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ABSTRACT

Background: The curvature of the aortic arch is associated with the risk of endoleak formation after thoracic
endovascular aortic repair (TEVAR). However, the adequate assessment of the angles of the aorta continues to
represent a major difficulty. We developed a new program based on three-dimensional (3D) reconstructions of
computed tomography (CT) scans to objectively identify the location of the aortic points of maximum curvature,
and to automatically calculate the main aortic arch angles, comparing final values with visual assessment
methods.

Methods: This is a cross-sectional validation study of a convenience sample of subjects with multislice CT
angiography scans of the thoracic aorta from an institutional imaging database. The center lumen line (CLL) of
the aorta was determined semi-automatically using Endosize software. The points of maximum curvature on the
CLL were determined by two methods: visually by two physicians and through a custom program.

Resuits: The study enrolled 9 subjects: 4 with thoracic aneurysms and 5 with normal aortas. The inter-observer
and inter-method correlation, agreement and reliability for each of the 3D spatial coordinates of the points of
maximum curvature were appropriate. However, the aortic angles determined by visual assessment showed a
very low to moderate correlation and reliability with those determined by our custom program.

Conclusion: An automated custom program can reflect clinician’s intuitive assessment of the location of points of
maximum curvature and translate it into aortic angles with an apparently higher precision, reducing potential
error and user time.

1. Background

Though there is a wealth of information indicating that the
morphology of the abdominal aorta is an important predictor of clinical

The aorta is a complex structure that changes drastically in patients
with aneurysmal diseases. Three dimensional (3D) computed tomogra-
phy (CT) scans are currently the most widely used imaging modality for
evaluating aortic geometry [1,2]. However, the appropriate character-
ization of its size and shape in both normal and diseased settings still
remains a challenge.

outcomes, data on the thoracic aorta are still scarce [3,4]. There is ev-
idence that the location and tortuosity of the aorta may be related to the
risk of endoleak formation after thoracic endovascular aortic repair
(TEVAR) [5-7]. The magnitude of aortic angles, especially in the prox-
imal and distal neck, and the radius of the aortic arch curvature may also
increase the risk of endoleaks [8,9]. However, both in research and in
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current clinical practice, the points of maximum curvature of the aorta
are usually assessed visually at the risk of inaccuracies, high
inter-observer variance and prolonged user time [10,11]. Though
several automated methods have been proposed to accurately measure
the curvature of the thoracic aorta, many rely on global indicators of
curvature or on geometric assumptions and have not been formally
compared to visual assessment methods [12-14]. In this validation
study we propose a new automated program to objectively identify the
precise location of the aortic points of maximum curvature and, without
relying on geometric assumptions, to automatically calculate the angles
of the thoracic aorta, comparing final values with visual assessment
methods. We believe that such a program could potentially be useful in
the clinical workup of patients with thoracic aneurysms, to identify
patients at risk for endoleak formation after TEVAR.

2. Methods
2.1. Study design and image acquisition

This is a cross-sectional, observational study of a convenience sample
of CT angiography scans of the thoracic aorta collected retrospectively
from the institutional imaging database of the Vascular Surgery
Department of the Hopitaux Universitaires La Pitié-Salpetriere in Paris,
France. Patients were classified into two groups according to the final
report on the CT scan: one with thoracic aorta aneurysms and another
with normal healthy aortas.

CT angiography scans of the aorta were taken using the peripheral
intravenous injection of iodinated contrast agent at arterial phase. The
optimization of intra-luminal enhancement during peak aortic opacifi-
cation was obtained by automated bolus tracking. CT images were ac-
quired using multislice CT scans and Digital Imaging Communication in
Medicine (DICOM) data with a maximum slice thickness of 3 mm and a
minimum reconstruction interval of 1 mm. CT scans were synchronized
with electrocardiogram gating to avoid beating artifacts and were
required to include the entire thoracic aorta from the coronary arteries
to the coeliac trunk. Images were anonymized to preserve patient
confidentiality.

2.2. Extraction of the center lumen line

Three-dimensional (3D) reconstructions of the thoracic aorta using
segmentation and volume rendering techniques were generated using an
automatic 3D sizing Endosize software (Therenva, Rennes, France) that
is commercially available [15-17]. The center lumen line (CLL) of each
vessel was determined semi-automatically from CT angiography scans of
the aorta using Endosize software. The 3D coordinates of the first and
last points of the CLL were manually identified by visual assessment by
two trained physicians (JMF and MTP) in order to generate a CLL of the
entire thoracic aorta. The first point of the CLL corresponds to the cross
section passing through the ostium of the right coronary artery and the
last one corresponds to the cross section passing through the coeliac
trunk. The mean of each axis position was then calculated for each point,
obtaining a mean first point and a mean last point. The rest of the CLL
points were automatically generated by Endosize software using these
two points. This CLL was used thereon for identifying the points of
maximum curvature by two different methods: visual assessment and by
using a custom program. Visual assessment of points of maximum cur-
vature was done using Endosize software. The identification of points of
maximum curvature using our custom program required extracting the
3D coordinates of each point on the CLL from Endosize software.

2.3. Identification of points of maximum curvature by visual assessment
The 3D coordinates of points of maximum curvature were identified

by visual assessment using combined volume rendering images over-
lapping CLL tracings on aortic 3D CT angiograms created by Endosize
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software (Fig. 1). This was done by two trained physicians (JMF and
MTP) using a standardized method that has been previously described
and validated [10,11]. Briefly, after 3D image reconstruction, the aorta
was turned 360° perpendicular to the center of the CLL and then rotated
along its longitudinal axis, until the sharpest angle was identified. The
vertex of this angle was considered the point of maximum curvature by
visual assessment. The amount of points of maximum curvature identi-
fied visually was established following the observers’ criteria; there was
not a fixed amount of points pre-specified. All points of maximum cur-
vature were selected independently by each operator on two different
occasions separated two weeks apart, as to evaluate both interobserver
and intraobserver variability.

