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ABSTRACT

The ascending thoracic aortic aneurysm (ATAA) is a permanent dilatation of the vessel with a high risk
of adverse events, and shows heterogeneous properties. To investigate regional differences in the biome-
chanical properties of ATAAs, tissue samples were collected from 10 patients with tricuspid aortic valve
phenotype and specimens from minor, anterior, major, and posterior regions were subjected to multi-ratio
planar biaxial extension tests and second-harmonic generation (SHG) imaging. Using the data, parame-
ters of a microstructure-motivated constitutive model were obtained considering fiber dispersion. SHG
imaging showed disruptions in the organization of the layers. Structural and material parameters did not
differ significantly between regions. The non-symmetric fiber dispersion model proposed by Holzapfel
et al. [25] was used to fit the data. The mean angle of collagen fibers was negatively correlated between
minor and anterior regions, and the parameter associated with collagen fiber stiffness was positively cor-
related between minor and major regions. Furthermore, correlations were found between the stiffness of
the ground matrix and the mean fiber angle, and between the parameter associated with the collagen
fiber stiffness and the out-of-plane dispersion parameter in the posterior and minor regions, respectively.
The experimental data collected in this study contribute to the biomechanical data available in the lit-
erature on human ATAAs. Region-specific parameters for the constitutive models are fundamental to im-
prove the current risk stratification strategies, which are mainly based on aortic size. Such investigations
can facilitate the development of more advanced finite element models capable of capturing the regional
heterogeneity of pathological tissues.

Statement of Significance

Tissue samples of human ascending thoracic aortic aneurysms (ATAA) were collected. Samples from four
regions underwent multi-ratio planar biaxial extension tests and second-harmonic generation imaging.
Region-specific parameters of a microstructure-motivated model considering fiber dispersion were ob-
tained. Structural and material parameters did not differ significantly between regions, however, the mean
fiber angle was negatively correlated between minor and anterior regions, and the parameter associated
with collagen fiber stiffness was positively correlated between minor and major regions. Furthermore,
correlations were found between the stiffness of the ground matrix and the mean fiber angle, and be-
tween the parameter associated with the collagen fiber stiffness and the out-of-plane dispersion param-
eter in the posterior and minor regions, respectively. This study provides a unique set of mechanical and
structural data, supporting the microstructural influence on the tissue response. It may facilitate the de-
velopment of better finite element models capable of capturing the regional tissue heterogeneity.
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1. Introduction

Ascending thoracic aortic aneurysms (ATAAs) are characterized
by abnormal dilation of the ascending aorta, with the vessel di-
ameter exceeding the normal values of 2-3 cm [1]. Although it is
a relatively rare event, with an estimated incidence of 5/100000
individuals per year [2,3], the risk of fatal complications such as
aortic rupture or acute dissection can be as high as 50% in patients
with a diameter larger than 50 mm [4], mainly in men between
50 and 70 years [5]. Current diagnosis and risk assessment are pri-
marily based on maximum aortic diameter [6-8], although aortic
size can be normalized by body mass index for greater sensitivity
and accuracy [9].

Elective surgery is typically recommended when the aortic di-
ameter exceeds 5.0 cm in women or 5.5 cm in men [6,10] or if the
maximal diameter in an aorta increases more than 0.5 to 1.0 cm
in one year [11,12], since the annual risk of dissection or rupture
increases from 3% to 7% with aneurysms larger than 6 cm in di-
ameter [7]. Because the risk of adverse events in ATAA is typically
assessed only by diagnostic imaging, clinical decision-making does
not include the mechanical and structural changes that are likely
to occur with the development and progression of aneurysms [13-
16]. As a result, the current approach based on the aortic size is
considered a poor prognostic parameter [17]. Vorp et al. [14] re-
ported a 5-year mortality rate of 39% for ATAAs below the 6 cm
diameter threshold and 62% for ATAAs above the 6 cm diameter
threshold, reflecting the inefficiency of the diameter criterion.

Studies on arteries indicate that the mechanical environment
and biomechanical factors of arteries play important roles in the
onset and progression of cardiovascular diseases such as ATAA.
Therefore, biomechanically based criteria represent a promising ap-
proach to evaluate and predict the course of aortic diseases, and a
better understanding of the mechanical behavior of aneurysms is
fundamental to improve the clinical decision-making strategies and
to design implants and artificial tissue equivalents. There is grow-
ing interest in developing strategies to estimate the risk of ATAA
rupture based on the contribution of both ATAA biomechanics, i.e.
hemodynamic and intramural stress and molecular biomarkers to
improve clinical outcomes [18-20].

It is known that the collagen fiber organization determines the
mechanical behavior of soft fibrous tissues, particularly through
their orientation and dispersion [21-26]. However, regional differ-
ences in the organization and mechanics of collagen fibers in ATAA
tissues have not been adequately investigated, and this knowledge
is invaluable for a better understand of the local mechanobiological
processes that control the mechanics of thoracic aortic aneurysms
[27]. In this study, we report the regional mechanical and mi-
crostructural differences of human ATAAs from patients with tri-
cuspid aortic valves realized using multi-ratio planar biaxial exten-
sion tests and second-harmonic generation (SHG) imaging. More
specifically, structural parameters of the constitutive model intro-
duced in [25] were obtained from SHG images and mechanical
data were used to obtain the material parameters of the model.
The structural and material parameters were then compared be-
tween the four regions of the aneurysmal ascending aorta.

