess the anatomy of the thoracic aorta and,
more specifically, the segments of the supra-aortic trunks,
we investigated the changes in the length, diameter, and
curvature of the thoracic aorta in a large patient sample
based on a general population.

Materials and methods
Patients

All computer tomography scan (CT scan) examinations
requested by a non-cardiovascular department between 1
January 2012 and 1 June 2013 in our University Hospital
were examined. The exclusion criteria were any history of
heart or thoracic surgery, aortic syndrome, aneurysm, a
disease of the great vessels, and Marfan syndrome. Given
the high prevalence of hypertension, we did not exclude
patients suffering from these diseases; moreover, in a
previous study, Lin [7] did not found any statistical link
between systolic blood pressure and aortic root or
ascending aorta diameters. Likewise, as we aimed to study
a general population (instead of a normal one), patients
with uncomplicated atheroma or diabetes were not exclu-
ded, owing to the high prevalence of this type of pathology.
Patients were retrospectively identified from our hospital’s
Radiology Information System (Xplore, EDL, La Seyne-
sur-Mer, France). They were divided into two groups
according to sex. For each patient, age at the CT scan
examination date was recorded and, when available, body
mass and height data. Body-mass index (BMI) and body-
surface area (BSA) [10] were calculated from these vari-
ables. A blind analysis of the CT scan examination was
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performed from demographic and age data. This descrip-
tive, retrospective, observational monocentric study was
conducted according to ethical principles for medical
research involving human subjects in French university
hospitals [2].

Computer tomography scan examination
and analysis

The examinations were conducted with a CT scan General
Electric Healthcare Discovery HD750. Constants for X-ray
Tube were tube voltage: 100 kV (120 for patients with a
high B.M.1.) and a charge automatically adapted, gantry
rotation time vary from 0.4 to 0.7 s, average collimation
was 0.625, field of view varies from 350 to 550 mm, and
slice thickness was between 0.625 and 2 mm. Injection of
90 mL of Xenetix 350 (Guerbet® France) was performed
at 2.5 mL per second, on the arm previously equipped with
intravenous access. It has not been required that it be
placed on the right arm. Scans were analysed on a General
Electric Advantage Workstation 4.4 (General Electric,
Waukesha, Wisconsin, USA), using a semi-automatic
segmentation of the selected thoracic-aorta segment.
Measurements were taken by a single operator.

Measurements

Aortic segmentation was performed through a curvilinear
reconstruction of the aortic arch, determining the centre of
the blood flow in the lumen automatically. A manual re-
contouring of the lumen addressed errors in segmentation.
We used multiplanar rendering in double oblique, curvi-
linear reformatting, and axial view, perpendicular to the
curvilinear reformatting. Like many other studies, we took
the pulmonary artery as anatomical landmark [1, 19]. As
the study on a large cohort of Rogers et al [11], we focused
on a part located between (A) the lumen centre point in

Fig. 1 3D view of the positioning points A, C, and D
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ascending aorta at the mid-level of the right pulmonary
artery flow [11] and the corresponding point of the
descending aorta (D) (Figs. 1, 2). These two points were
our main anatomical landmarks, combined with:

e the most cranial point (C) in the aortic arch: the apex of
the arch;

e the point corresponding to the anterior edge of the
brachiocephalic arterial trunk (BCT);

e the point corresponding to the posterior edge of the left
common carotid artery (LCCA);

e the point corresponding to the posterior edge of the left
subclavian artery (LSCA).

We also determined the following extravascular points.
Cp was the point corresponding to the orthogonal projec-
tion of point C on the transverse length of the aortic arch
(AD), so that the rectilinear transverse length of the aortic
arch AD and the aortic-arch height CCp were perpendic-
ular (Fig. 2). Point Cs is the orthogonal projection of C
onto the axial plane passing through A to D.

Using the coordinates of A, C, D, Cp, and Cs, the fol-
lowing measurements were calculated:

e rectilinear transverse length AD, rectilinear ascending
length AC and rectilinear descending length CD, arch
height CCp, and the shift (ACp/CpD ratio);

e the angle of the aortic arch in the axial plane ACsD
(helix angle);

e the apex angle ACD.