2.4. Identification of points of maximum curvature by custom program

The points of maximum curvature were also identified automatically
using our custom program developed in MATLAB (R2018a, The Math-
Works, Inc., Natick, Massachusetts). After importing the 3D coordinates
of the CLL from the Endosize software, each point on the CLL was
identified using our custom program following a parametric approach r
(s)=(x(s),y(s),z(s)) where s is the parameter running from the first point
(considered as 1) to the last point of the line and therefore represents the
length of the aorta. The calculation of x(s), y(s), z(s) and their de-
rivatives was done by spline interpolation between neighboring points
given a parametric curve, which also allowed to compute the derivatives
using s as a parameter. The first derivatives were computed as the first
order difference for a vector X with points separated by A (which is
equal to 1 because it deals with parametric deviation). That is:

x(2) —x(1) x(3) —x(2)  x(n) —x(n—1) 1
A ’ A B A

The second derivatives were found simply by applying the first de-
rivatives to the resulting vector. The curvature radius k was computed
following the equation:

:r)(r 2

r33

k

where r’ and r’’ stand for the first and second derivatives of the function
r(s) and the cross (y) denotes the vector cross product. The norm of the
vector is symbolized as ||.|| and is defined as the square root of the sum
of the values of the x, y and z spatial coordinates of the vector, each
raised to the second power. This is:

X=y/x2+y +22 3

To reduce the noise related to signal pixelations and transformations
from the interface tool, we used a digital filter where the output is a
clean r c(s) signal that is the result of the convolution of its input r(s)
with a unit-average impulse response h(s). Equation (2) was then
applied to the CLL, generating a function of the curvature radius k over
the aortic length (or position) (Fig. 1, right image). The points with a
radius curvature over a threshold of 0.2 cm™! were identified, following
previous studies that suggest that thoracic aorta curvature values above
this threshold correspond to the main aortic angulations [5,6]. This
threshold allowed to distinguish areas of high curvature values
(>0.2cm™ 1) that were separated by areas of low curvature values
(<0.2 cm_l). The point with the highest curvature value within each
individual area of high curvature values was considered the point of
maximum curvature for that area. Hence, all points of maximum cur-
vature on a specific thoracic aorta were identified. Again, there was not
a fixed amount of points pre-specified. The 3D coordinates of these
points were automatically generated and compared for correlation and
agreement with the points determined by visual assessment by each
operator.
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2.5. Aortic angle calculations

The three datasets of points of maximum curvature (ie., those
identified by visual assessment by each operator and those estimated
using a custom program) were imported into our custom program in
MATLAB and used to calculate the aortic angles (i.e., the angles between
the straight lines that join the points of maximum curvature) (Fig. 2A).
To do so, from each set of points of maximum curvature, we selected
three consecutive points and connected them with two straight lines or
vectors (X; and X»). The aortic angle at the point of intersection between

Fig. 2. Scheme representing how aortic angles (A) and algebraic distances (B)
were calculated. A. Given a dataset of points of maximum curvature (in this
representative figure, the black circles), three consecutive points of maximum
curvature were selected. These points were connected with two straight lines or
vectors (black lines). The angle at the point of intersection between the two
vectors was considered the aortic angle (blue arches). B. Close-up of previous
image. The algebraic distance between the center lumen line (CLL) and the
straight lines for each dataset was defined as the maximum length of a line that
perpendicularly intersects both the CLL and each straight line between points of
maximum curvature (i.e., that crosses these lines at a right angle (90°). In this
representative figure, the algebraic distances are the straight blue lines.

two vectors was defined as the dot product between those two vectors:
Xl.Xzi”XlHHXg”COS@ 4

This same process was repeated for all three consecutive points of
maximum curvature in each of the three datasets.

2.6. Algebraic distance between the CLL and straight lines between points
of maximum curvature

To estimate the accuracy with which the straight lines between the
points of maximum curvature represent a simplified version of the CLL
(so that most of the information on the CLL would be contained in just a
few points), we calculated in MATLAB an algebraic measure between
the CLL and the straight lines for each of the three datasets (Fig. 2B).
Given that the thoracic aorta does not have any major changes in its
concavity throughout its path, this measure was defined as the
maximum length of a line that perpendicularly intersects both the CLL
and each straight line between points of maximum curvature (i.e., that
crosses these lines at a right angle (90°)). The algebraic measures be-
tween the CLL and the straight lines for each operator/method were then
compared against each other for both normal aortas and thoracic
aneurysms.

2.7. Calculation of aortic curvature, tortuosity index and curvature-length
index

To further characterize the geometry of thoracic aneurysms, we
analyzed the association between different indicators of aortic curvature
and the presence of aneurysms. These indicators were calculated using
the function curvature radius k over the aortic length (or position)
(Fig. 1, right image) generated by applying Equation (2) to the CLL using
our custom program. The three indicators calculated from this function
were: the aortic curvature [cm’l] (i.e., the integral of the CLL curvature
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as a function of the length of the aorta divided by the length of the
aorta), the tortuosity index (i.e., an adimensional variable that repre-
sents the relation between the length of the aorta and the minimum
distance between the first and the last points of the aorta) and the aortic
curvature-length index (i.e. an adimensional variable that represents the
integral of the curvature of the CLL as a function of the length of the
aorta) [18-20].

2.8. Ethical issues

This study is in accordance with the Code of Ethics of the World
Medical Association (Declaration of Helsinki) for experiments involving
humans. Since this is an observational study involving minimum risk to
human subjects and the privacy of their personal information, the local
IRB of the Hopitaux Universitaires La Pitié-Salpetriere approved this study
and waived the requisite to obtain informed consent. Privacy rights of
human subjects were observed through anonymization of data.