2. Materials and methods
2.1. Materials

ATAA samples were obtained from 3 female and 7 male patients
undergoing elective surgical repair of the aneurysmal ascending
aorta because the diameter was larger than the surgical thresh-
old [12]. The human ATAA samples were characterized by the pres-
ence of a tricuspid valve, the mean patient age was 74.4 4+ 6.8 years
(mean=+SD) and ranged from 67 to 88 years. The mean diameter of
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Table 1
Demographics of the study population, including age, sex, aneurysm diameter, and
thickness of specimens from different regions (see Fig. 1).

Diameter Thickness [mm]
Donor Age  Sex [mm] . - - .
Minor Anterior Major  Posterior

ATAA-1 80 F 50 2.2 2.1 2.1 2.25
ATAA-2 68 F 47 2.5 2.8 2.25 2.6
ATAA-3 68 M 43 2.67 2.35 25 33
ATAA-4 78 M 54 2.7 2.08 2.2 2.3
ATAA-5 88 M 58 - - 2.1 2.2
ATAA-6 71 M 49 2.12 23 2.25 2.15
ATAA-7 67 M 54 2.9 1.96 2.2 3
ATAA-8 78 F 55 2.7 2.08 2.2 2.3
ATAA-9 79 M 56 3 2.66 2.16 1.89
ATAA-10 67 M 54 24 1.8 2.26 2.16

the aneurysms measured by echocardiography was 52 4+4.61 mm
and ranged from 43 to 58 mm. Postoperatively, ATAA samples
were cryopreserved in calcium- and glucose-free 0.9% physiologi-
cal saline solution and stored at —80°C until mechanical examina-
tion. Before performing the biaxial test, the samples were slowly
thawed overnight at room temperature.

The aortic ring was cut lengthwise to obtain a flat sheet, see
Fig. 1. Square specimens (10 x 10 mm) were obtained from the mi-
nor, anterior, major and posterior curvature to perform biaxial me-
chanical tests, see Fig. 1(b). The specimen thickness was measured
optically with a CCD camera according to Sommer et al. [28].

In addition, rectangular specimens of 7 x 11 mm were excised
from the aortic ring with the longer side lengthwise, see Fig. 1(b),
and placed in 4% formaldehyde for at least 12 h for adequate
fixation.

Table 1 summarizes clinical demographics and thickness mea-
surements for all specimens obtained from 10 ATAA samples. The
study protocol was approved by the local ethical committee of IS-
METT IRCCS (IRRB/04/14) and informed consent was obtained for
all patients.

2.2. Data acquisition

2.2.1. Multi-photon microscopy

The specimens to be imaged were optically cleared according
to the protocol in [29], see Fig. 2. After a brief immersion in phos-
phate buffered saline (PBS) to get rid of the excess formaldehyde,
the specimens were dehydrated by immersion in a graded ethanol
series consisting of ethanol solutions at concentrations of 50, 70,
twice 95 and 100% each for 30 mins. Next, the specimens were
placed in a 1:2 solution of ethanol: benzyl alcohol-benzyl benzoate
(BABB) for 4 h, followed by immersion in 100% BABB for at least 12
h. All steps were performed at room temperature.

SHG imaging was performed at the Institute of Molecular Bio-
sciences, University of Graz, Austria. Optically cleared specimens
were excited with an 880 nm laser using a Leica TCS SP5 multi-
photon microscope equipped with a 25 x 0.95 water objective with
a working distance of 2.5 mm for deep tissue imaging and the SHG
signal was collected with a 460/50 band-pass filter. In-plane im-
ages (z-stacks) were acquired from the circumferential-longitudinal
plane through the specimen thickness where the penetration depth
allows, with a sampling of 620 x 620 x 5 pm (image size x step
size). If the penetration depth was not sufficient to image the
entire thickness of the optically cleared specimen, the specimen
was inverted under the microscope and another in-plane image
stack was obtained. Out-of-plane images were acquired from the
circumferential-radial plane with a sampling of 620 x 620 pm. All
images were acquired with 1024 x 1024 pixels.
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Fig. 1. (a) Schematic illustration of the ascending aortic aneurysm and (b) aortic tissue cleaned and opened with a longitudinal incision showing samples for biaxial extension
tests and SHG microscopy indicated with black squares and red rectangles from minor, anterior, major, and posterior regions, respectively.

L
LC
Fig. 2. (a) ATAA-4 specimen for SHG imaging before and (b) after formaldehyde

fixation and optical clearing. L and C denote the longitudinal and circumferential
directions, respectively. The scale bar indicates 5 mm.

2.2.2. Biaxial extension testing

After thickness measurement, black powder markers were ap-
plied to the specimen to generate a speckle pattern suitable for op-
tical tracking. The specimens were mounted on the device, for de-
vice specifications see [30], using three equidistantly placed hooks
connected with a string on each side. Next, a stretch-driven pro-
tocol was executed quasi-statically at a rate of 2 mm/min starting
at 1.05 stretch with a stretch increment of 0.05 to rupture. At each
increment, the specimen was first subjected to four precondition-
ing cycles with a 1:1 loading ratio between longitudinal A;q,s and
circumferential direction Ag. Then the measurement cycles with
different ratios Ajgng:Acirc = {1:1, 1:0.75, 0.75:1, 1:0.5, 0.5:1} were
executed. In addition, relaxation tests were conducted with a ramp
speed of 100 mm/min and a duration of 15 min at each stretch
level following the quasi-static multi-ratio test. Tests were per-
formed in a PBS bath heated and maintained at 37°C. The forces
of the four linear actuators as well as the stretches in circumferen-
tial and longitudinal directions were recorded throughout the tests
and exported for data analyses.