We recorded the mean aortic diameters at points A and
D obtained from the circulating surface, in a true short-axis
plane, orthogonal to blood flow centreline. We also col-
lected data on the various curvilinear lengths at mid-flow
that characterized the aortic arch.

e The length of the entire studied arch from point A to
point D (Lg arch) and the length of the segment of the
supra-aortic trunks (Lg BCT-LSCA).

Fig. 2 3D view of the positioning points A, C, D, and Cp

e The length between point A and the brachiocephalic
arterial trunk (Lg A-BCT).

e The length between the LSCA and point C (Lg LSCA-
C); this distance was expressed negatively if point C
was proximal to the posterior plan of the left subclavian
artery implantation and was recorded as positive if it
was positioned distally.

e The length between point C and point D in the
descending aorta (Lg C-D).

Because our study allowed us to estimate morphological
aging of the aortic arch, we also conducted linear regres-
sion analyses on the speed at which the variables changed
over time.

Comparison with subjects with aortic dissection

The biometric measurements of the normal aortic arches
were used as a reference for a comparison with afterward
obtained values (“CT patterns of acute type A aortic-arch
dissection: longer, higher, and wider” actually submitted)
using the same reference points on dissected aortas. These
parameters were measured in 57 patients (45 men) who had
a contrast-enhanced thoracic CT scan requested by the
heart surgery team for aortic type A dissection.

Statistical analysis

All measurements described above were recorded for all
patients. The data were then stratified according to age or a
continuous feature that separated them into classes, such as
age or height. The categorical variables were described by
their size and proportions. Continuous data are presented
by the mean and 95% confidence interval, unless stated
otherwise. The distribution of variables was evaluated
systematically by a test of normality. The alpha risk was set
at 5% and was not corrected for multiple testing.

The comparison of means between the different mea-
surement points was performed by the analysis of variation
(ANOVA) of matched samples. Qualitative variables were
compared using a Fisher’s exact test. Comparisons between
groups were initially performed without adjustment, using
a Student’s ¢ test or Wilcoxon test for continuous variables
with a normal or other distribution, respectively. Another
analysis was performed after adjusting for age, sex, and
body weight and height using a general linear model.
Finally, we separated age quartiles for both sexes and
compared average arches of young patients with average
arches of older ones and presented the graphically the
results of the comparison.

To ensure the measurements were valid, the single
operator in charge of the data collection trained on ten CT
scans. These results were excluded from the analyses.
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Thereafter, the stability of the aortic-arch measurements
was evaluated by repeating the measurements of 34 ran-
domly selected subjects three times. Two measurements on
the same patient were made after a minimum interval of
10 days. The obtained measurements were compared
within each pair of successive iterations (1 and 2, then 2
and 3). Only measurements from iteration 3 were retained.
For each measured variable, the disparity between two
successive measurements was tested by Student’s ¢ test
over the matched series; quantization matching was done
using the Shrout—Fleiss intraclass correlation coefficient
[15]. All statistical analyses were performed with the SAS
software (SAS 9.3, SAS Institute Inc., Cary, NC, USA). All
were double-tailed tests (except for ANOVA), and the
alpha risk was set at 0.05.

Results

The contrast-enhanced thoracic CT scans of 344 patients
(162 female, 182 male) were analysed. Data for body mass
were available for 243 patients and height for 202. All
demographic variables and those relating to arch mor-
phology were normally distributed. The demographic
variables were divided as shown in Table 1. There were
statistically significant differences in body mass, height,
and BSA between the two groups. However, BMI and age
range did not significantly differ between sexes.

Reproducibility of measurements

We assessed the reproducibility of the aortic measurements
in a sample of 34 patients. The first series of measurements
(iteration 1) was statistically different from iteration 2 for
several variables. The only discrepancy between iterations
2 and 3 was the diameter at the level of the BCT. The
average difference between measurements 2 and 3 was
0.56 mm =+ 0.67. Between these two iterations, the intra-
class correlation coefficient was always >0.7 for all mor-
phologic variables.