2.9. Statistical issues

An initial one-way analysis was conducted to assess the distribution
for each variable. Continuous variables were summarized using mean
and standard deviation (SD) for normally distributed variables and
median and interquartile range (IQR) for non-normally distributed
variables. Normality was assessed formally by Shapiro-Wilk tests. Cat-
egorical variables were summarized with percentages in each category.

Intra-observer, inter-observer and inter-method variability of the
coordinates of the points of maximum curvature were estimated through
five analyses: the discrepancy in the number of points identified by each
operator/method, correlation coefficients, and Bland-Altman agreement
plots, reliability coefficients, and interclass correlation coefficients. For
simplicity, the last two analyses were only applied to inter-observer and
inter-method variability. Furthermore, though the rest of the analyses
were done by discriminating normal aortas from those with thoracic
aneurysms, for clarity, Bland-Altman plots considered both types of
aortas together.

Inter-observer and inter-method variabilities for aortic angles were
also estimated through five analyses: correlation coefficients, mean
differences, Bland-Altman agreement plots, reliability coefficients, and
interclass correlation coefficients. These analyses were chosen to
compare our results with previous reports in the literature [11,20].
Again, for clarity, Bland-Altman plots considered both types of aortas
together; the rest of the analyses were done by separating normal aortas
from those with thoracic aneurysms.

Correlation between operators/methods were assessed with Pear-
son’s correlation coefficient (p) for variables with a multivariate normal
distribution and with Spearman’s correlation coefficient (rs) for vari-
ables with a non-normal multivariate distribution. A general scale for
evaluating correlation coefficients is that values less than 0.30 represent
little if any correlation, between 0.30 and 0.49 low correlation, between
0.50 and 0.69 indicate moderate correlation, between 0.70 and 0.89
indicate high correlation, and values greater than 0.90 indicate very
good correlation [21]. If the amount of observations were different
among comparing pairs (observers/methods), the observation with the
highest Euclidean distance from the comparing observations would be
considered as a separate point identified by only one observer/method
and would be removed from the analysis. The discrepancy in the number
of points identified by each operator/method (i.e., the amount of points
identified only once or only by one operator/method) was also evalu-
ated. Since two methods can show excellent correlation despite the
presence of significant systematic bias, assessment of agreement and
reliability was also performed. Bland-Altman agreement plots represent
the difference between two measurements on the y-axis plotted against
the average of these measurements on the x-axis. The mean difference
between the two measurements is called the center of agreement and is
represented by a central horizontal line on the plot. The upper/lower
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limits of agreement are +1.96 SD of the mean difference [22]. The gap
between the center of agreement and the x-axis (corresponding to zero
differences) is called the bias. Global agreement between measurements
was assessed by visual examination of the Bland-Altman plots [23].
Reliability was measured with the repeatability coefficient (RC), which
is defined as [11,23]:

n 2
RC =1.96% Zi (xl _x2)
n

with (x; —x2) being the difference between two measurements. The RC
is the value below which the absolute differences between two mea-
surements would lie with 0.95 probability. This index takes into account
both random and systematic errors and therefore quantifies absolute
reliability in the same units as the measurement tool [24]. Reliability
was also measured with intraclass correlation coefficients (ICC) using a
two-way mixed-effects model based on mean-rating following the ab-
solute agreement definition. ICC represents the proportion of variance in
data that is explained by between-rater differences [25]. Higher ICC
values indicate greater reliability between the measurements of the
same patient. A general guidelines is that values less than 0.50 are
indicative of poor reliability, values between 0.50 and 0.75 indicate
moderate reliability, values between 0.75 and 0.90 indicate good reli-
ability, and values greater than 0.90 indicate excellent reliability [26].

Group comparisons involved two-tailed non-paired T tests for nor-
mally distributed variables, Wilcoxon (Mann-Whitney U) test for non-
normally distributed variables and chi-square or Fischer’s exact tests
for categorical variables. A one-way analysis of variance (ANOVA) was
used to determine differences between the means of three or more
groups for variables with a normal distribution; a Kruskal-Wallis test
was used in cases with a non-normal distribution. Two-tailed tests were
considered statistically significant at the 0.05 level. When performing
analyses between three or more groups, Bonferroni-adjusted alpha levels
were used (following 0.05/c, being ¢ the number of comparisons on the
same dependent variable). All analyses were performed using STATA
software version 15 and R software version 1.0.136 [27].

3. Results

This study included CT scans from 9 subjects: 4 with thoracic an-
eurysms and 5 with normal aortas. Overall, subjects were mostly middle-
aged (mean: 58.4 years-old) males (67%), with no significant differences
between groups.

3.1. Three-dimensional coordinates of points of maximum curvature

There was an appropriate correlation between the 3D coordinates of
the first and last points of the CLL identified by two operators on each
axis (Pearson’s correlation, p > 0.99; p < 0.0001 in all cases). A mean
first point and a mean last point were then obtained and used to auto-
matically generate the rest of the CLL points using Endosize software.

For each aortic CT scan 5-7 points were obtained: 3-5 points of
maximum curvature identified by at least two operators/methods, plus
the first and last points that signaled the beginning and the end of the
CLL (which were the same for each subject for all operators/methods).
The 3D spatial coordinates of the points of maximum curvature are
shown on the left side of Fig. 1 images. Overall, there were 35-36 points
of maximum curvature identified by at least two operators/methods. On
the aortas with aneurysms, 59% of the points of maximum curvature
were on the aneurysm itself, while the rest were on the proximal landing
zone.

3.1.1. Discrepancies in the number of points identified by each operator/
method

When comparing points of maximum curvature identified by oper-
ators 1 and 2, there were 4 points identified by only one operator. When
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comparing points of maximum curvature identified by operators 1 or 2
with those identified by the custom program, in both cases there were 7
points identified by only one method. There were no significant differ-
ences in the proportion of discrepancies between operators/methods
(#2=0.88; p = 0.6440) (Table 1).