2.3. Data analyses

2.3.1. Material model

The artery is modeled as a purely elastic, incompressible,
and fiber-reinforced material using the strain-energy function de-
scribed in [25], which sums the contributions of the ground sub-
stance and the two symmetrical families of collagen fibers, assum-
ing that the mechanical properties of both families are the same.
The total strain energy is given by

W =Wy (C) + ) W5(C Hy,
i=4.6

(1)

where C =FTF is the right Cauchy-Green tensor with the defor-
mation gradient F, and H; are generalized structure tensors that
quantify the fiber dispersion. The contributions of the ground ma-
trix and the collagen fiber family to the strain-energy function in
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Fig. 3. Unit vector N representing an arbitrary fiber direction defined by the angles
© (elevation angle) and @ (angle between the e; direction and the projection of N
in the e; — e, plane) relative to the rectangular Cartesian unit basis vectors (eq, e;,
e3). Adopted from Holzapfel et al. [25].

(1) are
Cc k1 2 .

Ve (O) =51 —3), Y= —-[exp(kE") - 1], i=4,6, (2)
2 2k,

where the parameter c is related to the stiffness of the (isotropic)
ground matrix, I; = trC is the first invariant of C, k; is a parameter
with dimension of stress, k; is a dimensionless parameter, while E;
is a Green-Lagrange strain-like quantity given by

E;=H;: (C—T)=Al +Bli+ (1 -3A—B)l, — 1, (3)

where the constants A = 2KopKip and B = 2«kop(1 — Zlqp) depend on
the out-of-plane dispersion parameter kop and in-plane dispersion
parameter k. The invariants I; and I are defined as

L=C:(M;®@M,), I,=C:(My®My).

i=4,6,

(4)

Here My, Mg represent the mean directions of the two fiber fami-
lies, given by

M, = cosxe; +sinae,, Mg = cosae; —sinae,,

(5)

where « is the angle that the fiber family forms with the circum-
ferential direction, and M, is the unit vector normal to the plane
spanned by My, Mg, e.g., the radial direction es, as depicted in
Fig. 3.

2.3.2. Imaging data

Images were analyzed to obtain the mean fiber angle from the
circumferential direction «, the in-plane dispersion parameter ki,
and the out-of-plane dispersion parameter kop, according to their
definitions, see Holzapfel et al. [25]. Only the images from in-plane
stacks with the highest penetration depth were used to obtain o
and kip.

First, discrete angular distributions of the relative amplitudes
of fibers that resemble fiber orientations were extracted from the
images by combining Fourier power spectrum analysis and wedge
filtering, similar to Schriefl et al. [29,31], with a wedge width of
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5°. Next, using the extracted data, the images were classified as
isotropic or anisotropic with a Rizm threshold of 0.998 [29] ac-
cording to the visible fiber morphology. In the isotropic case, the
concentration parameter was assigned a value of 0, i.e. a=0 or
b =0, and no value was assigned to the fiber peak location [32].
When classified as anisotropic, the associated fiber peak positions
and concentration parameters were obtained by fitting the data to
Pip(®) with maximum likelihood estimation for in-plane images
and at pop (®) using the least-squares method for the out-of-plane
images. Finally, the mean fiber angle o was calculated from the
standard deviation of all peak positions in the z-stack where 0°
and 90° indicate the circumferential and longitudinal directions,
respectively. The dispersion parameters «;, and xop were calculated
using the mean concentration parameters a and b according to

1 L (a) 1 1 1 [/ 2 exp(-2b)
2 @ M ke =555 T2\ 7b erf(v2b)

(6)
where I; (a) is the modified Bessel function of the first kind of or-

der 1, Iy(a) is the modified Bessel function of the first kind of order
0, and erf is the error function defined as

_ 2 T (g2
erfe) = —— fo exp(—£2)dE. 7)

Note the ranges 0 <k, <1 and 0 < kop < 1/2 for the dispersion
parameters. In their respective planes, «j, = 0 and kop = 1/2 corre-
spond to perfect in-plane alignment, while «;, = 1/2 and «op = 1/3
correspond to an isotropic distribution.

Kip =

2.3.3. Mechanical data

The focus of the analysis is on the elastic response of the aortic
tissue. The experimental values of the Cauchy stress o ®*P were cal-
culated from the force-stretch data, with o ¢*P = (F/A)A assuming
incompressibility, where F is the measured force, A is the cross-
sectional area in the reference configuration, while A denotes the
stretch. The fitting was performed using the optimization toolbox
Isqnonlin implemented in Matlab R2021a (The MathWorks, Inc.,
MA, USA). For each specimen, all available loading ratios from the
maximum stretch level achieved during the tests were fitted simul-
taneously in the longitudinal and circumferential directions. When
the structural data for a specimen were available, there were three
fitting parameters (c, kq, ky), since the structural parameters (c,
Kip, Kop) were known from image analysis and were kept constant
during the fitting procedure, leading to the objective function

n

e(c, ki, ko) = Z[(Umd -

i=1

eXP)Z + (Jmod _

2
1, 2y =0,

g 22,

(8)
where n is the number of data points, oq; and oy, are the Cauchy
stresses in circumferential and longitudinal directions, respectively.
While o®*P is obtained from the experimental data points as ex-
plained previously, the components of ¢™°d can be obtained by
differentiating the strain-energy function W in (1) with respect to
C to get the Cauchy stress tensor, i.e.

o™ — _pi 4 2ROV FT

3C 9)
where p is the Lagrange multiplier enforcing the incompressibility
assumption.