Aortic-arch morphology

Univariate analyses of the morphologic differences in the
aortic arch according to sex revealed significant differences
for most of the measurements (Table 2). The men had a
statistically longer (Lg arch), higher (CCp), and transver-
sally more extended (AD) arch than did the women. In
addition, the men’s average aortic arch had a sharper angle
at the apex.

Demographic data compared to the morphology
of the aortic arch

The correlations between demographic data and measure-
ments of the aortic arch were studied for each group. The
morphologic variables that were significantly correlated
with the same demographic variable, irrespective of sex,
were as follows. The distance between the subclavian
artery and the apex was statistically associated with body
mass: heavier patients had a subclavian artery placed fur-
ther behind the apex of the arch. The curvilinear length
from point A to BCT was only positively correlated with
body mass (women p = 0.041; men p < 0.001). The angle
at the top of the arch was correlated with body mass in both
sexes (women p = 0.034, men p = 0.002), with a more
open angle in heavier subjects. The shift was independent
of the demographic data, as was the helix angle of the aorta
around the mediastinum.

Effect of age on aortic-arch morphology

Age was significantly correlated with most of the mor-
phological variables apart from ascending aorta curvilinear
length and apex and helix angle. The shift, regardless of
demographic data, was statistically associated with age
irrespective of sex. The modelled velocities obtained from
linear regression of the morphological variables according
to age are shown in Table 3. These modelled velocities
differed according to the portion of the arch assessed and to
sex. The segment of the aorta where the supra-aortic trunks

Table 1 Average, minimum,

. Women
and maximum values, and

Men t test

standard deviations (SD) for n

Average = SD (min—max) n

Average = SD (min—max)

demographic variables

according to sex, with p values, Body mass (kg) 97 65 £+ 18 (38-13)5) 146 72 £ 13 (44-127) <0.001*

and assessed by Student’s 7 test  Hejoht (cm) 82 161 % 5.6 (149-178) 120 172 & 6.8 (156-193) <0.001*
BMI (kg/m?) 82 25+ 6 (15-46) 120 24 £ 4 (13-35) 0.28
BSA (m?) 82 1.7+ 03(1.3-25) 120 1.9+ 02 (1.4-2.4)a <0.001*
Age (years) 162 56 & 17 (15-91) 182 59 & 16 (14-86) 0.18

BMI body mass index, BSA body-surface area

* Significant value
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Sandard deviuons (5D, and Women Men =
?cl)lrnrlrrll;lll*g;s; dgg;"i}i‘;;;lz:lg? Average = SD (min—-max) Average = SD (min—max)
the aortic arch in men and Curvilinear length (mm)
women, assessed by Student’s
f test (with p values) Lg arch 122 + 20 (72-174) 146 £ 23 (79-215) <0.001*
Lg BCT-LSCA 31 + 6 (1449) 35 £ 7 (19-56) <0.001*
Lg ascending aorta 31 + 6 (11-49) 37 £ 7 (18-59) <0.001*
Lg LSCA-C 2 4+ 10 (—18 to 35) 5411 (—18 to 38) 0.02*
Lg descending aorta 61 + 17 (24-104) 74 £ 17 (26-134) <0.001°*
Straight length (mm)
Transverse (AD) 73 + 12 (49-105) 84 + 14 (49-119) <0.001%*
Ascending AC 58 + 11 (30-89) 70 £ 13 (35-108) <0.001%*
Descending CD 53 + 8 (33-76) 61 + 8 (37-88) <0.001*
Aortic-arch height 41 £+ 8 (22-61) 49 + 9 (25-78) <0.001*
Angle (°)
Apex angle 84 + 9.9 (60-104) 80 + 11 (55-105) <0.001*
Helix angle 149 + 13 (100-180) 146 £ 15 (96-179) 0.02*
Diameter (mm)
At point A 30 + 4 (20-42) 33 + 4 (22-43) <0.001*
At point D 22 + 3 (16-31) 25 £ 3 (17-34) <0.001*
Shift (cm/cm) 1.3 £ 0.5 (0.3-3) 1.5 £ 0.7 (0.5-7.7) <0.001*

BCT brachiocephalic arterial trunk, LCC left common carotid, Lg length, LSCA left subclavian artery

* Significant value

arose had weaker growth compared to the rest of the aortic
arch. The height of the arch also increased more slowly
than the anteroposterior length.