On repeat testing two weeks later, both operators 1 and 2 identified
35 points for the second time. In both cases, 2-3 points were identified
on only one occasion. There were no significant differences in the pro-
portion of discrepancies on repeat testing between operators (y?=0.14;
p=0.7130) (Table 2).

3.1.2. Correlation among points identified by different operators/methods

After removing the points identified by only one observer/method
(as described in the Methods section), the inter-observer and inter-
method correlation coefficients for each of the 3D spatial coordinates
of the maximum curvature points were calculated using Pearson’s cor-
relation coefficient. In most cases, the correlation coefficient was very
high (p > 0.93; p < 0.0001); for two comparisons it was high (p > 0.80;
p <0.0001) (one comparison applied to normal aortas and another to
aortas with thoracic aneurysms) (Table 1) (Fig. 3). Intra-observer cor-
relation was also measured following the same method, reaching
appropriate results for both groups of subjects (p > 0.96; p < 0.0001)
(Table 2) (Fig. 4).

3.1.3. Bland-Altman agreement plots of points identified by different
operators/methods

Bland-Altman plots show inter-observer/method agreement and
intra-observer agreement between points of maximum curvature (Figs. 5
and 6, respectively). In all comparisons, the bias was small and most of
the differences between the two measurements were within the limits of
agreement. There was no systematic bias identified in the distribution of
mean differences across the average of these two measurements.

3.1.4. Repeatability coefficients and interclass correlation coefficients
among points identified by different operators/methods

The RC and the ICC of the points of maximum curvature were
evaluated for normal aortas and for thoracic aneurysms, testing both
inter-observer and inter-method reliability. For both normal aortas and
thoracic aneurysms, the inter-observer and inter-method RC were
appropriate (i.e., within 9.2% and 23.0% of the first measurement) and
the inter-observer and inter-method ICC were good (in three cases, one
for inter-observer reliability and two for inter-method reliability) or
excellent (Table 3).

3.2. Aortic angles
The aortic angles formed by the straight lines between the points of

maximum curvature identified by each operator/method were also
calculated for each group of subjects in each of the three datasets.

Table 1
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3.2.1. Correlation among aortic angles calculated from the points of
maximum curvature identified by different operators/methods

The inter-observer and inter-method correlation coefficients for each
of the aortic angles were also calculated using Pearson’s correlation
coefficient. Hypotheses testing was conducted using a Bonferroni-
adjusted alpha levels of 0.0083 in each test (0.05/6). Among subjects
with thoracic aneurysms, although there was a very high and significant
correlation between operators 1 and 2 (p=0.98; p < 0.0001), the cor-
relation between the operators and the program was moderate, though
non-significant (operator 1: p=0.57; p =0.0203; operator 2: p=0.62;
p=0.0111). Among subjects with normal aortas, there was a moderate
though significant correlation between operators 1 and 2 (p=0.62;
p =0.006). Between the operators and the program this correlation was
very low and non-significant (operator 1: p=0.21; p = 0.3681; operator
2: p=0.32; p=0.1595) (Fig. 7).

3.2.2. Bland-Altman agreement plots of aortic angles calculated from the
points of maximum curvature identified by different operators/methods

Bland-Altman plots show inter-observer/method agreement for
aortic angles. In all comparisons, the bias was small and most of the
differences between the two measurements were within the limits of
agreement. There was no systematic bias identified in the distribution of
mean differences across the average of these two measurements. Over-
all, the inter-method variability was higher than the inter-observer
variability for both normal aortas and aortas with thoracic aneurysms.
This result can be visualized by a wider range of the limits of agreement
(ie, £1.96 SD of the mean difference) in the Bland-Altman plots
comparing the program with an operator and those comparing operators
among each other (Fig. 8).

3.2.3. Mean differences among aortic angles calculated from the points of
maximum curvature identified by different operators/methods

In both subjects with and without thoracic aneurysms, the mean
values of the aortic angles calculated from the points of maximum cur-
vature identified by the program were non-significantly higher than
those calculated from the points of maximum curvature identified
visually (thoracic aneurysms: 124.3+32.8° vs 117.0+30.4°,
p = 0.4282; normal aortas: 131.8 + 24.7° vs 127.5 + 26.5°, p = 0.5281).
There were also no significant differences between operators in either
group of subjects (thoracic aneurysms: p=0.7104; normal aortas:
p=0.8374) (ANOVA: F =0.49; p=10.6114) (Tables 4 and 5).

3.2.4. Repeatability coefficients and interclass correlation coefficients
among aortic angles calculated from the points of maximum curvature
identified by different operators/methods

The RC of the aortic angles were evaluated for normal aortas and for
thoracic aneurysms, testing both inter-observer and inter-method reli-
ability. For both normal aortas and thoracic aneurysms the inter-
observer RC were appropriate (32.6° [25.9%] and 29.7° [25.1%],
respectively). However the inter-method RC for both normal aortas and

Inter-observer and inter-method correlation of three-dimensional (3D) spatial coordinates of points of maximum curvature measured by two different operators and by
a custom program in subjects with normal aortas or thoracic aneurysms. Correlation is presented using Pearson’s correlation coefficient (p) for each axis. * p-value
<0.0001.  Operators 1 vs 2: discrepancy in 1 point from an aorta with a thoracic aneurysm and 3 from normal aortas;y> = 0.56; p = 0.4555. P Operator 1 vs program:
discrepancies in 4 points from aortas with thoracic aneurysms and in 3 points from normal aortas; y> = 0.38; p = 0.5377. ||Operator 2 vs program: discrepancies in 3
points from aortas with thoracic aneurysms and in 4 points from normal aortas; y> = 0.01; p = 0.9383). There were no significant differences in the proportion of
discrepancies between operators/methods (y> = 0.88; p = 0.6440). Hypotheses testing was conducted using a Bonferroni-adjusted alpha level of 0.0083 in each test