If no structural data were available for a specimen, there were
six fitting parameters («, kip, Kop, C, k1, ky) instead of three, and
Eq. (10) was then minimized as

2 d 2
a0+ (o - o),

g 22,

n
e(c, ki, ky, @, Kip, kop) = _[(of]% —
i=1

(10)
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The coefficient of determination R? was calculated as a measure
of the goodness of fit, i.e.

Sres

s
Stot

where Spes and Si¢ are the sums of squares of the differ-
ences between the model/experiment and the mean of the
model/experiment, respectively.

RR=1- (11)

2.4. Statistics

Due to the small sample cohort, we did not assume a nor-
mal distribution and report the results in the text with the me-
dian (Q2) + standard deviation, while the median (Q2), the 25th
percentile (Q1) and the 75" percentile (Q3) are presented in the
subsequent tables. Statistical differences between the four regions
in terms of thickness, structural parameters, material parameters,
Cauchy stress in the longitudinal and circumferential directions at
1.1 stretch were tested using the Kruskal-Wallis test followed by
Dunn’s test. A regression analysis was carried out to test possible
correlations between different regions in the structural parameters
and the material parameters using Spearman’s rank correlation. In
addition, correlations within each region between thickness and
aneurysm diameter, structural parameters and aneurysm diameter,
structural parameters and material parameters, material parame-
ters and aneurysm diameter were investigated. Statistical signifi-
cance is assumed for all tests when p < 0.05. Statistical analyses
were performed with SigmaPlot software 10.0 (Systat Software Inc.,
Erkrath, Germany).

3. Results

The structural and material parameters of all specimens inves-
tigated are presented in Table 2. Although we aimed for 40 com-
plete data sets (mechanical and structural data), 29 was achieved
(6 minor, 8 anterior, 8 major and 7 posterior). Also for 2 specimens
(ATAA-1 and ATAA-2 minor) only the structural data and for 5
specimens (ATAA-7 minor, ATAA-7 anterior, ATAA-7 major, ATAA-5
major and ATAA-5 posterior) only the mechanical data were avail-
able. The latter are indicated with an asterisk in Table 2, where
both the structural and material parameters were obtained from
mechanical data fitting according to Eq. (10).

3.1. Microstructure

Overall, the collagen fiber organization of 31 specimens (8 mi-
nor, 8 anterior, 8 major and 7 posterior) was investigated using
SHG images. All specimens except the specimen from the major
region of ATAA-4 showed a disordered structure in which cer-
tain layers could not be identified, possibly caused by pathological
changes due to aneurysm growth. Figure 4 shows a representative
collagen architecture for the four regions of ATAA-10. In all regions,
images from the circumferential-radial cross sections show little to
no adventitia and no intima. In addition, areas similar to the dis-
ruptions in the organization of lamellar units, e.g., glycosaminogly-
cans (GAG) pools, of varying sizes and distributions are observed in
the media. All regions of this sample showed a value of kqp close
to 0.5, indicating good alignment of the fibers in the out-of-plane
section. The dominant red tones in the intensity plots indicate a
more isotropic dispersion in the circumferential-longitudinal plane
through the penetration depth, with dark red and dark blue in-
dicating the presence and absence of fibers in the corresponding
direction, respectively.

Another representative collagen architecture for the four re-
gions of ATAA-4 is illustrated in Fig. 5. In detail, the in-plane and
out-of-plane arrangement of collagen fibers of the representative
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Material parameters (c, ki, k») and structural parameters (e, kip, Kop) Of all specimens according to the anatomical regions. An asterisk * indicates that all parameters were

obtained by fitting mechanical data.

Region Donor c (kPa) kq (kPa) ky (<) o (°) Kip (=) Kop (=) R?
ATAA-1 - - - 41.00 0.22 0.49 -
ATAA-2 - - - 38.00 0.32 0.47 -
ATAA-3 0.00 10.32 8.77 49.00 0.44 0.47 0.86
ATAA-4 12.01 0.38 72.26 21.00 0.25 0.49 0.97
Minor ATAA-6 33.26 0.00 0.00 15.00 0.42 0.47 0.96
ATAA-7* 10.37+ 184.53* 160.10* 47.14* 0.11 * 031 * 0.99*
ATAA-8 41.00 6.57 53.48 38.00 0.39 0.49 1.00
ATAA-9 9.31 4.24 2.30 31.00 0.38 0.47 0.96
ATAA-10 26.46 1.69 9.00 3.00 0.49 0.49 0.99
Anterior ATAA-1 29.57 8.24 12.18 38.00 0.34 0.49 0.98
ATAA-2 36.48 0.00 0.00 26.00 0.25 0.50 0.21
ATAA-3 14.96 0.93 10.91 19.00 0.32 0.47 0.95
ATAA-4 0.00 13.16 65.83 51.00 0.40 0.49 0.75
ATAA-6 0.00 27.80 0.00 70.00 0.32 0.46 0.80
ATAA-7* 0.90* 6.48* 4.01* 25.00* 0.60* 0.49* 0.93*
ATAA-8 14.38 9.90 10.14 19.00 0.40 0.49 1.00
ATAA-9 0.00 8.91 2.32 37.00 0.37 0.49 0.92
ATAA-10 24.25 3.05 8.06 42.00 0.43 0.47 0.96
ATAA-1 52.78 20.70 21.55 23.00 0.28 0.49 1.00
ATAA-2 17.80 0.00 49.33 12.00 0.30 0.49 0.78
ATAA-3 0.00 35.21 0.02 44.00 0.37 0.49 0.63
ATAA-4 3.78 17.79 44.39 41.00 0.31 0.48 0.77
Major ATAA-5* 0.94* 29.94* 3.83* 18.00* 0.65* 0.50* 1.00*
ATAA-6 18.45 25.09 0.00 18.00 0.23 0.46 0.86
ATAA-7* 5.46* 1.30* 20.04* 25.00* 0.60* 0.49* 0.97*
ATAA-8 0.00 33.91 5.42 13.00 0.46 0.48 0.91
ATAA-9 14.11 1.37 11.71 40.00 0.40 0.48 0.96
ATAA-10 19.83 1.36 13.36 4.00 0.45 0.48 0.97
ATAA-1 7.26 104.69 0.00 47.00 0.35 0.48 0.85
ATAA-2 16.42 0.00 0.00 29.00 0.36 0.45 0.91
ATAA-4 9.79 0.20 106.72 40.00 0.22 0.49 0.70
Posterior ATAA-5* 11.02* 25.57* 18.99% 18.00* 0.83* 0.50* 0.99%
ATAA-6 19.00 0.00 0.00 10.00 0.33 0.42 0.15
ATAA-8 36.48 0.90 19.68 8.00 0.23 0.49 0.99
ATAA-9 13.90 2.82 3.51 21.00 0.40 0.48 0.90
ATAA-10 16.77 12.49 2.95 8.00 0.48 0.47 0.98
Table 3