According to methods, the age quartiles for both sexes
were separated out and the data from average arches of
young patients were compared with those for average
arches of older patients (Fig. 3). We choose point A as a
reference for comparison. For both sexes, graphical anal-
ysis showed a non-super-imposable evolution of the arch
during aging.

Discussion
General considerations

The involvement of sex and age in the morphology of the
thoracic aorta has widely been documented [7, 11, 12, 19]. In
contrast, neither smoking nor hypercholesterolemia has any
demonstrated effect on aortic morphology [19]. Given the
high prevalence of these characteristics, we focused our
work on a general patient sample. The selected markers were
those already widely used elsewhere [1, 11, 19]. The most
recent publication on this topic [ 1] was based on the midpoint
of the segment (AD), but we elected to use the apex of the
aortic arch to define the curvature of the aortic arch.

Aortic-arch morphology according to gender

We observed an increase in the diameters and curvilinear
and straight lengths of the arch with aging. However,
these changes were not identical, since non-homothetic
distortion of the aorta was observed. In agreement with
other reports, we found that sex affected aortic diameter
[5,7, 11, 19]. In a study of a cohort of 70 patients, Hager
et al. [5] reported various aortic diameters in various
positions and correlations between these diameters and
the patients’ age. Their results were very similar to ours.
The larger study of Rogers et al. [11] also reported
diameters similar to ours, despite different points of ref-
erence. In a smaller sample, Rylski et al [12] reported
diameters similar to ours on the ascending, horizontal, and
descending aorta. However, they provided no detailed
data on horizontal aorta.

Understanding of the overall anatomy of the aortic arch
was greatly advanced by the recent article of Cascario
et al [1], which, from identical landmarks in the ascend-
ing and descending aorta, showed numerous patterns of
aortic morphology. Total lengths and diameters were
consistent with our measurements. The authors also
observed a shift that was calculated by a different method
from ours, but finally, they found an asymmetric aortic
morphology.
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Aortic-arch morphology according to age

Although the design of our study was not the most suit-
able to analyse changes in aortic morphology during aging,
it did allow us to estimate them from the variability in age
of our patients. In men and women, comparison of arches
in the youngest age quartile and the oldest quartile showed
a number of variations. The aortic arch extended more in
the anteroposterior direction than vertically. In addition,
the ascending rectilinear length increased faster than the
descending rectilinear length; there was a shift towards the

Table 3 Regression coefficients from linear regression modelling:
age effect on different morphological variables of the aortic arch

Women Men

Curvilinear length (mm)

Lg arch 8.6 9.2

Lg BCT-LSCA 1.9 2.1

Lg ascending aorta NA NA

Lg LSCA-C 33 35

Lg descending aorta 7 6.9
Straight length (mm)

Transverse 55 6.2

Ascending 4.5 5.2

Descending 3.3 2.8

Aortic-arch height 2.7 2.5
Angle (°)

Apex angle NA 1.2

Helix angle NA NA
Diameter at (mm)

At point A 1.5 1.6

At point D 1 1.2
Shift (cm/cm) 0.05 0.12

Straight and curvilinear lengths in mm/10 years, angles in degrees/
10 years, shift in cm/cm/10 years

NA variables whose statistical correlation coefficients, by Pearson’s
coefficient analysis, were not significant

BCAT brachiocephalic arterial trunk, LCC left common carotid, Lg
length, LSA left subclavian artery