(0.05/6).
Type of aorta X-axis p y-axis p z-axis p Points removed Points identified by both observers/methods
Operator 1 vs. Operator 2 Normal 0.9387* 0.9712% 0.8086* 3 19
Aneurysm 0.9728* 0.9838* 0.9735* 1 16
Operator 1 vs. Program® Normal 0.9725* 0.9993* 0.9633* 3 20
Aneurysm 0.9388* 0.9748* 0.9495* 4 16
Operator 2 vs. Program || Normal 0.9715* 0.9897* 0.9862* 4 20
Aneurysm 0.8981* 0.9456* 0.9784* 3 16
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Table 2

Intra-observer correlation of three-dimensional (3D) spatial coordinates of points of maximum curvature measured twice by the same operator two weeks apart, in
both subjects with normal aortas and with thoracic aneurysms. Correlation is presented using Pearson’s correlation coefficient (p) for each axis. * p-value <0.0001.
Operator 1: discrepancies in 3 points, all from normal aortas; y?> = 2.64; p = 0.1044 ? Operator 2: discrepancy in 1 point from an aorta with a thoracic aneurysm and in
1 point from a normal aorta; y> = 0.02; p = 0.9003. There were no significant differences in the proportion of discrepancies on repeat testing between operators (y?

=0.14; p=0.7130). Hypotheses testing was conducted using a Bonferroni-adjusted alpha level of 0.0125 in each test (0.05/4).

A

Type of aorta X-axis p y-axis p z-axis p Points removed Points identified on both measurements
Operator 1 Normal 0.9715* 0.9897* 0.9862* 3( 18
Aneurysm 0.9845* 0.9958* 0.8034* 0 17
Operator 2 Normal 0.8414* 0.9504* 0.9986* 17 19
Aneurysm 0.9979* 0.9977* 0.9971* 1 16
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Fig. 3. Two-way scatter plots of inter-observer and inter-method correlations for all points of maximum curvature (from both subjects with normal aortas and with
thoracic aneurysms). First row: Inter-observer correlations between operators 1 and 2. Second row: Inter-method correlations between program and operator 1. Third
row: Inter-method correlation between program and operator 2. First column: X-axis values. Second column: Y-axis values. Third column: Z-axis values.

thoracic aneurysms were moderately high (54.9 [41.6%] and 45.0

[36.2%], respectively), indicating a greater variance between the angles
measured by the program and by visual assessment. The ICC of the aortic

angles were also evaluated for normal aortas and for thoracic aneu-
rysms, testing both inter-observer and inter-method reliability. For both

normal aortas and thoracic aneurysms the inter-observer ICC were good

(0.87) and excellent (0.93), respectively. However the inter-method ICC
were poor (0.49) and moderate (0.82), respectively, once again sug-
gesting a greater variance between the angles measured by the program

and by visual assessment (Table 5).

3.3. Algebraic distance between the CLL and straight lines between points
of maximum curvature

The algebraic distance between the CLL and the straight lines drawn
between the points of maximum curvature (i.e., the maximum length of
a line that perpendicularly intersects both the CLL and each straight line)

was calculated in MATLAB for each of the three datasets. In both
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subjects with and without thoracic aneurysms, the mean algebraic dis-
tances identified by the program were non-significantly lower than
those identified visually (thoracic aneurysms: 0.0085 + 0.0057 cm vs
0.0093 + 0.0054 cm, CI95% —0.0038 to 0.0023 cm; p = 0.6285; normal
aortas: 0.0073 + 0.0050 cm vs 0.0078 + 0.0052 cm, CI95% —0.0029 to
0.0019 cm; p = 0.6285). There were also no significant differences be-
tween operators in either group of subjects (thoracic aneurysms:
p = 0.6670; normal aortas: p = 0.7080) (ANOVA: F = 0.40; p = 0.5266)
(Table 6).

3.4. Mean curvature, tortuosity index and curvature-length index
analyzed by program

To further characterize the geometry of thoracic aneurysms, we
explored different indicators of aortic curvature and their association
with the presence of aneurysms. There was no association between the
presence of thoracic aneurysms and the median values of the aortic
curvature. Though the tortuosity index was slightly higher in thoracic
aneurysms, this association was non-significant. However, the aortic
curvature-length index was significantly higher in thoracic aneurysms as
compared to normal aortas (Table 7).

4. Discussion

In this study we present an automated program capable of objec-
tively and reliably identifying aortic points of maximum curvature and
calculating aortic angles in both subjects with and without aneurysmal
disease.

The first important finding in our study is that our custom program
can identify aortic points of maximum curvature with a high correlation,
reliability and agreement with visual assessment methods, and that this
can be done in both subjects with normal aortas or with thoracic an-
eurysms. We believe this is important since a clinically useful measure of
the aortic curvature should be able to reflect the clinician’s subjective
assessment. Our results show appropriate inter-observer and intra-

observer correlation for visual assessment measurements, suggesting
that these measurements are adequate means of comparison to assess
our program against.