Median (Q2), as well as 25 percentile (Q1) and 75 percentile (Q3) of the structural parameters (c, Kip, Kop) for minor, anterior, major and posterior regions of ATAA

samples determined from SHG images.

a(°) Kip (=) Kop (=)
Region n Q2 Q1 Q3 Q2 01 Q3 Q2 01 03
Minor 8 34,50 19.50 38.75 0.39 0.30 0.43 0.48 0.47 0.49
Anterior 8 37.50 2425 4425 0.36 0.32 0.40 0.49 0.47 0.49
Major 8 20.50 12.75 40.25 0.34 0.30 0.41 0.48 0.48 0.49
Posterior 7 21.00 9 34.50 0.35 0.28 0.38 0.48 0.46 0.49

ATAA-4 major is shown in Fig. 5(a)-(d) and (e), respectively. This
sample showed highly aligned fibers in the inner media (a), with
two fiber families oriented longitudinally in the inner adventitia
(b), and wavy and thicker fiber bundles oriented primarily longi-
tudinally but also circumferentially in the outer adventitia (c), see
also Fig. 5(d).

Table 3 and Fig. 6 summarize the structural parameters for
the four regions. The mean collagen fiber angle « from the cir-
cumferential direction among the regions was smallest in the ma-
jor region (20.50° 4 15.33°), followed by the posterior (21.00° &
15.93°), minor (34.50° + 15.33°), and anterior (37.50° + 17.22°) re-
gions. There were no statistically significant differences between
the four regions, however, the mean fiber angles of the minor
and anterior regions were negatively correlated (r = —-0.753 p =
0.0212).

There were no significant differences in the in-plane and out-
of-plane dispersion parameters between the four regions. All re-
gions show similar median values of in-plane and out-of-plane dis-

m

persion: minor (kj, = 0.39+0.09 and «op = 0.48 +0.01), anterior
(kip = 0.36+0.06 and kop = 0.49 £ 0.01), major (kj, = 0.34+0.08
and kop = 0.48 +£0.01) and posterior («j, = 0.35+0.09 and «op =
0.48 £ 0.03). Neither Kip NOT Kop Were correlated between different
regions.

Total wall thickness analysis for ATAA samples returned 2.67 &
0.30, 2.10£0.33, 2.20+£0.11 and 2.28 £ 0.43 for minor, anterior,
major, and posterior regions, respectively. No significant thickness
differences were observed between regions. The regression analysis
did not reveal any significant correlations between the ATAA struc-
tural parameters and the aortic diameters in any of the four re-
gions. However, aneurysm diameter correlated negatively with the
wall thickness in the major region (r = —0.663, p = 0.0332).

3.2. Mechanics

A total of 34 specimens (7 minor, 9 anterior, 10 major, 8 pos-
terior) were biaxially tested. The force-displacement response for
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Fig. 4. Organization of collagen fibers in (a) the minor, (b) anterior, (c) major and (d) posterior regions of ATAA-10. SHG images from the radial-circumferential cross
section show the disruptions in the lamellar structure and the three layers of the wall could not be identified. Scale bars equal 100 pm. Intensity plots show the orientation
and dispersion of collagen fibers in the circumferential-longitudinal plane through the penetration depth. Dark red and dark blue colors indicate the presence and absence
of collagen fibers, respectively. 0° corresponds to the circumferential direction. Stars indicate areas resembling local fragmentation of elastic fibers, extending to multiple
lamellae. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)

Table 4

Median (Q2), as well as 25" percentile (Q1) and 75™ percentile (Q3) of the material parameters (c, ki, k;) and the associated coefficients of determination R? for minor,
anterior, major and posterior regions of ATAA samples determined by fitting the multi-ratio planar biaxial test data.