Fig. 3 Overlapping of the
average aortic arch (left women;
right men) in the youngest
quartile (gray) compared to the
average aortic arch of the oldest
patients (black). White dot
represents point C
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front of the horizontal portion of the arch, whereas the
apical point was located further behind the arch. Moreover,
the angle at the top of the arch increased. Consequently, the
aortic arch underwent curve deflexion with age. These
findings are in line with those of Craiem et al. [3]. No
modification was observed with age regarding the distance
between reference point A and the anterior plane of the
insertion of the brachiocephalic arterial trunk (curvilinear
length of the ascending aorta). This length was not corre-
lated with any of the demographic variables, apart from
BSA. The lack of association with other demographic
variables could be due to a lack of statistical power,
especially among the female group. The increased length
of the emerging segment of the supra-aortic trunks was not
the same as that in the entire aortic arch. Aortic-arch
growth was faster within the segments without any col-
lateral arteries than in the segments with the supra-aortic
trunks. These observations are similar to those of Craiem
and Rylski [3, 12]. Craiem demonstrated that aging leads to
unfolding of the thoracic aorta with an increased width and
a reduced tortuosity. Rylski used three reference points
different from ours. Consequently, we cannot compare our
results to theirs. In their study, Craiem underlines the
possible effect of aortic arch unfolding on aortic-arch
physiopathology. We observed similar changes in diameter
over time to those of Hager et al. [5]. The difference in the
rate of diameter growth was greater for the furthermost
points than for the supra-aortic trunk, which is a similar
result to that of Hager et al. The rates found were also
similar to those previously reported by Rylski [12].

Frydrychowicz et al [5] worked on 4D MRI flow in the
aortic arch, studying age, and aortic morphology. They
were able to link the aortic flow pattern geometry with both
the age of patients and aortic morphology. This lends
weight to our findings which suggest an evolution of aortic-
arch morphology with age. However, we cannot answer the
question of whether morphologic preceded haemodynamic
flow pattern modifications or vice versa. We hypothesize
that the change in aortic morphology results from the
intermingling of several factors of which age and flows in
the aortic arch are only elements.

1cm Men
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Positioning of the supra-aortic trunks

The apical point of the arch (C) is the crucial element of the
aortic arch. Yet, in young patients, we found that it was
positioned proximally to the left subclavian artery. Unlike
the supra-aortic trunks, which followed a different pattern,
it shifted backwards towards the aortic arch with aging.
Among older patients, therefore, it is placed distally to the
left subclavian artery. It seems that the aortic arch, while
undergoing a general deflection, extends within the portion
situated distally to the supra-aortic trunks. The portion
situated proximally to these trunks does not extend,
whereas the segment where the supra-aortic trunks arise
increases more slowly than the descending portion. Initially
positioned on both sides of the apex, the three supra-aortic
trunks were situated proximally to point C among the
oldest patients.

Limitations

Several publications have demonstrated the superiority of a
semi-automatic assessment of the flow centre, as the more
reproducible methods of measuring flow length [11]
(comparison methods included the assessment by an expert
reviewer). Our measuring method appeared robust, and the
intraclass correlation coefficients were all >0.7, with most
being >0.9. This high concordance produced excellent
reproducibility during repeated measurements [15]. The
definition of a normal arch is not universally acknowl-
edged, and hence, inclusion or exclusion criteria can vary
between studies. Having the measurements performed by a
sole operator may have influenced our results. Furthermore,
the reference points A and D may have been related to
parameters that were not considered in this work, such as
shifting of the pulmonary artery with age, and overall
modification of thoracic morphology. Our results do not
allow us to consider variations in the entire thoracic aorta
from the valvular plane to the aortic hiatus. However,
concerning the portion with the supra-aortic trunks, we
obtained results that we regard as reliable. In addition,
when our findings are compared with those from other
studies that used different points of reference, the results
are similar, which tends to minimize our limitations.

Clinical applications

The findings presented are a preliminary to a larger study
comparing the morphology of normal and dissected aortic
arches. The use of thoracic stents in daily practice has
generally been restricted to the segment of the descending
thoracic aorta. One of the limitations of endovascular
stenting on the aortic arch is its particular shape, which
may lead to a lack of apposition of the stent along the aortic

wall. This may lead to an endoleak (for stent-grafts), and to
a collapse of the stent [6, 9]. The results of our work will
allow the development of medical devices specifically
designed for the aortic arch.

Conclusion

Many parameters, not previously investigated, are descri-
bed in this study of the aortic arch. We observed a sig-
nificant change in the morphology of the aortic arch with
aging. Diameters increased, the arch curvature lessened,
and the bases of the supra-aortic trunks moved towards the
front of the arch apex. These results could be used to
evaluate a pathological aorta (suffering from aneurysm or
dissection) and to design new implantable devices.
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