A second finding is that the aortic angles calculated from the points
of maximum curvature identified by our custom program showed a very
low to moderate inter-method correlation and reliability and increased
inter-method variability on agreement plots. Additionally, the value of
these angles tended to be slightly higher than the value of the aortic
angles calculated from the points of maximum curvature identified by
visual assessment (3.3% higher for normal aortas and 5.8% higher for
thoracic aneurysms), though these differences were non-significant.
These discrepancies between the values of aortic angles calculated
from the points of maximum curvature identified by different methods
—despite apparent correlation, reliability and agreement among the
points of maximum curvature identified by different methods— warrants
explaining. This finding could possibly be related to a slightly higher
precision in the identification of points of maximum curvature using the
custom program, which is often more objective and reproducible since it
follows a mathematical algorithm. This assumption is supported by the
fact that the algebraic distances between the CLL and the straight lines
identified by the custom program tended to be smaller than those
identified by visual assessment, though this difference was not statisti-
cally significant. If these assumptions were true, even small differences
in the location of points of maximum curvature could be amplified into
larger differences between the angles created by these points. Despite
these discrepancies, the range of values of all the aortic angles reported
in our study are consistent with findings from other research groups
[13]. The inter-observer reliability was adequate and within the range of
other validated methods for measuring aortic angles in patients with
aneurysms, suggesting once again that these measurements are appro-
priate means of comparison to assess our program against [11]. The
correlation and reliability of the aortic angles of the normal aortas
evaluated in our study overall seem slightly lower than those of the
aortas with thoracic aneurysms. This may be due to the fact that aortas
with thoracic aneurysms have more straight segments and sharper
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Inter-method agreement between program and operator 2. First column: X-axis values. Second column: Y-axis values. Third column: Z-axis values.

angles than normal aortas with a smooth curvature. These differences
among aorta types could possibly lead to a more consistent identification
of the points of maximum curvature in aortas with thoracic aneurysms
than in normal aortas, leading to higher correlations and reliability once
these differences are amplified into the angles created by these points.

The last important finding in this study is that the method used by the
custom program to identify points of maximum curvature (i.e., plotting
curvature over position) also permits additional analyses that can help
characterize the geometry of thoracic aneurysms. In this sense, the
curvature-length index showed significantly different values between
normal aortas and thoracic aneurysms, while more traditional indicators
such as the aortic curvature and the tortuosity index did not. Classic
geometric changes caused by aortic aneurysms are increased aortic
tortuosity, both regionally and globally, and aortic elongation [28].
These morphometric parameters may be relevant not only in the diag-
nosis and characterization of aortic aneurysms, but also may also have
prognostic value [29,30]. Since the tortuosity index is a measure of only
global tortuosity, it may disregard regional features, therefore having
poor discriminative value for identifying thoracic aneurysms [33]. The
aortic curvature, on the other hand, being the integral of the CLL cur-
vature as a function of the length of the aorta divided by the length of the

aorta, can identify both global and regional increases in aortic curvature
[33]. However, since this indicator indexes the CLL curvature to the
total length of the aorta, it may overlook at aortic elongation as a rele-
vant feature of thoracic aneurysms. This may be especially relevant for
thoracic aneurysms, since both longitudinal and circumferential de-
formations throughout the aorta during the cardiac cycle are largest in
the ascending aorta [31]. The only indicator evaluated in this study able
to take into account both aortic elongation and increases in aortic cur-
vatures, regional and global, is the curvature-length index. This measure
is therefore an interesting candidate to explore in larger studies with
predictive models of endoprosthesis complications.

Several methods have been proposed to translate clinician’s intuitive
interpretation of the thoracic aortic curvature into a specific metric,
without reaching consensus as to which would be more appropriate and,
in many cases, relying on global measures of aortic curvature or on
geometric assumptions. To determine the curvature of the aortic arch in
3D reconstructions of CT scans, Chiu et al. fitted an imaginary circle to a
60-mm arc segment defined by the apex of the aorta (i.e., the highest
point along the centerline) and two points that were 30 mm proximal or
distal to the apex along the centerline [12]. However, this geometric
assumption may not be adequate for many pathological configurations
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Fig. 6. Bland-Altman plots of intra-observer agreement for all points of maximum curvature (from both subjects with normal aortas and with thoracic aneurysms).
First row: Intra-observer agreement between first and second assessments by operator 1. Second row: Intra-method agreement between first and second assessments by
operator 2. First column: X-axis values. Second column: Y-axis values. Third column: Z-axis values.

Table 3

Assessment of inter-observer and inter-method reliability of points of maximum curvature with repeatability coefficients (RC) and interclass correlation coefficients
(ICC) in subjects with normal aortas and with thoracic aneurysms. || Difference presented as operator 1 — operator 2. [ Difference presented as program — mean visual
assessment. Data within parenthesis represent the 95% confidence interval. Data within brackets reflect the percentage of the mean of the first measurement.

x-axis y-axis z-axis
RC (cm) ICC RC (cm) ICC RC (cm) ICC
Inter- Normal 2.81 [15.5%] 0.997 3.58 [17.4%] 0.999 6.38 [14.5%] 0.999
observer|| (1.47-4.57) (0.991-0.999) (2.91-4.36) (0.998-0.999) (5.06-7.89) (0.997-0.999)
Aneurysm  1.93 [9.2%] 0.968 2.38 [12.3%] 0.983 3.42 [16.4%] 0.898
(1.43-2.53) (0.911-0.989) (1.78-3.12) (0.950-0.994) (2.52-4.82) (0.710-0.964)
Inter- Normal 3.16 [17.0%] 0.857 4.19 [20.8%] 0.931 9.87 [22.0%] 0.87 (0.705-0.956)
method ( (2.62-3.76) (0.628-0.945) (3.26-5.49) (0.821-0.973) (6.57-12.79)
Aneurysm  2.97 [14.3%] 0.932 4.51 [23.0%] 0.972 9.37 [19.4%] 0.969
(1.86-3.72) (0.810-0.976) (3.12-6.25) (0.919-0.990) (6.23-12.58) (0.912-0.989)