¢ (kPa) ¢ (kPa) ki (kPa) R?
Region n Q2 Q1 Q3 Q2 Q1 Q3 Q2 Q1 Q3 Q2 01 Q3
Minor 7 12.01 9.84 29.86 4.24 1.04 8.44 9.00 5.53 62.87 0.97 0.96 0.99
Anterior 9 14.38 0.00 24.25 8.24 3.05 9.90 8.06 2.32 10.91 0.93 0.80 0.96
Major 10 9.78 1.65 18.29 19.24 1.36 28.73 12.54 422 2117 0.94 0.80 0.97
Posterior 8 15.16 10.71 17.33 1.86 0.15 17.76 3.23 0.00 19.16 0.90 0.82 0.98

each loading ratio became repeatable after the first 2-4 precon-
ditioning cycles. Cauchy stress-stretch data of all specimens un-
der equibiaxial loading at the highest available stretch level (up to
1.20), are presented in Fig. 7. Several specimens lacked pronounced
nonlinearity and anisotropy. In addition, the structural parameters
a and kj, from SHG image analysis, presented in Table 2, agreed
well with the observations from the mechanical data regarding the
anisotropy for most specimens.

More specifically, in the minor region, ATAA-3 was the only
specimen showing some degree of anisotropy, while 6 others ex-
hibited isotropy, see Fig. 7(a). In the anterior region, Fig. 7(b),
ATAA-4 was the only one with marked anisotropy and nonlinearity,
but the axial direction was stiffer than the circumferential direc-
tion, which is supported by the arrangement of the collagen fibers,
see also Table 2. In the major region, ATAA-1, ATAA-4 and ATAA-8
showed some degree of nonlinearity and anisotropy, with the cir-
cumferential direction being stiffer, see Fig. 7(c). Finally, in the pos-
terior region depicted in Fig. 7(d), ATAA-2 and ATAA-9 were linear
and isotropic, while ATAA-1 was anisotropic and stiff but linear.

The adopted constitutive model [25] was able to provide good
fits for all samples, as shown by the R? values in Table 4 (mi-
nor: 0.97 £+ 0.05; anterior: 0.93 & 0.25; major: 0.94 +0.12; poste-
rior: 0.90 £ 0.28). Median, first (Q1) and third quartiles (Q3) of the
material parameters (c, ki, k;) for the minor, anterior, major and
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posterior regions of ATAA samples, determined from the mechani-
cal data fits, are provided in Table 4.

The Kruskal-Wallis analysis revealed no significant differences
between the four regions in the median values of the material pa-
rameters: ¢ (minor: 12.01 + 14.89 kPa; anterior: 14.38 4 14.19 kPa;
major: 9.78 +£16.01 kPa; posterior: 15.16 +9.04 kPa); k, (minor:
9.00 + 58.47; anterior: 8.06 £ 20.50; major: 12.54 & 17.48; poste-
rior: 3.23 4+36.40); k; (minor: 4.24 4+ 68.38 kPa; anterior: 8.24 4+
8.36 kPa; major: 19.24 + 14.48 kPa; posterior: 1.86 +36.04 kPa).
The parameters ¢ and k; were not correlated between regions.
However, the parameter k,, which reflects the exponential stiffen-
ing of the loading curve caused by the collagen fibers, was posi-
tively correlated between minor and major regions with a coeffi-
cient of correlation of r = 0.786 and p = 0.0251.

Potential correlations between material and structural param-
eters as well as between material parameters and patient data
were investigated. The parameter c, related to the ground ma-
trix, showed a negative correlation with the mean fiber angle for
the posterior region with a correlation coefficient of r = —0.901
(p <0.001) and parameter k, showed a positive correlation with
kop with r=0.878 (p=0.033) for the minor region. The regres-
sion analysis did not reveal any significant correlations between
the ATAA material parameters and the aortic diameters in any of
the four regions.
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For quantitative comparisons, the Cauchy stress at a stretch This was investigated using the non-symmetric dispersion model,

of 1.1 under equibiaxial load was used. There were no signifi- which considers a strain-energy function that includes both the
cant differences between the regions in the circumferential direc- mechanical and structural properties of the material proposed by
tion (anterior: 9.17 &+ 11.60; minor: 12.66 + 8.16; posterior: 14.15 + Holzapfel et al. [25]. The model provided good fits for the ATAA
9.68; major:16.37 & 18.43) or in the longitudinal direction (minor: samples despite the low number of model parameters involved.

10.37 £ 7.77; anterior:13.83 £ 30.79; major: 13.68 + 12.65; poste- We have provided specific ranges for both structural (Table 3) and
rior: 15.36 4 20.74), see Fig. 8. We found a positive correlation with material parameters (Table 4) and for each specimen (Table 2),

the major and posterior regions r = 0.857 and p < 0.001 in the lon- that could be used to develop finite element (FE) predictions of
gitudinal direction. ATAA wall stress for a better understanding of the biomechanics of

ATAA failure. The results underscored the importance of combin-
4. Discussion ing structural and mechanical analyses in investigating the region-

specific differences in ATAA tissues to better understand the patho-

This study aimed to demonstrate the influence of aortic tissue  logical impact on the biomechanical properties of the aorta. To
microstructural features on region-specific mechanics using data ~ our knowledge, this is the first study to investigate region-specific
from multi-photon microscopy and planar biaxial extension tests.  differences in pathological human ascending aortic tissues using
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multi-ratio biaxial extension testing and collagen fiber organiza-
tion.

4.1. Microstructure

Region-specific analyses of collagen fiber organization in
aneurysmal human ascending aortas were performed in the un-
loaded configuration using SHG microscopy. This method enables
obtaining a three-dimensional dispersion of collagen fiber orien-
tations over the entire penetration depth, which can be increased
to the entire wall thickness by optical clearing. The structural pa-
rameters describing the collagen fiber architecture, o, ki, and kop,
were not found to be statistically significant between different
regions. The mean fiber angle « in the major and posterior re-
gions was closer to the circumferential direction compared with
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the minor and anterior regions. We found a negative correlation
between the mean fiber angle of the minor and anterior regions
(p = 0.0212). However, we advise caution as the results regarding
the parameters o and «;;, could be affected by the limited depth of
penetration we encountered.