of the aortic arch, especially when the sharpest curvature is proximal or
distal to the apex, as usually occurs with thoracic aneurysms. It also
represents a global measure of the aortic curvature and therefore it may
miss regional angulations that could be clinically relevant. Malkawi
et al. measured the aortic arch angulation at the level of the left sub-
clavian artery as a convenience reference point in 3D reconstructions of
the CT scans of subjects undergoing TEVAR [13]. The aortic angulation
at this point was defined as the angle formed by the bisectors of two
lines: the line formed by the distance between the left subclavian artery
and the brachiocephalic artery and a line perpendicular to the CLL at an
equal distance distal to the left subclavian artery. Following a similar
approach, in a mathematical model assessing risk factors for the for-
mation of thoracic aorta aneurysms, Poullis et al. calculated the aortic
curvature as the angle formed by a line perpendicular to the plane of the
aortic valve and a line perpendicular to the cross section at the origin of
the innominate artery. One of the drawbacks of these methods is that
these convenience reference points may not adequately represent the
entire aortic curvature in certain pathological situations. Agnoletti et al.
measured the angle of the aortic arch on a two-dimensional (2D) lateral
view of an aortogram in children who had undergone an arterial switch

operation for transposition of great vessels [14]. The aortic arch angle
was considered as the angle at the highest point of the aortic arch formed
by the intersection of the straight lines that pass through the midpoints
of the ascending and the descending aorta. The 2D assessment of the
aortic arch angle in this method has important limitations, since 3D
curvatures are often unapparent in 2D analyses [32]. Following an
approach similar to ours, Kotelis et al. fitted cubic polynomials to the 3D
CLL within a certain range of interest and computed the local centerline
curvature using first- and second-order partial derivatives of the fitted
polynomials [33]. These authors also measured the thoracic aorta’s
conicity as the difference between the maximum aortic diameters 1 cm
proximal and 1cm distal to a region of interest. Nakatamari et al.
measured the curvature index of the aortas of patients undergoing
TEVAR as the inverse radius of curvature of the CLL measured at 1-cm
intervals [5]. Boufi et al. and Chen et al. analyzed the tortuosity index
of the aortic arch of either healthy subjects or patients undergoing
TEVAR. Both authors used the tortuosity index as an indicator of global
aortic curvature, calculating the ratio of the distance along the CLL
between two points divided by the straight distance between these two
points [18,20,34]. On the contrary, Ueda et al. measured the tortuosity
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Fig. 7. Two-way scatter plots of inter-observer and inter-method correlations for aortic angles from subjects with normal aortas (A) and with thoracic aneurysms (B).
First column: Inter-observer correlations between operators 1 and 2. Second column: Inter-method correlations between program and operator 1. Third column: Inter-

method correlations between program and operator 2.

index of patients undergoing TEVAR as the sum of curvature values
greater than 0.2 cm ! in the segments of interest [6]. We believe these
morphometric parameters calculated with mathematical algorithms
applied to automatically-generated CLL of the thoracic aorta are a more
accurate approximation to the aortic curvature since they take into ac-
count the 3D nature and the anatomical complexity of the aorta, making
less geometric assumptions. Finally, the aortic curvature can be
measured through visual assessment, which is the technique used in
daily clinical practice [35]. However, visual methods are usually
cumbersome and time-consuming. Additionally, since visual assessment
methods are subjective they may have limited reliability [35,36]. To our
knowledge this is the first study to systematically compare visual
assessment measures of the thoracic aortic curvature of normal and
aneurysmatic aortas with 3D CLL curvature measures.

The reason so much effort from the scientific community has been
put into characterizing this parameter using so many different indexes is
the increasing evidence indicating that the aortic curvature or tortuosity
or angulation or conicity may be associated with post-procedural com-
plications after TEVAR [5-8] [37]. The rationale behind this association
is that the more tortuous the thoracic aorta, the more likely there could
be an incomplete stent-graft apposition with the aortic wall, thus pro-
ducing endoleaks [38]. Additionally, as the curvature of the ascending
aorta increases towards the aortic arch, the forces conferred on the
aortic wall secondary to blood flow also increase, promoting vessel
dilation and possibly endoleak formation [39]. An accurate assessment
of the anatomical curvature of the thoracic aorta therefore seems to be
essential for appropriate endoprosthesis sizing. There is evidence that
the location and tortuosity of the aorta may be related to the risk of
endoleak formation after thoracic EVAR [5,6]. The availability of in-
formation on the precise location of an aortic angulation could deter-
mine if the length of a non-angulated neck is long enough to allow a

10

complete apposition of a stent-graft, thus preventing endoleaks or
stent-graft collapse [40]. The magnitude of aortic angles, especially in
the proximal and distal neck, may also increase the risk of endoleaks
[37,41]. In a small retrospective study of 57 patients, a higher conicity in
the proximal landing zone of the aorta has been associated with an in-
crease in the type Ia endoleak rate after TEVAR, while a smaller aortic
arch curvature radius has been associated with an incomplete apposition
of the stent-graft to the aortic wall, called “bird-beak” configuration
[32]. In a small prospective study of 40 patients with thoracic aneu-
rysms, Ueda 2011 found an association between type I and III endoleak
formation and the value of the tortuosity index at different aortic loca-
tions. These results suggest that the curvature of the thoracic aorta may
be an important feature for the planning endovascular repair, since it
may influence the stability of the endograft fixation. Therefore, an
objective quantification of the curvature of the thoracic aorta could
contribute to risk stratification to predict the formation of endoleaks
after TEVAR. A robust prediction method like this could be clinically
helpful in assessing the performance of devices in clinical trials and
guide routine clinical decision-making [42].

Our study has several limitations. First, since it is a validation study,
the number of subjects is small. A larger study with more human subjects
would increase the external validity of our conclusions. Second, our
results are mainly descriptive, therefore their clinical implications
remain unknown. To assess the clinical value of the points of maximum
curvature identified by our custom program, a large prospective clinical
study exploring complications after TEVAR would be necessary. Third,
since the aortic angles were calculated from three unevenly distributed
points, the distance between the center point and the other two points
would have an influence on how much variations in the position of the
extreme points are amplified on calculating the aortic angles. That is, the
smaller the distance between the points, the larger the influence of these
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Fig. 8. Bland-Altman plots of inter-observer and inter-method agreement for aortic angles from subjects with normal aortas (A) and with thoracic aneurysms (B).
First column: Inter-observer agreement between operators 1 and 2. Second column: Inter-method agreement between program and operator 1. Third column: Inter-
method agreement between program and operator 2.

Table 4

Aortic angles between straight lines joining the points of maximum curvature
identified by each operator/method in subjects with normal aortas and with
thoracic aneurysms. SD: standard deviation. Program vs operators: thoracic
aneurysms: p = 0.4282; normal aortas: p =0.5281. Operator 1 vs operator 2:
thoracic aneurysms: p =0.7104; normal aortas: p=0.8374. ANOVA: F = 0.49;
p=0.6114. Hypotheses testing was conducted using a Bonferroni-adjusted

alpha level of 0.0125 in each test (0.05/4).

Type of aorta Mean (°) SD (°)
Operator 1 Normal 125.9 25.2

Aneurysm 118.2 32.4
Operator 2 Normal 129.1 28.3

Aneurysm 115.9 29.2
Program Normal 131.8 24.7

Aneurysm 124.3 32.8

Table 5

Table 6

Algebraic distance between the CLL and straight lines between points of
maximum curvature identified by each operator/method in subjects with
normal aortas and with thoracic aneurysms. SD: standard deviation. Program vs
operators: thoracic aneurysms: p = 0.6285; normal aortas: p = 0.6285. Operator
1 vs operator 2: thoracic aneurysms: p =0.6670; normal aortas: p =0.7080.
ANOVA: F=0.40; p=0.5266. Hypotheses testing was conducted using a
Bonferroni-adjusted alpha level of 0.0125 in each test (0.05/4).

Type of aorta Algebraic distance (cm) SD (cm)
Operator 1 Normal 0.0075 0.0052
Aneurysm 0.0091 0.0049
Operator 2 Normal 0.0077 0.0054
Aneurysm 0.0094 0.0059
Program Normal 0.0073 0.0050
Aneurysm 0.0085 0.0057

Assessment of inter-observer and inter-method variability and reliability of aortic angles with mean differences, repeatability coefficients (RC) and interclass corre-
lation coefficients (ICC) in subjects with normal aortas and with thoracic aneurysms.| Difference presented as operator 1 — operator 2. | Difference presented as
program — median visual assessment. SE: standard error. 95%CI: 95% confidence interval. Data within brackets reflect the percentage of the mean of the first

measurement.
Type of aorta Mean SE 95%CI RC 95%CI ICC 95%CI
Difference (°) ©) ©)
Inter-observer|| Normal —3.1 [-2.5%] 8.4 —20.1t013.8 32.6 [25.9%] 24.8 to 47.7 0.87 0.66 to 0.95
Aneurysm 2.3 [4.4%] 10.9 —20.0 to 24.5 29.7 [25.1%] 22.1 to 45.2 0.93 0.81 to 0.98
Inter-method ( Normal 4.3 [3.3%] 6.7 -9.2t017.8 54.9 [41.6%] 42.4 to 78.5 0.49 —0.26 to 0.79
Aneurysm 7.2 [5.8%] 9.1 —11.0 to 25.5 45.0 [36.2%] 33.5 to 68.5 0.82 0.48 to 0.94
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Table 7

Aortic curvature, tortuosity and curvature-length-index (CLI) of normal aortas
and thoracic aneurysms. Data are presented as median and interquartile range
(IQR) and analyzed by Wilcoxon (Mann-Whitney U) test.

Normal IQR Thoracic IQR P
aortas aneurysms
Curvature - 0.16 [0.15-0.17] 0.17 [0.17-0.19]  0.0864
em !
Tortuosity 2.2 [2.1-2.6] 3.3 [2.8-3.3] 0.0500
index
CLI 5.4 [5.2-5.5] 6.8 [6.4-8.1] 0.0143

variations on aortic angle calculations. This limitation is inherent to our
method and must be acknowledged. Forth, since the tortuosity of the
aorta can change with age [43], we chose a middle-aged population for
this validation study. This choice could have limitations for interpreting
the CT scans of both elder patients with degenerative thoracic aneu-
rysms and of younger patients with thoracic aneurysms related to spe-
cific conditions, such as a bicuspid aortic valve or Marfan syndrome. We
recognize that this a limitation that needs to be addressed in larger
studies with a wider age-span.

The clinical relevance of our findings lies in the lack of inter-method
correlation and agreement for aortic angles, while inter-method corre-
lation and agreement are appropriate for points of maximum curvature.
We believe that this is due to the fact that operators rely only on their
clinical training and intuition for identifying points of maximum cur-
vature. Though their performance may be high, they can make small
errors that are amplified into larger errors on calculating the aortic
angles. On the contrary, since the program identifies the points of
maximum curvature with a mathematical algorithm, it is both objective
and reproducible. The apparently small additional precision added by
the program in identifying the points of maximum curvature is magni-
fied on using these points to calculate the aortic angles. Therefore, if the
predictive value of aortic angles for the development of endoleaks after
TEVAR were eventually established, the clinical value of our program
for calculating aortic angles would be considerable.

Overall, we believe our program for identifying points of maximum
curvature is promising because it shows good agreement with points
identified by physicians, without relying on geometric assumptions and
is objective, automatic and reproducible. Since it only requires the
manual selection of the first and last lumen points to create the CLL, we
believe this method could reduce potential error and user time. Lastly,
our automated program could be used in the preoperative workup of
patients with thoracic aneurysms to identify patients at risk for endoleak
formation after TEVAR, without the inaccuracies, inter-observer vari-
ance and prolonged user time of visual assessment.
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