Qualitatively, ATAA walls showed a substantial variation in col-
lagen architecture, with three different layers being indistinguish-
able. This observation is consistent with the study by Poullis
[33] showing a complete loss of normal architecture and the dis-
tinction between medial and adventitial collagen organization. In
addition, we observed areas that are similar to local fragmentation
of elastic fibers extending into multiple lamellae as depicted in
Fig. 4, which is consistent with the frequently observed GAG pools
in ATAAs and aortic dissections, see, e.g., [34,35] and the references
contained therein.
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4.2. Mechanics

In this study, 18 ATAA specimens of 34 exhibited an anisotropic
mechanical response to varying degree under biaxial loading (mi-
nor: 1/7; anterior: 8/9; major: 3/10; posterior: 6/8), but 16 spec-
imens were isotropic. Using uniaxial tests in the circumferential
and longitudinal directions, Ferrara et al. [36] reported signifi-
cant anisotropy of ATAAs, with the circumferential direction be-
ing stiffer. Similar findings from uniaxial tests were reported by
Iliopoulos et al. [37]. Azadani et al. [38] reported nonlinear and
anisotropic response of ATAAs under biaxial loading. The isotropic
response of some specimens, as well as the linear response of most
specimens in our study, can partially explained by the small stretch
levels achieved during the experiment. Furthermore, the high in-
plane dispersion of collagen fibers, as indicated in Table 2, could
be another explanation for the isotropic behavior observed in some
specimens.

By analyzing Cauchy stress at 1.1 stretch, we observed varia-
tions in stiffness between regions of the aorta and found no sig-
nificant differences between regions. The major region exhibited
higher stiffness in the circumferential direction compared to the
minor and anterior regions. In the longitudinal direction, the pos-
terior region displayed the highest stiffness, followed by the major,
anterior, and minor regions, see Fig. 8. Such variations highlight
the importance of considering the specific anatomical characteris-
tics and mechanical behavior of regions of the aorta.

The findings in the literature are consistent with our results
about the major region [39,40] showing greater stiffness and the
minor region showing less stiffness [39,41,42] compared to other
aortic locations. Also, Ferrara et al. [36] compared the anterior and
posterior regions and found that the posterior region was stiffer
in the circumferential direction compared to the anterior region,
while the anterior region was stiffer in the longitudinal direction
than the posterior region. In contrast, another study [43] reported
that the right lateral region exhibited higher stiffness compared
to other regions. Therein, the increased stiffness was attributed to
maladaptive remodeling due to changing loading conditions, which
accelerated the naturally occurring microstructural changes asso-
ciated with aging. Iliopoulos et al. [37] found uniform strength
and stiffness of the ATAA tissue along the circumferential direc-
tion, while the anterior region in the longitudinal direction was
the weakest and least stiff part of the aneurysm. Also, at high
stresses in the longitudinal direction, the major ATAA region was
stiffest. No significant difference in the maximum elastic modulus
was found by Azadani et al. [44] between the anterior and poste-
rior regions of the ascending aorta. Lower stiffness values in some
regions can explain the local bulging of the ATAA wall that is com-
mon in clinical practice. For example, the study [45] demonstrated
that increased stiffness of the abdominal aorta is associated with
decreased collagen fiber alignment in the circumferential direction,
which may predispose to aneurysm formation.

4.3. Mechanics and microstructure related

We found no influence of the aneurysm diameter on the struc-
tural and material parameters. This supports previous findings
suggesting that the diameter criterion alone may be not sufficient
to fully understand the properties of the aneurysm and may
not adequately reflect the mechanical properties of the aortic
tissue [46-48]. Moreover, the structural and material parameters
were compared between the four regions of the aortic tissue and
no significant differences could be found. However, the results
revealed a significant correlation between structural and material
parameters in two regions. More specifically, ¢, which relates to
the ground matrix, showed a negative correlation with the mean
fiber angle in the posterior region (r = —0.901, p < 0.001), while
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k,, associated with the stiffness of the collagen fibers, showed
a positive correlation with kop in the minor region (r=0.878,
p = 0.033). Furthermore, we found a significant positive correla-
tion in the material parameter k, between the minor and major
regions (r=0.786, p = 0.0251). It is noteworthy that the higher
value of k, for the major curvature indicates a stiffer mechanical
behavior compared to the minor region. The lack of a corre-
sponding correlation between the « values for these regions can
be partially explained by the higher median in-plane dispersion
parameter «;, and its higher variation in the minor region.

Wall stress predictions were also affected by changes in fiber
architecture, supporting the conclusion that the mechanics of the
aneurysm depend on the underlying fiber orientation. The collagen
fiber architecture differences of the investigated anatomical regions
of the aortic ring may explain the diversity in local ATAA stress
states. The high stiffness value observed in the major and poste-
rior regions of the aneurysmal aorta compared to the minor and
anterior regions, as depicted in Fig. 8(a)-(b) along the circumfer-
ential direction, agrees with the trend observed in the structural
analysis shown in Fig. 6(a).

Interestingly, although the median « of all regions is closer
to the circumferential direction, the median Cauchy stress at 1.1
stretch was higher in the longitudinal direction for the anterior
and posterior regions. Although the ATAA-4 anterior sample was
not considered an outlier in the statistical analyses, it is worth not-
ing that it could have a substantial impact on the analyses due to
its pronounced nonlinearity and anisotropy compared to all other
samples. Although the median « in the minor region is closer to
the circumferential direction (34.50°), the median «;, is the highest
among the regions and the variation in the data pushes the limits
for isotropy (ki, = 0.5), see Fig. 6(a) and (b), which is reflected in
the stress values, see Fig. 8(a) and (b).

Haskett et al. [45] showed that increased abdominal aortic stiff-
ness is associated with reduced circumferential alignment of col-
lagen fibers and may predispose patients to the development of
an aneurysm. Raaz et al. [49] reported that segmental stiffening
precedes abdominal aortic aneurysm growth by triggering elastin
degradation. It is known that aortic stiffness is not homogeneous
along the circumference of the aneurysmal ascending aorta, expos-
ing local regions of the vessel to a greater risk of complications
than the others. Based on these findings, the stiffer major and pos-
terior regions described in the present study may be more suscep-
tible to progressive weakening that can lead to further aneurysm
growth. Taken together, these data may provide a partial expla-
nation for the reduced biomechanical strength of the aneurysmal
aorta compared to the previously reported normal ascending aorta
[22]. However, less stiff aortic regions are not necessarily exposed
to the greatest risk of failure due to the variability of the aortic
wall strength, i.e., the ability of the material to withstand a certain
load [34]. Therefore, aortic strength, as an important determinant
of ATAA failure, can currently only be estimated by ex vivo me-
chanical testing to failure.

4.4, Limitations

There are several limitations in this study. First, we could
not fully assess the biomechanical changes due to ATAA pathol-
ogy because no control tissues were available. A comparison be-
tween structural and biomechanical properties of pathological and
healthy aortic tissues should also be examined to understand pos-
sible alterations in the microstructure and then in the modification
of the biomechanical behavior of aortic tissues [14,38,43]. We in-
cluded only patients with the tricuspid aortic valve phenotype in
this study, although biomechanical differences in the pathological
ascending aortas of patients with bicuspid aortic valve and tricus-
pid aortic valve phenotypes have been documented [50,51].
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The heterogeneity of aortic tissue requires the establishment
of correlations between biomechanical characteristics and mi-
crostructural constituents, which we have attempted here. Such an
approach is crucial to gain a more comprehensive understanding
of the underlying pathological mechanisms. While we found some
microstructural features reflected the differences in the mechan-
ical behavior of ATAAs tissues between different regions, the
mechanical behavior was not always supported by the structural
measurements. This could be partially explained by the limited
depth of penetration during imaging, resulting in incomplete
data sets. While optical clearing methods are used to increase
the penetration depth, they can lead to an isotopic shrinkage
or expansion depending on the method and tissue [52]. Such
dimensional changes would inevitably affect the quantification
of fiber waviness, but fiber orientation and dispersion remain
unaffected due to their isotropic nature [29]. In addition, although
not investigated here, the content percentage of constituents and
the ratio between them can affect mechanical properties. For
example, the study [53] demonstrated the importance of such
correlations and shed light on the intricate relationship between
tissue properties and structural composition. Further investigations
should aim to integrate the mechanical results obtained with
additional clinical, microstructural, and genetic data from ATAA
donors.

Another limitation results from the different number of spec-
imens in the study groups (minor n =38, anterior n =8, major
n =8, posterior n =7 for the structural analysis and minor n =7,
anterior n =9, major n = 10, posterior n = 8 for the biaxial test).
Such data are unpaired for the limited size of the minor region
to anterior and major regions and the exclusion of specimens cor-
responding to unsuccessful tests. More representative conclusions
could be drawn by using the same number of data in four groups
of regions and increasing the number of specimens in each group.
In addition, the small included patient cohort limits the ability of
the present study to provide meaningful correlations with respect
to other patient demographics such as aneurysm diameter, age and
sex.

In addition, new data suggest that changes in the viscoelas-
tic properties, such as hysteresis, may better reflect pathological
changes and correlate with failure properties [48,51,54]. Although
stress relaxation tests were conducted in the testing protocol, the
present manuscript focuses solely on the elastic properties of aor-
tic tissues and their relationship to microstructural organization.
Therefore, future studies should address comprehensive analyses of
both the elastic and viscoelastic properties of aortic tissues.

5. Conclusion

Although a biomechanical decision criterion is far from clinical
application, the results presented here not only shed more light on
the biomechanics of this challenging pathology but may also lead
to better patient stratification criteria for surgery through compu-
tational modeling techniques including FE analysis [55], computa-
tional fluid dynamics [22] and fluid-solid interaction [56]. These
techniques have been widely used to assess ATAA biomechanics
over the past decade, but the prediction accuracy of FE models
depends on the constitutive model and the reliable identification
of its parameters. The set of material parameters obtained from
the constitutive model used in this work are valuable for compu-
tational studies that require experimental data on human tissue
samples. In most FE analyses, the orientation of the fibers is not
considered, which can change the stress distribution, as demon-
strated in a previous study [57]. Previous FE modeling of patient-
specific ATAAs was limited to isotropic, uniaxially derived consti-
tutive relations [58-61]. Future studies on larger patient cohorts
would allow the development of a large database of constitutive
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descriptors and thus the estimations of material properties for po-
tential patients through predictive statistics.

Knowledge of the biomechanical and microstructural properties
of diseased tissues is necessary to investigate the mechanics of
ATAA, as the dispersed orientation of vessel fibers significantly af-
fects the mechanical response of the tissue. This study provides a
unique set of mechanical and structural data for aneurysmal hu-
man aortic samples, supporting the strong influence of the mi-
crostructure on the biomechanical tissue response in biaxial tests.
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